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ARTICLE INFO ABSTRACT
Keywords: Neighborhood competition is a critical driver of individual tree growth, and aboveground biomass (AGB) accu-
Biomass models mulation, which together play key roles in forest dynamics and carbon storage. Therefore, accurate biomass

Competition effect
Forest dynamics
Mixed-species stands

estimation is essential for understanding ecosystem functioning and informing forest management strategies to
mitigate climate change. However, integrating neighborhood competition into biomass estimation models,
Model accuracy particularly for young mixed forest stands, remains unexplored. In this study, we examined how incorporating
Sustainable forest management neighborhood competition improves biomass prediction accuracy and how the influence of neighborhood
Tree characteristics competition differs between Scots pine (Pinus sylvestris L.) and Pyrenean oak (Quercus pyrenaica Willd.), as well as
the relative contributions of intra- and interspecific competition to AGB. Our findings revealed that including
neighborhood competition alongside tree size variables (DBH and total tree height) significantly improved the
predictive accuracy of AGB models for Scots pine. This addition reduced the root mean square error (RMSE) by
14% and improved the model efficiency factor (MEF) by 15%. Furthermore, intraspecific competition in Scots
pine slightly reduced AGB, whereas interspecific competition had a significant negative effect on AGB. In contrast,
DBH alone was the best predictor of AGB for Pyrenean oak, as neighborhood competition did not improve model
performance. Also, intra- and interspecific competition in Pyrenean oak had positive but nonsignificant effects on
AGB. These findings highlight the important role of competition in biomass models and suggest species-specific
approaches in competition dynamics to inform sustainable forest management and climate change adaptation
strategies.

as a strategy to mitigate climate change (Pan et al., 2011).

Scots pine (Pinus sylvestris L.) and Pyrenean oak (Quercus pyrenaica
Willd.) are two species that hold ecological and economic importance in
Mediterranean and temperate European forests. Scots pine is a valuable
species in Eurasia because of its ecological range and wood/timber value,
however, it faces considerable challenges due to climate change caused
by a combination of increased temperatures and drought stress (Jaime
etal., 2019). Pyrenean oak is a deciduous oak species found in the Iberian
Peninsula, southwestern France, and northern Morocco. This species
plays a crucial role in biodiversity, soil and water conservation, and the
supply of timber and nonwood resources; however, it is highly suscep-
tible to climate change, which impacts productivity and habitat stability

1. Introduction

Forests are essential carbon sinks in the global carbon cycle and are
integral to reducing the effects of climate change (Millar et al., 2007; Roe
et al., 2019). The carbon sequestration process (i.e., the capacity of for-
ests to sequester carbon) is predominantly determined by tree biomass,
which is influenced by various factors such as species composition, tree
age, and competition dynamics within the forest ecosystem (Zhou et al.,
2008). Therefore, the accurate measurement and estimation of forest
biomass, specifically aboveground biomass (AGB), are important for
effective forest management, carbon accounting, and ecological research
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List of abbreviations

Adj. R?  Adjusted coefficient of determination
AGB Aboveground biomass

AIC Akaike information criterion

CF Correction factor

CI Competition index

Clinter Interspecific competition index

Clintra Intraspecific competition index

DBH Diameter at breast height

FWgtem section  Fresh weight of the stem section
HT Total tree height

MEF Model efficiency

NBA Neighborhood basal area

R Competition radius
RMSE Root mean square error
SB Biomass of the stem base

SDWjtem section  Subsample dry weight of the stem section
SFWgtem section  Subsample fresh weight of the stem section

SM Biomass of the stem middle
ST Biomass of the stem top
VIF Variance inflation factor

(Gea-Izquierdo and Canellas, 2014).

Monospecific forests are particularly vulnerable to climate change,
with reduced resilience to drought, increased susceptibility to pests and
diseases, and limited capacity for long-term adaptation (Liu et al., 2018).
In contrast, mixed forests can mitigate these risks through complemen-
tary ecological strategies that increase resource use, promote biodiver-
sity, and improve forest stability and productivity (Forrester et al., 2017;
Rodriguez de Prado et al., 2023). Thus, integrating Scots pine and Pyr-
enean oak in mixed forests may provide advantages over monocultures
(Pretzsch et al., 2013; Warner et al., 2023).

del Rio and Sterba (2009) investigated the growth dynamics of Scots
pine and Pyrenean oak in both monocultures and mixtures, especially in
Spanish Mediterranean forests, reporting that mixed stands typically
recorded higher volume increments per unit area than monoculture
stands. Furthermore, Munoz-Galvez et al. (2021) reported that comple-
mentarity effects within mixtures enhanced the stability of forest pro-
ductivity. Given their differing ecological strategies, Scots pine and
Pyrenean oak may face varying competitive pressures, potentially
resulting in distinct biomass allocation patterns that affect overall forest
productivity and carbon sequestration (Cudjoe et al., 2024).

Neighborhood competition, defined as the degree of crowding among
neighboring trees, is an important factor affecting individual tree growth
and biomass accumulation (Metz et al., 2013). This form of competition
is particularly pronounced during the early growth stages of trees (del
Rio et al., 2014), as trees compete with nearby trees for resources such as
light, water, and nutrients (Oyden and Inkley, 2005). Importantly,
competition occurs both within species (intraspecific competition) and
between species (interspecific competition). While intraspecific compe-
tition arises among individuals of the same species, often leading to
resource depletion due to similar ecological requirements, interspecific
competition occurs among different species and can vary depending on
their ecological traits, growth strategies, and resource use (Zhang et al.,
2024). Intraspecific competition in dense Scots pine stands may lead to
greater self-thinning and reduced growth due to intense competition for
similar resources, whereas interspecific interactions between Scots pine
and Pyrenean oak could either mitigate or exacerbate competition
depending on their spatial arrangement and resource use (Aldea et al.,
2023). Understanding the effect of neighborhood, intraspecific, and
interspecific competition on tree biomass is crucial for developing ac-
curate models of forest carbon storage and improving forest management

Forest Ecosystems 13 (2025) 100317

practices.

Competition indices (Cls) are mostly used to quantify the intensity of
competition for resources among individual trees, either within the same
species or between different species. These indices are classified into two
main groups: distance-dependent indices and distance-independent
indices (Burkhart and Tomé, 2012; Lorimer, 1983; Sun et al., 2019).
Distance-dependent indices require detailed spatial information
(including spatial data of neighboring trees) as well as tree dimensions,
which are often used in national forest inventories and field maps. In
contrast, distance-independent indices are simpler and rely only on in-
dividual tree variables, making them more scalable and efficient for a
wide range of applications (Kahriman et al., 2018; Rivas et al., 2005).
Distance-independent indices prove advantageous in large-scale forest
inventories and ecological studies where detailed spatial data may not be
available (Burkhart and Tomé, 2012).

Competition significantly alters tree biomass accumulation, stand
structure, and ecosystem functioning (Jucker et al., 2014). Similarly,
ignoring competition effects in biomass models may lead to inaccurate
estimates (Forrester et al., 2017; Forrester and Albrecht, 2014). Despite
good research evidence showing the role of competition in biomass
estimation (Ali et al., 2020; Gonzélez de Andrés et al., 2018; Nong et al.,
2019; Rubio-Cuadrado et al., 2020; Zhou et al., 2018), most available
models have focused predominantly on monocultures of young/mature
trees or on mixed mature forests. As a result, these models fail to incor-
porate three important factors, namely, neighborhood competition,
intraspecific competition, and interspecific competition, particularly in
young mixed-species stands. This omission leaves a significant gap in the
prediction of biomass dynamics (Nong et al., 2019; Zhou et al., 2018).

Certainly, young mixed-species forests, characterized by various
species exhibiting diverse ecological characteristics and competing
strategies, offer a more complex view of competition that is still not well
understood (Pretzsch and Forrester, 2017; Werner et al., 2024). Hence,
these ecosystems could display more intricate competitive relationships,
resulting in varied biomass dynamics. The study of young mixed-species
stands is important for understanding early successional dynamics, spe-
cies complementarity, and resilience, which are essential for forest
management and predicting future forest structure (Pretzsch and For-
rester, 2017).

In this study, we investigated the impact of neighborhood competi-
tion (i.e., measured by the total basal area of competitors) on AGB esti-
mation in these forests. In addition, we examined the impact of
integrating intra- and interspecific competition on AGB prediction. Spe-
cifically, we hypothesized that: (H1) models that included neighborhood
competition would enhance performance in the estimation of AGB in
comparison with models that exclude competition; (H2) the effects of
neighborhood competition on biomass predictions would differ between
Scots pine and Pyrenean oak due to species-specific responses to growth
patterns and competitive abilities; and (H3) intraspecific competition
would affect AGB differently from that of interspecific competition.
These findings are expected to contribute to developing more accurate
biomass models, enhance carbon accounting, and promote sustainable
forest management practices in mixed-species forests.

2. Materials and methods
2.1. Study site

This research was performed in a 15- to 18-year-old mixed forest of
Scots pine and Pyrenean oak in the municipality of Quintanar de la Sierra
(Burgos), which is located in the Sierra de la Demanda region of Spain
(see Fig. 1). The study site is geographically located at 41.9781° N,
—3.0194° W, ranging in elevation from 1,120 to 1,150 m above sea level
(a.s..). The climate is Mediterranean, with mean annual maximum and
minimum temperatures of 16.67 °C and 4.75 °C, respectively. The
highest recorded temperature was 33 °C, whereas the coldest recorded
temperature was —6.5 °C (Fick and Hijmans, 2017). The forest consists of
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Fig. 1. Map of the study area and design of the sampling plots located in the Sierra de la Demanda region of Spain. Unthinned plots (Plots 1, 4, and 9) are represented
in dark green, lightly thinned plots (Plots 2, 5, and 8) are represented in light green, and heavily thinned plots (Plots 3, 6, and 7) are represented in red.

naturally regenerating Scots pine and Pyrenean oak. The usual man-
agement practices in the area involved sowing seeds and planting young
pines due to its faster growth and economic importance to promote pine
regeneration. In addition, measures such as selective thinning and pro-
tection of existing oaks were part of the attempt to maintain a balance
between the two species. At the beginning of the experiment (2016), the
initial density was 50,000 stems per hectare and the dominant height was
approximately 6 m. The experimental design consisted of 9 rectangular
plots (20 m x 40 m each) with different precommercial thinning treat-
ments. The first treatment was the control (unthinned), where no thin-
ning was applied. The second treatment involved light thinning, which
targeted a specific post-thinning density of approximately 30,000 stems
per hectare. The third treatment involved heavy thinning, which aimed
to achieve a density of 15,000 stems per hectare after thinning while
maintaining a mixture of species to produce a more open forest structure
— a less competitive environment at this stage — that allows for potentially
economically profitable conditions.

HT

R

Target trei

R=025xHT

2.2. Sampling and measurement procedures

The fieldwork was conducted from winter 2022 to spring 2023, with
the primary goal of estimating the biomass of young trees. As part of the
preliminary survey, the tree variables of both species in the experimental
plots were measured (i.e., the diameter at breast height (DBH) was
measured using a precision digital caliper, and the total tree height (HT)
was measured using a graduated height pole). These tree measurements
were conducted to provide a comprehensive overview of the range of
DBH and HT to inform the selection of target trees before harvesting.
Based on tree size (DBH and HT) and thinning densities (unthinned, light
and heavy), we divided the trees into small, medium, and large classes to
ensure representativeness and capture variation in both tree size and
competition. Random sampling was then used to select target trees from
each class. We harvested 90 target trees, including 45 Scots pine trees and
45 Pyrenean oak trees, to accurately represent the variability in DBH, HT,
and thinning densities. We determined a competition radius (R,
measured in meters) as 25% of the target HT for effective neighborhood

a T

iy
4—¥ R
Target tree

b

Fig. 2. Assessment of the zone of influence (not to scale) for target trees and their competitors within a specified competition radius under the (a) Scots pine target

tree scenario and (b) Pyrenean oak target tree scenario.
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analysis (as illustrated in Fig. 2), following the concept applied in other
studies (Ahmed et al., 2024; Pretzsch, 2022; Pretzsch and Schiitze, 2021).
Accordingly, R was used to identify and measure the DBH of all neigh-
boring trees within this distance. Studies on neighborhood competition
have shown that tree species often exhibit considerable competitive in-
teractions, reflecting the typical range of influence on resource compe-
tition. To guarantee precise data collection and reduce the influence of
outside factors on biomass estimates, we adapted specific harvesting
criteria for the target trees. We avoided trees with signs of structural
damage or disease, dead trees, and trees with dead tops. In addition, the
target trees near plot boundaries were omitted to facilitate accurate
quantification of neighboring trees within R.

Each target tree was cut down, and its branches and foliage were
removed from the stem and weighed separately in the field with an ac-
curacy of 10 g using a portable scale. The entire stem was systematically
divided into three sections (base, middle, and top), and each section was
weighed separately. Representative stem subsamples were carefully
taken from each section and weighed in the field. All the sample
(branches and foliage) and subsample (stem) materials were subse-
quently transported to the laboratory and uniformly dried at a temper-
ature of 102 °C (Williamson and Wiemann, 2010) until they reached a
steady weight. The stem dry biomass was calculated from the dry and
fresh masses of the subsamples, along with the fresh mass of each section
of the stem biomass obtained from the field, as shown in Eq. 1. The total
stem biomass was determined by summing the biomasses of the stems at
the base, middle, and top. However, for the branches and foliage com-
ponents, the total biomass was equal to the biomass dry weight obtained
from the oven. The total dry aboveground biomass was calculated by
summing the biomasses of the stem, branches, and foliage (refer to Eq. 2).
Summary statistics (means + standard deviations) for these biometric
measurements, along with the number of trees harvested, are presented
in Table 1.

SDWslem section

Blomassslem section — Fwslem section X S— (1)
Fwslem section

AGB = (Biomasssp + Biomasssy + Biomasssr) 4+ Biomasspranches

+ Biomassgliage (2)

where FWgtem section represents the fresh weight of the stem section,
SDWitem section represents the subsample dry weight of the stem section,
and SFWigtem section represents the subsample fresh weight of the stem
section. Biomassgg, Biomasssy, and Biomassgy are the biomasses of the
stem base (SB), stem middle (SM), and stem top (ST), respectively,
whereas Biomasspranches and Biomassgoj.ge are the biomasses of the
branches and foliage, respectively.

2.3. Competition index calculation
The total CI, hereinafter referred to as the neighborhood basal area
(NBA), was used as a distance-independent metric for assessing and

quantifying competitive interactions within young mixed pine—oak forest
stands. The NBA has a straightforward formula, making it easy to

Table 1
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calculate and interpret (Burkhart and Tomé, 2012; Dahlhausen et al.,
2017). This competition metric is calculated by summing the basal areas
of all neighboring trees within R, as delineated in Eq. 3:

nj _2
NBA, =Y <%> &)
=

where NBA,; is the neighborhood basal area (mz) of trees in plot i, d; is the
diameter (cm) of the jth tree and n; is the total number of trees within R of
the target tree in plot i.

As part of the competition analysis, we separated NBA into intra-
specific competition index (Cljnra) and interspecific competition index
(Clinter), based on the species composition of neighborhood trees relative
to the target tree within the competition radius (R). Specifically, Clinira
represents the total basal area of neighboring trees of the same species as
the target tree, whereas Cliyer represents the total basal area of neigh-
boring trees of different species. A detailed summary of the competition
indices, including NBA, Cliptra, and Clipeer for Scots pine and Pyrenean oak
under the different thinning treatments, is provided in Table 1.

2.4. Analyses and biomass modeling

The entire suite of analyses was performed using R version 4.3.1 (R
Core Team, 2023), with the “tidyverse” package specifically used for data
manipulation and visualization (Wickham et al., 2019). Initially, plot and
thinning treatments were included in the models as random effects.
However, since both were not significant, we excluded them from further
analysis. Hypotheses (H1) and (H2): Logarithmic regression was used to
test whether competition, measured by the basal area of competitor trees,
significantly affected the AGB models (Egs. 4-11). This method was used
to address the exponential growth patterns encountered in competitor
trees and their associated AGB. By converting these exponential re-
lationships into linear relationships, we effectively address the problem
of heteroscedasticity in biomass data. This approach aligns with estab-
lished biomass estimation methods documented in previous studies
(Dutca et al., 2018; Sun et al., 2024). The simplicity and interpretability
of logarithmic models make them especially useful for ecological studies,
where relationships are often multiplicative, allowing for a clearer un-
derstanding of biological interactions. Analyzing biomass data with this
approach enhances the scientific rigor and relevance of our findings.

Furthermore, we selected four commonly used biomass estimation
models (Egs. 4, 6, 8 and 10) as reported by Cudjoe et al. (2024) and Sun
et al. (2024). We then integrated neighborhood competition into these
models, resulting in the development of additional models (Egs. 5, 7, 9
and 11). We assessed eight models in total to evaluate the impact of
incorporating competition into biomass models. We conducted a likeli-
hood ratio test (LRT) to determine whether there was a significant dif-
ference between the models without competition factors and the models
with competition factors, specifically for those models that included the
same tree size variables (Supplementary Materials Tables S1 and S2).
Next, we conducted the Shapiro-Wilk test for residual normality, the
Studentized Breusch-Pagan test for homogeneity of variance, and the
Durbin-Watson test for detecting residual autocorrelation (Supplemen-
tary Materials Table S3). We subsequently evaluated how the variables in

Summary statistics (mean + standard deviation) of the biometric measurements of Scots pine and Pyrenean oak target trees. DBH is the diameter at breast height; HT is
the total tree height; n is the number of harvested trees; AGB (kg-tree’l) is the aboveground biomass per tree; Cling, is the competition index within the same species;
Clinter is the competition index between different species; and NBA is the neighborhood basal area, which represents the total CI.

Species Treatment n DBH (cm) HT (m) AGB (kg~tree’1) Clintra (mz) Clinter (mz) NBA (m2)

Scots pine No thinning 15 6.22 + 1.87 6.37 + 1.17 10.99 + 8.02 0.0093 + 0.0087 0.0067 + 0.0057 0.0160 + 0.0069
Scots pine Light thinning 15 5.74 + 1.60 4.84 +1.13 5.98 + 3.13 0.0086 + 0.0079 0.0051 + 0.0071 0.0137 + 0.0102
Scots pine Heavy thinning 15 7.03 + 2.34 5.88 + 1.09 8.44 + 6.79 0.0153 + 0.0156 0.0053 =+ 0.0050 0.0206 + 0.0131
Pyrenean oak No thinning 15 6.71 + 1.80 7.62 + 1.39 11.41 + 3.92 0.0103 + 0.0116 0.0085 + 0.0108 0.0188 + 0.0122
Pyrenean oak Light thinning 15 6.91 + 1.32 7.13 +£1.29 14.25 + 5.63 0.0166 + 0.0144 0.0069 + 0.0069 0.0236 + 0.0114
Pyrenean oak Heavy thinning 15 7.68 +£2.10 6.80 = 1.30 17.48 +11.36 0.0111 £+ 0.0101 0.0109 + 0.0104 0.0220 + 0.0125
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the models were related to each other to detect and prevent multi-
collinearity. This was done using the variance inflation factor (VIF), with
a VIF greater than 5 considered indicative of significant multicollinearity
(Supplementary Materials Table S3). In addition, we visually examined
the relationship between predicted versus observed values and predicted
versus residual values of the selected models (as shown in Fig. 3a-d).
Statistical assumption checks were performed to ensure the model ac-
curacy and validity of our regression fits.

Model 1 : log(AGB) = a + b x log(DBH) + ¢ 4
. _ )
Model 2 : log(AGB) =a + b x log (DBH) + ¢ x log(NBA) + ¢
(6)
Model 3 : log(AGB) =a + b x log(DBH) + ¢ x log(HT) + ¢
Model 4 : log(AGB) =a + b x log(DBH) + ¢ x log(HT) + d x log (NBA) + ¢
@)
2 (€©)]
Model 5 : 1og(AGB) =a + b x log(DBH” x HT) + ¢
> 9
Model 6 : 1og(AGB) =a + b x log(DBH” x HT) + ¢ x log(NBA) + ¢
(a)| Pine ®

3.0
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10
Model 7 : log(AGB) =a + b x log(HT) + ¢ 10

11
Model 8 : log(AGB) =a + b x log(HT) + ¢ x log (NBA) + ¢ an

where log() denotes the natural logarithm; a, b and ¢ represent the co-
efficients of the model; and ¢ is the error term.

Hypothesis (H3): The best-selected model for each species was used to
evaluate the separate effects of intra- and interspecific competition on
AGB. We computed the log-transformed of intra- and interspecific
competition indices to meet the normality assumptions required for
linear modeling. Since these indices contained zero values, a constant of
1 was added before transformation (i.e., log(Clinga +1) and log(Cliter +
1)) to avoid undefined values. After the regression coefficients for the
log-transformed CIs were obtained, the results were back-transformed to
the original scale using the exponential function (exp(w) for intra-
competition and exp(z) for interspecific competition). The competition
terms were adjusted similarly to Egs. 4-11 but with log(NBA) included,
as shown here:

log(NBA) =w X 10g(Cliya + 1) + 2 X 10g(Cliyer + 1)

where w and z are the coefficients for the intra- and interspecific
competition indices, respectively.
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Fig. 3. Panels (a) and (b) show the relationships between predicted versus observed values and predicted versus residual log-transformed AGB for Scots pine (green),
respectively, using the best-performing model, Model 6. In addition, panels (c¢) and (d) illustrate a similar relationship between predicted versus observed values and
predicted versus residual log-transformed AGB for Pyrenean oak (blue), respectively, using the optimal model, Model 1.
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A correction factor (CF) is required when converting logarithmic
transformations back to biomass units (kg). The CF can be calculated
using Eq. 12 to eliminate or minimize the bias inherent during the con-
version process. According to Baskerville (1972), the predicted log values
are corrected by multiplying them by the CF:

SEE?
5 > (12)

where SEE is the standard error of the estimate.

CF:eXp<

2.5. Statistical criteria

Initially, the significance of the parameters in the models was
assessed. The models were then evaluated using four metrics in this
order: AIC, RMSE, Adj. R2, and MEF. Finally, a graphical analysis assessed
residuals vs. predicted values and observed vs. predicted values. The first
metric considers the Akaike information criterion (AIC) because of its
ability to assess the goodness of fit of the models (Akaike, 1974), as
shown in Eq. 13:

AIC= —2+1n(L) +2+p (13)

where L = the maximum likelihood of the model and p = the number of
parameters in the model. The lowest AIC value indicated the best-
performing model. The models were subsequently assessed using the
root mean square error (RMSE) to evaluate the model's performance, as
illustrated in Eq. 14:

SO =)

n—p

RMSE = a9

where n = the number of target trees, y; and y; = the observed and
predicted AGB values, respectively, and p = the number of parameters in
the equation. The lower the RMSE, the more accurate the model.
Furthermore, the Adj. R? values were analyzed to measure the model's
predictive accuracy (Sun et al., 2024), as depicted in Eq. 15:

n ~1\2
Doz i —{i) el

Adj. R®=1-££ <
=y n-p

(15)

Table 2
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where n = the number of target trees, y; and y; = the observed and
predicted AGB values, respectively, ¥; = the mean of the observed value,
and p = the number of parameters in the equation. The higher the Adj.
R?, the greater the proportion of variance in AGB that is explained by the
model. Finally, the model efficiency (MEF) was used to evaluate the
models, as shown in Eq. 16:

n ~\2
MEF=1 — Z;:l (i — {1) 16)
v

where n = the number of target trees, y; and y; = the observed and
predicted AGB values, respectively, and y; = the mean of the observed
value. Higher MEF values indicate better model performance.

3. Results

3.1. Evaluating biomass predictive models for Scots pine and Pyrenean oak
in mixed stands (H1 and H2)

Eight different models were evaluated to determine the best variables
and the role of neighborhood competition in estimating the biomass of
Scots pine and Pyrenean oak, as shown in Tables 2 and 3, respectively.
For Scots pine, Model 6, which used DBH, HT, and NBA yielded the best
performance with AIC of 45.931, RMSE of 0.353, Adj. R? of 0.789, and
MEF of 0.803. Consequently, the RMSE was reduced by 14%, the Adj. R?
was increased by 12%, and the MEF was improved by 15%. The incor-
poration of CI was significant in three out of the four models (p < 0.05),
except in Model 1, which underscores its importance in predicting
biomass (Supplementary Materials Table S1). For Pyrenean oak, the CI
did not improve model performance, as it was not significant in any of the
models tested (p > 0.05). Although Model 2, which included CI surpassed
Model 1 in terms of regression fit quality, the CI was not statistically
significant (p > 0.05). Accordingly, DBH was the only variable consid-
ered in this model. Model 1, which included only DBH, performed best
with an AIC of —12.980, an RMSE of 0.196, an Adj. R? of 0.850, and an
MEF of 0.854 (Supplementary Materials Table S2).

Parameter estimates, standard errors (SE), p-values, and model fit metrics, such as the Akaike information criterion (AIC), root mean square error (RMSE), adjusted
coefficient of determination (Adj. R%), model efficiency factor (MEF), and correction factor (CF) for the log models were calculated for Scots pine.

Model No. Coefficient Estimate SE p-value AIC RMSE Adj. R? MEF CF

1 a —1.510 0.403 0.001 *** 54.842 0.416 0.622 0.630 1.095
b 1.889 0.221 7.680e 11 xx

2 a —-2.119 0.695 0.004 ** 52.619 0.411 0.623 0.640 1.095
b 1.971 0.233 1.300e 10 #xx
c —0.107 0.100 0.288 ns

3 a —1.893 0.474 3.000e 04 ##x 54.549 0.406 0.632 0.649 1.092
b 1.617 0.285 1.140e 706 *xx
c 0.510 0.344 0.146 ns

4 a —4.698 1.003 3.060e 05 *xx 47.073 0.365 0.695 0.715 1.076
b 1.433 0.266 3.220e %6 *xx
c 1.396 0.424 0.002 **
d —0.377 0.122 0.004 **

5 a —1.997 0.445 5.250e 05 ¥ 53.020 0.408 0.637 0.645 1.091
b 0.732 0.083 3.180e 1! *xx

6 a —3.824 0.757 8.980e 06 xxx* 45.931 0.353 0.789 0.803 1.077
b 0.850 0.087 2.160e 12 *x*
c —0.280 0.097 0.006 **

7 a -1.137 0.598 0.064 ns 78.198 0.540 0.364 0.379 1.165
b 1.770 0.346 6.810e 06 ***

8 a —5.150 1.290 3.000e 04 69.150 0.477 0.491 0.514 1.130
b 2.800 0.432 7.990e 08
c —0.524 0.153 0.002 **

Note: a, b, and c are the estimates of the coefficients. The significance levels are * p < 0.05, ** p < 0.01, and *** p < 0.001. Nonsignificant (ns) values, with p > 0.05, are

indicated as “n

s”. The bold values indicate the final model selected for AGB for Scots pine.
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Table 3
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Parameter estimates, standard errors (SE), p-values, and model fit metrics such as the Akaike information criterion (AIC), root mean square error (RMSE), adjusted
coefficient of determination (Adj. R?), model efficiency factor (MEF), and correction factor (CF) for the log models were calculated for Pyrenean oak.

Model No. Coefficient Estimate SE p-value AIC RMSE Adj. R? MEF CF

1 a —1.046 0.228 3.890e 05 ¥ —12.980 0.196 0.850 0.854 1.020
b 1.857 0.117 2.000e 16

2 a —0.643 0.357 0.079 ns -13.192 0.191 0.854 0.861 1.020
b 1.806 0.121 2.000e 16
c 0.076 0.052 0.153 ns

3 a —0.914 0.474 0.005 ** —~11.401 0.195 0.848 0.855 1.021
b 1.944 0.285 1.420e 13 #xx
c —-0.153 0.344 0.533 ns

4 a —-0.323 0.461 0.488 ns ~12.478 0.188 0.855 0.865 1.020
b 1.948 0.178 9.180e 14 *x*
c —0.271 0.248 0.282 ns
d 0.092 0.054 0.096 ns

5 a —1.494 0.298 0.54¢ 06 xx -1.674 0.222 0.808 0.812 1.026
b 0.693 0.051 2.000e 716 #xx

6 a -1.231 0.461 0.011 * -0.273 0.221 0.826 0.814 1.026
b 0.680 0.054 9.270e 16 #xx
c 0.046 0.061 0.457 ns

7 a —-1.037 0.594 0.088 ns 45.811 0.377 0.447 0.460 1.077
b 1.828 0.302 3.120e 07 #*x

8 a —0.496 0.903 0.586 ns 47.137 0.374 0.542 0.468 1.078
b 1.725 0.330 5.190e 06 #xx
c 0.084 0.106 0.430 ns

Note: a, b, and c are the estimates of the coefficients. The significance levels are * p < 0.05, ** p < 0.01, and *** p < 0.001. Nonsignificant (ns) values, with p > 0.05, are
indicated as “ns”. The bold values indicate the final model selected for AGB for Pyrenean oak.

3.2. Effects of intra- and interspecific competition on AGB (H3)

Table 4 presents the results of the logarithmic regression, where NBA

was modeled as a function of Cljy, and Cliner and applied to both Scots
pine and Pyrenean oak. The analysis of the Scots pine revealed that
intraspecific competition was associated with a slight decrease in AGB
(estimated coefficient = —12.995), but this effect was not statistically
significant (p = 0.055), as shown in Table 4. This accounted for 8.44% of
the variance in AGB. In addition, we observed a significant decrease in
AGB (estimated coefficient = —34.049) under interspecific competition,
with a statistically significant effect (p = 0.003), contributing to 7.09% of
the variance in AGB. In contrast, intraspecific competition had a positive
effect on AGB of oak trees (estimated coefficient = 5.063), although this
effect was not statistically significant (p = 0.091). Despite a slight in-
crease in AGB (estimated coefficient = 2.593), interspecific competition
was not significant (p = 0.467).

4. Discussion

4.1. Evaluation of the role of independent variables in biomass estimation
In this study, we found that the best-fitting biomass estimation model

for Scots pine included DBH, HT, and CI, suggesting that combining these

variables improved AGB estimation performance. These results are

consistent with those reported by Dahlhausen et al. (2017), who reported
that the inclusion of DBH, HT, and CI resulted in a more accurate AGB in

Table 4

Nelder trials for young Quercus robur trees. In contrast, for Pyrenean oak,
DBH was the main independent variable for biomass estimation. HT and
CI were not statistically significant and were not considered in the
models. This finding aligns with previous research indicating that using
DBH alone is often sufficient for estimating AGB in certain tree species
(Sileshi, 2014; Xiao and Ceulemans, 2004). These findings highlight the
importance of adopting species-specific approaches for biomass estima-
tion in mixed-species forests (Cudjoe et al., 2024).

4.2. Impact of neighborhood competition dynamics

Our study explored the impact of neighborhood competition on
biomass estimation, revealing nuanced interactions that significantly
affect biomass estimation. The role of neighborhood competition in
biomass estimation models within forest ecosystems has been extensively
debated. Several studies (Ford et al., 2017; Rivas et al., 2005; Zhang
et al., 2016) have highlighted how neighboring trees affect individual
tree growth and biomass accumulation. Our findings contribute to this
body of knowledge by demonstrating that incorporating the competition
index into biomass models significantly improves the model accuracy of
Scots pine in young mixed forests but does not improve the accuracy of
Pyrenean oak in young mixed forests.

For Scots pine, the biomass predictions that included neighborhood
competition outperformed those that did not, emphasizing the impor-
tance of accounting for neighborhood competition in biomass modeling.
This finding is consistent with studies by Forrester et al. (2017), Zhou

Summary of the regression models for intra- and interspecific competition. Parameter estimates, standard errors (SE), p-values, model fit metrics, and CF values for the
log models were calculated. The coefficients (a, b, w, 2) are the estimates of the model parameters. Statistical significance is indicated by *** (p < 0.001), ** (p < 0.01),

and ns (not significant).

Species Model No. Coefficient Estimate SE p-value AIC RMSE Adj. R? MEF CF
Scots pine 6 with Clingra and Clineer a —2.104 0.438 2.110e 703 *** 47.051 0.365 0.695 0.716 1.050
b 0.815 0.089 1.620e 1t *x
w —12.995 6.565 0.055 ns
z —34.049 10.939 0.003 **
Pyrenean oak 1 with Clintra and Clinger a —0.987 0.236 1.460e 04 % —12.153 0.189 0.854 0.864 1.020
b 1.782 0.125 2.000e 16 *x
w 5.063 2.927 0.091 ns
z 2.593 3.529 0.467 ns
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et al. (2018), and Nong et al. (2019), who reported that competition is a
key factor in explaining allometric relationships and biomass allocation
in pine-dominated forests. Similarly, Ahmed et al. (2024) and Canham
et al. (2004) found that competition factors equally affect tree growth
predictions. The light-demanding trait of Scots pine underscores the
importance of competitive conditions in biomass accumulation. These
conclusions are supported by our results, emphasizing the critical role of
neighborhood competition in improving the biomass estimation of Scots
pine.

Neighborhood competition plays a different role in Pyrenean oak
trees than in Scots pine trees growing in mixtures in terms of biomass
prediction. Some studies suggest that oak trees are less sensitive to
neighborhood competition than pine trees (Ferrio et al., 2021; Lamonica
et al., 2020). Oaks may coexist effectively with pines in mixed stands,
potentially tolerating pine encroachment (Pretzsch et al., 2020). For
oaks, factors such as soil fertility, moisture availability, and disturbance
regimes may have greater influences on growth and biomass accumula-
tion than direct competition with neighboring trees (Jensen and Lof,
2017). As a result, the effects of competition on biomass modeling are
species-specific.

Studies showing that oaks respond neutrally to mixing, especially
during dry seasons (e.g., Munoz-Gélvez et al., 2021; Steckel et al., 2020),
support our findings. Oaks may benefit from adaptation in warmer, drier
regions due to their well-known resistance to heat stress and drought
(Jucker et al., 2014; Schroeder et al., 2021). In contrast, pines may have a
reduced competitive advantage under changing climatic conditions
because of their susceptibility to stress factors, including drought, which
increases the effects of competition on biomass growth. In addition, pine
species frequently exhibit aggressive competitive traits, such as quick
early growth and a propensity to invest in height growth to outcompete
neighbors for light. These characteristics increase the vulnerability of
Scots pine to light competition (Pitkénen et al., 2022). Pyrenean oak, by
contrast, is known for its adaptability and capacity to thrive in a wide
range of environmental conditions, including low light. The tolerance of
these trees to competitive pressures, with comparatively less impact on
their biomass accumulation, can be attributed to their tolerance to shade,
slower growth rates, and more efficient resource use (Britton et al.,
2023). This variability in response to neighborhood competition reflects
diverse ecological strategies and competitive interaction characteristics.
For example, Pyrenean oak in mixed forests differ in their ecological
characteristics and species-specific responses to competition (Forrester
and Albrecht, 2014; Pretzsch and Schiitze, 2009). Our results further
confirm that competition dynamics differ widely between species
(Dahlhausen et al., 2017).

As mixed forests are complex due to species diversity as well as
structural and functional variability, biomass models must accurately
address these features and adapt accordingly. Forest compositions and
competitive dynamics differ significantly between mixed forests, under-
scoring the need for tailored modeling approaches (Forrester and
Albrecht, 2014). According to Reyer et al. (2010), who examined
competitive interactions in mixed forests under the lens of climate
change, model adaptability is essential for accounting for environmental
swifts. Pioneering species such as Scot pine are generally adapted to
open, high-light environments where competition is strong for light,
meaning that their biomass is sensitive to changes in neighborhood
competition. In contrast, Pyrenean oaks, which occupy a wide range of
niches, including shaded and open areas, are less affected by changes in
competition and can utilize resources under diverse conditions (Martin
et al., 2021).

4.3. Intra- and interspecific competition dynamics

Attention to mixed forest management has increased interest in
competitive effects, particularly intra- and interspecific competition.
Species identity within mixed forests determines whether trees promote
growth through facilitation or experience hindered development because
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of competition (Pretzsch, 2022). Trees benefit from local trees that pro-
vide resources such as light, water or nutrients through facilitation. The
acquisition of these resources together with other trees creates compe-
tition which reduces the growth of trees. We found that Scots pine and
Pyrenean oak responded differently to competitive interactions (as
shown in Fig. 4a-d). Although intraspecific competition was not statis-
tically significant for Scots pine, a negative influence on AGB indicated
possible resource limitations within the species that may inhibit biomass
growth (Pretzsch, 2014).

Studies have shown that intraspecific competition among Scots pine
species can reduce individual performance (Pretzsch and Biber, 2010).
Conversely, Pyrenean oak trees presented a different pattern of response.
AGB was positively influenced by intraspecific competition. However,
the positive effect was not statistically significant. These findings suggest
that intraspecific competition may not be an important driving force
regulating AGB. Other factors, such as resource availability or environ-
mental factors, may be more important in determining AGB.

The effects of interspecific competition on Scots pine trees were
substantial, reducing their biomass accumulation. This finding corrobo-
rates previous research demonstrating that interspecific competition can
lead to intense competition for light, water, and nutrients due to differ-
ences in ecological niches and resource use. For example, species with
deeper or more extensive root systems can be more competitive for water
than some pine trees, including Scots pine, leading to reduced growth
rates and biomass accumulation (Ogaya and Penuelas, 2007). Unlike
Scots pine, interspecific competition did not significantly affect AGB of
Pyrenean oak. A reduction in interspecific competition in mixtures was
reported in a shaded stand of Pyrenean oak and European beech (de
Tomdas Marin et al., 2023).

In mixtures with Scots pine, the roots of Pyrenean oak are deep and
extensive, so they can access water and nutrients from deeper soil layers
that are less competitive. When surface resources are scarce, Pyrenean
oak can still grow with such a root structure (Germon et al., 2020).
Furthermore, Pyrenean oak is a moderately shade-tolerant species,
allowing it to maintain photosynthetic activity even when competing
trees shade it. Despite competing for light with light-demanding conifers,
Pyrenean oak can grow in shaded environments (Xi et al., 2023). Pyr-
enean oak trees may benefit from niche complementarity or facilitative
interactions with heterospecific neighbors, thus reducing adverse inter-
specific competition effects. The dynamics of facilitation and competition
reduction may be subject to modulation by various environmental factors
(Gonzalez de Andrés et al., 2018; Munoz-Galvez et al., 2021).

4.4. Limitations and future directions

A single competition index (NBA) and a fixed radius based on a target
tree height approach to identify tree competitors have inherent limita-
tions. However, several studies have demonstrated the robustness of NBA
and fixed radius in similar forest contexts, making it an appropriate
choice for our study (Ahmed et al., 2024; Biging and Dobbertin, 1995;
Pretzsch, 2022; Rozendaal et al., 2020; Zhang et al., 2016). Future studies
should explore additional CIs, including distance-dependent metrics and
varying competition radii, to refine these findings and offer a deeper
understanding of competition dynamics in mixed-species forests. While
our statistical analyses confirmed that the assumptions of normality,
homoscedasticity, and multicollinearity were met, the sensitivity of
logarithmic regression to extreme values remains a consideration. Visual
assessment of residual plots indicated no strong violations, however, the
use of alternative modeling approaches, such as mixed-effects models
and machine learning approaches, could improve predictive accuracy
(Burnham and Anderson, 2002). In addition, our sample size of 90 trees
was determined based on feasibility and logistical constraints, and a
larger dataset could further improve the statistical power of our models
and provide a more comprehensive representation of competition dy-
namics. Future research could consider a larger number of samples to
ascertain variations in biomass accumulation and competition effects.
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Fig. 4. Relationships between AGB and competition (intraspecific and interspecific) for Scots pine and Pyrenean oak. (a) and (c) Effects of intraspecific competition on
AGB for Scots pine and Pyrenean oak, respectively, whereas (b) and (d) effects of interspecific competition on AGB for Scots pine and Pyrenean oak, respectively. The
shaded areas indicate the 95% confidence intervals and a significant p-value is indicated (** p < 0.01).

The size of trees (DBH and total tree height) and thinning density were
the main factors considered in assessing competition. Although these
measurements are standard and useful, other variables that affect
biomass estimation are tree age, tree health conditions, canopy compo-
sition, and site conditions (slope and soil properties). Future research
should incorporate these ecological factors to enhance the accuracy of
biomass predictions.

4.5. Practical and broader ecological implications

From a forest management point of view, the use of species-specific
models makes it easier to monitor the stages of forest development and
accurately assess the carbon stock and biomass (Pretzsch et al., 2015).
The development of young mixed species is especially critical because
small changes in the growth rates of different species can significantly
influence future stand dynamics, competitive interactions, and survival
rates. Thus, species-specific variable sets and models, need to be
employed to ensure accurate biomass estimation. For example,
acknowledging that Scots pine responds more strongly to competitive
pressure than Pyrenean oak can help managers adopt targeted thinning

that reduces competition around Scots pine, which can increase its
growth and carbon sequestration potential, whereas less intensive man-
agement may suffice for Pyrenean oak. Furthermore, better predictions of
carbon stocks require forest managers to use models that include all
variables (DBH, HT, and CI), especially for Scots pine species, especially
during early growth stages. For Pyrenean oak, models based on DBH will
be used since they are easier to apply and accurate enough. The specific
model approach for each species enables better management decisions in
forest operations, which in turn promotes the sustainable development of
mixed-species stands while improving carbon sequestration efforts.

5. Conclusion

The results of our study revealed different responses of Scots pine and
Pyrenean oak to competitive interactions in terms of biomass accumu-
lation in young Scots pine and Pyrenean mixed forests. For Scots pine,
incorporating neighborhood competition into biomass models signifi-
cantly improved the prediction accuracy and efficiency. In contrast,
neighborhood competition did not significantly enhance the model per-
formance for Pyrenean oak. These results indicate that neighborhood
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competition plays a more critical role in shaping AGB of Scots pine as
compared to that of Pyrenean oak. Furthermore, Scots pine showed a
significant reduction in AGB under interspecific competition but had a
nonsignificant negative response to intraspecific competition. For Pyr-
enean oak, neither intraspecific nor interspecific competition affected
AGB, although the response of intra- and interspecific competition was
positive but not significant. This nonsignificant effect on Pyrenean oak is
probably attributed to its deep roots and greater shade tolerance. Overall,
these findings underscore the importance of species-specific responses to
neighborhood competition and support sustainable forest management
practices, particularly in the context of mixed-species forests and climate
change.

CRediT authorship contribution statement

Eric Cudjoe: Writing — original draft, Methodology, Investigation,
Formal analysis, Conceptualization, Visualization. Ricardo Ruiz-Pei-
nado: Writing - review & editing, Validation, Supervision, Methodology,
Conceptualization, Visualization. Hans Pretzsch: Writing — review &
editing. Shamim Ahmed: Writing — review & editing. Felipe Bravo:
Writing — review & editing, Validation, Supervision, Methodology,
Funding acquisition, Conceptualization.

Data availability

Data will be made available on request.

Funding and acknowledgments

This research was developed within the framework of the PhD pro-
gram, Conservacion y Uso Sostenible de Sistemas Forestales de la Uni-
versidad de Valladolid. We extend our gratitude to the 2019 call for the
predoctoral contract at the University of Valladolid cofinanced by Banco
de Santander and projects ‘CLU-2019-01 - Unidad de Excelencia Instituto
iuFOR’, ‘PID2021-1262750B-C21’ and ‘PID2021-1262750B-C22’ - In-
tegrated Forest Management along complexity gradients (IMFLEX)
‘MCIN/AEI/10.13039/501100011033/FEDER, UE’, which received
financial support from the Regional Government of Castilla and Ledn,
Spain, and the European Regional Development Fund (ERDF). We also
wish to express our gratitude to the members of the forest service who
provided technical support during the tree-felling operations. We would
also like to thank José Carlos Porto Rodriguez for his invaluable assis-
tance in preparing Fig. 1.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://do
i.org/10.1016/j.fecs.2025.100317.

References

Ahmed, S., Hilmers, T., Uhl, E., Jacobs, M., Bohnhorst, L., Kolisnyk, B., Pretzsch, H., 2024.
Neighborhood competition modulates the link between crown structure and tree ring
variability in monospecific and mixed forest stands. For. Ecol. Manag. 560, 121839.
https://doi.org/10.1016/j.foreco.2024.121839.

Akaike, H., 1974. A new look at the statistical model identification. IEEE Trans. Automat.
Control 19, 716-723. https://doi.org/10.1109/TAC.1974.1100705.

Aldea, J., del Rio, M., Cattaneo, N., Riofrio, J., Ordénez, C., Uzquiano, S., Bravo, F., 2023.
Short-term effect of thinning on inter- and intra-annual radial increment in
Mediterranean Scots pine-oak mixed forests. For. Ecol. Manag. 549. https://doi.org/
10.1016/j.foreco.2023.121462.

10

Forest Ecosystems 13 (2025) 100317

Ali, A., Sanaei, A., Nalivan, O.A., Ahmadaali, K., Pour, M.J., Valipour, A., Karami, J.,
Aminpour, M., Kaboli, H., Askari, Y., 2020. Environmental filtering, predominance of
strong competitor trees and exclusion of moderate-weak competitor trees shape
species richness and biomass. Sci. Total Environ. 723, 138105. https://doi.org/
10.1016/j.scitotenv.2020.138105.

Baskerville, G.L., 1972. Use of logarithmic regression in the estimation of plant biomass.
Can. J. For. Res. 2, 49-53.

Biging, G.S., Dobbertin, M., 1995. Evaluation of competition indices in individual tree
growth models. For. Sci. 41, 360-377. https://doi.org/10.1093/forestscience/
41.2.360.

Britton, T.G., Richards, S.A., Hovenden, M.J., 2023. Quantifying neighbour effects on tree
growth: are common ‘competition’ indices biased? J. Ecol. 111, 1270-1280. https://
doi.org/10.1111/1365-2745.14095.

Burkhart, H.E., Tomé, M., 2012. Modeling Forest Trees and Stands. Springer, Dordrecht.
https://doi.org/10.1007/978-90-481-3170-9.

Burnham, K.P., Anderson, D.R., 2002. Multimodel inference: a practical information-
theoretic approach. Sociological Methods and Research. Springer, New York. USA.

Canham, C.D., LePage, P.T., Coates, K.D., 2004. A neighborhood analysis of canopy tree
competition: effects of shading versus crowding. Can. J. For. Res. 34, 778-787.
https://doi.org/10.1139/x03-232.

Cudjoe, E., Bravo, F., Ruiz-Peinado, R., 2024. Allometry and biomass dynamics in
temperate mixed and monospecific stands: contrasting response of Scots pine (Pinus
sylvestris L.) and sessile oak (Quercus petraea (Matt.) Liebl.). Sci. Total Environ. 953,
176061. https://doi.org/10.1016/j.scitotenv.2024.176061.

Dahlhausen, J., Uhl, E., Heym, M., Biber, P., Ventura, M., Panzacchi, P., Tonon, G.,
Horvath, T., Pretzsch, H., 2017. Stand density sensitive biomass functions for young
oak trees at four different European sites. Trees Struct. Funct. 31, 1811-1826.
https://doi.org/10.1007/s00468-017-1586-7.

de Tomas Marin, S., Rodriguez-Calcerrada, J., Arenas-Castro, S., Prieto, 1., Gonzalez, G.,
Gil, L., de la Riva, E.G., 2023. Fagus sylvatica and Quercus pyrenaica: two neighbors
with few things in common. For. Ecosyst. 10. https://doi.org/10.1016/
j.fecs.2023.100097.

del Rio, Miren, Condés, S., Pretzsch, H., 2014. Analyzing size-symmetric vs. size-
asymmetric and intra- vs. inter-specific competition in beech (Fagus sylvatica L.)
mixed stands. For. Ecol. Manag. 325, 90-98. https://doi.org/10.1016/
j.foreco.2014.03.047.

del Rio, M., Sterba, H., 2009. Comparing volume growth in pure and mixed stands of
Pinus sylvestris and Quercus pyrenaica. Ann. For. Sci 66, 502. https://doi.org/10.1051/
forest/2009035, 502.

Dutca, 1., Mather, R., Blujdea, V.N.B,, Ioras, F., Olari, M., Abrudan, L.V., 2018. Site-effects
on biomass allometric models for early growth plantations of Norway spruce (Picea
abies (L.) Karst.). Biomass Bioenergy 116, 8-17. https://doi.org/10.1016/
j.biombioe.2018.05.013.

Ferrio, J.P., Shestakova, T.A., Del Castillo, J., Voltas, J., 2021. Oak competition dominates
interspecific interactions in growth and water-use efficiency in a mixed pine—oak
mediterranean forest. Forests 12. https://doi.org/10.3390/f12081093.

Fick, S.E., Hijmans, R.J., 2017. WorldClim 2: new 1-km spatial resolution climate surfaces
for global land areas. Int. J. Climatol. 37, 4302-4315. https://doi.org/10.1002/
joc.5086.

Ford, K.R., Breckheimer, LK., Franklin, J.F., Freund, J.A., Kroiss, S.J., Larson, A.J.,
Theobald, E.J., HilleRisLambers, J., 2017. Competition alters tree growth responses
to climate at individual and stand scales. Can. J. For. Res. 47, 53-62. https://doi.org/
10.1139/¢jfr-2016-0188.

Forrester, D.I., Albrecht, A.T., 2014. Light absorption and light-use efficiency in mixtures
of Abies alba and Picea abies along a productivity gradient. For. Ecol. Manag. 328,
94-102.

Forrester, D.I., Benneter, A., Bouriaud, O., Bauhus, J., 2017. Diversity and competition
influence tree allometric relationships — developing functions for mixed-species
forests. J. Ecol. 105, 761-774. https://doi.org/10.1111/1365-2745.12704.

Gea-Izquierdo, G., Canellas, I., 2014. Local climate forces instability in long-term
productivity of a Mediterranean oak along climatic gradients. Ecosystems 17,
228-241. https://doi.org/10.1007/s10021-013-9719-3.

Germon, A., Laclau, J.P., Robin, A., Jourdan, C., 2020. Tamm review: deep fine roots in
forest ecosystems: why dig deeper? For. Ecol. Manag. 466. https://doi.org/10.1016/
j.foreco.2020.118135.

Gonzalez de Andrés, E., Camarero, J.J., Blanco, J.A., Imbert, J.B., Lo, Y.H., Sangiiesa-
Barreda, G., Castillo, F.J., 2018. Tree-to-tree competition in mixed European
beech-Scots pine forests has different impacts on growth and water-use efficiency
depending on site conditions. J. Ecol. 106, 59-75. https://doi.org/10.1111/1365-
2745.12813.

Jaime, L., Batllori, E., Margalef-Marrase, J., Pérez Navarro, M.A., Lloret, F., 2019. Scots
pine (Pinus sylvestris L.) mortality is explained by the climatic suitability of both host
tree and bark beetle populations. For. Ecol. Manag. 448, 119-129. https://doi.org/
10.1016/j.foreco.2019.05.070.

Jensen, A.M., Lof, M., 2017. Effects of interspecific competition from surrounding
vegetation on mortality, growth and stem development in young oaks (Quercus
robur). For. Ecol. Manag. 392, 176-183. https://doi.org/10.1016/
j.foreco.2017.03.009.

Jucker, T., Bouriaud, O., Avacaritei, D., Danil3, 1., Duduman, G., Valladares, F.,
Coomes, D.A., 2014. Competition for light and water play contrasting roles in driving
diversity-productivity relationships in Iberian forests. J. Ecol. 102, 1202-1213.
https://doi.org/10.1111/1365-2745.12276.

Kahriman, A., Sahin, A., Sonmez, T., Yavuz, M., 2018. A novel approach to selecting a
competition index: the effect of competition on individual tree diameter growth of
Calabrian pine. Can. J. For. Res. 48, 1217-1226. https://doi.org/10.1139/cjfr-2018-
0092.


https://doi.org/10.1016/j.fecs.2025.100317
https://doi.org/10.1016/j.fecs.2025.100317
https://doi.org/10.1016/j.foreco.2024.121839
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1016/j.foreco.2023.121462
https://doi.org/10.1016/j.foreco.2023.121462
https://doi.org/10.1016/j.scitotenv.2020.138105
https://doi.org/10.1016/j.scitotenv.2020.138105
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref5
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref5
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref5
https://doi.org/10.1093/forestscience/41.2.360
https://doi.org/10.1093/forestscience/41.2.360
https://doi.org/10.1111/1365-2745.14095
https://doi.org/10.1111/1365-2745.14095
https://doi.org/10.1007/978-90-481-3170-9
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref9
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref9
https://doi.org/10.1139/x03-232
https://doi.org/10.1016/j.scitotenv.2024.176061
https://doi.org/10.1007/s00468-017-1586-7
https://doi.org/10.1016/j.fecs.2023.100097
https://doi.org/10.1016/j.fecs.2023.100097
https://doi.org/10.1016/j.foreco.2014.03.047
https://doi.org/10.1016/j.foreco.2014.03.047
https://doi.org/10.1051/forest/2009035
https://doi.org/10.1051/forest/2009035
https://doi.org/10.1016/j.biombioe.2018.05.013
https://doi.org/10.1016/j.biombioe.2018.05.013
https://doi.org/10.3390/f12081093
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1139/cjfr-2016-0188
https://doi.org/10.1139/cjfr-2016-0188
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref20
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref20
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref20
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref20
https://doi.org/10.1111/1365-2745.12704
https://doi.org/10.1007/s10021-013-9719-3
https://doi.org/10.1016/j.foreco.2020.118135
https://doi.org/10.1016/j.foreco.2020.118135
https://doi.org/10.1111/1365-2745.12813
https://doi.org/10.1111/1365-2745.12813
https://doi.org/10.1016/j.foreco.2019.05.070
https://doi.org/10.1016/j.foreco.2019.05.070
https://doi.org/10.1016/j.foreco.2017.03.009
https://doi.org/10.1016/j.foreco.2017.03.009
https://doi.org/10.1111/1365-2745.12276
https://doi.org/10.1139/cjfr-2018-0092
https://doi.org/10.1139/cjfr-2018-0092

E. Cudjoe et al.

Lamonica, D., Pagel, J., Valdés-Correcher, E., Bert, D., Hampe, A., Schurr, F.M., 2020.
Tree potential growth varies more than competition among spontaneously
established forest stands of pedunculate oak (Quercus robur). Ann. For. Sci. 77.
https://doi.org/10.1007/s13595-020-00981-x, 0-18.

Liu, C.L.C., Kuchma, O., Krutovsky, K.V., 2018. Mixed-species versus monocultures in
plantation forestry: development, benefits, ecosystem services and perspectives for
the future. Glob. Ecol. Conserv. 15, e00419. https://doi.org/10.1016/
j.gecco.2018.e00419.

Lorimer, C.G., 1983. Tests of age-independent competition indices for individual trees in
natural hardwood stands. For. Ecol. Manag. 6, 343-360. https://doi.org/10.1016/
0378-1127(83)90042-7.

Martin, M.P., Peters, C.M., Asbjornsen, H., Ashton, M.S., 2021. Diversity and niche
differentiation of a mixed pine-oak forest in the Sierra Norte, Oaxaca, Mexico.
Ecosphere 12. https://doi.org/10.1002/ecs2.3475.

Metz, J.O., Seidel, D., Schall, P., Scheffer, D., Schulze, E.D., Ammer, C., 2013. Crown
modeling by terrestrial laser scanning as an approach to assess the effect of
aboveground intra- and interspecific competition on tree growth. For. Ecol. Manag.
310, 275-288. https://doi.org/10.1016/j.foreco.2013.08.014.

Millar, C.I., Stephenson, N.L., Stephens, S.L., 2007. Climate change and forests of the
future: managing in the face of uncertainty. Ecol. Appl. 17, 2145-2151. https://
doi.org/10.1890/06-1715.1.

Munoz-Gélvez, F.J., Herrero, A., Esther Pérez-Corona, M., Andivia, E., 2021. Are pine-oak
mixed stands in Mediterranean mountains more resilient to drought than their
monospecific counterparts? For. Ecol. Manag. 484. https://doi.org/10.1016/
j.foreco.2021.118955.

Nong, M., Leng, Y., Xu, H,, Li, C., Ou, G., 2019. Incorporating competition factors in a
mixed-effect model with random effects of site quality for individual tree above-
ground biomass growth of Pinus kesiya var. langbianensis. New Zeal. J. For. Sci. 49.
https://doi.org/10.33494/nzjfs492019x27x.

Ogaya, R., Penuelas, J., 2007. Tree growth, mortality, and above-ground biomass
accumulation in a holm oak forest under a five-year experimental field drought. Plant
Ecol. 189, 291-299. https://doi.org/10.1007/s11258-006-9184-6.

Oyden, S.U.B., Inkley, D.A.N.B., 2005. Nitrogen-fixing falcataria in relation to soil
fertility. Ecology 86, 992-1001.

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A., Phillips, O.L.,
Shvidenko, A., Lewis, S.L., Canadell, J.G., Ciais, P., Jackson, R.B., Pacala, S.W.,
McGuire, A.D., Piao, S., Rautiainen, A., Sitch, S., Hayes, D., 2011. A large and
persistent carbon sink in the world's forests. Science 333, 988-993. https://doi.org/
10.1126/science.1201609.

Pitkanen, T.P., Bianchi, S., Kangas, A., 2022. Quantifying the effects of competition on the
dimensions of Scots pine and Norway spruce crowns. Int. J. Appl. Earth Obs. Geoinf.
112. https://doi.org/10.1016/j.jag.2022.102941.

Pretzsch, H., 2022. Facilitation and competition reduction in tree species mixtures in
Central Europe: consequences for growth modeling and forest management. Ecol.
Model. 464, 109812. https://doi.org/10.1016/j.ecolmodel.2021.109812.

Pretzsch, H., 2014. Canopy space filling and tree crown morphology in mixed-species
stands compared with monocultures. For. Ecol. Manag. 327, 251-264. https://
doi.org/10.1016/j.foreco.2014.04.027.

Pretzsch, H., Biber, P., 2010. Size-symmetric versus size-asymmetric competition and
growth partitioning among trees in forest stands along an ecological gradient in
Central Europe. Can. J. For. Res. 40, 370-384. https://doi.org/10.1139/X09-195.

Pretzsch, H., del Rio, M., Ammer, C., Avdagic, A., Barbeito, I, Bielak, K., Brazaitis, G.,
Coll, L., Dirnberger, G., Drossler, L., Fabrika, M., Forrester, D.I., Godvod, K.,

Heym, M., Hurt, V., Kurylyak, V., Lof, M., Lombardi, F., Matovi¢, B., Mohren, F.,
Motta, R., den Ouden, J., Pach, M., Ponette, Q., Schiitze, G., Schweig, J.,
Skrzyszewski, J., Sramek, V., Sterba, H., Stojanovi¢, D., Svoboda, M.,
Vanhellemont, M., Verheyen, K., Wellhausen, K., Zlatanov, T., Bravo-Oviedo, A.,
2015. Growth and yield of mixed versus pure stands of Scots pine (Pinus sylvestris L.)
and European beech (Fagus sylvatica L.) analysed along a productivity gradient
through Europe. Eur. J. For. Res. 134, 927-947. https://doi.org/10.1007/510342-
015-0900-4.

Pretzsch, H., Forrester, D.1., 2017. Stand dynamics of mixed-species stands compared with
monocultures. In: Pretzsch, H., Forrester, D.I., Bauhus, J. (Eds.), Mixed-Species
Forests: Ecology and Management. Springer, Berlin, Heidelberg, pp. 117-209.
https://doi.org/10.1007/978-3-662-54553-9_4.

Pretzsch, H., Schiitze, G., 2021. Tree species mixing can increase stand productivity,
density and growth efficiency and attenuate the trade-off between density and
growth throughout the whole rotation. Ann. Bot. 128, 767-786. https://doi.org/
10.1093/aob/mcab077.

Pretzsch, H., Schiitze, G., 2009. Transgressive overyielding in mixed compared with pure
stands of Norway spruce and European beech in Central Europe: evidence on stand
level and explanation on individual tree level. Eur. J. For. Res. 128, 183-204. https://
doi.org/10.1007/s10342-008-0215-9.

Pretzsch, H., Schiitze, G., Uhl, E., 2013. Resistance of European tree species to drought
stress in mixed versus pure forests: evidence of stress release by inter-specific
facilitation. Plant Biol. 15, 483-495. https://doi.org/10.1111/j.1438-
8677.2012.00670.x.

Pretzsch, H., Steckel, M., Heym, M., Biber, P., Ammer, C., Ehbrecht, M., Bielak, K.,
Bravo, F., Ordonez, C., Collet, C., Vast, F., Drossler, L., Brazaitis, G., Godvod, K.,
Jansons, A., de-Dios-Garcia, J., Lof, M., Aldea, J., Korboulewsky, N.,

Reventlow, D.O.J., Nothdurft, A., Engel, M., Pach, M., Skrzyszewski, J., Pardos, M.,
Ponette, Q., Sitko, R., Fabrika, M., Svoboda, M., Cerny, J., Wolff, B., Ruiz-Peinado, R.,

11

Forest Ecosystems 13 (2025) 100317

del Rio, M., 2020. Stand growth and structure of mixed-species and monospecific
stands of Scots pine (Pinus sylvestris L.) and oak (Q. robur L., Quercus petraea (Matt.)
Liebl.) analysed along a productivity gradient through Europe. Eur. J. For. Res. 139,
349-367. https://doi.org/10.1007/510342-019-01233-y.

R Core Team, 2023. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Reyer, C., Lasch, P., Mohren, G.M.J., Sterck, F.J., 2010. Inter-specific competition in
mixed forests of Douglas-fir (Pseudotsuga menziesii) and common beech (Fagus
sylvatica) under climate change-a model-based analysis. Ann. For. Sci. 67. https://
doi.org/10.1051/forest/2010041.

Rivas, J.J.C., Gonzdlez, J.G.A., Aguirre, O., Hernandez, F.J., 2005. The effect of
competition on individual tree basal area growth in mature stands of Pinus cooperi
Blanco in Durango (Mexico). Eur. J. For. Res. 124, 133-142. https://doi.org/
10.1007/s10342-005-0061-y.

Rodriguez de Prado, D., Vazquez Veloso, A., Quian, Y.F., Ruano, I., Bravo, F., Herrero de
Aza, C., 2023. Can mixed forests sequester more CO; than pure forests in future
climate scenarios? A case study of Pinus sylvestris combinations in Spain. Eur. J. For.
Res. 142, 91-105. https://doi.org/10.1007/s10342-022-01507-y.

Roe, S., Streck, C., Obersteiner, M., Frank, S., Griscom, B., Drouet, L., Fricko, O., Gusti, M.,
Harris, N., Hasegawa, T., Hausfather, Z., Havlik, P., House, J., Nabuurs, G.J.,

Popp, A., Sanchez, M.J.S., Sanderman, J., Smith, P., Stehfest, E., Lawrence, D., 2019.
Contribution of the land sector to a 1.5 °C world. Nat. Clim. Change 9, 817-828.
https://doi.org/10.1038/5s41558-019-0591-9.

Rozendaal, D.M.A., Phillips, O.L., Lewis, S.L., Affum-Baffoe, K., Alvarez-Davila, E.,
Andrade, A., Aragao, L.E.O.C., Araujo-Murakami, A., Baker, T.R., Banki, O.,
Brienen, R.J.W., Camargo, J.L.C., Comiskey, J.A., Djuikouo Kamdem, M.N.,

Fauset, S., Feldpausch, T.R., Killeen, T.J., Laurance, W.F., Laurance, S.G.W.,
Lovejoy, T., Malhi, Y., Marimon, B.S., Marimon Junior, B.H., Marshall, A.R.,

Neill, D.A., Ntnez Vargas, P., Pitman, N.C.A., Poorter, L., Reitsma, J., Silveira, M.,
Sonké, B., Sunderland, T., Taedoumg, H., ter Steege, H., Terborgh, J.W.,

Umetsu, R.K., van der Heijden, G.M.F., Vilanova, E., Vos, V., White, L.J.T.,
Willcock, S., Zemagho, L., Vanderwel, M.C., 2020. Competition influences tree
growth, but not mortality, across environmental gradients in Amazonia and tropical
Africa. Ecology 101, 1-11. https://doi.org/10.1002/ecy.3052.

Rubio-Cuadrado, A., Camarero, J.J., Gordaliza, G.G., Cerioni, M., Montes, F., Gil, L., 2020.
Competition overrides climate as trigger of growth decline in a mixed Fagaceae
Mediterranean rear-edge forest. Ann. For. Sci 77. https://doi.org/10.1007/513595-
020-01004-5.

Schroeder, H., Nosenko, T., Ghirardo, A., Fladung, M., Schnitzler, J.P., Kersten, B., 2021.
Oaks as beacons of hope for threatened mixed forests in Central Europe. Front. For.
Glob. Change 4, 1-5. https://doi.org/10.3389/ffgc.2021.670797.

Sileshi, G.W., 2014. A critical review of forest biomass estimation models, common
mistakes and corrective measures. For. Ecol. Manag. 329, 237-254. https://doi.org/
10.1016/j.foreco.2014.06.026.

Steckel, M., del Rio, M., Heym, M., Aldea, J., Bielak, K., Brazaitis, G., Cerny, J., Coll, L.,
Collet, C., Ehbrecht, M., Jansons, A., Nothdurft, A., Pach, M., Pardos, M., Ponette, Q.,
Reventlow, D.O.J., Sitko, R., Svoboda, M., Vallet, P., Wolff, B., Pretzsch, H., 2020.
Species mixing reduces drought susceptibility of Scots pine (Pinus sylvestris L.) and
oak (Quercus robur L., Quercus petraea (Matt.) Liebl.) — site water supply and fertility
modify the mixing effect. For. Ecol. Manag. 461, 117908. https://doi.org/10.1016/
j.foreco.2020.117908.

Sun, S., Cao, Q.V., Cao, T., 2019. Evaluation of distance-independent competition indices
in predicting tree survival and diameter growth. Can. J. For. Res. 49, 440-446.
https://doi.org/10.1139/cjfr-2018-0344.

Sun, X., Wang, Q., Song, G., 2024. Revisiting generic allometric equations for estimating
forest aboveground biomass in Japan: importance of incorporating plant functional
types and origins. Biomass Bioenergy 180, 107025. https://doi.org/10.1016/
j.biombioe.2023.107025.

Warner, E., Cook-Patton, S.C., Lewis, O.T., Brown, N., Koricheva, J., Eisenhauer, N.,
Ferlian, O., Gravel, D., Hall, J.S., Jactel, H., Mayoral, C., Meredieu, C., Messier, C.,
Paquette, A., Parker, W.C., Potvin, C., Reich, P.B., Hector, A., 2023. Young mixed
planted forests store more carbon than monocultures—a meta-analysis. Front. For.
Glob. Change 6, 1-12. https://doi.org/10.3389/ffgc.2023.1226514.

Werner, R., Gasser, L.T., Steinparzer, M., Mayer, M., Ahmed, 1.U., Sandén, H.,

Godbold, D.L., Rewald, B., 2024. Early overyielding in a mixed deciduous forest is
driven by both above- and below-ground species-specific acclimatization. Ann. Bot.
134, 1077-1096. https://doi.org/10.1093/aob/mcael50.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., Francois, R.,
Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T., Miller, E.,
Bache, S., Miiller, K., Ooms, J., Robinson, D., Seidel, D., Spinu, V., Takahashi, K.,
Vaughan, D., Wilke, C., Woo, K., Yutani, H., 2019. Welcome to the tidyverse. J. Open
Source Softw. 4, 1686. https://doi.org/10.21105/j0ss.01686.

Williamson, G.B., Wiemann, M.C., 2010. Measuring wood specific gravity. Correctly. Am.
J. Bot. 97, 519-524. https://doi.org/10.3732/ajb.0900243.

Xi, N., McCarthy-Neumann, S., Feng, J., Wu, H., Wang, W., Semchenko, M., 2023. Light
availability and plant shade tolerance modify plant-microbial interactions and
feedbacks in subtropical trees. New Phytol. 238, 393-404. https://doi.org/10.1111/
nph.18737.

Xiao, C.W., Ceulemans, R., 2004. Allometric relationships for below- and aboveground
biomass of young Scots pines. For. Ecol. Manag. 203, 177-186. https://doi.org/
10.1016/j.foreco.2004.07.062.


https://doi.org/10.1007/s13595-020-00981-x
https://doi.org/10.1016/j.gecco.2018.e00419
https://doi.org/10.1016/j.gecco.2018.e00419
https://doi.org/10.1016/0378-1127(83)90042-7
https://doi.org/10.1016/0378-1127(83)90042-7
https://doi.org/10.1002/ecs2.3475
https://doi.org/10.1016/j.foreco.2013.08.014
https://doi.org/10.1890/06-1715.1
https://doi.org/10.1890/06-1715.1
https://doi.org/10.1016/j.foreco.2021.118955
https://doi.org/10.1016/j.foreco.2021.118955
https://doi.org/10.33494/nzjfs492019x27x
https://doi.org/10.1007/s11258-006-9184-6
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref38
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref38
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref38
https://doi.org/10.1126/science.1201609
https://doi.org/10.1126/science.1201609
https://doi.org/10.1016/j.jag.2022.102941
https://doi.org/10.1016/j.ecolmodel.2021.109812
https://doi.org/10.1016/j.foreco.2014.04.027
https://doi.org/10.1016/j.foreco.2014.04.027
https://doi.org/10.1139/X09-195
https://doi.org/10.1007/s10342-015-0900-4
https://doi.org/10.1007/s10342-015-0900-4
https://doi.org/10.1007/978-3-662-54553-9_4
https://doi.org/10.1093/aob/mcab077
https://doi.org/10.1093/aob/mcab077
https://doi.org/10.1007/s10342-008-0215-9
https://doi.org/10.1007/s10342-008-0215-9
https://doi.org/10.1111/j.1438-8677.2012.00670.x
https://doi.org/10.1111/j.1438-8677.2012.00670.x
https://doi.org/10.1007/s10342-019-01233-y
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref50
http://refhub.elsevier.com/S2197-5620(25)00026-0/sref50
https://doi.org/10.1051/forest/2010041
https://doi.org/10.1051/forest/2010041
https://doi.org/10.1007/s10342-005-0061-y
https://doi.org/10.1007/s10342-005-0061-y
https://doi.org/10.1007/s10342-022-01507-y
https://doi.org/10.1038/s41558-019-0591-9
https://doi.org/10.1002/ecy.3052
https://doi.org/10.1007/s13595-020-01004-5
https://doi.org/10.1007/s13595-020-01004-5
https://doi.org/10.3389/ffgc.2021.670797
https://doi.org/10.1016/j.foreco.2014.06.026
https://doi.org/10.1016/j.foreco.2014.06.026
https://doi.org/10.1016/j.foreco.2020.117908
https://doi.org/10.1016/j.foreco.2020.117908
https://doi.org/10.1139/cjfr-2018-0344
https://doi.org/10.1016/j.biombioe.2023.107025
https://doi.org/10.1016/j.biombioe.2023.107025
https://doi.org/10.3389/ffgc.2023.1226514
https://doi.org/10.1093/aob/mcae150
https://doi.org/10.21105/joss.01686
https://doi.org/10.3732/ajb.0900243
https://doi.org/10.1111/nph.18737
https://doi.org/10.1111/nph.18737
https://doi.org/10.1016/j.foreco.2004.07.062
https://doi.org/10.1016/j.foreco.2004.07.062

E. Cudjoe et al.

Zhang, C., Gu, R, Lin, L., Russo, S.E., 2024. Functional traits and ecological niches as
correlates of the interspecific growth—-mortality trade-off among seedlings of 14
tropical tree species. Funct. Ecol. 38, 1888-1901. https://doi.org/10.1111/1365-
2435.14624.

Zhang, Z., Papaik, M.J., Wang, X., Hao, Z., Ye, J., Lin, F., Yuan, Z., 2016. The effect of tree
size, neighborhood competition and environment on tree growth in an old-growth
temperate forest. J. Plant Ecol. 10, 970-980. https://doi.org/10.1093/jpe/rtw126.

12

Forest Ecosystems 13 (2025) 100317

Zhou, C., Wei, X., Zhou, G., Yan, J., Wang, X., Wang, C., Liu, H., Tang, X., Zhang, Q., 2008.
Impacts of a large-scale reforestation program on carbon storage dynamics in
Guangdong, China. For. Ecol. Manag. 255, 847-854. https://doi.org/10.1016/
j.foreco.2007.09.081.

Zhou, W., Cheng, X., Wu, R., Han, H., Kang, F., Zhu, J., Tian, P., 2018. Effect of
intraspecific competition on biomass partitioning of Larix principis-rupprechtii. J. Plant
Interact. 13, 1-8. https://doi.org/10.1080/17429145.2017.1406999.


https://doi.org/10.1111/1365-2435.14624
https://doi.org/10.1111/1365-2435.14624
https://doi.org/10.1093/jpe/rtw126
https://doi.org/10.1016/j.foreco.2007.09.081
https://doi.org/10.1016/j.foreco.2007.09.081
https://doi.org/10.1080/17429145.2017.1406999

	Neighborhood competition improves biomass estimation for Scots pine (Pinus sylvestris L.) but not Pyrenean oak (Quercus pyr ...
	1. Introduction
	2. Materials and methods
	2.1. Study site
	2.2. Sampling and measurement procedures
	2.3. Competition index calculation
	2.4. Analyses and biomass modeling
	2.5. Statistical criteria

	3. Results
	3.1. Evaluating biomass predictive models for Scots pine and Pyrenean oak in mixed stands (H1 and H2)
	3.2. Effects of intra- and interspecific competition on AGB (H3)

	4. Discussion
	4.1. Evaluation of the role of independent variables in biomass estimation
	4.2. Impact of neighborhood competition dynamics
	4.3. Intra- and interspecific competition dynamics
	4.4. Limitations and future directions
	4.5. Practical and broader ecological implications

	5. Conclusion
	CRediT authorship contribution statement
	Data availability
	Funding and acknowledgments
	Declaration of competing interest
	Appendix A. Supplementary data
	References


