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A B S T R A C T   

The effects of site and climate on the self-thinning line, a key characteristic that defines forest dynamics, have 
been the subject of research for decades. However, contrasting results have generally been found. To adapt 
management practices for widely distributed species, especially considering the impact of climate change, it is 
crucial to understand the variables and their effects on the self-thinning line. We conducted a systematic analysis 
based on 77 trial plots from 62 long-term experiments across Europe, covering the distribution range of Scots 
pine. Our focus was on unthinned conditions since 1975. Using a linear mixed model, we examined the effects of 
each statistically significant variable, separating the influences on the slope and the intercept. Our observations 
revealed that parameters enhancing species tolerance, such as shortwave solar radiation, flatten the slope of the 
self-thinning line. Conversely, temperature and precipitation, which reduce self-tolerance and increase intra
specific competition, lead to an increase in the slope. Balancing the effects between these aspects results in a 
maximum negative slope at mid-latitudes. In terms of the intercept, we found compensating effects among the 
analyzed factors, indicating a monotonic increase with decreasing latitude and increasing radiation. Although 
there were no significant changes in the self-thinning line since the 1990 s, we observed an increase in mortality, 
suggesting an accelerated self-thinning process. Site and climatic differences across the distribution range of 
Scots pine influenced the self-thinning line, whereas no trends with time could be observed. Therefore, man
agement strategies and models based on self-thinning need to be adapted to different latitudes. While climate 
changes have not yet impacted the trajectory significantly, a continuous rise in temperature, coupled with high 
precipitation, may accelerate self-thinning and result in increased biomass accumulation.   

1. Introduction 

The principle of self-thinning is widely recognized as one of the most 
well-documented examples of natural selection (Zeide, 2010). It de
scribes the exponential decline in tree numbers as age or mean size in
creases, primarily due to natural mortality (Lonsdale and Watkinson, 
1982). This concept is crucial for understanding stand dynamics and 
potential productivity (Jack and Long, 1996) and holds significant 
importance in both forestry and ecology (Condés et al., 2017; Lonsdale 
and Watkinson, 1982). Given the uncertain future of climate change, 
gaining a better understanding of the climate’s influence on 
self-thinning is essential. It will enhance our ability to manage and 

model forest ecosystems and enable us to determine forests’ carrying 
capacity more accurately, thereby improving the design of silvicultural 
guidelines (Rodríguez de Prado et al., 2020). This understanding will 
help us avoid overly dense and unstable stands, allowing us to maximize 
sustainable harvests. Additionally, changes in the self-thinning line will 
influence biomass accumulation patterns and mortality rates, thereby 
impacting carbon storage in forests. 

Tree growth exhibits a geometric progression until it is constrained 
by the onset of senescence. However, due to the inherent limitations of 
environmental resources, the sustained exponential increase in indi
vidual tree numbers is unsustainable. Eventually, a threshold or 
maximum capacity is reached or closely approached (Harper, 1977). 
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The precise mechanisms and spatial dynamics underlying this threshold 
are contingent upon species-specific patterns of space occupancy and the 
associated site-specific factors that shape them. 

Plant populations have repeatedly been found to approach and then 
follow a dynamic thinning line. For many years, all such lines were 
widely perceived as having a slope of roughly –3/2 (Begon et al., 2006). 
In forestry the self-thinning of forest stands is usually expressed as the 
relationship between stand density N and the quadratic mean diameter 
dq. Reineke (1933) found that this relationship can be expressed using 
Eq. 1: 

ln(N) = a+ b • ln(dq) (1) 

The slope b of the self-thinning line, or maximum size-density rela
tionship is often assumed to be independent of species (according to 
Reineke, b = –1.605). However, this assumption has been put into 
question recurrently in forestry literature leading to contrasting expla
nations (Condés et al., 2017) and many authors (von Gadow, 1986; 
Weiskittel et al., 2009; Zeide, 2010; Zhang et al., 2018) have discussed 
the meaning and values of the intercept and slope of the self-thinning 
line. 

Pretzsch and Biber (2005) found that the slope of the self-thinning 
line varies among different European forestry species, ranging from 
–1.789 to –1.424. This shows that the relationship between tree density 
and size differs depending on the species. Regional variations in the 
self-thinning line can be influenced by genetic and environmental fac
tors. The allocation of resources to standing biomass, which is affected 
by maximum stand density, can also vary across latitudes. Furthermore, 
it’s important to consider that variations in data types and parameter 
estimation techniques can introduce additional uncertainties in the 
analysis (Forrester et al., 2021; Peters et al., 2018). Studies based on 
permanent plot data have shown that stands self-thin at different levels 
of maximum density. Several investigations, from national (Aguirre 
et al., 2018; Charru et al., 2012) to large-scale (Condés et al., 2017) 
studies using inventory data, have explored this question further. Some 
studies have shown that species specific shade tolerance has an impact 
on maximum density and self-thinning (Bose et al., 2018; Ducey et al., 
2010). However, there is still a lack of consensus regarding the under
lying processes driving the observed variation (Reynolds and Ford, 
2005). Therefore, a relevant question remains: which specific resources 
influence the relationships within the stand and modify the self-thinning 
line (Rodríguez de Prado et al., 2020)? 

In environments with limited light availability, self-thinning occurs 
as a result of crown adaptation to intercept radiation (Harper, 1977; 
Peters et al., 2018; Zeide, 2010). Crown architecture plays a crucial role 
in controlling self-thinning processes in such light-limited environ
ments. Changes in nutrient or water availability can influence the rate of 
self-thinning without altering its overall trajectory. For instance, 
Pretzsch and Biber (2021) observed the effect of nitrogen (N) avail
ability in the soil on self-thinning dynamics. In contrast, self-thinning in 
dry environments displays different characteristics. For example, in 
ecosystems like Savannas, where water availability rather than radia
tion/light is the limiting factor, trees are spaced widely (Belay and Moe, 
2012). The dynamics of self-thinning in these dry environments are 
shaped primarily by the availability of water resources. Overall, the 
interplay between light, nutrient availability, water resources, and 
crown architecture determines the specific patterns and mechanisms of 
self-thinning in different environmental conditions. 

While solar radiation tends to remain relatively stable, precipitation 
and temperature can undergo changes over time, particularly under the 
influence of climate change (Pretzsch et al., 2017). In the 1980s, con
cerns about air pollution and climate change leading to widespread 
ecosystem collapse were prominent in public discussions. During this 
period, scientific studies began to report accelerated forest growth in 
Central Europe (Pretzsch et al., 2014). However, despite the clear trend 
observed in many regions of Central Europe, our understanding of the 
long-term implications for stand dynamics and forest management 

remains limited (Gadow, 2006; Woodall and Weiskittel, 2021). 
In this study, we employed a distinctive compilation of data from 

permanent plots of Scots pine (Pinus sylvestris L.) across Europe. This 
dataset comprises a diverse array of climatic and site conditions, making 
it particularly valuable as Scots pine is not only one of the most signif
icant commercial tree species but also widely distributed across the re
gion. These long-term forest experiments offer a valuable record of 
stands with well-documented histories, encompassing details on estab
lishment, silvicultural treatments, and disturbances. They offer time 
series data on stand development, making them suitable for bio
monitoring in both managed and unmanaged forests, as well as for 
modeling purposes (Peters et al., 2018; Pretzsch et al., 2019). 

Our hypothesis is that the intercept and slope of the self-thinning line 
vary with environmental conditions (Pretzsch and Biber, 2005). Un
derstanding how these conditions affect the self-thinning patterns, and 
whether they modify the slope, intercept, or both, has important im
plications for silviculture, biology, and climate research (del Rıó et al., 
2001). 

The primary objective of this study is to model the self-thinning 
process, with a focus on providing new insights into the effects of site 
and climate on self-thinning patterns, as well as understanding their 
physiological responses and implications. Rather than aiming for precise 
modeling, our main goal is to offer a general overview and address the 
following research questions: 

Q1: Do the slope and/or the intercept of self-thinning line depend on 
site factors? 

Q2: Which are these factors, and how do they influence the self- 
thinning line? 

Q3: Can climate change affect components of growth? 

2. Materials and methods 

2.1. European long-term research plots 

We used a compilation of long-term research plots of Scots pine from 
various locations across Europe (Pretzsch et al., 2019). These plots 
encompass a wide range of latitudes (over 20◦) and represent three 
distinct biomes: boreal, temperate, and Mediterranean. We specifically 
selected monospecific even-aged stands that were either unthinned or 
had minimal thinning, with only the removal of dead or dying trees. This 
selection was made to ensure that the stands were likely to exhibit 
self-thinning and full canopy closure (Reynolds and Ford, 2005). To 
further ensure that the stands in our analysis truly exhibited 
self-thinning, we excluded data from years that showed a positive slope 
in the log-log relationship and ensured a mortality rate >1 %. By 
focusing solely on this part of the self-thinning line, we aim to simplify 
the self-thinning model and avoid unnecessary complexities. 

In total 77 plots from 62 different experiments were available for the 
selected conditions. The geographical distribution of the plots can be 
seen in Fig. 1 and the site characteristics are summarized in Table 1. 

The plot size varies from 0.15 to 0.5 ha. The most relevant available 
variables for this study were: stand density per hectare (N), quadratic 
mean diameter (dq), age and inventory year. Additionally, we calculated 
the local SDI, by fitting the exponent of the Reineke expression locally 
(for each trials’ N and dq), and mortality rate, and biomass were used as 
growth components, to study changes in time (Table 2). Biomass was 
calculated based on the equations developed by Forrester et al. (2017). A 
detailed description can be found in the Supplementary material (S1: 
Conversion of wood volume to biomass). 

2.2. Site and climate variables 

We obtained climate and site parameters by extracting data from two 
primary sources. The first source was the Gridded Agro-Meteorological 
Data from the European Commission Joint Research Center (JRC), 
which provided data with a 25 × 25 km resolution grid covering the 
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years 1975–2014 (CGMS, 2014). From this dataset, we extracted the 
yearly mean temperature (Temp in ◦C), total annual precipitation (Prep 
in mm), and calculated the annual length of the vegetation period 
(LenVp in days), defined as the number of days with an average tem
perature above 10 ◦C. The second source of data was the Inter-Sectoral 
Impact Model Intercomparison Project (ISIMP, 2022). We retrieved the 
daily intervals of solar radiation (short wavelength) (ShortRad in W m-2) 
from this dataset and calculated the mean solar radiation per site and 
year. Additionally, we estimated the Martonne aridity index (M) (Mar
tonne, 1926) using the following expression: 

M = Prep/(Temp+ 10) (2)  

2.3. Model building 

We conducted our analysis by selecting site and climate variables 
with low correlation (see Supplementary Material Fig. S1). We 
addressed our first two research questions (Q1-Q2) using a mixed linear 
regression model based on Reineke’s logarithmic form of the self- 
thinning line (Eq. 1). Reineke derived from it his stand density index 

SDI which is, at a given N and dq, the number of trees per unit area at a 
reference diameter of 25 cm (~10 in.): 

SDI = N • (dq/25)b, (3)  

ln(SDI) = ln(N) + b • ln(dq/25). (4) 

If we, in turn put ln(N) on the left side of the equation: 

ln(N) = ln(SDI) − b • ln(dq/25), (5)  

or in more compact notation with ln(SDI) = a: 

ln(N) = a − b • ln(dq/25), (6)  

we have a model which estimates the (ln) stem number for a given dq, 
but where the intercept is the ln (SDI). This has no influence on the 
slope; however, the intercept is automatically an SDI. This is very 
convenient, since the SDI is descriptive, it is a number that forest sci
entists and practitioners are used to working with and allows a very 
straightforward and easy interpretation of the intercept. With this 
transformation, we defined a general linear mixed model that included 

Fig. 1. Location of the research experiments across Europe (blue triangles) over the natural (dark green) and actual (light green) distribution of the Scots pine 
in Europe. 
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all the site and climatic selected variables and all possible two-way in
teractions among them in a combined intercept (a), which is in fact the 
SDI, and in the slope (b), resulting in the following expression: 

ln
(
Nijk

)
= a0 + a1 • Tempijk + a2 • Prepijk+

a3 • ShortRadijk + a4 • LenVPij +
(
ln
(
dqijk

/
25

)
+ cij

)
•

(
b0 + b1 • Tempijk + b2 • Prepijk + b3 • ShortRadijk + b4 • LenVPijk

)
+

ci + cij + cm(ijk) + εijk
(7)  

where indexes i, j and k represent the nested data levels trial, plot, and 
survey. An additional random effect is cm(ijk) which indicates the year in 
which the kth survey of plot j in trial i was conducted. To evaluate the 
possible effect of clustering by genetic adaptations was assessed by 
adding a random effect term on the slope on plot and trial level cij. 

Next, we performed an automated model selection procedure using 
the ’dredge’ function from the R package MuMIn (Barton, 2020) to 
identify the sub-model with the best combination of independent vari
ables, and additionally evaluating the resulting combinations for phys
iological plausibility. In this procedure, if a variable (n) is found to be 
significant, it indicates that the corresponding site variable has an in
fluence on the Stand Density Index (SDI), which represents the intercept. 
Similarly, if the slope parameter (bn) is found to be significant, it sug
gests that a site variable (n) influences the slope of the self-thinning line. 

Since the Martone Index is highly correlated with the precipitation 
(Supplementary material, Fig. S1), we decided to test it independently. 
In this way, similarly to Paterson’s vegetation productivity index, 
especially in humid sites, it can be interpreted as an indication of site 
quality and the temporal variation of productivity and forest growth 
(Pretzsch et al., 2023). 

Fig. 2. Site variables against the Stand Density Index (SDI) represented per single plot and inventory in time. The curves are the result of linear fit model (y = a+bx) 
for each trial plot with the standard error represented by the grey bands. The SDI was estimated locally for each trial fitting the exponent of the Reineke’s expression 
in each trial based on the local N and dq. Note that grouping by country is just for display and does not represent the self-thinning models. 
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2.4. Changes with time and growth components 

Climate is a dynamic factor that undergoes changes over time, and 
studies such as Pretzsch et al. (2014) have shown the impact of climate 
change on forest growth. Specifically, the increase in annual tempera
ture, leading to a longer vegetation period, has been identified as a 
driver of accelerated growth, especially in those sites where water is not 
a limiting factor. In this study, we selected the year 1990 as an arbitrary 
threshold, coinciding with the significant temperature rise of 0.5 ◦C 
reported in the first IPCC report (IPCC and WMO, 1992), to assess 
changes in growth over time. 

To further investigate changes in growth patterns, we selected two 
specific growth components, the rate of mortality and the biomass 
development, and we tested two simple linear mixed models with the 
following expression: 

ln
(
Varijk

)
= a0+a1 • ln(ageij)+a3 • LATITUDEij + a4 • ln(ageij)

• LATITUDEij + ci + cij + εij (8)  

where Var stands for the growth component tested. 

3. Results 

3.1. Climate variables as predictors of changes in the self-thinning line 

Fig. 2 provides a visual representation of the relationship between 
the observed Stand Density Indices (SDIs) and the key site variables 
relevant to answering Q1 and Q2. As a first exploratory analysis we 
decided to group and display the sites by countries (instead of grouping 
them by site and trial as described by the random effects in Eqs. 7 and 8), 
to display patterns that may include not only site influences but also data 
collection artifacts. The graph highlights several noteworthy observa
tions. Firstly, the mean annual temperature (Temp) exhibits a continuous 
gradient across the different countries, with Sweden displaying the 
widest range. Secondly, there is considerable overlap among countries 
in terms of total precipitation (Prep). Lastly, short-wave solar radiation 
(ShortRad) serves as a distinguishing factor, clearly separating the plots 
in Spain from those in other countries. This differentiation is primarily 
influenced by factors such as latitude, orientation, and altitude, and 
remains consistent over time within the scope of this study. Notably, the 
stands in Spain stand out with the highest mean solar radiation among 
the countries analyzed. 

The relationship between the number of trees per hectare (N) and the 
diameter at breast height (dq in cm) in logarithmic scale provides in
sights into the arrangement of self-thinning lines across the continent 
(Fig. 3). The graph reveals distinct zonation among the countries, indi
cating a potential pattern. Specifically, the lines of the Spanish plots tend 
to be positioned on the higher end of the spectrum, while those of the 
Swedish plots tend to be on the lower end. This variation suggests dif
ferences in the density of trees and their corresponding slopes, high
lighting potential regional trends in self-thinning dynamics. 

We also examined the significance of the length of the vegetation 
period a robust indicator of growth changes (Fig. 4) using an ANOVA 
test, to validate its use as a reference for evaluating alterations in the 
self-thinning line. The length of the vegetation period significantly 
increased before and after 1990. 

3.2. Self-thinning models 

The optimized statistical model based on Eq. 7 revealed that most 
covariates are statistically significant, except for temperature (Temp) in 
the intercept term. Notably, precipitation (Prep), solar radiation 
(ShortRad), and the length of the vegetation period (LenVp) exhibit 
significance, along with the interactions Prep*ShortRad and LenVp*
Temp. In terms of the slope term, ShortRad, Temp, and Prep were sta
tistically significant. 

To address the high correlation between Temp and LenVp, and 
considering the lack of significance for Temp in the intercept term, Temp 
was excluded from the model. However, the interaction LenVp*Temp 
was retained as it does not introduce non-linear effects. The resulting 
selected model, presented in Eq. 9, incorporates these adjustments. 

ln
(
Nijk

)
= a0 + a1 • Prepijk + a2 • ShortRadijk + a3 • LenVPijk+

a4 • LenVPijkTempijk + a5 • ShortRadijk • Prepijk+

ln
(
dqijk
25

)

•
(
b0 + b1 • ShortRadijk + b2 • Prepijk + b3 • Tempijk

)
+

ci + cij + cm(ijk) + εijk

(9) 

The test for the random effect on the slope resulted significant with a 
decreased AIC (Akaike, 1974). However, the change was minor and did 
not impact the results. For this reason, we decided to select the simpler 
model with only random effects on the intercept. This model is easier to 
interpret and more reproducible (Barr et al., 2013). 

Table 3 summarizes the parameter estimates and their significance. 

Fig. 3. Number of trees per hectare (N) plotted against quadratic mean 
diameter (dq). The lines are the result of linear fit model (ln(y)=a+b*ln(x)) for 
the each trial plot. Note that grouping by country is just for display and does not 
represent the self-thinning models. 

Fig. 4. Length of the vegetation period (LenVp) against the calendar year for 
the sites anylized in this study. The lines are the result of linear fit model 
(y = a+bx) for the each trial plot. Note that grouping by country is just for 
display and does not represent the self-thinning models. 
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The effects on the intercept term vary among the variables. The single 
variables Prep and ShortRad, as well as the interaction LenVp*Temp, in
crease the intercept, while the single indicator LenVp and the interaction 
Prep*ShortRad decrease it. As for the slope, ShortRad reduces (flattens) 
the negative slope, whereas Prep and Temp increase it (steepen it) (Q2). 
Residual analyses and QQ plots are depicted in the Supplementary 
material (Figs. S2–4). 

Finally, the model with the Martonne index (M) resulted in: 

ln
(
Nijk

)
= a0 + a1 •Mijk + a2 • ShortRadijk+

ln
(
dqijk
25

)

•
(
b0 + b1 •Mijk + b2 • ShortRadijk

)
+

ci + cij + cm(ijk) + εijk

(10) 

The statistical analysis revealed that the Martonne index (M) was 
statistically significant for both the intercept and slope terms, indicating 
its influence on the self-thinning model. On the other hand, ShortRad 
showed slight significance for the intercept but was non-significant for 
the slope term (Table 4). Like the previous model, ShortRad had positive 
coefficients for both terms, suggesting that it flattened the slope and 
increased the intercept. 

To further illustrate the tendencies identified in this study, we 
plotted the estimated self-thinning lines for different latitudes based on 
the real combinations of site variables from the data (Fig. 5). The 

observations showed that while ShortRad flattened the slope, the posi
tive effect of higher mean temperature in southern latitudes partially 
compensated for this effect (as indicated by the positive estimates for 
ShortRad and Temp in Table 3). Additionally, ShortRad increased the 
intercept, which was further reinforced by the positive interaction be
tween LenVp and Temp in Eq. 9. The effect of Prep on the self-thinning 
line was also observed, as it steepened the slope while simultaneously 
increasing the intercept (Table 3). 

In Fig. 5, the self-thinning lines for German and English sites 
(~52◦–54◦), characterized by average values for the variables (Table 2), 
appeared on the upper side of the spectrum. Conversely, the most 
northern latitudes exhibited the lowest intercepts but also had relatively 
flat slopes, despite the low solar radiation. 

The selected model yielded a range of slopes from –1.469 to –1.049 
and intercepts ranging from 6.839 to 6.957 (SDI ~ 900). Fig. 6 displays 
the intercepts and slopes obtained from the self-thinning lines depicted 
in Fig. 5. Notably, there is a discernible tendency for the slopes to follow 
a parabolic curve in relation to latitude. Conversely, the intercepts 
exhibit a relatively linear trend, decreasing as latitude increases. 

To ensure the robustness of the predictors’ signs, an additional 
simplification was tested and can be found in the Supplementary ma
terial (Eq. S6, Table S2). This analysis provides further evidence sup
porting the consistency of the predictors’ influence on the self-thinning 
model. 

3.3. Changes in the self-thinning line with time 

The length of the vegetation period increased steadily since 1990 for 
all countries, but in different degree (Fig. 4). The United Kingdom 
exhibited steeper trends compared to Spain, where the patterns were 
relatively flatter. The change in length of the vegetation period was 
statistically significant after the 1990s 

After applying the model (Eq. 9) to the data before and after 1990, 
we found that the change in the self-thinning line was not statistically 
significant (Q3). Fig. 7 illustrates how the line remains nearly constant 
after 1990, and although there may be slightly larger differences in the 
lower size ranges (<10–15 cm), the lines quickly converge. Despite the 
lack of significant change in the self-thinning line, biologically relevant 
growth components exhibited significant differences after 1990 (Fig. 8). 
Notably, there were higher mortality rates after 1990, but the maximum 
mortality decreased with increasing latitude. The pattern of mortality 
with age also changed, becoming flatter with increasing latitude. 
Additionally, the total biomass was higher and showed a significant 
increase after 1990, with the maximum total biomass decreasing with 
increasing latitude. 

Table 3 
Results of fitting Eqn 9 to the permanent plots data. Significance codes ‘*’,‘**’ 
and ‘***’ indicate P < 0.05, 0.01 and 0.001, respectively. Temp stands for mean 
annual temperature [◦C], Prep the total annual precipitation [mm], ShortRad 
the mean short wavelength radiation per year [w m-2].  

Variable Parameter Estimate P-value Standard 
error 

Intercept a0 6.63 <2.00 × 10-16 

*** 
1.54 × 10-1 

Prep a1 4.17 × 10-4 6.77 × 10-3 ** 1.53 × 10-4 

LenVP a2 –1.38 × 10- 

3 
1.89 × 10-2 * 5.82 × 10-4 

Short Rad a3 2.95 × 10-3 1.01 × 10-2 ** 1.14 × 10-3 

Prep x ShortRad a4 –3.54 × 10- 

6 
1.03 × 10-3 ** 1.12 × 10-6 

Temp x LenVP a5 9.39 × 10-5 1.26 × 10-3 ** 3.73 × 10-5 

log(dq/25) b0 –1.43 1.75 × 10-14 

*** 
1.76 × 10-1 

shortRad x (log 
(dq/25) 

b1 3.88 × 10-3 6.68 × 10-3 ** 1.42 × 10-3 

Prep x (log(dq/ 
25) 

b2 –2.93 × 10- 

4 
3.25 × 10-2 * 1.36 × 10-4 

Temp x (log(dq/ 
25) 

b3 –2.57 × 10- 

2 
3.08 × 10-3 ** 8.60 × 10-3  

Table 4 
Results of fitting Eq. (10) to the permanent plots data Significance codes “.”, 
‘*’,‘**’ and ‘***’ indicate P ~0.05, < 0.05, 0.01 and 0.001, respectively. 
ShortRad the mean short wavelength radiation per year [w m-2] and M the 
Martonne Index [ND].  

Variable Parameter Estimate P-value Standard 
error 

Intercept a0 6.59 <2.00 × 10-16 

*** 
1.61 × 10-1 

M a1 6.34 × 10-3 0.030 * 2.90 × 10-3 

ShortRad a2 2.35 × 10-3 0.061. 1.25 × 10-3 

M x ShortRad a3 –5.72 × 10- 

5 
0.011 * 2.21 × 10-5 

log(dq/25) b0 –9.89 × 10- 

1 
<2.00 × 10-16 

*** 
1.90 × 10-1 

M x (log(dq/25) b1 –7.61 × 10- 

4 
0.022 * 2.33 × 10-3 

ShortRad x (log 
(dq/25) 

b2 –5.38 × 10- 

3 
0.560 1.30 × 10-3  

Fig. 5. Self-thinning lines obtained applying the full model Eq. 5 to the real 
combinations of climate variables for a range of latitudes covering the range 
from south to north. 
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4. Discussion 

4.1. Site patterns of self-thinning across Europe 

The results of our analysis support the findings of earlier studies 
(Pretzsch and Biber, 2005; Weiskittel et al., 2009; Zhang et al., 2018) 
that have also shown that the self-thinning line is not constant (Q1). In 
our study, we further investigated the specific effects of site and climate 

parameters on the self-thinning line (Q2). We found that climate vari
ables have different effects on the line, and we hypothesize that they can 
follow two species specific properties defined by Zeide (1985) between 
which trade-offs are common: the species’ tolerance and self-tolerance. 
On the one hand, climate and site variables may increase species toler
ance when increasing solar radiation which, in turn, flattens the slope. 
On the other hand, they can decrease self-tolerance, observed by a 
steepening of the slope caused by an increasing precipitation and 

Fig. 6. Modelled intercepts (left) and slopes (right) from Fig. 5 against latitude, color-coded by country. On the left a line (y = a +bx), and on the right a polynomial 
(y = a + bx +cx2) was fitted to the intercepts and slopes, respectively. The standard error is represented by the grey bands. 

Fig. 7. Predicted self-thinning lines (Eq. 9) for the trial plots before (blue) and after (read) 1990, in linear double logarithmic form on the left and exponential on the 
right. The grey bands represent the standard error. 

A. Toraño Caicoya et al.                                                                                                                                                                                                                      



Forest Ecology and Management 552 (2024) 121585

9

temperature. This, in other words, means that intra-specific competition 
(self-tolerance) increases when precipitation and temperature are 
higher. These effects were particularly evident when analyzing the 
slope, showing the described counteracting effect (an increase in toler
ance tends to decrease self-tolerance). However, the effects of climate 
variables on the intercept showed more variability and were more 
challenging to interpret, although a decrease with increasing latitudes 
was observed, which could be interpreted as a general decrease in 
productivity. 

Similar self-thinning tendences have been observed in numerous 
works, but mainly showing results regarding temperature effects. In the 
case of Scots pine, Brunet-Navarro (2016) found similar tendencies for 
the temperature effect, with an increase in both the intercept and slope 
in hotter areas. Kimsey Jr. et al. (2019)) also observed an increase in 
maximum density with higher water supply for coniferous species, and 
Zahn et al. (2018) noted a steeper slope with higher precipitation for 
Chinese fir. However, the effects of temperature were different. Since 
Scots pine, like Chinese fir, is a shade-intolerant species, we could 
conclude that changes in solar radiation may have a stronger impact on 
crown architecture and therefore the self-tolerance of the species. This 
can be supported by the fact that the mean maximum temperature 
observed across the climatic gradient in Europe reported by Zhang et al. 
(2018) may be more closely connected to the temperature indicator 
estimated in our study, thus showing agreement with the negative ef
fects we observed. 

The range of slopes (–1.469 to –1.049) obtained from our model (Eq. 
9) was closer to the estimates of Pretzsch and Biber (2005) and Weis
kittel et al. (2009), but still less negative than the –1.605 reported by 
Reineke (1933) or later studies like del Río (2021). This can be explained 
by the fact that our stands may not be at maximum density and may 
encompass periods of self-thinning as well as periods without 
self-thinning, resulting in effective self-thinning occurring below the 
maximum density. Weiskittel et al. (2009) reported a slope range of –1.2 
to –2.5 but did not identify the main drivers behind it. Zhang et al. 
(2018) also reported a broad range of –4.2 to –1.6, although they re
ported that values steeper than –2 may indicate flaws in the data. The 
influence of climate on the self-thinning slope is also consistent with the 
findings of Peters et al. (2018), who reported a dependence of the slope 
on water availability, with slope values ranging from –1.74 for humid 
areas to –0.95 for arid areas. 

The inclusion of the Martonne Index in our analysis provided further 

support for our conclusions and helped explain the temperature effect on 
the self-thinning line. We observed that the Martonne Index steepens the 
line but increases the intercept. This finding is consistent with the study 
by Condés et al. (2017), which showed a similar tendency for the 
intercept but the opposite for the slope. This agreement with our data 
can be attributed to the fact that permanent plots are typically estab
lished in high-quality sites. The Martonne Index is an indicator of pro
ductivity, so for these high-quality sites where extreme water limitations 
are not expected, an increase in temperature leads to increased pro
ductivity and, consequently, enhanced competition, resulting in a 
decreasing effect of self-tolerance. Similarly, the site index has been 
identified as a key factor influencing the dynamics and self-thinning 
behavior of species such as Douglas fir, as it influences the allometric 
relationship between tree size and biomass (Weiskittel et al., 2009). 

As previously mentioned, the observed differences among the 
countries in our study can primarily be attributed to changes in solar 
radiation, making it the main factor affecting changes in the self- 
thinning line. Therefore, we concluded that the sites analyzed in our 
study are characterized by a more light-limited rather than water- 
limited environment. Even the Spanish sites, located at high altitudes, 
exhibit temperatures and precipitation levels comparable to those 
within the typical distribution range of Scots pine. The higher effect of 
solar radiation in Spain compared to other countries suggests that 
changes in crown architecture or space demand may represent adapta
tions to higher solar radiation levels. 

4.2. Interpretation at tree level 

The U-shaped curve of slope against latitude (Fig. 6) has implications 
at the individual tree level. Crown expansion and growth adaptations 
influence the demand for growing space, which is inversely related to 
the maximum number of individuals (Pretzsch et al., 2012). Solar ra
diation, as a measure of light availability, plays a role in defining crown 
architecture and the bandwidth of allometric relationships (that is the 
potential allometric relationships for a certain species, depending on site 
parameters and the competition constellation) (Stenberg et al., 1994). 
Thus, our hypothesis suggests that changes in temperature and precip
itation further affect the self-thinning line at the stand level by modi
fying a tree’s ability to withstand competition. 

In stands with high solar radiation, such as in Spain, we expect a 
higher tolerance to competition, and increase densities due to more 

Fig. 8. Modeled changes in the mortality rate (left panel) and total biomass (right panel) for three latitudes in Europe before (blue) and after (red) 1990. Error bands 
are calculated with 95 % confidence interval. 
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tolerance for multiple layers, but wider crown architectures that de
mand more space (Stenberg et al., 1994). However, when water and 
temperature are also high, the faster growth associated with these 
conditions translates into increased competition and a higher demand 
for growing space. These opposing effects tend to compensate for each 
other, particularly at the gradient’s edges. In regions with sufficient 
solar radiation, but average precipitation and temperature (e.g., Ger
many and United Kingdom), the self-thinning slope reaches its 
maximum and is closest to the theoretical value proposed by Reineke 
(–1.605). Conversely, sites in Northern Sweden with low solar radiation 
may exhibit potentially longer crowns, but if accompanied by low 
temperature and precipitation, the slower productivity reduces the de
mand for growing space, resulting in narrower and denser crowns 
(Stenberg et al., 1994). 

In conclusion, the U-shaped curve in the slope-latitude relationship 
has implications at both the individual tree and stand level. Light 
availability, temperature, and precipitation interact to influence crown 
architecture, self-tolerance, and the demand for growing space, ulti
mately shaping the self-thinning line. This understanding contributes to 
our knowledge of self-thinning dynamics across varying climatic 
conditions. 

4.3. Temporal variation 

The impact of time, specifically potential climate change, was also 
assessed (Q3). By examining the length of the vegetation period, we 
could identify changes in growing conditions before and after 1990. 
While mean solar radiation is not influenced by climate change, tem
perature and precipitation are, and they have the potential to modify the 
self-thinning line. However, no significant changes in the model were 
observed during this period. 

The increase in temperature likely contributed to an increased rate of 
mortality along the self-thinning line, as evidenced by a significant rise 
in mortality after 1990 across Europe at all latitudes (Fig. 8, left). The 
model predicted a similar increase in mortality, with decreasing abso
lute levels as latitude increased, indicating that higher growth rates 
corresponded to higher mortality rates. The lengthening of the vegeta
tion period is expected to symmetrically increase growth for all trees 
(Peters et al., 2018). Consequently, we interpret that the heightened 
growth resulting from the extended vegetation period accelerates mor
tality symmetrically for all trees, without altering the allometric re
lationships at the individual tree level. 

The fact that no significant changes were found in the self-thinning 
line after 1990, suggests a faster self-thinning process due to acceler
ated mortality in unthinned stands over time. Currently, the impact of 
climate change appears to modify growth (Pretzsch et al., 2023) without 
affecting the allometry and tolerance of individual trees and stands, thus 
accelerating the self-thinning process proportionally to size. However, it 
is possible that the climate variables have not yet exhibited sufficient 
variation to induce changes in the allometry of Scots pine. Nevertheless, 
these effects vary across latitudes, showing flatter mortality trends in 
Northern latitudes, driven by lower productivity and symmetric mor
tality patterns (Pretzsch et al., 2022). 

4.4. Implications for silviculture, modelling and climate change 

The observation that the self-thinning line remained unchanged with 
time, while mortality rates varied, suggests the need for higher thinning 
frequencies, increased removal volumes, and shorter rotations in 
managed stands to take advantage of their accelerated growth (Pretzsch 
and Biber, 2021). However, it is important to adapt silvicultural guid
ance based on the self-thinning line to different latitudes. In 
mid-latitudes such as Germany and the UK, the data revealed the 
steepest slopes, closest to the estimates of Pretzsch and Biber (2005) and 
Reineke (1933). In these regions, the combination of relatively high 
average precipitation and temperature accelerates self-thinning, which 

is not overly attenuated by solar radiation. As solar radiation plays a role 
in defining species tolerance, the regulation of competition should be 
adjusted considering temperature and precipitation. 

In growth models, it is crucial to adapt processes related to mortality 
and silvicultural regulation that rely on self-thinning (Ducey et al., 2017; 
Rodríguez de Prado et al., 2020) to different latitudes and account for 
the acceleration induced by climate changes. This adaptation would 
have the potential to enhance the accuracy of simulations and improve 
the ability to effectively manage forests. 

4.5. Permanent plots of Scots pine 

The unique collection of long-term experiments across Europe used 
in this study offers a comprehensive coverage of the geographical dis
tribution of Scots pine, one of the most widely distributed tree species in 
Europe and highly valuable for silviculture and timber production 
(Kozakiewicz et al., 2020). The sites located at the edge of the natural 
distribution range, such as the Spanish sites, exhibit distinct character
istics in solar radiation compared to other sites. This highlights the 
importance of solar radiation in differentiating the characteristics of the 
self-thinning line across European regions. Additionally, when consid
ering precipitation and temperature, the range of values observed in 
Spain is comparable to that of other countries, so we can conclude that 
solar radiation is main driving factor that distinguish the Spanish sites 
from the rest. Including data from countries like France or Italy would 
likely help fill the gaps in the described gradient. 

The value of using permanent plots lies in the utilization of reliable 
data collected without management interventions, ensuring self- 
thinning conditions (though not necessarily maximum density). 
Studies such as Weiskittel et al. (2009) and Zeide (1985) have high
lighted the advantages of permanent plots over inventory points, as the 
latter may not always reflect the maximum size-density relationship due 
to genetic or environmental constraints. By using a large dataset, this 
study aimed to narrow the range of slopes and account for the effects of 
stands that exhibit self-thinning as well as those that deviate from it 
(Pretzsch et al., 2019). Furthermore, this approach avoids the need for 
methods like quantile regressions, which rely on the arbitrary selection 
of thresholds or quantiles (Zhang et al., 2005). 
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