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ABSTRACT

Volume increment is a valuable indicator of the growth and performance of stands over time. It allows
forest managers to assess forest productivity and indicate changes in growth conditions. In forestry
practice, growth and productivity models can be developed by integrating volume increment
data with environmental factors. The primary objective of this study was to develop a generalized
additive model that would explain the influence of tree characteristics, climate and topography
on oak volume increment. Our findings underscored the significant impact of basal area, age, height,
and relative spacing index on the periodic annual volume increment (PAlv) of oak in Poland.
We found that temperature, precipitation, slope and soil type within the study area also had sig-
nificant effects on PAlv. The developed model explained approximately 43.8% of the variance
of the PAIv. Notably, when applied to specific natural forest regions, the explanatory capacity
of the model increased significantly, reaching around 64.4%. For smaller areas such as natural forest
regions, PAlv was mainly determined by stand characteristics and less influenced by site factors
such as slope and climate. This enhanced accuracy enhances its practical value and underscores
its utility in distinct forest management contexts.
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Introduction

Forest volume increment plays a vital role in forest research and management. Understanding
volume increment supports managers in assessing forest productivity and growth dynamics for
effective harvesting and management decisions. The volume increment describes the average
volume growth of the stand over a given period and varies with stand age (Vanclay, 1994; Yu ez
al., 2017). It also shows the response of the stand to site conditions such as nutrition, moisture,
radiation and temperature (Pretzsch, 2010; West, 2014; Yu ez a/., 2017).

Volume increment is a useful indicator of the growth rate and performance of stands over
time (Vanclay, 1994). It is an important variable in predicting productivity, as numerous studies
have consistently demonstrated a relationship between volume and productivity (Tomter ¢# a/.,
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2016; Gasparini et al., 2017; Wang ez al., 2019; Bayat ez al., 2021, Abri and Rédei, 2022). Volume
growth patterns also allow researchers to assess the productivity of different forest types, evaluate
the effectiveness of silvicultural treatments and compare growth rates between different stands
or regions (Rio and Sterba, 2009; Allen ¢z /., 2021). Changes in volume increment can serve as
indicators of shifts in forest conditions, potentially signifying the influence of pests, diseases, or
unfavorable environmental factors. Such information holds great value in monitoring the response
of forest stands to environmental changes, facilitating early detection of potential risks, and
enhancing our understanding of forest ecosystem dynamics (Gauthier ez a/., 2015; Coops ¢t al.,
2020; Wu ¢t al., 2020). Volume increment is also directly related to the amount of wood and biomass
produced by a stand (West, 2015). It provides an auxiliary variable to quantify the amount of carbon
stored in trees and forest ecosystems. Therefore, estimating volume increment is critical for
forecasting future timber supply, understanding the carbon sequestration potential of the stand,
planning harvesting operations, and optimizing rotation lengths for different tree species and
management strategies (Krug, 2019; Trouillier e a/., 2020; Stokland, 2021).

Growth and productivity models are necessary tools in forest management (Vanclay, 1994).
In forestry practice, researchers can develop models by integrating volume increment data with
other environmental factors such as soil properties, climate variables and other site factors to predict
the productivity of the forest sites. A study conducted in northeastern Germany shed light on
the intricate relationship between climate change and tree growth dynamics. Specifically, the
study revealed that common beech Fagus sylvatica L. and pedunculate oak Quercus robur L., two
prominent tree species in the region, exhibit noticeably slower growth rates when confronted
with the challenges of drier and warmer conditions driven by climate change (Bauwe ¢z 4/., 2015).
Another noteworthy study provided a nuanced perspective on the complex interplay between
climate and tree development. The analysis demonstrated that climate change initially bestows
a favorable impact on the periodic volume increment of several tree species, including Scots
pine Pinus sylvestris 1., European beech and oak. This positive influence is observed throughout
the first phase of the study, spanning until 2030. However, this effect decreases or even reverses
over time (until 2070) (Albert ez /., 2018). Fortin (2019) also found that climate change caused
some tree species in French stands to decrease in volume increment from 1 to 5%. These studies
simulate the development of forests under different climate change or management scenarios,
allowing stakeholders to assess the long-term impact of environmental factors on the stands.

Oak forests are widespread across Europe and are considered one of the most important
forest types in the region (Vospernik e al., 2023). Two species of oak are dominant in Polish
forests: pedunculate oak and English oak Quercus petraea (Matt.) Liebl., known as sessile oak.
These species exhibit several shared characteristics: they are robust trees with a wide ecological
range, capable of dominating forests in terms of both quantity and size, particularly at lower to
mid-elevations (Petritan ez a/., 2012; Eaton e al., 2016). Oak forests are known for their excep-
tional biodiversity and ecological value, providing habitat for numerous plant and animal species
(Eaton ez al., 2016), while being of great economic importance in Europe and particularly in Poland
(Xo Viet et al., 2022).

Therefore, the aim of this study was to identify the stand characteristics and environmental
factors that significantly affect oak volume increment. We used the large dataset from the Polish
National Forest Inventory (NFI) from 2005 to 2019 to develop models explaining the influence
of tree characteristics, climate and topography on oak volume increment. The study may provide
useful information for forest conservation and management activities.
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Materials and methods

SAMPLE PLOT DATA. For this study, we utilized data between 2005 and 2019 from NFT activities
conducted in Poland. The measurement period began in 2005, and the duration of each measuring
cycle was equally 5 years. We collected 1945 sample plots in mixed stands where oak species
predominate of three cycles (Fig. 1). The first period lasted from 2005 to 2009, the next was
2010-2014, and the third was 2015-2019. These two oak species are comparable in growth and
productivity (Tymidska-Czabaniska ez a/., 2021). They are also morphologically similar, so it is
sometimes difficult to distinguish them accurately in the field, or they are not distinguished
during forest inventories. Therefore, in this analysis, we did not separate the two oak species.
The NFI primary points are the nodes of the 4x4 km grid. Sample plots were established in
equal arm L-shaped tracts with five points spaced 200 m apart. Measurements were carried out
on two types of concentric circular sample plots of suitable sizes for the inventory characteristics.
The age of the stands was determined based on data stored in the Polish forest data bank. Sample
plots were representative of the entire geographic range, site conditions, and distribution in various
natural forest regions in Poland, which are adopted as the unit of regionalization in Poland
(Zielony and Kliczkowska, 2012). Natural forest regions are characterized by different natural
attributes such as changes in climatic and geological factors and natural ranges of major forest
species.

On each sample plot, the following properties were measured and calculated (Table 1):

— QMD: Quadratic mean diameter at the breast height,

—TH: Top height is defined as the mean height of the one hundred thickest trees per

hectare,
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Fig. 1.
Location of NFI oak-dominated sample plots in Poland
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Table 1.
Basic characteristics of the sample plots
Variable Mean Minimum Maximum  Standard Deviation
Predictor Variable
Age [years] 72.93 9.00 205.00 3847
QMD [cm] 30.47 7.00 135.30 16.35
TH [m] 20.93 3.40 37.95 7.25
N [trees/ha] 636 20 2850 359
V [m3/ha] 195.74 0.13 709.29 164.81
BA [m?/ha] 15.56 0.11 64.10 9.91
RSI [%] 24.93 8.83 59.08 25.89
Dependent Variable
PAly [m>/ha/year] 6.62 0.03 23.42 4.52

—N: Density is defined as number of trees per hectare,
— BA: Total basal area,
—V: Stand volume,

V=v.-N (1)
where:
v is the tree volume;
N is the density,
v=g-h-f (2)

where:
/- tree height;
g — cross-sectional area of trees at breast height;
[~ form factor, referring to the tree’s characteristic shape and is the scale factor of the
cylinder volume to the actual merchantable tree volume.

We applied the formula for form factor of Bruchwald ez a/. (2000).
DBH-3
0.9549+0.9439-(DBH-3)

f= 0.5441'DBH“°'°415( 3)

— RSI: The relative spacing index is defined as the percentage, between the average distance
among trees and the top height of the stand (Meredicu e a/., 2002; Socha ez al., 2020).

RS[:AiS_mO:ﬂ “
TH
where:
AS - average tree spacing,
TH - top height,
N — density. To calculate AS using N, trees were assumed to be placed on a triangular grid.

— PAlv: The periodic annual volume increment is defined as the rate of volume growth of tree
or stand over some period of time (Bayat ¢z a/., 2021; Abri and Rédei, 2022).

Ve+Vy =Vp

PAlv =
LT T 5)



where:
V,; = volume at the end of the period;

Effects of stand characteristics and environmental 75

V, — volume at the start of the period;

V,, is the average volume harvested or died (mortality and cut) during the same period;
T is the year at the start of the period;
T/. is the year at the end of the period.

In this study, we calculated the PAlv of the stands over a period of 5 years.

ToPOGRAPHIC AND CLIMATE DATA. We used the European Digital Elevation Model (EU-DEM)
for Poland to describe the slope and altitude of sample plots ('Table 2).

Table 2.
Soil types and geological types estimated for the sample plots

Type
of
soil

Type
of
geo-
logy

1. Luvisols / pseudopodsols / pseudogleys developed from loess; 2. River alluvial silts, clay and
clayey; 3. Luvisols / pseudopodsols / pseudoglias, formed from sedimentary rocks; 4. Initial and
poorly developed soils; 5. Rusty soils / podzolic and podzolic soils developed from loose sands;
6. Rusty / cryptic podzolic and podsolic soils developed from clay sands; 7. River sand alluvial;
8. Luvisols / pseudopodsols / pseudoglias made of sands; 9. A complex of leached brown soils
and loess soils as well as rendzinas made of sands and calcareous clays; 10. Podzolic soils and
podzols developed from loose sands; 11. Gley, silt-clay, peat-gley, muck-gley and muck-gley
soils; 12. Black and gray lands; 13. Proper and leached brown soils formed from clay and loess
dusts; 14. Brown acidic and leached soils; 15. Carbonate rendzinas; 16. Proper and leached
brown soils, developed from sands; 17. Soils made of peat; 18. Podzolic soils and podzols
developed from lightly clayey sands and boulder clayey sands;

1. Loess; 2. Sandy loess and loess-like silts; 3. Outwash sands and gravels; 4. Fluvial sands,
gravels, muds, peats and organic silts; 5. Conglomerates, graywackes, mudstones and subordi-
nately of claystones and rhyolites; 6. Fluvial sands, gravels and silts; 7. Ice-dam clays, silts and
sands; 8. Sandstones, conglomerates, mudstones and claystones, tuffs and coal; 9. Eolian sands,
locally in dunes; 10. Conglomerates, graywackes, claystones, mudstones, limestones and
greenstones; 11. Tills, weathered tills, glacial sands and gravels; 12. Limestones, marls,
dolomites, limestones with flint, glauconitic mudstones and sandstones; 13. Sands, gravels and
silts; 14. Limestones, dolomites, marls, oolitic limestones, claystones, locally mudstones,
anhydrite and gypsum; 15. Variegated claystones, mudstones, sandstones, dolomites, limestones
with gypsum, halite and anhydrites; 16. Organodetritic and sulphur-bearing limestones, gravels,
sandstones and gypsum; 17. Migmatites and gneisses; 18. Limestones, marls, chalk, sandstones,
mudstones; 19. Gneisses, granite gneisses and schists; 20. Limestones, chalk with flint,
calcareous gaizes, marls, subordinate intercalations of sandstones and gaizes; 21. Peridotites,
serpentinites, gabbros and diabases; 22. Amphibolites, gneisses, amphibole schists and
diabases; 23. Basaltic rocks; 24. Claystones, mudstones, graywackes, tuffites and sandstones;
25. Limestones, marls, sandstones, calcareous gaizes with cherts, phosphorites; 26. Lake sands
and silts; 27. Kame sands and silts; 28. Clays, silts, sands, gravels with lignite; 29. Limestones,
marls, claystones, mudstones, conglomerates, sandstones, gaizes, sands intercalated with
siderites; 30. Limestones, dolomites, marls, claystones, shales, sandstones, mudstones and
conglomerates; 31. End moraine gravels, sands, boulders and tills; 32. Peat, gyttjas, lake chalk,
clays, silts and sands, fluviolacustrine gravels and silts; 33. Sandstones, mudstones and
claystones intercalated with siderites; 34. Sandstones, marls, conglomerates, claystones and
iron-ore; 35. Deluvial loams, sands and loams with rock rubbles; 36. Gaizes, limestones, calca-
reous gaizes, glauconitic sands and sandstones, marls, silts and clays; 37. Clays, silts and sands
containing phosphorites and ambers, locally lignite; 38. Alluvial fan sands and gravels; 39. Esker
sands, silts and gravels; 40. Lakes and main rivers; 41. Lake sands, silts, clays and gyttjas
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To determine the type of soil and geology (Table 2), we used the soil map and geological
map of Poland at a scale of 1:500,000 (Budzyriska ez /., 2001).

We acquired the climate data from the Institute of Meteorology and Water Management
stations located in Poland for the period 2005-2020. We used Qgis 3.28.2 software to interpolate
climate data. Based on the interpolated values, 19 bioclimatic indicators (Table 3) were calcu-
lated for each sample plot using ‘dismo’ package in R program (R Core Team, 2021).

MODEL DEVELOPMENT. This study aimed to develop a model explaining the dependence of the
periodic annual volume increment on climate, topography as well as the characteristics of the stand.
When developing linear models, multicollinearity is usually a severe problem. Collinearity can
lead to unreliable models and reduce the predictive power of the model. To solve this problem,
we used the variance inflation factor (VIF) for feature selection. VIF is used to detect multi-
collinearity among predictors in multiple linear regression models (Murray ¢z /., 2012; Cheng
etal., 2022). When the predictors are highly collinear, the higher the VIF values are determined.
Many studies showed that a VIF value exceeding 5 indicates a problematic amount of collinearity
(Mendes ez al., 2008; James ez al., 2013; Melnychuk ez 4/., 2017). We used the ‘mgev’ package in
R program to calculate the VIF values. We calculated VIF values for all predictors and excluded
the variable with the highest VIF, repeating the process until all the predictors had VIF values
around 5.
The VIF for each variable can be calculated using the formula:

Table 3.

Characteristics of the climate variables estimated for sample plots

Mini- Maxi- Standard

Variable Variable description Mean o
mum  mum Deviation

BIO1 Annual Mean Temperature ['C] 9.35 6.46 12.07 1.05
Mean Diurnal Range (mean of monthly

BIO2 . y 24.26 18.69 28.06 1.39
(max temp — min temp)) ['C]
BIO3 Isothermality (BIO2/BIO7) (x100) [%] 47.96 42.15 53.82 2.29
Temperature Seasonality
BIO4 (standard deviationx100) [%] 874.29 712.24  1072.16 74.65
BIOS Max Temperature of Warmest Month ['C] 32.91 29.02 36.05 1.04
BIO6 Min Temperature of Coldest Month ['C] -18.05 -26.52 -10.59 3.33

BIO7 Temperature Annual Range (BIO5-BIO6) ['C] 50.95 40.56 59.27 3.24
BIO8 Mean Temperature of Wettest Quarter ['C] 17.46 8.85 21.39 1.84

BIO9 Mean Temperature of Driest Quarter ['C] 4.06 -3.05 12.66 241
BIO10 Mean Temperature of Warmest Quarter ['C] 19.66 16.77 21.84 0.72
BIO11 Mean Temperature of Coldest Quarter ['C] -1.93 -7.44 2.23 2.19
BIO12 Annual Precipitation [mm] 652.67 460.29  1123.81 78.52
BIO13 Precipitation of Wettest Month [mm] 120.86 72.74 226.74 21.94
BIO14 Precipitation of Driest Month [mm] 12.10 4.63 27.39 3.54

Precipitation Seasonality

BIO15 (Coefficient of Variation) [%] 62.04 44.46 87.17 7.98
BIO16 Precipitation of Wettest Quarter [mm] 283.51 173.02 475.38 44.49
BIO17 Precipitation of Driest Quarter [mm] 81.53 47.40 131.99 12.03
BIO18 Precipitation of Warmest Quarter [mm] 255.71 155.94 426.25 42.22
BIO19 Precipitation of Coldest Quarter [mm] 110.20 52.97 197.39 19.39
Slope degrees 2.28 0.04 19.16 1.99

Altitude Altitude above sea level [m] 167.46 4.54 503.69 68.89
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1
R )
XXy

VIF y, =

where:
R? is R? from a regression of X, onto all the other predictors.
X)X 7

We used the variable importance plots (VIP) function of the ‘VIP’ package in R program to evaluate
the importance of the predictors participating in the model. This is a general framework for
building variable importance plots from different types of machine learning models in R program
(Greenwell and Boechmke, 2020). The selected variables were used to develop the model.

Among many methods for building models, Aertsen ¢z /. (2010) pointed out the effective-
ness of the Generalized Additive Model (GAM). GAMs are more flexible than general linear
models because the independent and dependent variables are not assumed to be linearly related.
Unlike general linear models, GAM uses a combination of both linear and nonlinear functions
to describe the relationship between the dependent and predictor variables. GAM allows the
researchers to model highly complex non-linear relationships with a large number of potential
predictors. (Larsen ¢z a/., 2015; Hastic and Tibshirani, 2017; Wood, 2017; Tymirska-Czabariska
et al., 2021).

The structure of GAM is:

gE®X)) = a+s,(x) +- -+ sp(xp) (7)
where:
Y - response variable;
E(Y) - denotes the expected value;

g(Y) — denotes the link function that links the expected value to the predictor variables
Xpy eeny X5 and 5,(x,), ..., sp(xp) denote smooth, nonparametric functions.

To determine significant variables which should be included in the GAM model, we used the
coefficient table, plots and the ANOVA function to examine the deviation of GAM through the
‘mgev’ package in the R program. In describing the data set, the model should be as simple as
possible. We used the ANOVA function to test whether a complex model with an additional
variable would capture the data significantly better than a model without that variable. If the
p-value obtained was sufficiently low (we used the 0.05 level), we chose a more complex model
with the additional variable. Otherwise, we chose the simpler model without the additional variable
if the p-value was not less than 0.05.

10-fold cross-validation was used to analyze model performance and possible over-fitting
in resulting of the adjusted R% This method randomly divided the data into 10 parts, then 9 were
used for training and 1 for testing. This process was repeated 10 times, with a different tenth being
reserved for the test each time. The method was carried out using the R language packages
‘gam’ and ‘caret’ (Zacharski, 2018). In the final step, we checked the performance of the model
using:

Mean absolute error:

12 N
MAE:;;UI‘—J’/ | (8)

RUSE= | 20 =3 9)
n

Root mean square error:
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Adjusted coefficient of determination:

Ry =1-(1-RH)—"=L (10)

where: o
y,— terms are the observed values,
§, - terms are the model values,
# — number of observations,
p — denotes the number of parameters used in the model,
R? — is the coefficient of determination.

Results

The results of calculating the VIF values indicated the variables that could cause collinearity in
the model. These variables were therefore removed from further modelling (Table 4).

We found different effects of variables on the PAIv of oak stands (Fig. 2). The basal area,
age and geology had the strongest impact on PAlv.

Table 4.
Selected predictors to develop the volume increment model for oak
Variables Unit f Use .
ormodeling
Age years \
TH m Y
OMD cm x
A% m3/ha x
BA m%/ha v
RSI % v
BIO1 °C x
BIO2 ‘C \
BIO3 % v
BIO4 % x
BIOS5 G x
BIO6 ‘G x
BIO7 ‘G x
BIOS ‘C v
BIO9 'C v
BIO10 'C v
BIO11 °C x
BIO12 mm x
BIO13 mm x
BIO14 mm \
BIO15 % x
BIO16 mm X
BIO17 mm \
BIO18 mm v
BIO19 mm \
Slope degrees \
Altitude m N
Soil type \
Geology y

v - variable used for the model; x — variable unused for the model



Effects of stand characteristics and environmental 79

We also established the approximate significance of each predictor variable for the PAlv of
oak stand in the GAM model ('Table 5).

Our results showed that when developing the GAM model for all selected variables, there
are 7 significant predictors in the model: age, top height, basal area, slope, BIOS, BIO17, BIO18
(Table 5). After using ANOVA analysis to determine whether keeping other variables would
improve the ability of the model to capture data, we noticed that for continuous covariates, the
RSI variable significantly increased the explanatory ability of the model when it was added
(ANOVA, p<0.05) (Table 6).

BIO9 ¢
BIO3 ¢
Altitude
BIO10 ¢
BIO14
BIO19 ¢
BIO2
BIO18 £
Slope
RSI ¢
BIOS
Top P
Soil type
BIO17 ¢

Basal area

Importance

Fig. 2.

Significance of the predictor variables on the periodic annual volume increment of the oak stands

Table 5.

Approximate significance of predictor variables on the stand periodic annual volume increment described
using the GAM model

Predictor Effective Degrees  Reference Degrees

Variable of Freedom of Freedom - p

Age 3.881 4.881 28.013 <0.0001
Top height 1.000 1.000 964.241 <0.0001
Basal area 2.963 3.842 5.704 0.0002
BIO18 2.480 3.169 3.521 0.0131
BIOS 3.854 4.824 2.440 0.0337
BIO17 6.421 7.611 2.341 0.0351
Slope 1.001 1.002 4.289 0.0385
RSI 2.954 3.697 1.500 0.1656
BIO2 1.965 2.543 1.570 0.1694
BIO14 1.000 1.001 1.607 0.2050
BIO10 1.000 1.000 0.734 0.3916
BIO3 1.002 1.004 0.267 0.6054
BIO19 1.887 2.427 0.211 0.7392
Altitude 1.000 1.000 0.084 0.7727

BIO9 1.000 1.001 0.047 0.8283
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Table 6.

The results of testing the significance of covariates by comparing, using ANOVA, a simple GAM model
with a GAM model augmented with the analysed variable

Simple Model (Number) Extended Model (Number) F p
(2) Age, top height, basal area, slope,
BIOS8, BIO17, BIO18, BIO2
(3) Age, top height, basal area, slope,
BIOS, BIO17, BIO18, BIO3
(4) Age, top height, basal area, slope,
BIOS, BIO17, BIO18, BIO9
(5) Age, top height, basal area, slope,
BIO8, BIO17, BIO18, BIO10
(6) Age, top height, basal area, slope,
BIOS, BIO17, BIO18, BIO14
(7) Age, top height, basal area, slope,
BIOS, BIO17, BIO18, BIO19
(8) Age, top height, basal area, slope,
BIO8, BIO17, BIO18, Altitude
(9) Age, top height, basal area, slope,
BIO8, BIO17, BIO18, RSI
(10) Age, top height, basal area, slope,
BIOS, BIO17, BIO18, RSI, Soil type
(11) Age, top height, basal area, slope,
BIO8, BIO17, BIO18, RSI, Geology

2.2884 0.0669
0.4205 0.5986
1.9281 0.1055
(1) Age, top height,

basal area, slope,
BIOS, BIO17, BIO18

0.9965 0.3679

2.3208 0.1136

1.4394 0.2353

1.1380 0.3284

2.3585 0.0399

(9) Age, Height,
Basal area, Slope,
BIOS, BIO17, BIO18, RSI

1.6380 0.0450

0.9496 0.5547

We continued to use ANOVA analysis for 2 categorical variables, soil type and geology, and
found that only soil type was significant for the model (Table 6). From the analysis results, we
developed a GAM model to explain the change in PAlv of oak stands with 9 predictor variables
(Model 10: age, top height, basal area, RSI, BIO8, BIO17, BIO18, slope and soil type).

The significance level of the predictors (Fig. 2) showed the importance of basal area on
PAIv of oak stands. We found that PAlv of oak stands increased significantly as basal area
increased (Fig. 3a). The PAlv of the oak stands increased by about 3 m’ha/year with each
10 m?%/ha increase in basal area. We also noted a strong effect of stand age on PAIv. The PAIv of
oak stands decreased significantly with stand age. For oak stands over 100 years old, the rate of
decrease has slowed (Fig. 3b). The PAlv was influenced by the top height of the oak stand.
However, once the top height exceeded 30m, the increase in top height no longer had a significant
effect on PAlv (Fig. 3c). We demonstrated an increase in PAlv according to the relative spacing
index (Fig. 3d). PAIv was observed to increase as RSI increases, particularly for the smallest and
largest ranges of RSI values. The slightest effect of RSI influence was seen in the range of 20-
35%.

We also noted the effect of climate on PAlv of oak stands. PAIv of oak stands tended to be
stable when BIO17 was less than 110mm. Outside this range, PAlv increased slightly with the
increase of BIO17 (Fig. 4a). Besides, the PAIv of oak stands slightly increased with the increas-
ing of BIO18. However, when the BIO18 exceeded 270mm, this effect was no longer observed
(Fig. 4b). In addition, the PAlv of oak stands was affected by the temperature. It decreased
slightly when BIOS8 was higher than 19°C (Fig. 4c).

The relationship of PAlv with soil type and topography was investigated in our study.
When the slope exceeded 5 degrees, the PAlv showed a trend to decrease (Fig. 5a). Soil type
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also had an effect on PAIV. The highest PAlv was observed in stands growing on the black and
gray lands (Fig. 5b).

The model based on 9 predictor variables (age, top height, basal area, RSI, BIO8, BIO17,
BIOI18,; slope and soil type) had the highest Ridj while the mean absolute error of the model
(MAE) and the root mean square error (RMSE) were lower than the other models (Table 7).
This model explained about 43.8% PAlv variability. The mean absolute error of the model
(MAE) was 2.41 m’/ha/year and the root mean square error (RMSE) was 3.37 m’/ha/year.
Ridj calculated on the basis of the 10-fold cross-validation was 41.4%, indicating that the model
overfitting was not a problem (Fig. 6). This points to the good predictive capacity of the model
developed.

Additionally, using selected 9 predictor variables we developed models for natural forest
regions in Poland. By using the GAM model for each specific natural forest region, we found
that the predictive ability of the model increased significantly. In a specific region, site factors
such as slope and climate had negligible effects on volume increment. By contrast, stand char-
acteristics were the most critical factors influencing volume increment (Table 8).
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Fig. 5.

Partial effect of slope (a) and soil type (b) on the periodic annual volume increment of the oak stands (Soil
type information in Table 2)

Table 7.
Statistical indicators of the models
Model (Number) R2(adj) DOV prISE  MAE
explained
(1) Age 2.6 2.75 4.47 34
(2) Age, top height 10.1 10.7 4.29 3.23
(3) Age, top height, basal area 419 42.2 345 2.48
(4) Age, top height, basal area, BIO8 42.2 42.5 3.44 2.47
(5) Age, top height, basal area, BIOS, BIO17 42.6 43.1 342 2.46
(6) Age, top height, basal area, BIO8, BIO17, BIO18 42.8 43.4 34 2.46
(7) Age, top height, basal area, BIO8, BIO17, BIO1S, slope  43.1 43.7 3.40 2.45
®) ﬁgi, top height, basal area, BIO8, BIO17, BIO18,; slope, 433 441 339 244
©) Age, top height, basal area, BIO8, BIO17, BIO18,; slope, 538 449 337 24

RSI, soil type
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Histogram of the residual values of the GAM model

Table 8.

Approximate significance of predictor variables on the periodic annual volume increment described using
the GAM model for different natural forest regions

Natural forest region

Variable 1 2 3 4 5 6
P value
Age <0.0001 0.00254 <0.0001 <0.0001 0.0127 <0.0001
Top height 0.3615 0.04693 0.00434 0.00497 0.0993 0.0208
Basal area <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
RSI 0.4312 0.50792 0.47787 0.52581 0.4352 0.0831
Slope 0.1886 0.37079 0.30163 0.12889 0.0896 0.4674
BIO8 0.2417 0.37343 0.16380 0.23690 0.0779 0.2962
BIO17 0.0406 0.35954 0.54474 0.13520 0.8216 0.0509
BIO18 0.7604 0.57211 0.00163 0.12364 0.0482 0.3892
R? [adj] 60.23 50.86 47.39 64.44 59.39 48.07
MAE [m®/ha/year] 2.34 2.04 2.66 1.76 2.49 2.36
RMSE [m%/ha/year] 3.10 2.67 3.50 2.30 3.34 3.32
Discussion

This study indicated a strong relationship between PAIv and stand characteristics for oak. The
results confirmed that age and basal area caused the greatest amplitude of change in PAIv of oak
stands. The PAlv of oak stands increased by about 3 m*/ha/year with each 10 m?/ha increase in
basal area and decreased by about 2.5 m3/ha/year every 50 years. We also demonstrated that the
volume increment of oak stands is affected by climate and topographic factors. The analysis
showed a noticeable effect of the Wettest Quarter Mean Temperature on PAIv. The developed
model predicted 43.8% of the variance of the PAlv. However, when applying the model to each
specific natural forest region, the explanatory ability of the model increased clearly and can be
up to 64.4%.

Our results highlighted a relationship between the basal area and volume increment of the
oak stands. Basal area is an important indicator in forest management as it represents both the
number and size of trees in the stand (Torres and Lovett, 2013). Theoretically, maximum vol-



84 Hoang Duong Xo Viet ¢f al.

ume increment is achieved at the optimal basal area and decreases with further basal area reduc-
tion (Pretzsch, 2010). However, the growth of mixed stands has often been reported to differ
from monospecific stands. A study performed on mixed stands (Norway spruce Picea abies [L.]
H.Karst.; silver fir Adies alba Mill.; and European beech) in Switzerland showed that overyield-
ing was strongest at the highest basal area and decreased to under-yielding at the lowest basal
area (Brunner and Forrester, 2020). Another study on the slopes of the northern Alborz Mount
in Iran also reported similar results for mixed stands of uneven age. There was a positive rela-
tionship between volume increment with the basal area, and at the maximum basal areas, the
largest volume increment was observed (Hamidi e a/., 2021). Cicsa ez al. (2021) also demon-
strated a similar relationship between volume and basal area of mixed Beech-Coniferous stands
in the Romanian Carpathians. Our study areas are mixed forests where oak species predominate,
so this can be explained by the influence of stand structure as well as competition between
species. The relationship between basal area and volume increment provides the basis for sus-
tainable forest management and predicts the volume of timber that can be harvested or thinned
at each stage of the stands. This is particularly important to increase timber productivity and
maintain the specific structure of the stand.

We indicated a significant effect of age on the volume increment of the stands. This is not
surprising as the growth of trees is highly correlated with age. These mechanisms involve both
the biomechanics and physiology of trees. Aging reduces photosynthesis, increases the cost of
maintaining respiration and reduces the efficiency of water transport, leading to a reduction in
growth rate (Johnson and Abrams, 2009; Groover, 2017; Marziliano ¢z a/., 2019). Orwig ez al.
(2001) showed that Quercus rubra L. trees have a high growth rate at early age, which decreases
after reaching a maximum. Study on three forest types mixed broad-leaf stands, mixed coniferous
and coniferous-broadleaf mixed stands in China documented a similar relationship between age
and volume increment (Yu ¢7 a/., 2017). Study in Germany also demonstrated a negative effect
of age on PAlv (Stimm ez a/., 2022). Our study is consistent with this trend. Establishing the
relationship between age and volume increment of oak stands may help forest managers opti-
mize the potential for timber production as well as improve the forest’s carbon sequestration,
contributing to climate change mitigation.

"Tree height is an extremely crucial factor in forestry, as it is the basis for potential produc-
tivity and species selection. Our study noticed a proportional relationship between height and
PAIv of oak stands. It is simple to accurately determine tree height through modern methods.
In forestry practice, height is widely applied to develop models to predict productivity or volume
increment of stands (Ryan and Yoder, 1997; Socha and "Tymiriska-Czabariska, 2019; Manso ez a/.,
2022). In addition, tree height is a sensitive to environmental changes (Vanclay, 1994; Pretzsch,
2010; Weiskittel ef al., 2011; West, 2014, 2015). Therefore, the relationship between tree height
and PAlv in our study can provide an overview to predict the effects of climate and environmental
change on changes in the volume and productivity of oak stands.

The results also proved the relationship between RSI and PAlIv of oak stands. This was
consistent with several other studies (Socha e a/., 2020; Viet et al., 2023). Zhao et al. (2010) used
relative spacing models to plan the thinning of the pine stands. Another study in South Africa
also determined the maximum density by age of planted forests based on RSI (Gadow and
Kotze, 2014). It is a useful indicator related to stand density which could help forest managers
to determine appropriate thinning parameters taking into account the effect of thinning inten-
sity on PAlv.
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Besides the influence of stand characteristics on PAlv, we also found the effects of climate
on PAIv of oak stands. We highlighted the effects of precipitation and temperature on volume
increments of oak stands. The relationship between temperature, precipitation and volume incre-
ment of oak stands has been studied by many researchers (Pilcher and Gray, 1982; Drobyshev
et al., 2008; Di Filippo e al., 2010; Caignard ez al., 2017; Xo Viet ¢t al., 2022). Drobyshev ez al.
(2008) documented that in the years when the climate was not so extreme, oak growth was pri-
marily determined by the dynamics of summer precipitation. A study on oak stands in Central-
West Germany found that the relationship between growth and precipitation is generally positive
and opposite compared with temperature (Friedrichs ez a/., 2009). Another study in central Ttaly
and southern Sweden showed that temperature was negatively correlated with the growth of
oak stands (Drobyshev ¢z a/., 2008; Di Filippo ez al., 2010). These studies were similar to our
results. Physiological responses of oaks to climate cause differences in growth rates. Despite
that oak species are known to be thermophilic and drought-tolerant (Johnson ez a/., 2002) overrun
the optimal temperature may cause growth inhibition and even defoliation in oak trees. However,
in some areas, it can be offset by precipitation, excessively high temperatures may limit the
growth of oak stands (Gieger and Thomas, 2005; Browne e# a/., 2019). Therefore, the rising
temperatures and increasing frequency of droughts observed globally may have a significant
impact on the growth patterns and even cause a change in the range of oak stands in the future.

Our study clarified the effect of slope and soil type on the PAlv of oak stands. We indicated
a slight decrease in PAlv when the slope increases. The slope creates pressure on the wind and
soil erosion, thereby affecting the growth of trees (Kravkaz-Kuscu ¢7 a/., 2018). Our results are
in line with other studies. Rohner ¢z @/. (2013) noted that oak trees grew in diameter faster in
areas with gentler slopes than in areas with steeper slopes. A study in Southern Portugal demon-
strated that steep slopes reduce the productivity and size of oak trees. Their study also analyzed
the effect of different soil types on oak growth (Costa ¢f a/., 2008). Our results showed that the
optimal soil for the growth of oak stands was black and gray land. The lowest PAIv was observed
in oak stands grown on luvisols and podzols formed from light clayey sands and boulder clayey
sands. Tymiriska-Czabariska ez a/. (2021) also showed similar results, with the lowest productivity
values observed in oak stands growing on gley-podzol soils suitable for coniferous sites. Different
types of soil have quite different physical, chemical and biological properties, which have a sig-
nificant effect on the growth of stands. In addition, soil structure is also related to the ability to
absorb water, nutrients as well as root development, thereby affecting the growth of trees
(Passioura, 1991). This result can help managers understand the relationship between volume
increment, topography, and soil, thus indicating the optimal site conditions for the growth of
this species. However, the selection of the optimum species should be conducted in comparison
with the properties of alternative tree species. In the models developed for individual natural
forest regions, the influence of site factors such as slope, climate on the PAlv of oak stands was
insignificant in most regions. The lower importance of site factors is related to their high homo-
geneity in natural forest regions, which have been distinguished on the basis of the similarity of
site conditions. For smaller areas like natural forest regions, PAIv was determined much more
by stand characteristics. Site factors may be more important at larger spatial scales, where the
variability of site conditions is larger.

The patterns observed between PAI and stand characteristics are important to determine
the precise conditions for the optimal volume increment for oak stands. Our study was carried
out on a large scale, which allowed us to consider a wide range of growth conditions for oak
stands. The PAlv data allowed us to determine the relationship between individual variables
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and increment, but a certain limitation is the generalization associated with the five-year period.
In order to determine the precise influence of individual variables, especially climatic ones, it
is necessary to dispose of increment data with an annual resolution. However, such data are dif-
ficult to obtain and usually limited to a small spatial scale. Nevertheless, this should be a direction
for further research. The precise determination of the influence of variables related to tree and
site condition is consistent with the ideas of precision forestry and climate-smart forestry, which
are particularly important to develop in the face of rapidly changing climate conditions.

Conclusions

We developed a GAM model that explains the influence of stand characteristics, climatic and
topographic factors on PAlv of oak stands in Poland. Our results highlighted a strong relation-
ship between the basal area and volume increment of the oak stands. As basal area increased,
PAIv of oak stands increased significantly. We also identified a diminishing impact of age on
PAIv. However, the rate of PAlv decline slowed when oak stand was over 100 years. Using RSI,
we successfully demonstrated the relationship between stand density and PAlv. In the range of
20-35%, the slightest effect of RSI influence was seen. Additionally, our study noticed the slight
effect of temperature and precipitation in shaping the volume increment of oak stands.
Moreover, we documented the influence of soil type and topography on PAlv. For smaller areas
such as natural forest regions, PAIv was mainly determined by stand characteristics, which was
less influenced by site factors such as slope and climate. The establishment of these relation-
ships within our study provides valuable information that can guide decision-making in oak
stand management. This knowledge can also contribute to optimizing the potential for timber
production while increasing the forest’s capacity to sequester carbon, thereby contributing to
climate change mitigation.
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STRESZCZENIE

Wplyw cech drzewostanu i czynnikéw srodowiskowych
na przyrost migzszosci debu w Polsce

Informacja o przyroscie drzewostanéw jest potrzebna do zréwnowazonego i efektywnego zarza-
dzania zasobami lesnymi. Przyrost migzszosci stanowi cenny wskaznik rozwoju drzewostanéw
i moze stuzy¢ jako wskaznik zmiany warunkéw wzrostu. Dane dotyczgce zmiany przyrostu
migzszosci mogg dostarczy¢ istotnych informacji na temat kondycji lasu oraz wptywu réznych
czynnikéw na jego rozwdj. Informacja o przyroscie migzszosci ma réwniez istotne znaczenie
w monitorowaniu reakcji drzewostanéw na zmiany srodowiskowe, utatwiajac wezesne wykrywanie
potencjalnych zagrozen i polepszajac zrozumienie dynamiki ekosysteméw lesnych. Z przyrostem
migzszosci zwigzana jest bezposrednio réwniez ilosé biomasy produkowanej przez drzewostan,
dlatego przyrost migzszosci stanowi podstawe do ilosciowego ustalania ilosci wegla magazyno-
wanego w ekosystemach lesnych. Okreslanie przyrostu migzszosci ma wige kluczowe znaczenie
dla prognozowania przysztej podazy drewna, zrozumienia potencjatu sekwestracji wegla w lasach,
planowania etat6w cigc¢ i optymalizacji wieku r¢bnosci dla réznych gatunkéw drzew i strategii zarzg-
dzania. Modele wzrostu i produkcyjnosci drzewostanéw stanowig niezb¢dne narz¢dzia w gospodarce
lesnej. Wykorzystujac do modelowania przyrostu migzszosci drzewostanéw zmienne siedliskowe,
mozna umozliwi¢ ocen¢ dtugoterminowego oddziatywania czynnikéw klimatycznych i sSrodowisko-
wych na przyrost drzewostanGw.

Celem niniejszego badania bylo opracowanie modeli opisujgcych zalezno$¢ przyrostu migz-
szosci drzewostan6w dgbowych od cech drzewostanu i czynnikéw srodowiskowych. W analizach
wykorzystano uogdlnione modele addytywne (GAM - generalised additive models), ktére po-
zwalajg na modelowanie skomplikowanych wzorcéw wystgpujacych w danych, w tym interakeji
mig¢dzy zmiennymi czy nieliniowych trendéw w badanych zaleznosciach. Modele te uwzgled-
niajg nieliniowe relacje miedzy zmiennymi objasniajagcymi a zmienng zalezng oraz pozwalajg na
wykorzystanie w modelowaniu wielu zmiennych objasniajgcych i duzej liczby obserwaciji.
Korzystajac z GAM, mozna analizowaé wpltyw kazdej indywidualnej zmiennej na zmienng
zalezng, utrzymujgc inne zmienne na stalym poziomie. GAM zapewnia réwniez mozliwos¢ kon-
trolowania wygladzania funkcji predykeyjnych w celu zmniejszenia nadmiernego dopasowania.
W niniejszym badaniu wykorzystano dane z lat 2005-2019 z wielkoobszarowej inwentaryzacji
stanu laséw (WISL) w Polsce. Zebrano dane pochodzace z 1945 powierzchni prébnych zlokali-
zowanych w drzewostanach, w ktérych gatunkami dominujacymi byly deby Quercus petraea
(Matt.) Liebl. i Quercus robur L. (ryc. 1). Do modelowania wykorzystano réwniez dane opisujgce
cechy srodowiskowe (topografia, gleby, klimat). Takie potgczenie danych WISL opisujacych
charakterystyke¢ drzewostanéw i danych siedliskowych pozwolito na opracowanie odpowiednich
modeli opisujgcych wptyw cech drzewostanu oraz czynnikéw klimatycznych i topograficznych
na okresowy przyrost migzszosci (PAlv — periodic annual volume increment) drzewostanéw dgbowych
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w Polsce (tab. 1-5). Wyniki badari wskazujg, ze wiek i powierzchnia piersnicowego przekroju
drzewostanéw najmocniej wptywatly na okresowy przyrost migzszosci drzewostanéw dgbowych
(ryc. 2). PAlv wzrastat o okoto 3 m3/ha/rok na kazde 10 m?/ha wzrostu powierzchni przekroju
piersnicowego (ryc. 3a) i zmniejszal si¢ znaczgco wraz ze wzrostem wieku drzewostanGw
debowych (ryc. 3b). Na przyrost migzszosci drzewostanéw debowych wplywaty réwniez wyso-
kosé gérna drzewostanéw (ryc. 3c¢) i wskaznik opisujacy zaggszezenie drzewostanéw (RSI - relative
spacing index) (ryc. 3d). Ponadto w badaniach odnotowano niewielki wptyw $redniej sumy
opadéw w najsuchszym kwartale (ryc. 4a), sredniej sumy opadéw w najcieplejszym kwartale
(ryc. 4b) i sredniej temperatury w najwilgotniejszym kwartale (ryc. 4c) na okresowy przyrost
migzszosci drzewostanéw dgbowych. W badaniu przeanalizowano réwniez zwigzek migdzy
PAlv a topografig i typem gleby. PAlv miat tendencje do zmniejszania si¢, gdy nachylenie
terenu przekraczato 5 stopni (ryc. 5a). W drzewostanach na glebach charakteryzujacych si¢
wysokim poziomem zyznosci zaobserwowano najwyzszy przyrost (ryc. 5b). Opracowany model
GAM wyjasnia 43,8% (Rf1 dj) zmiennosci obserwowanej PAlv (tab. 61 7). Ri di zostal obliczony na
podstawie 10-krotnej walidacji krzyzowej. Opracowany model nie wykazywal nadmiernego do-
pasowania (ryc. 6). Zastosowanic modelu GAM do poszczegdlnych krain przyrodniczo-lesnych
znaczgco poprawito zdolnosé wyjasniajgcg modelu, ktéra osiggneta nawet 64,4% (Ridj) (tab. 8).
Oznacza to, ze duzy wplyw na okresowy przyrost migzszosci drzewostanéw debowych w Polsce
wywierajg regionalne czynniki siedliskowe.



