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Abstract

This study examined the relationships between soil, climatic and physiographic va-
riables and site productivity in Fagus orientalis Lipsky stands in Artvin, Northeastern 
Turkey. The site productivity described by the site index (SI, top height at stand age 
of 100 years) was available for three forest locations. SI varied significantly depen-
ding on the edaphic, climatic and physiographic variables. A linear regression model 
was constructed to test the hypothesis that soil, climatic and physiographic variables 
could be used to predict the SI of the Fagus orientalis forest types in the study region. 
The most important single variable in the model was precipitation in the driest quar-
ter of the year, which accounted for 55.1% of the variability in SI and was positively 
correlated. In a multiple regression model, precipitation in the driest quarter, radia-
tion index, slope and physiological soil depth were the most important variables for 
explaining SI in the study region. 80% of the observed SI variation was explained by 
these variables. The SI models developed in this study provide a basis for understan-



Seite 240 Murat Yılmaz, Ayhan Usta, İrfan Öztürk

ding the complex relationship between forest productivity and site conditions. The 
findings of this study will assist resource managers in making cost-effective decisions 
about the management of Fagus orientalis forests in the northeastern region of Turkey.

Zusammenfassung

Diese Studie untersuchte die Beziehungen zwischen klimatischen, physiographi-
schen und edaphischen Variablen und Standortproduktivität in Fagus-orientalis-Lips-
ky-Beständen in Artvin im Nordosten der Türkei. Die Standortproduktivität wurde 
durch den Site Index (SI, Oberhöhe bei Bestandesalter von 100 Jahren) beschrieben 
und war an drei Waldorten verfügbar. Der SI variierte signifikant in Abhängigkeit von 
den klimatischen, physiografischen und edaphischen Variablen. Ein lineares Regres-
sionsmodell wurde zur Testung der Hypothese entwickelt, dass klimatische, physio-
grafische und edaphische Variablen verwendet werden können, um SI bei Fagus-
orientalis-Beständen in der Untersuchungsregion vorherzusagen. Die wichtigste 
einzelne Variable im Modell war der Niederschlag im trockensten Viertel des Jahres, 
der 55,1 % der SI-Variabilität erklärte und positiv korreliert war. In einem multiplen 
Regressionsmodell waren der Niederschlag im trockensten Viertel, der Strahlungs-
index, die Hangneigung und die physiologische Bodentiefe die wichtigsten Variablen 
zur Erklärung der Standortproduktivität. 80 % der beobachteten SI-Variation wurden 
durch diese Variablen erklärt. Die in dieser Studie entwickelten SI-Modelle bieten eine 
Grundlage für ein Verständnis der komplexen Beziehung zwischen Waldproduktivität 
und Standortbedingungen im Untersuchungsgebiet. Die Ergebnisse dieser Studie 
werden Ressourcenmanager dabei unterstützen, kosteneffektive Entscheidungen für 
die Bewirtschaftung von Fagus-orientalis-Wäldern in der nordöstlichen Region der 
Türkei zu treffen.

1 Introduction

The determination of site productivity is fundamental for effective forest resource 
management. Estimating productivity at the early stages of stand development all-
ows for defining appropriate silvicultural treatments to be applied in subsequent ye-
ars. Site productivity depends on environmental factors such as physiographic, eda-
phic, and climatic conditions and is often represented in forestry by site index (SI) or 
stand dominant height at a predetermined reference age. Forest site productivity is 
usually estimated using site and stand factors (Bueis et al., 2016). SI is generally used 
as an indicator of the forest productivity, since SI is strongly correlated with wood 
production (Ortega and Montero, 1988; Skovsgaard and Vanclay, 2008). One crucial 
issue when estimating forest site productivity is the relationship between environ-
mental factors and tree height growth (Szwaluk and Strong, 2003).



 Relationships between site productivity and environmental variables Seite 241

Forests are specific areas, including many interconnected environmental factors that 
maintain tree growth and affect plant development (Afif-Khouri et al., 2011). Tree 
growth is the outcome of the effects of genetic characteristics and the environment. 
The environmental factors affecting the growth and development of trees are phy-
siography (slope, aspect, altitude, and slope position), soil (physical and chemical soil 
properties) and climate characteristics (precipitation, temperature, moisture). Chan-
ges in these environmental conditions can affect the development of forest trees and 
stands. The changes in forest growth may be species-specific and depend on site fer-
tility and environmental conditions at the stand level (Kellomäki et al., 2008; Ge et 
al., 2013; Granda et al., 2013; Torssonen et al., Rohner et al., 2016; Seiler et al., 2017; 
Koulelis et al., 2022). The productivity of stands composed of the same tree species in 
the same geographical region can be quite different, if local characteristics are variab-
le. The productivity of the forest site is known as the natural capacity of a forest area 
affected by the existing growth factors (light, temperature, water, nutrients) and is 
usually expressed as the tree height at a certain age (Skovsgaard and Vanclay, 2008). 
Thus SI is often regarded as a key measure of the productivity of commercial forests 
(Socha, 2008; Palahí et al., 2008; Bontemps and Bouriaud, 2014; Yılmaz et al., 2015; 
Subedi and Fox, 2016). 

Climate determines the distribution of tree species and shapes forest composition. 
On large scales precipitation has been identified to affect species richness (Ter Steege 
et al., 2006), composition (Hall and Swaine, 1976) and species occurence (Engelbrecht 
et al., 2007; Swaine 1996; Toledo et al., 2012). On smaller scales, the physiographic 
and edaphic characteristics have also been reported to affect the distribution of tree 
species (John et al., 2007). The growth of tree species in the sites depends on wa-
ter, nutrients and light as primary sources (Toledo et al., 2012). The changes in en-
vironmental factors may cause the same tree species to grow differently in the same 
region but under different site conditions. Topography may influence climate in a 
particular region. Climate and soil are presumably among the most important factors 
determining growth and species distributions (Walthert and Meier, 2017).

This study was carried out in three locations within a distinct geographic region, whe-
re climate elements (precipitation, temperature, moisture) were variables depending 
on the topography (Kantarcı, 1995). The effect of climatic, edaphic and physiographic 
variables on site productivity was investigated for natural Fagus orientalis stands in 
the Artvin region of Northeastern Turkey. Fagus orientalis is one of the most import-
ant broadleaf tree species due to its productivity, high growing stock and wide dis-
tribution in Turkey (Anonymous, 2015). Fagus orientalis, one of twelve beech species, 
naturally occurs in the Balkan countries, including Bulgaria, Greece, Turkey, the Cau-
casus region and northern Iran (Kandemir and Kaya, 2009).

The relationships between SI and site characteristics may provide useful information 
for forest management.
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2 Material and methods

2.1 Study area

The study area is located in the Artvin Region in Northeastern Turkey (Fig. 1). The 
sample plots were taken from pure Fagus orientalis stands in Karşıköy-Erenköy region 
(Karşıköy, from now on) and in the Genya and Saçinka regions. Artvin region is in a 
transitional climate between the land influenced by moist air from the Black Sea and 
the Inner Black Sea land. Genya mountain and Saçinka hill receive additional moistu-
re from the Black Sea. While some of these moist air masses reach the research area 
along the Çoruh valley from Batum, some of them reach the research area by passing 
over the Cankurtaran (900 m) passage between Sultan Selim Mountain (1500 m) and 
Balıklı mountain (1890 m). Air masses that cross the Cankurtaran pass rise leave a 
certain amount of precipitation on the slopes facing the sea. The research area in the 
Karşıköy region is fed by both the air masses passing over Cankurtaran pass and the 
air masses coming from the Çoruh valley. Therefore, this area is very humid. The air 
masses moving south from Borcka are moving in the direction of Murgul and some 
along the Çoruh valley. The air masses that continue along the Çoruh valley rise on 
the slopes of the Genya and Saçinka hill cool down and release the moisture in them. 
Compared to Karşıköy, Genya and Saçinka ridges receive less rainfall (Table 1). With 
the effect of this moist air, Fagus orientalis can still establish pure stands on the slopes 
of Genya and Saçinka, allthough these stands are on the margins of this species. 
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Figure 1: Distribution range of oriental beech (Kandemir and Kaya 2009) and location of studied sites.

Abbildung 1: Verbreitungsgebiet der Orientbuche (Kandemir and Kaya 2009) und Lage der 
untersuchten Standorte.

2.2 Sample Plots

Twenty, fifteen and fifteen sample plots were established in Genya, Saçinka and 
Karşıköy, respectively. The sample plots were rectangular in shape, and their sizes 
varied between 400 m2 under > 70% crown closure and 600 m2 when crown closure 
ranged between 41–70%. The trees in the sample plots were numbered following 
a clockwise direction and the diameter of breast height (DBH) 1.3 m above ground 
was measured with a caliper. Tree height was measured on the 100 highest trees per 
hectare using a Blume-Leiss device and the stand age was quantified by counting the 
annual rings froman increment core taken at height of 0.3 m above ground. The stand 
top height was then defined as the average total height of the 100 highest trees per 
hectare.

Stand upper height and stand age values of the sample plot are shown on the site 
index curves of the used yield tables (Fig. 2).
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Figure 2: Site index curves of the yield table used (Carus 1998) and the age and height values of the sample 
plots.

Abbildung 2: Bestandesalter und Oberhöhen der Probenflächen und Site-Index-Kurvem aus 
Ertragstafeln (Carus 1998).

The site index (SI) was determined by using the yield table developed by Carus (1998) 
for even-aged beech forests for a reference age of 100 years. The altitude (m), aspect 
(degree) and slope (%) of the sampling points were measured with an altimeter, com-
pass and inclinometer, respectively. The aspect variable was converted into a topo-
graphic solar-radiation index (TRASP) used by Roberts and Cooper (1989) for statisti-
cal evaluation. Trasp is calculated by the following equation:

This conversion assigns value “0” to the field in the north-northeast direction (the 
coldest and most humid direction) and value “1” to the warmer, drier slopes in the 
south-southwest direction (Moisen and Frescino, 2002).



 Relationships between site productivity and environmental variables Seite 245

2.3 Soil Characteristics and Climate

In the sample plots, soil pits were dug (down to maximum 1.20 m depending on the 
depth of the bedrock), and absolute (ASD) and physiological soil depths (PSD) were 
determined (Kantarcı, 2000). In the soil profile, mineral soil horizons were separated 
and samples were collected (Kantarcı, 1995). The fine earth weight (gr l-1, < 2 mm size) 
(FP) and the amount of skeleton (gr l-1, ≥ 2 mm size) (SKE) of soil horizons were deter-
mined according to Corti et al. (1998). Fine earth refers to soil particles smaller than 
2 mm in diameter. Skeleton defines soil rock fragments or soil coarse fraction, that is, 
particles with 2 mm as a minor diameter (Miller and Guthrie, 1984).

The particle size analysis of soil samples was performed according to the Bouyoucos 
hydrometer method and the soil types were determined according to international 
texture classes (Gülçur, 1974). Organic soil carbon was determined by using the Wal-
kley-Black wet burning method. Soil organic matter was estimated by multiplying 
soil organic carbon by 1.72 (Kantarcı, 2005). Soil pH was measured on a 1/2.5 soil: 
deionized water suspension according to Page et al. (1982). The available water capa-
city (AWC) was calculated based on the differences in field capacity moisture (FC) and 
wilting point moisture (WP) values determined in soil moisture device with pressure 
table (Karaöz, 1989). The available water capacity calculated in percentage for the 
horizons was correlated with fine earth weight and calculated in mm (Kantarcı, 2005).

Table 1: Selected climatic and physiographic features of the research areas. 

Tabelle 1: Ausgewählte klimatische und physiografische Merkmale des Untersuchungsgebiets.
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Climate data (monthly average precipitation, monthly average temperature, and 
monthly maximum temperature) obtained from Paleoclim were used for some bio-
climatic variables and Thornthwaite climate analysis. The bioclimatic variables data 
under current conditions (average 1979–2013) with a spatial resolution of 30 arc se-
cond (~1 km) was obtained from Paleoclim (https://chelsa-climate.org/downloads/; 
accessed on 2 October 2021) (Karger et al., 2017). These variables are often used in 
species distribution models and ecological studies. The bioclimatic variables used 
in the study were annual mean temperature (AT), max temperature of the warmest 
month (TWM), mean temperature of the driest quarter (TDQ), mean temperature 
of the coldest quarter (TCQ), annual precipitation (AP), precipitation of the wettest 
month (PWM), precipitation of the driest month (PDM), precipitation of the driest 
quarter (PDQ) and precipitation of the warmest quarter (PWQ).

The selected areas were within the borders of the Artvin province and characterized 
by topographical differences affecting the climate conditions. Climate analysis was 
performed for the research regions (Thornthwaite, 1948) (Table 1). In Thornthwaite 
climate analysis, potential evapotranspiration (PE) is calculated by the following for-
mulas.

2.4 Statistical Analyses

SI as the dependent variable, and physiographic factors (slope, aspect, altitude, slo-
pe position), climatic characteristics, and soil characteristics changes as independent 
variables were tested by the analysis of variance. Pearson correlation and multiple 
regression analysis were implemented among them, aiming to predict SI for all re-
search regions. SPSS statistics version 26 was used for the analyses (SPSS Inc., Chicago 
IL, USA). 
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3 Results

The variance analysis suggest that the research areas were different according to the 
main soil properties (sand, silt and clay, fine earth, skeleton, field capacity, available 
water capacity). While physiological soil depth was similar in the Genya and Saçinka 
regions, the amounts of organic matter were similar in the Karşıköy and Genya regi-
ons. Physiographic factors and climatic characteristics also differed according to the 
regions (Table 2).

Table 2: Variance analysis results of the entire research area. 

Tabelle 2: Ergebnisse der Varianzanalyse des gesamtes Untersuchungsgebietes.

The Pearson correlation analysis indicated significant relationships between site in-
dex and soil, climatic and physiographic variables (Fig. 3).
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Figure 3: Correlations between site index and environmental variables*.

Abbildung 3: Korrelationen zwischen Site Index und Umweltvariablen.

(* Environmental variables are the sum of bioclimatic, physiographic and soil variables, AT:Annual mean 
temperature, TWM:Max. temperature of warmest month, TDQ:Mean temperature of driest quarter, 
TCQ:Mean temperature of coldest quarter, AP:Annual precipitation, PWM: Precipitation of wettest month, 
PDM:Precipitation of driest month, PDQ:Precipitation of driest quarter, PWQ:Precipitation of warmest 
quarter, ALT:Altitude, SL: Slope, TRASP: Topographic solar-radiation index, ASD: Absolute soil depth , PSD: 
Physiological soil depth, FP: Fine particle, SKE: Skeleton, OM: Organic matter, FC: Field capacity, AWC: 
Available water capacity)

For the bioclimatic variables, SI showed a negative correlation with TDQ (r=−0.715, 
p<0.001) and a positive correlation with AT (r=0.514, p<0.001), TWM (r=0.384, 
p<0.001), TCQ (r=0.554, p<0.001), AP (r=0.694, p<0.001), PWM (r=0.681, p<0.001), 
PDM (r=0.711, p<0.001), PDQ (r=0.735, p<0.001), PWQ (r=0.722, p<0.001). For the 
physiographic variables, SI had a negative correlation with ALT (r=-0,644, p<0.001), SL 
(r=−0.365, p<0.001), TRASP (r=−0.457, p<0.001) (Fig. 3). For the soil variables, SI had a 
positive correlation with ASD (r=0.320, p<0.001), PSD (r=0.519, p<0.001), FP (r=0.518, 
p<0.001), SILT (r=0.274, p<0.001), CLAY (r=0.258, p<0.001), pH(KCl) (r=0.270, p<0.001), 
FC (r=0.674, p<0.001) and AWC (r=0.655, p<0.001), a negative correlation SKE (r=-
0.458, p<0.001), SAND (r=-0.309, p<0.001) and OM (r=−0.217, p<0.001) (Fig. 3).
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Multiple regression analysis was performed using the variables of climatic variables, 
soil properties and physiographic factors with a high correlation with site productivi-
ty values (Table 3, Table 4). Multicollinearity was determined among some bioclimatic 
variables. The variables with VIF values >10 were removed from the regression model 
(Senaviratna and Cooray, 2019). 

At regression analysis, according to bioclimatic variables, two regression models were 
obtained for the site index. The prediction percentages of regression models ranged 
from 53.8 to 54.9 (Table 3). The results of the regression model (Step 2) showed that 
the probability site index could be predicted by climatic variables such as PDQ and 
TCQ (Table 3).

Table 3: Prediction models for SI using only climate variables. 

Tabelle 3: Vorhersagemodelle für SI nur mit Klimavariablen.

At regression analysis, according to all variables, four regression models were predic-
ted for the site index. The prediction percentages of regression models ranged from 
55.1 to 80.0 (Table 4). The results of the regression model (Step 4) indicated that the 
probability site index could be predicted by such soil, climatic and physiographic va-
riables as PDQ, TRASP, SL and PSD (Table 4).
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Table 4: Prediction of SI according to environmental variables. 

Tabelle 4: Vorhersagemodelle für SI mit allen getesteten Umweltvariablen.

4 Discussion

4.1 Effects of physiographic factors on site productivity

Altitude is one of the most important ecological factors that affect the productivity 
of forest trees and the species composition of the forest, along with the other physio-
graphic factors (slope, aspect, slope position), that change the climatic characteristics 
(precipitation, temperature, solar radiation). With this effect, different site conditions 
may occur in the same geographical region. As it increases, the vegetation period 
is shortened, and site productivity decreases. The literature states that the site in-
dex decreases depending on the increase in altitude (Klinka et al., 1996; Corona et al., 
1998; Socha, 2008; Pinno et al., 2009; Sharma, 2012; Yılmaz et al., 2015). In the study, 
the highest site index value (31.9 m) was measured in the Karşıköy region, where 
the average altitude is the lowest. In this study, concerning the selected study areas, 
we found a negative correlation between the altitude and the site index (p<0.001, 
r=-0,644) (Fig. 3). In this respect, our results are compatible with previous studies. 
The lowest site index value was measured in the Oriental beech forests in the Saçin-
ka region, where the average altitude is 1475 m. It may seem contradictory that the 
site index was higher in the Genya region, where the altitude was higher, compared 
to the Saçinka region. However, this can be explained depending on the ecology of 
the Oriental beech and other ecological factors. Oriental beech prefers north-facing 
slopes that are deep, well-drained, moist and sloping and rich in water and nutrients, 
and it may reach up to 2000 m altitude. 

The sample plots in the Saçinka region were taken from the soils developed from 
dacite bedrock (Table 1). While the sand content (68%) and the amount of skeleton 
(487 gr l-1) of the soils developed from dacite bedrock were high, the amount of fine 
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particles, clay (16%) and silt (16%) were low (Table 2). These soil properties led to 
adverse conditions in terms of water availability and available water capacity. The 
average available water capacity was the lowest. In the Saçinka region, the land slope 
degree was lower compared to the Genya region, and the dominant aspect was the 
sunny aspect. The average temperature and average annual temperature during the 
growing period were higher (Table 1), which increased the evapotranspiration rate in 
the region, causing a water deficit during the growing period. Even though the soil 
depths of the research areas are close to each other and deep (>85 cm), site produc-
tivity in the Saçinka region was the lowest due to low water-holding capacity and 
available water capacity. The sample plots in the Genya region were more productive 
than the sample plots in the Saçinka region since they have sufficient soil depth and 
soil moisture in shady aspects. During our field studies, we occasionally observed in-
tensive fog formation on Oriental beech forests on Genya ridges, although it did not 
turn into precipitation. It is also known that Oriental beech prefers the sites where soil 
depth is sufficient, drainage is good, and relative humidity of the air is high (Yılmaz, 
2019). Therefore, Karşıköy, where the site index was highest, is more suitable than the 
two research regions in terms of the variables described above. Research areas were 
similar concerning the vegetation period (Table 1).

The sample areas in the Genya region are in the shady aspect (north-facing slopes), 
and the dominant aspects of the sample areas in the Saçinka and Karşıköy regions 
are sunny (south-facing slopes). Since the aspect factor will change the physical and 
chemical soil properties of the site along with other physiographic factors, it is ex-
pected to affect the productivity index of the Oriental beech. As explained above on 
altitude, the combined effect of the aspect with slope is significant on-site characte-
ristics. The combined effect of slope and aspect is highly effective in the growth of 
trees by causing changes in solar radiation (Waring, 2000). In the correlation analysis, 
there was a positive correlation between site index and transformed aspect variable 
(TRASP) (Fig. 3). Steinbrenner (1965) and Corona et al. (2008) concluded a positive re-
lationship between aspect and site index. The aspect plays a key role in determining 
the temperature regime of any site (Bennie et al., 2008). In the Northern Hemisphere, 
south-facing slopes receive much more solar radiation than other directions and are 
relatively hot and dry, which also leads to differences in the growth of forests, depen-
ding on the ecological requirements of the tree species (Rydgren et al., 2003; Saremi 
et al., 2014). Oriental beech prefers high air humidity and moist soils (Odabaşı et al., 
2004) and is less developed on south-facing slopes, where soil moisture exposed to 
more solar radiation will be low, compared to north-facing slopes. Considering that 
Oriental beech is a species with high demand for humidity and temperature, precipi-
tation in the driest month or the driest quarter is expected to influence the site index. 
The region with the lowest precipitation in the driest month and the driest quarter 
is the Saçinka region, and the region with the highest precipitation is the Karşıköy 
region (Table 3). In the driest month and the driest quarter, the site index value is the 
lowest in the Saçinka region, where the precipitation is the lowest. In the correlation 
analysis, there was a strong positive relationship between the site index value and 
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the precipitation in the driest month and the precipitation in the driest quarter (Fig. 3, 
p<0.001, r=0,711, r=0.735). The relationship between the maximum temperature of 
the warmest month and the site index was positive. Similar results were reported by 
Monserud et al. (2006).

Along with other physiographic factors, the slope of the ground modifies the amount 
of solar radiation received by the surface and has been identified as an important 
factor in determining the ecological conditions at a site. Solar radiation is the domi-
nant component of the surface energy balance and influences ecologically critical 
factors of microclimate, including near surface temperatures, evaporative demand 
and soil moisture content (Bennie et al., 2008). The fact that these critical factors are 
far from optimum may negatively affect the nutrition of plants and the activity of soil 
organisms and may also disrupt physical and chemical decomposition. Stony, low-
moisture and shallow soils develop in high-slope sites with similar topographic and 
pedological characteristics. Therefore, the productivity of forest trees is low in these 
areas. In this study, there was a negative correlation between slope degree and site 
index (Fig. 3). Our results are confirmed by the literature (Klinka et al., 1996; Corona et 
al., 1998; Günlü et al., 2006; Anwar, 2007; Socha, 2008; Sharma, 2012).

The research areas were similar in terms of slope (hillslope) position. All the sample 
areas were taken from backslope and shoulder. Soils with different characteristics de-
veloped due to different slope, aspect, altitude, bedrock and climatic characteristics. 
The site productivity of the Oriental beech forests growing on these soils was diffe-
rent (Table 2). The soils of the Karşıköy and Genya region developed from andesite 
bedrock are loamy clay type, while the soils of the Saçinka region developed from 
dacite bedrock of sandy clay loam-sandy loam type. The main reason for the develop-
ment of different types of soil in the Saçinka region is the difference in bedrock. So-
ils with higher amounts of sand develop from the dacite bedrock, which contains 
quartz in its composition. In general, the soils dominated by sand are poor in terms 
of nutrient and water holding capacity. With the effects of both bedrock characte-
ristics and climate (temperature, precipitation etc.) and topography (slope, aspect) 
affecting physical and chemical decomposition, the soil skeleton per unit volume was 
higher, and the fine earth weight per unit volume was lower in the soils of the Saçinka 
region (Table 2). Water and nutrient storage capacities of the soils with high skeleton 
and low amount of fine earth weight are low. The site productivity was, therefore, low 
in the Saçinka region, where the soils with these characteristics are located. 

4.2 Effects of climate variables on site productivity

Site productivity depends on environmental conditions (biotic, edaphic, and clima-
tic) associated with a particular location (Clutter et al., 1983) and is directly influenced 
by changes in temperature and precipitation regimes (Latta et al., 2010). Our results 
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indicated that climate variables (temperature and precipitation) are important in de-
termining site productivity for Oriental beech. Site index was related to all selected 
climate variables. The SI values ranged between 22.30 and 34.46 m, indicating a large 
variation in productivity among the different sites. As expected, the highest produc-
tivity was observed in the Oriental beech stands located in the area with the highest 
precipitation and highest annual average temperature. The increase in precipitation 
amounts of the warmest month and the warmest quarter and annual precipitation in-
creased site productivity. While the correlation between average temperature, annu-
al precipitation and site productivity is positive, the temperature of the driest month 
is negatively related to site productivity. Considering the climate variables associated 
with SI, parameters related to temperature and precipitation affect the presence of 
water in the soil. An increase in site productivity can be expected with an increase 
in average temperature in humid and very humid climatic regions. However, increa-
sing the temperature in the dry and warm months increases evaporation, and site 
productivity may decrease. When evaporation increases, water availability for trees 
decreases, and there is a decrease in site productivity (Paulo et al., 2014). The positive 
correlation between precipitation amounts (annual precipitation and precipitation 
amount in the driest months) and site productivity is consistent with the findings 
of previous studies. Similarly, the site index of forest trees was reported to have a 
positive relationship with annual precipitation and precipitation of the driest month 
(Güner et al., 2016; Özel et al., 2020). Besides the studies in which the site productivity 
increased with the increase in the annual precipitation (Watt et al., 2010; Sabatia and 
Burkhart 2014), there are many studies in which precipitation is used in the modeling 
of the site index (Ung et al., 2001; Chen et al., 2002; Seynave et al., 2005; Seynave et al., 
2008; Albert and Schmidt, 2010). 

The productivity indexes of Oriental beech were different by region. Since the clima-
tic and physiographic characteristics of the regions change, the soil characteristics of 
the site change, and thus site productivity also differs. Soil, which has an important 
role in the growth of forest trees, determines the distribution of tree species along 
with climatic characteristics. The Karşıköy region receives the highest annual average 
precipitation. Climatic factors, such as precipitation and temperature, place primary 
controls on the growth and development of natural vegetation (Rundquist and Haar-
ington, 2000). An increase can be expected in site productivity, along with an increa-
se in the amount of precipitation. In general, tree growth increases with precipitation 
(Dauber et al., 2005; Mondek, 2021). However, precipitation during the vegetation 
period is more decisive. The highest precipitation in the vegetation period occurs in 
the Karşıköy region. Carter and Klinka (1990) and Corona et al. (1998) also determi-
ned a higher site index in the regions where precipitation was higher in annual and 
growing periods. Our results show that site productivity increases with the increase 
in annual total precipitation and in growing season precipitation. 
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4.3 Effects of soil properties on site productivity

Some of the soil properties result from environmental conditions, depending on the 
characteristics of the bedrock where the soils are formed. The presence and availa-
bility of water in the soil affect the site productivity depending on climate variables 
(Watt et al., 2010). The available water capacity of the soils is 13.9%, 9% and 7.2%, 
respectively, in Karşıköy, Genya and Saçinka. While the average site index was highest 
in Karşıköy region, with the highest available water capacity and field capacity, it was 
the lowest in the Saçinka region. In the correlation analysis performed for the whole 
research area, significant positive correlations were found between the available wa-
ter capacity and field capacity values of the soils and site productivity (Fig. 3). These 
results are consistent with other studies (Carter and Klinka, 1990; Yılmaz et al., 2015; 
Eckhart et al., 2019). 

The fact that available water capacity and field capacity are highly correlated with 
site productivity means that the presence of water is a key element for growth (Fal-
kenmark and Rockström, 2006). The water stress that will occur due to lack of water 
in the soil leads to stomatal closure and a decrease in carbon retention efficiency. In 
conclusion, a reduction in cambial activity and foliage growth occurs, followed by a 
decrease in wood production. The site index in the Saçinka region, where there was 
water deficit during the growing period, was lower. Stape et al. (2004) observed that 
an increase in water availability increases quantum efficiency, leaf area and decrea-
ses carbon allocation to roots. Given the importance of water availability for plant 
growth, a range of variables related to soil moisture, available water for stands, or 
precipitation has been tested before on several models (Snowdon et al., 1999; Pinjuv 
et al., 2006; Ritchie and Hamann, 2008). 

Soil depth is important because the deeper the soil, the more space available for 
roots. As the soil depth increases, the area available to the tree roots expands, and 
the water and nutrient storage capacity of the soil increases. Physiological soil depth 
(PSD), the actual soil depth available to tree roots, is positively correlated with site 
productivity (Schmidt and Carmean, 1988; Turvey et al., 1990). Limited soil volume on 
shallow sites can limit site productivity because shallow soils have lower soil volume 
and, therefore, lower total water holding capacity. In the research areas, physiological 
soil depths varied between 92-104 cm, and deep and very deep soils are dominant. 
While the Saçinka and Genya regions are similar in terms of physiological soil depth, 
the Karşıköy region is different and the highest. In the correlation analysis performed 
for all research areas, a positive correlation was found between the physiological soil 
depth and site productivity (Fig. 3). In the research area, where there was sufficient 
soil depth for the development of trees, the soil depth difference of 8–12 cm sho-
wed its effect on-site productivity. Considering the whole area where tree roots can 
spread, this depth difference is a considerable value. The increase in soil depth is im-
portant in terms of increasing the volume of soil in which tree roots can develop and 
hold and the water and nutrients to be kept in the soil. For these reasons, it is a variab-
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le used in determining site productivity (Pyatt et al., 2001). The increase in absolute 
and physiological depths of soils increases the site productivity, and physiological 
soil depth was included in the site index prediction model (Table 3). The positive cor-
relation between site productivity and soil depths is mentioned in a large number of 
studies (Yılmaz, 2005; Mckenney and Pedlar, 2003; Günlü et al., 2006).

PDQ, TRASP, SL, and PSD variables explained 80.0% of the variation in the SI of Oriental 
beech. Although it does not participate in the regression model, the ALT factor has a 
significant effect on the site index since it affects climate variables and soil properties. 
It changes soil moisture conditions and growth by affecting climatic characteristics, 
such as temperature and precipitation. It plays an indirect role in litter decomposition 
and nutrient supply. It shows all these effects together with aspect, another physio-
graphic factor because aspect controls the soil moisture conditions, the activity of 
soil organisms, soil temperature and photosynthesis with the effect of solar radiation. 
TRASP is included in the model. It could be said that Oriental beech develops better 
in deeper and stone-free soils where AWC is higher. If the site is similar to other condi-
tions, the increase in precipitation positively affects the presence of water in the soil. 
Climate variables, such as the amount of PDQ and TDQ, are also very effective on the 
site productivity of Oriental beech. The variation in stand height growth of Oriental 
beech trees in this study could be explained using the climate variables PDQ and 
TDQ. These variables are very intuitive and can be easily interpreted when explaining 
the growth of any tree species. The inclusion of climatic variables together with soil 
properties and physiographic characteristics significantly improved the fit statistics 
of the stand height growth model. These results are consistent with the findings of 
previous studies. For example, Wang et al. (2007) and Bravo-Oviedo et al. (2008) re-
ported that including climate variables improved the fit and predictive accuracy of 
the model in their studies. The topographic (Anwar, 2007; Oviedo et al., 2011; Farrelly 
et al., 2011; Mohamed et al., 2014) and edaphic (Fonte et al., 2003; Ercanli et al., 2008) 
variables were generally included in site index prediction models. 

5 Conclusion

The results of this study provide information on the productivity of Oriental beech 
stands in Northeast Turkey. In this study, significant correlations between the site 
productivity of Oriental beech forests and topographic factors (ALT, SL, TRASP), soil 
properties (SKE, AWC, FC, PSD e.g.) and climate variables (AT, AP, TWM, TDQ, TCQ, PDQ, 
PWQ, PWM, PDM) were determined. In the regression analysis, it was concluded that 
important variables affecting the productivity of Oriental beech stands in Northeast 
Turkey were one soil variable (PSD), three physiographic properties (SL and TRASP), 
and two climate variables (PDQ and TDQ). These variables together explained the 
change in site index by 80%. Considering the variables included in the model, it could 
be said that low precipitation, low temperature, and poor nutrients limit the growth 
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in Oriental beech forests, respectively. The models developed in this study can be 
used to estimate stand height at reference age, given height at a point in time with 
relevant climate variables, edaphic variables, and physiographic factors. In addition, 
since height estimated at the reference age will provide the site index value, the mo-
dels can also serve as site index equations. Oriental beech forests have different site 
productivity in the regions that get the sea effect and moderately get the sea effect 
in the Northeast of Turkey. In the regions moderately under the sea effect, the stand 
productivity is controlled by physiographic factors, climate variables and soil proper-
ties. In this region, the productivity of stands on soils developed from dacite bedrock 
in sunny aspects is lower than the productivity of stands on soils developed from 
basalt bedrock in shady aspects. The water deficit in the soil and, thus, the available 
water capacity is among the most important variables affecting productivity. In the 
Saçinka region, site productivity is the lowest due to water deficit (lowest AWC, FC, 
PDM, PWQ, and PDQ). Site productivity attracts considerable attention, especially 
when timber production is the primary goal, because it can present the production 
capacity of stands in advance. Depending on whether site productivity is low or high, 
management plans can be changed to optimize stand productivity. Stakeholders and 
forest administrations can use the results obtained from this study to plan the invest-
ments and work to achieve the best performance for forest production in sites with 
similar characteristics.
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