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Abstract 

Aim of study: The short-term effects of windthrow damage on soil properties were investigated in 

Kazdağı fir (Abies nordmanniana subsp. equi-trojani), Scots pine (Pinus sylvestris L.) and black pine 

(Pinus nigra Arnold.) stand in northwest Turkey.  

Area of study: The study was carried out in Kastamonu and Sinop regions. 

Material and methods: In order to understand the effects of windthrow damage occurred in 2013, soil 

samples were collected at a depth of 0-30 cm from the disturbed and undisturbed sites in 2018 (5 year 

later), and analyzed for soil physical and chemical properties. 

Main results: The increases in temperature, wind speed and heavy rainfall in the study sites seemed to 

result in the windthrows. There were significant differences in soil physical and chemical properties 

among the three tree species, and also between the disturbed and the undisturbed sites.  

Highlights: After the windthrows, increased SOC and TN stocks, P and K could be related to the 

accumulation of organic matter. However, we were not able to identify a single mechanism to explain this 

observed relationship. Thus, the root-soil interactions of the three tree species should be conclusively 

examined in future studies in order to define the relationships between soil chemical properties and root 

features. 
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Türkiye'nin Kuzeybatısında Yetişen Sarıçam, Karaçam ve 

Kazdağı Göknar Meşcerelerinde Rüzgâr Devrik Zararının Toprak 

Özelliklerine Etkileri 

Öz 

Çalışmanın Amacı: Türkiye'nin kuzeybatısı Kazdağı göknarı (Abies nordmanniana subsp. equi-

trojani), sarıçam (Pinus sylvestris L.) ve karaçam (Pinus nigra Arnold.) meĢcerelerinde rüzgâr devriği 

zararının toprak özelliklerine kısa vadeli etkileri ortaya konmaya çalıĢılmıĢtır. 

Çalışma alanı: ÇalıĢma Kastamonu ve Sinop bölgelerinde gerçekleĢtirilmiĢtir. 

Materyal ve yöntem: 2013 yılında meydana gelen rüzgâr devriğinin etkilerini anlamak için, devrik 

görülen ve görülmeyen alanların 0-30 cm derinlik kademesinden toprak örnekleri 2018 yılında (5 yıl 

sonra) alınmıĢ ve bazı fiziksel ve kimyasal özellikleri belirlenmiĢtir.  

Temel Sonuçlar: ÇalıĢma alanında sıcaklık, yağıĢ ve rüzgâr hızındaki artıĢın rüzgâr devriği zararına 

neden olduğu değerlenmiĢtir. Toprağın fiziksel ve kimyasal özellikleri üç farklı ağaç türü ve aynı 

zamanda rüzgâr devriği görülen ve görülmeyen alanlar arasında önemli derecede farklılıklar göstermiĢtir.  

Araştırma vurguları: Rüzgâr devriğinden sonra; TOK ve TA stokları, P ve K artıĢı organik madde 

birikimi ile iliĢkili olabilir. Bununla beraber, bu iliĢkiyi açıklamak için tek bir mekanizma belirleyemedik. 

Bu nedenle, toprağın kimyasal özellikleri ile kök özellikleri arasındaki iliĢkileri tanımlamak için, üç ağaç 

türünün kök-toprak etkileĢimlerinin ileriki çalıĢmalarda detaylı olarak incelenmesi gerekmektedir. 

Anahtar Kelimeler: Rüzgâr Devrik Zararı, Toprak Özellikleri, Mikroiklim, Ağaç türü, Karbon Stoku 
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Introduction 

Forests are a natural part of many 

ecosystems on earth, including mountainous 

regions, and the structure of these 

ecosystems can be disturbed as a result of 

natural or anthropogenic interventions 

(Hartmann et al., 2016; Mina et al., 2017; 

Gáfriková et al., 2020). As a result, all 

terrestrial ecosystems can become more 

vulnerable due to changes in natural and 

environmental conditions with increasing 

global climate change (Sommerfeld et al., 

2018). Windthrows, more common of these 

disturbances, can cause great damage to 

individual trees, small tree groups or severe 

damage to many hectares of trees 

(Gömöryová et al., 2008). After these 

disturbances, the environment, especially the 

microclimatic conditions, often changes such 

as solar radiation, precipitation, heat input to 

the soil surface, and intense air circulation, 

can be observed (Gömöryová et al., 2008). 

Severe winds cause complete loss of tree 

canopy and soil degradation (Stephens, 1956; 

Schaetzl et al., 1989). 

Many studies have examined the effects 

of windthrow damage on timber yields, 

wildlife, insect damage, soil properties, etc 

(Quine, 1995a; von Oheimb et al., 2007; 

Mason & Valinger, 2013). Windthrow 

damage is quite a threat to forest production 

because it adversely affects timber yields, 

site quality and wildlife (Quine, 1995a). The 

economic impact is particularly severe in 

rapidly growing semi-mature forests. Wind 

disturbances reduce timber yield and increase 

the cost of extraordinary thinnings in stands 

resulting in disruptions in planned forestry 

management. 

The risk of windthrow in a forest is 

mainly affected by climate, topography and 

region where the forest is formed (Mason & 

Valinger, 2013). In these circumstances, 

stand and soil properties (e.g., tree species, 

soil type, stand management) serve to define 

the critical wind velocity at which damage 

will form (Lohmander & Helles, 1987; 

Solantie, 1994), whereas local wind 

extremes, climate and topography as a whole 

determine how probable such a wind speed 

will be (Quine, 1995b). The intensity and 

therefore the severity of wind-induced 

damage is shown to be highly dependent on 

the maximum sustained wind speed and the 

duration of the wind exposure (Gardiner et 

al., 2010). Windthrow in northern Europe 

and especially extensive windthrows is often 

caused by winter storms generating high 

wind speeds of more than 30 m s
-1

 (Riguelle, 

2016). In addition, windthrow gaps formed 

as a result of the uprooting of trees cause 

different soil disturbances (von Oheimb et 

al., 2007). That is, mineral soil is exposed in 

the uprooted mounds, and the physical 

properties of the soil change. Compared to 

the undisturbed forest floor, mounds are 

exposed to a higher amount of light. Soil 

temperature is higher and soil moisture is 

lower where the uprooting occurs (Beatty & 

Stone, 1986). Soil dynamics can be 

especially affected by the uprooting and 

accumulation of organic matter and subsoil 

materials in the mineral topsoil. The 

available soil water may increase in gaps due 

to reduced transpiration of canopy trees in 

wet soils (Bouget & Duelli, 2004). In some 

cases, windthrows that are effective in 

reaching and mixing mineral and organic soil 

horizon down to bedrock can also affect the 

amount of soil organic carbon (Kramer et al., 

2001). Klaus et al. (2011) reported that poor 

soils with high erodibility and large grain 

size were more sensitive to windthrow. 

Windthrows represent large-scale and 

dominant natural disturbances in Northern 

and Central Europe. The damaged forests by 

windthrows consist mainly of Douglas fir 

(Pseudotsuga menziesii (Mirb.) Franco), 

beech (Fagus spp.), silver fir (Abies alba 

Mill.), Scots pine (Pinus sylvestris L.), oak 

(Quercus spp.) and Norway spruce (Picea 

abies L.) (Majunke, 2008; Gardiner et al., 

2010). Over 26.5 Mm
3
 in Germany, Austria, 

Switzerland, Czech Republic and France in 

1967 were reported following the windthrow 

disturbances (Gardiner et al., 2010). The 

storms that occurred in 1999 also caused 

widespread damage, especially in Denmark, 

France, Germany, Austria and Switzerland. 

There were 180 Mm
3
 of windthrow damages 

in those countries (Pischedda, 2004). In 

2009, 43.1 Mm
3
 of wind damage was 

reported in France and northern Spain. Oak 

and maritime pine (Pinus pinaster Ait.) in 

France, radiata pine (Pinus radiata D. Don) 
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and Eucalyptus globulus in Spain were 

damaged (Gardiner et al., 2010).  

A total of 5.5 Mm
3
 windthrow damage 

has occurred in the northwestern part of 

Turkey for the last twenty years (Engür, 

2010; 2014). Although the windthrow 

disturbances to Turkish forests have been 

increasing through time, to our knowledge, 

the studies on the effects of the windthrow 

damage on soil properties are limited to 

Turkish forest ecosystems. Therefore, in this 

present study, we aimed to (1) characterize 

the effects of windthrow disturbances on soil 

physical and chemical properties in Scots 

pine (Pinus sylvestris L.), Kazdağı fir (Abies 

nordmanniana subsp. equi-trojani) and black 

pine (Pinus nigra Arnold.) stands, (2) to 

define the effects of tree species and 

windthrow on soil properties. Scots pine, 

Kazdağı fir and black pine are economically 

and ecologically very important tree species 

in Turkey. The results in this study would 

create a basis for our knowledge to better 

understand the windthrows-soil properties 

relationships within the stands of the selected 

trees. 

 

Material and Methods 

Description of the Study Sites and Sampling 

On 15 March 2013, a strong storm and 

wind seriously uprooted approximately 1.5 

Mm
3
 trees in Kastamonu and Sinop regions, 

in northwest Turkey (Engür, 2014). The 

damaged stands were located in Tekçam and 

Bayam forests in Kastamonu, and Sakız and 

Suludüz forests in Sinop. The Tekçam and 

Bayam sites were 44 km away from 

Kastamonu, while the Sakız and Suludüz 

sites were 84 km and 37 km away from 

Sinop. Silvicultural characteristics of the 

stands, forest road conditions and soil 

properties were studied in the four 

windthrow disturbed sites (i.e., Tekçam, 

Bayam, Sakız and Suludüz) (Figure 1). 

 

 
Figure 1. The locations of the study areas, the black pine control site (a) and the windthrow damaged sites 

of black pine (b) and fir (c) 

 

Main characteristic of the forest stands, 

soil and skidding roads in the study sites are 

given in Table 1. The four study sites 

generally show warm and temperate climate 

types. Mean annual temperature was 12.9°C 

and total annual precipitation was 643 mm in 

these sites. The altitudes of the studied sites 

varied from 1170 m to 1300 m a.s.l., and the 

sites were located on the south aspect.  

 

Average slope was between 10% and 

15%. According to the geological map 

(1:1.250.0000 scale), the four study sites had 

different geological rock types. Those were 

neritic limestone rocks in Sakız, komatiite 

rocks in Bayam, schist rocks in Tekçam and 

flysch rocks in Suludüz (AkbaĢ et al., 2011). 

Soil type was a Rendzic Leptosol type for all 

four sites according to the European Soil 
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Bureau Network (ESBN, 2005). Leptosols 

are mostly shallow over hard rock and 

comprise of very gravelly or highly 

calcareous material (ESBN, 2005).  

 
Table 1. Description of the studied sites 

Study region Kastamonu Sinop 

Study site Bayam Tekçam Sakız Suludüz 

Number of subplots  11 17 7 11 

Latitude  

Longitude 

41° 23ꞌ02" N 

34°22'46" E 

41°31ꞌ44" N 

34°21'07" E 

41°38ꞌ51" N 

 34°50'10" E 

41°41'27" N 

34°58'10" E 

Aspect Southwest South South South 

Size of study sites (ha) 68.40  97 16.8 18.2 

Altitude (m) 1200 1170 1300 1300 

Slope ( %) 10 15 10 10 

Bedrock type 
Komatiite  

Metaultrabasic  

Schist from the 

Triassic-Lower 

Jurassic period 

Neritic limestone from 

the Middle Jurassic-

Cretaceous period 

Flysch from  

the Upper 

Senonian period 

Soil type 
Rendzic  

Leptosol  

Rendzic  

Leptosol  

Rendzic  

Leptosol  

Rendzic  

Leptosol 

Total soil samples 33 51 19 33 

Year of windthrow damage  2013 year 2013 year 2013 year 2013 year 

Tree species Scots pine 

Black pine 
Black pine Fir, Scots pine Fir, Scots pine 

Mean stand height (m) 16.1  15.4  18.5  19.5  

Mean stand age (years) 77 56 60 84 

Stand density (%) 80 80 80 80 

Production (m
3
) 1000 1700 3775 396 

Extraction vehicle 
Agricultural 

tractor 

Agricultural 

tractor 

Agricultural 

tractor 

Agricultural  

tractor 

Forest road type Stabilized road Soil road Asphalt road Asphalt road 

Forest path longitudinal 

slope (%) 
2%-3% 8%-13% 2%-5% 3%-5% 

Maximum slope (%) 3% 10% 2%-5% 5% 

Minimum slope (%) 0-1% 6% 2%-3% 3% 

Ditch (m) 

1) Initial 

  2) Middle 

               3) End 

 

1 m 

1 m 

1 m 

 

2.1 m 

1 m 

1.5 m 

 

1-2 m 

2-3 m 

1-2 m 

 

1 m 

2 m 

2 m 

Embankment slope length 

(m) 

1) Initial 

   2) Middle 

               3) End 

 

 

0.8 m 

2 m 

1.5 m 

 

 

2.5 m 

- 

1 m 

 

 

2-3 m 

1-2 m 

2-3 m 

 

 

2-3 m 

1-2 m 

2-3 m 

The number of curves 

(units) 
> 20 1 2 2 

Maximum curved width 

(m) 
7 6 5-10 5-10 

 

In the Kastamonu region, tree species 

mostly affected by the windthrow damage 

were Scots pine and black pine trees, while 

Kazdağı fir was mainly affected in the Sinop 

region. Mean stand density was 80% in 

undisturbed (control) stands. The forest path 

slope of the stands ranged from 2% to 13%.  

 

 

The maximum slope of the stands was 10% 

(Table 1). 

In order to understand the effects of 

silvicultural characterics on the risk of 

windthrow, the uprooting was examined in 

the totally destroyed and partly damaged 

Scots pine, black pine and Kazdağı fir stands. 

Main characteristics of the stands (tree 
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height, tree diameter and canopy closure) 

were measured in fifteen subplots (3 tree 

species x 5 subplots = 15 subplots) in each 

control site (20 m x 20 m = 400 m
2
). The 

control sites refered to the stands that were 

adjacent to the damaged areas at the four 

study sites. Measurements of diameter at 

breast height (DBH) at 1.3 meters of all trees 

were conducted using a diameter tape within 

the subplots. Trees within the subplots were 

cored at breast height to determine tree ages 

using the dendrochronological approach. The 

mean age of the control stands was highly 

diversified ranging from 56 to 84 years by 

using increment auger. The mean diameter of 

the control stands was ranged from 12.1 cm 

to 62.3 cm. The height of trees within the 

plots was also measured by a Blume-Leiss 

clinometer. The mean height of the control 

stands was highly diversified ranged from 

15.4 to 19.5 m. 

Moreover, Bosh GLM 80 marked laser 

distance meter was used to measure the 

lengths and slopes of forest road excavation 

and fill slopes. Different road types were 

available in the study sites (Table 1). The 

length of the skidding roads varied between 

350 m and 2 km, and their widths were 

between 3.5 and 5 m. The longitudinal slopes 

of the skidding roads ranged from 15 to 20%. 

The length of forest roads varied between 

300 m and 1 km in the study sites, while the 

road width was between 5 m and 10 m. A 

ditch of the roads was between 1 m and 3 m. 

Soil samples were taken from the control 

and windthrow stands of Scots pine, Kazdağı 

fir and black pine. Total 46 subplots (20 m × 

20 m) were chosen for each site and a total of 

138 soil samples were collected at the depth 

of 0-30 cm in October 2018. Undisturbed 

mineral soils were taken from 0-10 cm, 10-

20 cm, and 20-30 cm soil depths using a soil 

cylinder with a diameter of 8 cm and a height 

of 10 cm. The disturbed soil samples were 

also taken from a depth of between 0 and 30 

cm to analyze soil texture. The soil samples 

were passed through a 2 mm sieve to remove 

stones and gravel for soil analysis.   

 

Soil Analysis 

Soil pH (H2O) was measured in a 1:2.5 

mixture of deionized water using a glass 

calomel electrode (LaMotte pH meter 5 

series) after equilibration for 1 h in solution 

(Jackson, 1962). Bulk density was 

determined by weight loss after drying the 

undisturbed soil cylinders (Blake & Hartge, 

1986). The oven-dry weight of soil samples 

was sorted, ground in a mortar (without 

crushing stones), and fine soil (<2 mm), root, 

and skeletal part (>2 mm) were separated by 

sifting through a 2 mm sieve (Karaöz, 1989). 

The bulk density samples saturated with 

water were subjected to free drainage 

(approximately 30 minutes) and weighed. 

Then, it was dried in an oven for 24 h at 105 

°C and weighed. The maximum water 

holding capacity was calculated from the 

difference between these two weights as a 

weight percentage (Özyuvacı, 1975). Soil 

texture was determined using the hydrometer 

method of Bouyoucos (1962). Soil moisture 

content was calculated by weight loss after 

drying approximately 10 g of soil for 24 h at 

105ºC (Allen, 1989). Soil organic carbon and 

total nitrogen contents were measured using 

a CNH-S elementary analyser (Eurovector 

EA 3000 V.3.0 single, Milano-Italy) 

according to the dry combustion method. 

Nutrient concentrations (Ca, Mg, P, K, S, Al) 

in the soil samples were analysed using an 

energy dispersive X-ray Fluorescence 

Spectrometer (EDXRF Xepos II from 

Spectro -Analytical Instruments GmbH 

Boschstrasse- Kleve, Germany). Certified 

soil reference material (NIST SRM 2709) 

was used to assess the accuracy of the 

EDXRF analyses. The soil organic carbon 

(SOC) and total nitrogen (TN) stocks were 

calculated by multiplying soil mass, soil bulk 

density, and SOC or TN content and 

expressed as Mg ha
-1

 (Lee et al., 2009; 

Sariyildiz et al., 2015). Soil mass was 

calculated as follows (eqn. 1): 

 

     Mi =BDi *Ti *10
4  

 

where Mi is dry soil mass (Mg ha
-1

), BDi is 

bulk density (Mg m
-3

), Ti is the thickness of 

the i-th soil layer (m), and 10
4
 is the unit 

conversion factor (m
2
 ha

-1
). The fixed depth 

(FD) determination of areal SOC or TN stock 

is calculated as follows (eqn. 2): 

 

     SOCi−fixed or TNi−fixed = ([SOCi ] or [TNi 

])*Mi 
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where SOCi-fixed  is the C (or TNi-fixed is the N) 

mass to a fixed depth (Mg C ha
-1

 or  Mg N 

ha
-1

) and [SOCi] or [TNi] is the C or N 

content (Mg C ha
-1

 or Mg N ha
-1

) (Sariyildiz 

et al., 2015). 

 

Data Analysis 

Anemometry data from synoptic stations 

of TaĢköprü, Boyabat and Gerze located near 

Sinop and Kastamonu were collected from 

2013 to 2019. Microsoft Excel software was 

used to create Wind Rose Graphics 

(Kastamonu & Sinop Meteorological Data 

2013-2019). 

Normality test calculated using the 

Kolmogorov–Smirnov and Levene tests were 

used to investigate the equality of the 

variances. Differences in soil properties 

between the windthrow status and tree 

species were tested by two-way analysis 

(ANOVA) using the windthrow status and 

tree species as independent factors. 

Interactions between the windthrow status, 

soil depths and tree species were also 

evaluated. Duncan's test was used to compare 

the average of the dependent variables that 

were significantly affected by the status. The 

relationships between the silvicultural 

characteristics and soil properties were 

assessed using Pearson Correlation. 

Significant differences among the treatments 

were tested at P ≤ 0.05. The IBM SPSS v. 22 

Software was used for all statistical analyses. 

 

Results  

Annual Wind Roses for the Studied Sites 

Annual wind rose in the Sakız site 

showed that air circulation was generally 

calm (41%) compared to total annual 

monitored hours. The highest wind frequency 

was from the west and the second-highest 

wind frequency was from the southwest 

(22%). According to the wind category 

frequency distribution chart for the Sakız 

site, the highest wind speed was 12-18 m s
-1

 

and 35% of overall wind was within the 

225°-270° ranges (Fig. 2a). In the Suludüz 

site, with 22-29 m s
-1

 and 29-36 m s
-1

 the 

west winds had the highest speed (32% of 

overall winds), and the winds from the 

southwest (29% of overall winds) were 

within the 225°-270° ranges (Fig. 2b). In the 

Tekçam and Bayam sites, annual wind rose 

showed that the air circulation was calm 

(49%) compared to total annual monitored 

hours. The southwest winds showed the 

highest speed, followed by the south. The 

highest wind speed was 25-33 m s
-1

, and 31% 

of overall wind was within 180°-225° 

(Figure 2c). 
 

 
a) Sakız  b) Suludüz        c) Tekçam and Bayam 

Figure 2. Wind rose plots show wind directions (◦) and wind speeds of the Sakız (a) Suludüz (b) and 

Tekçam and Bayam (c) sites (data between 2013 and 2019 in Turkey) 

Uprooted Trees 

We noted that total 41429 trees were 

damaged by windthrow across the study 

sites. It was seen that black pine trees with a 

diameter of 8-18 cm and Scots pine trees 

with diameters of 20-34 cm were mostly 

uprooted by the windthrow. However, fir 

trees were less affected by the windthrow 

damage in all diameter classes across the 

study sites (Figure 3a). In the non-damaged 

(the control) sites, 51 Kazdagi fir trees with 

the diameter class of 36 cm to 50 cm, and 39 

Scots pine and 54 black pine with the 
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diameter class of 20 cm to 34 cm were determined in this study (Figure 3b). 

a) 

b) 
Figure 3. Number and mean diameter classes at breast height (dbh) of damaged tree species (a) and non-

damaged (control) tree species (b) 

Soil Properties 

Mean soil physical and chemical 

properties of the study sites are shown in 

Tables 2 and 3. There were significant 

(p<0.001) differences in the soil physical and 

chemical properties among the three tree 

species, and between the windthrow and the 

control sites. Mean bulk density, sand 

content and pore volume were higher in the 

windthrow sites, whereas silt, clay and water 

holding capacity were lower in the 

windthrow sites (Table 2).  

Among the control sites, Scots pine stands 

had the lowest soil bulk density (0.672 g cm
-

3
), percent clay (9%) and maximum water 

holding capacity (2.64%), whereas they had 

the highest percent sand (63%), silt (28%) 

and pore volume (39.48%). Black pine stands 

showed the highest soil bulk density (0.756 g 

cm
-3

) and the lowest percent silt (23%) and 

pore volume (35.98%). As for Kazdağı fir 

stands, they had the lowest percent sand 

(58%) and highest percent clay (18%) and 

maximum water-holding capacity (20.66%). 

In contrary to the control sites, the 

windthrow sites, Scots pine stands showed 

the highest soil bulk density (0.831 g cm
-3

), 

but similarly, it showed the lowest percent 

clay (9%). Black pine stands had the lowest 

percent sand (66%) whereas they had the 

lowest pore volume (37.66%) and maximum 

water-holding capacity (1.26 %). Kazdağı fir 

stands had the lowest soil bulk density (0.742 

g cm
-3

) and percent silt (17%), while it had 

the highest percent sand (70%), clay (13%), 
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pore volume (47.8%) and maximum water 

holding capacity (12.95%).  

In the control sites, Kazdağı fir stands had 

the lowest soil pH (5.26) and concentrations 

of Ca (12.28 g kg
-1

), Mg (11.19 g kg
-1

) and 

Al (105.02 g kg
-1

) concentrations, whereas it 

had the highest soil organic carbon stock 

(27.69 Mg C ha
-1

), total nitrogen stock (1.62 

Mg N ha
-1

) and concentrations of P (0.64 g 

kg
-1

), K (44.49 g kg
-1

) and S (0.59 g kg
-1

) 

concentrations. Scots pine stands showed the 

highest concentrations of Ca (42.36 g kg
-1

), 

Al (85.89 g kg
-1

) and lowest concentrations 

of K (5.50 g kg
-1

) and S (0.24 g kg
-1

). Black 

pine stands had the lowest soil organic 

carbon stock (22.69 Mg C ha
-1

), total 

nitrogen stock (0.96 Mg N ha
-1

) and P 

concentration (0.38 g kg
-1

) and highest pH 

(5.75) and Mg concentration (93.44 g kg
-1

). 

In the windthrow damaged sites, Kazdağı 

fir sites showed the highest pH (5.94), SOC 

(34.73 Mg C ha
-1

), TN stock (2.15 Mg N ha
-

1
) and concentrations of P (0.80 g kg

-1
), K 

(27.18 g kg
-1

) and S (0.84 g kg
-1

), but it 

showed the lowest concentrations of Mg 

(10.16 g kg
-1

) and Al (85.57 g kg
-1

). Scots 

pine stands had the lowest pH (5.35) and K 

concentration (4.86 g kg
-1

),
 
whereas it had the 

highest Ca concentration (37.19 g kg
-1

). 

Black pine sites, however, had the lowest soil 

organic carbon stock (28.42 Mg C ha
-1

), TN 

stock (1.39 Mg N ha
-1

) and concentrations of 

Ca (11.99 g kg
-1

), P (0.43 g kg
-1

) and S (0.17 

g kg
-1

) while it had the highest concentrations 

of Mg (67.68 g kg
-1

) and Al (91.85 g kg
-1

) 

(Table 3).  

The single effects and interactions of tree 

species and windthrow status on the soil 

properties are listed in Table 4. The main 

effects of tree species on organic carbon, 

nitrogen, total nitrogen stocks, Ca, Mg, P, K, 

S and Al concentrations were all significant 

(P<0.001), while the main effects of 

windthrow status were only significant for 

soil nitrogen content, P concentration, total 

nitrogen and soil organic carbon stocks 

(P<0.05). Tree species x windthrow status 

interaction was significant for the pH value, 

Ca, Mg, K and Al concentrations (Table 4). 

Table 2. Mean soil physical characterics of three tree species from the control and windthrow sites 

Soil properties 

/variables N 

Bulk density 

(g cm
-3

) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Pore 

Volume 

(%) 

Max. Water 

Holding Capacity 

(%) 

Mean±SE Mean±SE Mean±SE Mean±SE Mean±SE Mean±SE 

Kazdağı Fir-Control 19 0.718
ab

±0.018 58
 a
±3.20 24

bc
±2.09 18

d
±1.31 36.24

a
±1.82 20.66

c
±2.06 

Scots pine-Control 12 0.672
a
±0.040 63

b
±2.79 28

c
±2.12 9

a
±1.52 39.48

a
±0.77 2.64

a
±0.39 

Black pine-Control 21 0.756
bc

±0.025 62
ab

±1.18 23
b
±1.32 15

c
±1.06 35.98

a
±1.27 4.17

a
±2.35 

Kazdağı Fir-Windthrow 33 0.742
b
±0.014 70

c
±1.55 17

a
±1.33 13

bc
±0.79 47.86

b
±1.42 12.95

b
±1.75 

Scots pine- Windthrow 21 0.831
d
±0.025 70

c
±1.44 21

b
±1.47 9

a
±0.98 39.50

a
±0.91 2.03

a
±0.48 

Black pine- Windthrow 30 0.811
cd

±0.021 66
bc

±0.75 24
bc

±0.91 10
ab

±0.73 37.66
a
±0.88 1.26

a
±0.11 

F 
136 

5.739 6.860 5.509 11.768 14.601 24.002 

Sig. P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 

Values indicate the range or the mean ± standard error (SE). *Where letters in superscript differ, data are significantly 

different (p < 0.001), F = variation between sample means/variation within the sample
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Table 3. Mean soil chemical characterics of three tree species from the control and windthrow sites 

Soil 

characterics/ 

variables 

n 

pH 
SOC 

Mg C ha-1 

TN 

Mg N ha-1 

Ca 

g kg-1 

Mg 

g kg-1 

P 

g kg-1 

K 

g kg-1 

S 

g kg-1 

Al 

g kg-1 

Mean 

±SE 

Mean 

±SE 

Mean 

±SE 

Mean 

±SE 

Mean 

±SE 

Mean 

±SE 

Mean 

±SE 

Mean 

±SE 

Mean 

±SE 

Kazdağı Fir-

Control
19 5.26a±0.086 27.69abc±2.34 1.62bc±0.17 12.28a±2.831 11.19a±0.616 0.64bc±0.090 44.49d±4.587 0.59cd±0.214 105.02c±6.840 

Scots pine-

Control
12 5.60abc±0.162 26.44ab±2.61 1.46bc±0.17 42.36c±3.187 33.90b±1.834 0.61b±0.043 5.50a±1.558 0.24a±0.038 85.89b±2.996 

Black pine-

Control
21 5.75c±0.086 22.69a±3.23 0.96a±0.10 20.19b±2.781 93.44d±12.261 0.38a±0.053 7.67a±1.176 0.27ab±0.0686 62.51a±6.738 

Kazdağı Fir-

Windthrow
33 5.94c±0.157 34.73c±1.61 2.15d±0.12 19.20ab±2.287 10.16a±0.629 0.80c±0.070 27.18c±3.081 0.84d±0.122 85.57b±4.372 

Scots pine-

Windthrow
21 5.35ab±0.082 31.41bc±2.30 1.83cd±0.15 37.19c±3.348 38.32b±0.804 0.76bc±0.016 4.86a±0.387 0.31ab±0.028 86.49b±1.754 

Black pine-

Windthrow
30 5.67bc±0.067 28.42abc±2.35 1.39b±0.08 11.99a±0.806 67.68c±5.524 0.43a±0.016 15.43b±0.685 0.17a±0.0179 91.85bc±3.066 

F 

136 

4.743 3.315 11.339 21.404 39.095 10.133 33.551 7.154 7.688 

Sig. P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 

Values indicate the range or the mean ± standard error (SE). *Where letters in superscript differ, data are significantly different (p < 0.001). SOC: Soil Organic Carbon, TN: Total 

Nitrogen, Ca: Calcium, Mg: Magnesium, P: Phosphorus, K: Potassium, S: Sulphur, Al: Aluminum 
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Table 4. ANOVA of soil properties from the control and windthrow sites 

Soil properties/ Variables 

source 
Sum of Square df Mean of square F-value P- value 

pH 

TS 

WS 

TS x WS 

1.014 

0.432 

5.172 

2 

1 

2 

0.507 

0.432 

2.586 

1.573 

1.341 

8.021 

0.211 

0.249 

0.001 

Organic 

Carbon 

(%) 

TS 

WS 

TS x WS 

32.226 

5.796 

4.512 

2 

1 

2 

16.113 

5.796 

2.256 

9.907 

3.563 

1.387 

0.000 

0.061 

0.253 

Nitrogen 

(%) 

TS 

WS 

TS x WS 

0.314 

0.054 

0.002 

2 

1 

2 

0.157 

0.054 

0.001 

28.024 

9.582 

0.220 

0.000 

0.002 

0.803 

TN 

(Mg ha
-1

) 

TS 

WS 

TS x WS 

12.636 

5.881 

0.121 

2 

1 

2 

6.318 

5.881 

0.060 

17.001 

15.824 

0.163 

0.000 

0.000 

0.850 

SOC 

(Mg ha
-1

) 

TS 

WS 

TS x WS 

787.560 

1068.755 

21.808 

2 

1 

2 

393.780 

1068.755 

10.904 

3.030 

8.222 

0.084 

0.052 

0.005 

0.920 

Ca 

(g kg
-1

) 

TS 

WS 

TS x WS 

13242.969 

141.094 

1509.825 

2 

1 

2 

6621.485 

141.094 

754.913 

47.475 

1.012 

5.413 

0.000 

0.316 

0.006 

Mg 

(g kg
-1

) 

TS 

WS 

TS x WS 

128896.999 

2360.091 

7359.845 

2 

1 

2 

64448.499 

2360.091 

3679.922 

92.109 

3.373 

5.259 

0.000 

0.069 

0.006 

P 

(g kg
-1

) 

TS 

WS 

TS x WS 

2.786 

0.463 

0.074 

2 

1 

2 

1.393 

0.463 

0.037 

18.761 

6.236 

0.497 

0.000 

0.014 

0.609 

K 

(g kg
-1

) 

TS 

WS 

TS x WS 

22242.967 

353.027 

3928.098 

2 

1 

2 

11121.483 

353.027 

1964.049 

77.738 

2.468 

13.728 

0.000 

0.119 

0.000 

S 

(g kg
-1

) 

TS 

WS 

TS x WS 

6.984 

0.158 

0.737 

2 

1 

2 

3.492 

0.158 

0.368 

13.168 

0.597 

1.389 

0.000 

0.441 

0.253 

Al 

(g kg
-1

) 

TS 

WS 

TS x WS 

6869.151 

205.635 

13017.676 

2 

1 

2 

3434.575 

205.635 

6508.838 

7.475 

0.448 

14.166 

0.001 

0.505 

0.000 

SOC: Soil Organic Carbon, TN: Total Nitrogen, Ca: Calcium, Mg: Magnesium, P: Phosphorus,  K: Potassium, S: 

Sulphur, Al: Aluminum  Tree species (TS), Windthrow status (WS) 

Discussion 

Effects of Wind Speed on Windthrow 

Windthrown damage to forest trees is 

quite high due to a certain speed of wind 

blowing. Coutts (1986) showed that only 13 

m s
-1

 and 18 m s
-1

 canopy top wind velocity 

was enough to uproot Sitka spruce and Scots 

pine, respectively. Other researchers, 

however, reported critical wind speeds as 

over 20 m s
-1

 (Fraser & Gardiner, 1967). A 

survey in pine forests in East Anglia 

recorded wind speed of 17.5 m s
-1

 at treetop 

causing uprooting (Oliver & Mayhead, 

1974). Canham et al. (2001) have argued that 

variation in damage severity is both a 

widespread and ecologically critical feature 

of wind damage in forests. In our study, the 

windthrow with an average wind speed of 

22.5 m s
-1

 in March 2013 caused significant 

tree damage in the studied sites. According to 

annual wind rose graphs, mean wind speeds 

in the area are generally between 19 m s
-1
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and 26 m s
-1

,
 
and it increases during spring 

season. According to the monthly basis 

climate parameters of the meteorology 

station in the region, it could be possible to 

say that an increase in temperature and wind 

speed and heavy rainfall in the region may be 

the effective factors to overturned trees in the 

study sites. 

 

Variation in Soil Properties after Windthrow 

The results show that windthrow in the 

study sites has a serious and long-term effect 

on the soil properties. For the three tree 

species, soil bulk density was generally low 

in the control sites (Table 2). Lang et al. 

(2009) also reported for windthrow salvaged 

and unsalvaged areas on the Flambeau River 

State Forest in the USA that bulk density 

ranged from 1.77
 

to 2.07 g cm
-3 

in the 

windthrow salvaged areas, while bulk density 

in the control areas ranged from 1.66
 
to 1.86 

g cm
-3

. Kooch (2007) found that soil bulk 

density negatively correlated with soil clay 

content and positively correlated with soil 

sand content. In our results, there was a 

negative correlation between the soil bulk 

density and the clay content (p=0.003, r=-

0.254, n=136). The soil bulk density tended 

to decrease in clay soils compared to sandy 

soils. It seemed that the greater amount of 

clay in the control sites resulted in a 

reduction in soil bulk density, while 

windthrow sites had higher soil bulk density 

due to the aggregation of the sand 

components. In our study, we noted that soil 

bulk density generally increased more around 

mature overturned trees due to their weights. 

Some studies showed that soils were more 

compacted in deeper layers due to increased 

bulk density (Kooch et al., 2012). Moreover, 

the removal of overturned trees from sites by 

forest machinery can increase soil bulk 

density.  

The damaged and non-damaged areas 

showed similar soil type, pore volume and 

texture in shallower soil horizons (Table 2). 

Similar results were reported by Don et al. 

(2012) who found that soil type, texture and 

nutrients were similar in the damaged and 

non-damaged sites under Picea abies with an 

admixture of Larix decidua and Pinus 

sylvestris. Mayer et al. (2005) reported for 

the damaged sites in France that soil texture 

was coarse (sandy) grained. High variation in 

soil-water content on the wind-damaged sites 

could be related to soil depth due to high 

percolation through shallow soils with high 

stone content (e.g. Leptosols). More than five 

years after windthrow, we did not observe 

any significant difference in maximum water 

holding capacity between Scots pine and 

Black pine stands. Similarly, other studies 

also did not find any differences in field 

water content between the windthrow and no 

intervention sites (Šimkovic et al., 2009; 

Gáfriková et al., 2019). However, we 

observed some differences in maximum 

water holding capacity between the 

windthrow and the control sites for Kazdağı 

fir (Table 2). This may be since the Kazdağı 

fir is considered as a shadow tree and soil 

water holding capacity decreases due to gaps 

in the fir stand after windthrow. 

The soil types in the study subplots was 

very similar (Rendzic Leptosol). In general, 

the windthrow sites with low pH (except for 

Kazdağı fir) were correlated with shallow, 

coarse soil and high soil bulk density. In 

addition, we noted for all tree species that 

there was a difference in soil pH between the 

windthrow and the control sites (Table 4). 

Nitrogen and sulphur depositions are known 

to cause soil acidification on poorly buffered 

soils, and the forest stands with acidic soils 

are more severely damaged (Wild, 1993). 

Gömöryová et al. (2008) found in the Tatra 

National Park that mean soil pH in reference 

sites was 4.07, while at the sites after 

disturbances, it was 4.26 and 4.34 in spruce 

and larch stands, respectively. In contrary, 

Mayer et al. (2005) showed that greater 

storm damage resulted in lower soil pH. 

They argued that the significative factor for 

soil pH was bedrock, or more precisely, the 

carbonate content and buffer capacity of the 

bedrock.  

Total soil organic carbon stocks after 

windthrow showed an increase for all three 

species compared to the control sites (Tables 

3 and 4). Santos et al. (2016) also reported 

that soil organic carbon stocks in the 

disturbed plots were higher than in the 

undisturbed plots. Similar results were also 

found by several researchers (Mattson & 

Swank, 1989; Hendrickson et al., 1989). In 

contrary, Kramer et al. (2004) showed that 
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soil organic carbon stocks decreased from 

216 Mg C ha
−1

 in the least disturbed to 157 

Mg C ha
−1

 in the most disturbed forests in 

southeast Alaska. On the other hand, clear 

cuts due to the windthrow might cause soil 

organic carbon losses in the organic horizon 

(Covington, 1981; Brais et al., 1995; Kramer 

et al., 2004; Pang et al., 2011). Soil organic 

carbon stocks could be also affected by other 

factors such as mineral compounds, soil type, 

and soil texture (Powers & Veldkamp, 2005; 

López-Ulloa et al., 2005; Neumann-Cosel et 

al., 2011). Higher values in SOC stocks in 

the disturbed sites may be also related to 

geology and partially decomposed organic 

debris after overturning (Quesada et al., 

2010). Soil organic matter amounts can be 

strongly influenced by windthrow (Kramer et 

al., 2001), which can recycle and mix 

mineral and organic soil horizons to bedrock. 

Changes in SOC values in different soils may 

affect other important factors such as climate 

characteristics, geology and soil formation 

(Adams et al., 1990; Batjes, 1996). We also 

found differences in total nitrogen stocks 

under all tree species between the windthrow 

and the control sites (Table 4). Total nitrogen 

stocks were higher in the windthrow than in 

the control sites (Table 3). The main reason 

for this increase in the windthrow sites could 

be attributed to tree removal after the 

overturning, the change of microclimate 

conditions, the rapid litter decomposition 

depending on the litter quantity and quality 

from regrowing trees and newly sprouting 

vegetation.  

In our study, Ca, Mg, K and Al 

concentrations significantly varied between 

three tree species (TS) and windthrow status 

x tree species (WS x TS) while S 

concentration varied only with three tree 

species (Table 4). Increased soil nutrients 

after the windthrows in our study could be 

related to better environmental conditions 

created by the pit mounds. Windthrow often 

causes uprooting of trees which expose and 

invert mineral soils at the forest floor 

(Pawlik, 2013). Mounds and pits following 

windthrow are shown to increase soil 

features such as available nutrients and 

biomass of earthworms (Kooch et al., 2015). 

The amounts of nutrients lost can vary 

catastrophic depending on the severity and 

duration of the disturbance and the forest 

type (Kozlowski & Pallardy, 1997). 

 

Conclusion 

Our study has shown that severe wind 

damage can occur when mean wind speeds 

exceed 22.5 m s
-1

. However, the relationship 

between damage and wind speeds is difficult 

to study. Our results also indicate that wind 

damage increases during the spring season. 

According to the climate parameters of the 

meteorology station in the region, it may be 

said that an increase in temperature and wind 

speed and heavy rainfall in the region may be 

the most effective factors to overturned trees 

in the study sites. The forest road direction 

within or adjacent to the Scots pine and black 

pine stands in the study sites may also 

accelerate the effects of wind speed, 

especially when the forest roads are opened 

parallel to the dominant wind direction which 

significantly increases the turbulence.  

Our results show that windthrow should 

be considered as an important factor 

influencing forest ecosystem. There are 

significant (p<0.001) differences in physical 

and chemical properties of soil between tree 

species and windthrow status. Our results 

showed that soil organic carbon, bulk 

density, sand content, pore-volume, total 

nitrogen, phosphorus and sulphur (except for 

Scots pine) concentrations are much higher 

in the windthrow sites than in the control 

sites. Most of these variations are probably 

due to a perturbation of soil horizon during 

windthrow. More detailed studies are 

experimentally in need to investigate the 

relationships between chemical properties of 

soil and root growth/morphology. 
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