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Abstract

The aim of the study was to show the effects of different methods of soil preparation for planting forests in post-
hurricane areas on the levels of organic carbon and nutrients needed to rebuild the forest ecosystem. The study was 
conducted in the forest district of Runowo (Toruń) in the Kujawsko-Pomorskie region. In 2022, experimental plots 
were established in the areas after the hurricane in 2017, that is, 1. prepared area (ploughing + planting); 2. prepared 
area [ploughing (furrows) + planting]; 3. unprepared area (without ploughing) + planting; 4. unprepared area (without 
ploughing + natural regeneration) and 5. control area – forest. The soil samples were taken in spring (April) 2024 
from the organic layer (O) on the objects (4 and 5) and layers (0–5, 5–10, 10–20 and 20–40 cm) on all objects. The soil 
samples were analysed for granulometric composition (using the laser diffraction method), hydrolytic acidity (Hh) 
and exchangeable acidity (Hw) (titrimetric methods) and for pH in a solution of 0.01 mol CaCl2 dm-3. The contents of 
Corg and NTot were determined by high-temperature combustion with TCD detection. The total content of Ptot, Ktot, 
Mgtot, Catot, Natot was determined after mineralisation in HCl and HNO3 acids (1:3), and the content of cations (Ca2+, 
Mg2+, K+, Na+, H+, Al3+) was determined in a solution of 0.1 mol BaCl2·dm-3 by inductively coupled plasma optical 
emission spectrometry. It was found that the content of Corg and nutrients was significantly higher in the objects 
where no agricultural treatments were carried out, that is, 4 (‘natural regeneration’) and 5 (forest), compared to the 
objects where cultivation was carried out (sites 1, 2, 3). Positive Spearman rank correlations were found between Corg 
content and Ntot and cation exchange capacity (CEC) and between Ntot and CEC and sum of the base cations. The 
method of soil preparation for planting forests in post-hurricane areas affected carbon accumulation and availability 
of nutrients for forest ecosystem regeneration.
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	 DMn = 
S

√–N
	 (1)

Introduction

Disturbances caused by natural disasters such as forest 
fires, droughts and hurricanes contribute to the degra-
dation of forest ecosystems (Jöhnsson et al. 2007; Fron-
czak et al. 2020; Pietsch et al. 2023) and to changes in 
forest ecological processes (Cantrell et al. 2014; Lodge 
et al. 2014; Lugo 2008). Studies by Rutledge et al. (2021) 
and Samec et al. (2022) indicate that the most severe 
damage to forest soils is mainly caused by land use 
changes after deforestation and extreme weather events. 
According to Patacca et al. (2023), wind has been re-
sponsible for most of the damage caused to European 
forests over the last 70 years. Observations in Europe 
show that climate change has increased the damage in 
recent decades, especially from fires and hurricanes 
(Seidl et al. 2011). Strong hurricane winds and storms 
are among the most important destructive factors in for-
est ecosystems and lead to significant economic losses 
(Blennow et al. 2010; Blennow 2012).

Several researchers, including Filipek (2008), 
Gardnier et al. (2013), Hotta et al. (2020), Dmyterko 
and Bruchwald (2020) and Morimoto et al. (2021), have 
studied forest damage caused by strong winds. Accord-
ing to the literature, hurricanes not only cause eco-
nomic losses in forests, but also environmental damage. 
Research (Dahl et al. 2014) shows that severe cyclones 
can significantly alter the biogeochemical carbon cycle 
at the local scale. One of the most important impacts 
is the loss of carbon and nutrients stored in wood and 
soil. According to FAO: Food Agriculture Organiza-
tion (2020), global carbon resources in forests amount 
to 662 Gt., most of which is stored in soil organic mat-
ter (SOM; 45%) and living biomass (44%), while dead 
wood and litter contain only 4% and 6% of carbon, re-
spectively. Strong winds transfer large amounts of or-
ganic matter from damaged trees to the soil, especially 
from trees of greater height and age (Bradford et al. 
2012; Suzuki et al. 2019). Reduction of living biomass 
in a forest ecosystem weakens photosynthesis and car-
bon sequestration and can enhance heterotrophic respi-
ration, increasing the decomposition of coarse woody 
debris litter and soil organic carbon (SOC) (Gardnier 
et al. 2013). After an initial period of intensive input of 
dead organic matter, litter production decreases signifi-
cantly and the recovery of SOC depends on the biomass 
of pioneer vegetation (Morehouse et al. 2008). Manage-

ment of forest areas after hurricanes can affect the soil 
condition, although there is little research on this topic 
(Pietrzykowski et al. 2025).

The aim of the study was to show the effects of dif-
ferent methods of soil preparation for planting forests in 
post-hurricane areas on the levels of organic carbon and 
nutrients needed to rebuild the forest ecosystem. 

The hypothesis of the work was that the method of 
soil preparation, including the agrotechnical treatments 
applied to forest areas after a hurricane, can limit the 
negative effects of this event and promote the accumu-
lation of organic carbon and nutrients in the soil, which 
are necessary for the reconstruction of the forest habitat.

Material and methods

The study was carried out as part of the project ‘De-
velopment of principles of forest management during 
major natural disasters’ in the areas of the Regional 
Directorate of State Forests (RDLP) in Toruń, that is, 
Drzewianowo Forest Area, unit 198 – hours – 00: GPS 
(Global Positioning System) –  53.280343 17.665605; 
Drzewianowo Forest area, unit 198 – b: GPS – 53.281753 
17.664956 and Wąwelno Forest area, unit 173 – b: GPS 
–  53.351687 17.686318. The study area is located in 
the Runowo Forest area in the Kuyavian-Pomeranian 
Voivodeship, which was hit by a hurricane on 11 August 
2017 and was described as the ‘disaster of the century’.

The hurricane’s winds destroyed around 80,000 ha 
of forest stretching from Lower Silesia through Greater 
Poland, Kujawsko-Pomorskie and Pomerania to the Bal-
tic coast. The first damage assessment in the Runowo 
Forest District estimated the loss of 660,000 m3 of wood 
(State Forests 2023).

The landscape in the Runowo Forest District is 
dominated by ground moraines, moraine hills and rib-
bon lakes aligned with moraines. The soils in the study 
area belonged to Podzols and Arenosols. The dominant 
forest habitats are fertile forest sites (85%) with some 
coniferous sites (15%). The forest stand composition 
includes Scots pine (Pinus sylvestris), pedunculate and 
sessile oak (Quercus robur L., Quercus petraea L.), sil-
ver birch (Betula pendula L.), black alder (Alnus gluti-
nosa L.) and European beech (Fagus sylvatica L.). The 
selected physicochemical properties of the analysed 
soils are presented in Table 1.
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The research area is located in the third climatic 
zone of Poland, with an average daily temperature of 
8.9°C and an annual precipitation level of 548.8  mm 
(average from 1991 to 2020) (IMGW 2021).

The forest areas in the post-hurricane area (RDLP 
Toruń) were managed in 2022. For this purpose, the 
soil was subjected to tillage (ploughing) before planting 
Quercus robur (L.) seedlings or direct seeding was car-
ried out. Experimental objects were determined, which 
were as follows:
–– site 1: prepared area (ploughing + planting trees in 

the furrow). Sampling point- mound in front of the 
furrow;

–– site 2: prepared area (ploughing –  furrow + plant-
ing). Sampling point –  in the centre of the furrow. 
Sward at the bottom of the furrow;

–– site 3: unworked area (direct sowing + planting + 
sward). Sampling point- uncultivated soil after re-
moval of the crop; 

–– site 4: unworked area (no tillage + natural tree re-
generation). Sampling site – approx. 1-m-wide strips 
created after the removal of self-seeding trees (cor-
ridor thinning) in the regeneration from self-seeding 
after the removal of trees felled by 2017 hurricane. 
At the time of sampling, the regeneration consisted 
mainly of Acer pseudoplatanus L. with a height of 
up to 5 m;

–– site 5: control site –  forest. The samples were col-
lected in a stand of Quercus robur (L.) under trees 
that survived the hurricane. Next to this site was 
a plantation with sites 1, 2 and 3. The litter consisted 
mainly of undecomposed oak leaves.
In spring (April) 2024, a  total of 88 soil samples 

were taken from four post-hurricane areas and one 
control area (forest) in the Runowo Forest District. 
The samples were collected in four replicates from 
the organic layer (O) of sites with this layer (sites 4 
and 5) and from four soil layers: 0–5, 5–10, 10–20 and 
20–40 cm.

Laboratory analyses 

The samples were dried at 40°C, sieved through 
a  2-mm sieve and ground in a  FRISCH Pulveri-
sette 2 agate mill (pre-treatment according to ISO 
11464:2006). The samples prepared in this way were 
subjected to physicochemical analyses, which consist-
ed of the following:Ta
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–– soil fraction: by the laser diffraction method accord-
ing to PN-Z-19012:2020,

–– dry matter: by the gravimetric method according to 
PN-ISO 11465:1999,

–– hydrolytic acidity (Hh): by the titration method ac-
cording to PN-R-04027:1997,

–– exchangeable acidity (Hw): in 0.1  mol BaCl2·dm-3 
extracts according to PN-EN ISO 14254:2011,

–– pH in 0.01 mol CaCl2·dm-3 solution: by the potentio-
metric method according to PN-EN 1484:1999,

–– total organic carbon (Corg) and total nitrogen (TN; 
Norg): by high-temperature combustion method (PN-
ISO 10694:2002 for C and PN-ISO 13878:2002 for 
N),

–– total mineral content: Ptot, Ktot, Mgtot, Catot, Natot af-
ter digestion with aqua regia (3:1  mixture of HCl 
and HNO3) and determination using the inductively 
coupled plasma optical emission spectrometry (ICP-
OES) method according to PN-EN ISO 11885:2009 
and

–– content of basic cations Ca2+, Mg2+, K+, Na+ and 
acidic cations H+, Al3+ in a  0.1  mol BaCl2·dm-3 in 
the soil solution at pH 8.1: by ICP-OES according to 
PN-EN ISO 11260:2011.
All analyses were performed in the accredited Lab-

oratory of Environmental Chemistry (AB 740) of the 
Forest Research Institute in Sękocin Stary, Poland.

Statistical analyses

The obtained research results were statistically pro-
cessed, and a  one-way analysis of variance was per-
formed for the chemical parameters in the soil of for-
est surfaces examined with different post-hurricane 
regeneration methods. Significant differences between 
the mean values of the analysed parameters on for-
est surfaces were assessed using Tukey HSD (Honest 
Significant Difference) test (p < 0.05). Non-parametric 
Spearman rank correlations were determined between 
the assessed physicochemical properties of forest sur-
face soil, including: pHCaCl, Corg, Ntot, Ptot, C:N, sum 
of the base cations (SBC) and cation exchange capac-
ity (CEC) at the following significance levels: p < 0.05 
(*), 0.01 (**) and 0.001 (***). The statistical analysis of 
the research results was performed using Statistica 13.3 
software (TIBCO Software Inc. 2017).

Results

Acidity and total organic carbon 

The soils of the studied forest sites of Runowo For-
est District were characterised by a  pH ranging from 
very acidic to highly acidic (pHCaCl2

 3.74–4.59) (Tab. 2), 
with the least acidic soil observed at site No. 4 (pHCaCl2

 
4.50±0.51).

The total organic carbon (Corg) content in the stud-
ied forest soils varied and depended on soil depth. The 
highest content of this component was found in the or-
ganic layer (litter) at site 4 (292.08 g·kg-1), which had 
no agrotechnical treatments and contained self-seed-
ed trees, and at the control site 5, which was a  forest 
(site  5) (231.59 g·kg-1). In the mineral soils of the re-
maining three sites (1, 2, 3), the Corg content was low 
(1.71–21.84 g·kg-1). The lowest Corg content was found 
at site 2, a cultivated site where tree seedlings had been 
planted in furrows (Tab. 2, Fig. 1).
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Figure 1. The sum of base cations (SBC) and cation 
exchange capacity (CEC) in soil (O, 0–40 cm depth) as 
a function of different land management practices of forest 
areas after the 2017 hurricane disaster
Sites: 1 – prepared area (ploughing + planting trees in the furrow); 2 
– prepared area (ploughing – furrow + planting); 3 – unworked area 
(direct sowing + planting + sward); 4: unworked area (no tillage + 
natural tree regeneration); 5 – control site – forest.

A  one-way ANOVA revealed that the mean Corg 
content was significantly higher at the sites where no 
agrotechnical treatments were applied, that is, 4 (‘self-



Folia Forestalia Polonica, Series A – Forestry, 2025, Vol. 67 (3), 208–219

Irena Burzyńska, Jan Łukaszewicz, Wojciech Gil, Krzysztof Sztabkowski212
Ta

bl
e 

2.
 p

H
 a

nd
 c

on
te

nt
 o

f t
ot

al
 fo

rm
s o

f m
in

er
al

 e
le

m
en

ts
 in

 th
e 

so
il 

of
 fo

re
st

 a
re

as

Site
La

ye
r (

cm
)

pH
C

aC
l2

C
or

g 
(g

·k
g-1

)
N

to
t (

g·
kg

-1
)

C
:N

P t
ot

 (m
g·

kg
-1

)
K

to
t (

m
g·

kg
-1

)
C

a to
t (

m
g·

kg
-1

)
M

g t
ot

 (m
g·

kg
-1

)
N

a to
t (

m
g·

kg
-1

)

1

0–
5

3.
74

±0
.2

5
13

.1
5±

0.
30

0.
75

±0
.0

2
17

.3
5±

0.
51

29
4.

2±
47

.0
58

0.
2±

62
.7

1
36

2.
7±

32
.0

1
62

6.
0±

17
.6

1
55

.4
±1

1.
34

5–
10

3.
79

±0
.0

8
21

.6
2±

0.
48

1.
23

±0
.0

3
16

.9
5±

0.
52

31
8.

7±
38

.8
4

57
7.

0±
45

.8
5

50
6.

5±
11

1.
10

62
7.

7±
47

.2
3

56
.1

±1
1.

33

10
–2

0
3.

90
±0

.2
2

19
.5

6±
0.

38
1.

12
±0

.0
2

17
.4

2±
0.

83
31

8.
5±

57
.2

5
58

9.
5±

47
.7

9
55

3.
5±

11
2.

50
65

9.
0±

23
.6

0
49

.9
±4

.4
4

20
–4

0
3.

88
±0

.0
9

9.
14

±0
.0

8
0.

52
±0

.0
1

17
.5

7±
1.

05
29

0.
0±

25
.4

9
57

7.
5±

24
.5

4
36

4.
3±

31
.0

5
67

2.
5±

53
.1

3
54

.8
±2

.8
6

M
ea

n±
SD

3.
83

±0
.1

7B
15

.8
7±

0.
60

B
0.

92
±0

.0
3A

B
17

.3
2±

0.
72

A
30

5.
4±

1.
46

A
58

1.
0±

42
.5

8B
44

6.
7±

97
.5

4B
64

6.
3±

40
.1

5B
54

.1
±7

.9
5A

2

0–
5

4.
03

±0
.1

3
6.

66
±0

.1
2

0.
41

±0
.0

1
16

.0
2±

0.
56

27
9.

5±
17

.9
7

59
2.

2±
35

.2
6

33
1.

7±
23

.5
1

67
6.

5±
37

.8
3

54
.6

±2
.3

0

5–
10

4.
06

±0
.1

0
4.

73
±0

.0
9

0.
29

±0
.0

1
16

.3
2±

1.
03

28
5.

7±
25

.3
8

63
8.

0±
81

.4
7

32
4.

73
±3

1.
92

72
8.

0±
97

.0
0

59
.4

±1
0.

5

10
–2

0
4.

08
±0

.0
9

3.
54

±0
.0

3
0.

22
±0

.0
1

15
.7

7±
0.

31
28

9.
2±

36
.0

8
68

0.
5±

96
.3

0
36

2.
0±

34
.8

8
76

7.
2±

59
.2

0
60

.5
±7

.1
2

20
–4

0
4.

05
±0

.1
0

1.
71

±0
.0

5
0.

11
±0

.0
1

15
.1

0±
3.

11
30

3.
2±

72
.3

3
79

0.
2±

87
.2

2
37

3.
2±

24
.1

0
87

8.
2±

47
.2

8
73

.6
±7

.1
6

M
ea

n±
SD

4.
06

±0
.1

0B
4.

16
±0

.2
0B

0.
26

±0
.0

1B
15

.8
1±

1.
56

A
28

9.
4±

39
.7

6A
67

5.
2±

88
.8

1B
34

7.
9±

26
.7

6B
76

2.
5±

65
.3

3B
62

.0
±9

.8
3A

3

0–
5

3.
98

±0
.1

2
21

.8
4±

0.
91

1.
33

±0
.0

1
16

.3
7±

0.
87

33
2.

0±
20

.9
62

0.
5±

19
.7

4
52

1.
7±

20
.0

6
60

7.
2±

35
.4

8
60

.6
±8

.8
6

5–
10

3.
96

±0
.0

8
14

.3
4±

0.
42

0.
86

±0
.0

3
16

.6
7±

0.
71

31
6.

2±
24

.3
3

56
8.

0±
6.

48
40

2.
5±

20
.5

4
61

4.
5±

34
.1

8
56

.3
±5

.1
6

10
–2

0
3.

99
±0

.1
2

6.
04

±0
.1

2
0.

38
±0

.0
1

15
.8

7±
0.

22
30

9.
2±

48
.6

3
61

4.
5±

9.
75

32
5.

7±
20

.1
6

66
8.

0±
36

.2
3

56
.8

±4
.6

7

20
–4

0
4.

08
±0

.0
5

3.
20

±0
.0

3
0.

20
±0

.0
1

14
.9

0±
0.

51
29

0.
5±

46
.8

9
70

4.
0±

22
.6

8
39

1.
5±

24
.6

1
69

9.
2±

42
.3

1
62

.1
±1

.7
0

M
ea

n±
SD

4.
00

±0
.1

0B
11

.3
6±

0.
8B

0.
70

±0
.0

4A
B

15
.9

6±
0.

89
A

31
2.

0±
36

.8
1A

62
6.

7±
56

.7
7B

41
0.

4±
20

.2
3B

64
7.

2±
36

.5
5B

58
.9

±6
.6

1A

O
5.

12
±0

.1
5

29
2.

08
±8

.6
0

11
.3

4±
0.

34
25

.7
7±

2.
37

95
1.

2±
87

.5
1

16
39

.2
±4

41
.6

0
16

,0
77

.2
±4

9.
67

15
33

.7
±3

1.
76

53
.6

±7
.5

9

4

0–
5

4.
68

±0
.5

0
19

.7
1±

0.
63

1.
27

±0
.0

3
15

.3
2±

1.
00

22
1.

0±
10

.3
0

98
2.

2±
30

7.
98

11
42

.7
±7

1.
28

89
6.

7±
45

.6
4

51
.4

±3
.2

7

5–
10

4.
16

±0
.4

0
14

.1
0±

0.
40

0.
92

±0
.0

2
15

.2
2±

1.
00

19
0.

5±
27

.5
0

96
6.

5±
29

2.
61

81
4.

5±
72

.3
5

90
1.

7±
34

.4
1

53
.3

±5
.5

7

10
–2

0
4.

16
±0

.4
1

9.
00

±0
.2

3
0.

58
±0

.0
2

15
.5

0±
1.

73
16

8.
2±

39
.9

3
98

5.
5±

33
7.

85
68

8.
5±

43
.5

6
93

4.
0±

31
.4

5
53

.4
±2

.1
4

20
–4

0
4.

42
±0

.3
6

4.
82

±0
.0

9
0.

32
±0

.0
3

14
.8

2±
1.

89
13

8.
5±

29
.8

5
90

7.
5±

44
4.

80
68

1.
5±

43
.4

0
92

9.
7±

38
.2

8
58

.4
±9

.5
6

M
ea

n±
SD

4.
50

±0
.5

1A
67

.9
4±

12
.0

A
2.

89
±0

.4
5A

B
17

.3
3±

4.
59

A
33

3.
9±

46
.2

5A
10

96
.2

±4
10

.4
A

38
80

.9
±6

8.
21

A
10

39
.0

±3
5.

87
A

54
.0

±6
.0

5A

O
4.

59
±0

.1
6

23
1.

59
±1

1.
0

10
.0

5±
0.

42
22

.9
2±

2.
65

72
0.

5±
46

.5
2

13
79

.0
±1

95
.0

8
62

98
.7

±3
01

.5
0

12
74

.5
±2

3.
50

44
.9

±9
.7

3

5

0–
5

3.
84

±0
.2

3
46

.8
8±

0.
75

2.
97

±0
.0

4
15

.7
7±

0.
77

33
5.

5±
38

.2
1

11
08

.7
±3

37
.0

8
97

2.
5±

25
.6

7
91

8.
5±

28
.8

1
62

.7
±1

1.
7

5–
10

3.
61

±0
.0

8
19

.5
4±

0.
37

1.
28

±0
.0

2
15

.2
7±

0.
77

23
4.

7±
37

.0
2

98
9.

7±
28

7.
77

44
2.

7±
25

.4
7

95
1.

2±
25

.5
3

50
.2

±3
.1

1

10
–2

0
3.

75
±0

.0
8

10
.8

3±
0.

10
0.

74
±0

.1
0

14
.6

5±
0.

72
20

4.
2±

16
.2

1
10

47
.7

±3
71

.3
8

44
7.

7±
64

.0
4

10
42

.7
±3

0.
52

61
.6

±1
7.

21

20
–4

0
3.

90
±0

.1
0

4.
94

±0
.0

5
0.

37
±0

.0
6

13
.9

2±
1.

34
20

2.
0±

10
.1

0
13

26
.0

±6
01

.9
2

52
6.

2±
56

.7
4

12
97

.7
±3

4.
52

62
.3

±1
1.

25

M
ea

n±
SD

3.
94

±0
.4

0B
62

.7
6±

9.
8A

3.
07

±0
.4

0A
16

.4
0±

3.
68

A
33

9.
4±

42
.4

5A
11

70
.2

±3
66

.8
A

17
37

.6
±4

8.
56

A
10

96
.9

±3
4.

24
A

56
.3

±1
2.

74
A

B
 –

 si
gn

ifi
ca

nt
 d

if
fe

re
nc

es
 b

et
w

ee
n 

th
e 

av
er

ag
e 

va
lu

es
 o

f t
he

 st
ud

ie
d 

pa
ra

m
et

er
s;

 si
te

s: 
1 

– 
pr

ep
ar

ed
 a

re
a 

(p
lo

ug
hi

ng
 +

 p
la

nt
in

g 
tr

ee
s i

n 
th

e 
fu

rr
ow

); 
2 

– 
pr

ep
ar

ed
 a

re
a 

(p
lo

ug
hi

ng
 –

 fu
rr

ow
 +

 
pl

an
tin

g)
; 3

 –
 u

nw
or

ke
d 

ar
ea

 (d
ir

ec
t s

ow
in

g 
+ 

pl
an

tin
g 

+ 
sw

ar
d)

; 4
 –

 u
nw

or
ke

d 
ar

ea
 (n

o 
til

la
ge

 +
 n

at
ur

al
 tr

ee
 re

ge
ne

ra
tio

n)
; 5

 –
 c

on
tr

ol
 si

te
 –

 fo
re

st
.



Folia Forestalia Polonica, Series A – Forestry, 2025, Vol. 67 (3), 208–219

The effects of post-hurricane forest regeneration methods on soil carbon and nutrient content 213

	 DMn = 
S

√–N
	 (1)

seeding’) and 5 (forest), compared to the sites where the 
soil was prepared before planting the seedlings (sites 1, 
2) and the sites where the seedlings were planted in un-
prepared soil (site 3). 

Total nutrients forms

The TN content was highest in the organic layer of sites 
4 and 5 (10.05–11.34 g Ntot·kg-¹), while in the mineral 
layer it was significantly lower (0.11–2.97 g Ntot·kg-¹). As 
the sampling depth increased, the nitrogen content de-
creased due to the horizontal allocation of organic mat-
ter in the soil profile. The soil richest in Ntot was found 
at the sites left undisturbed, that is, the site with self-
seeded trees (site 4: 2.89 g Ntot·kg-¹) and the site under 
the forest (site 5: 3.07 g Ntot·kg-¹), while the remaining 
sites had very low Ntot content (0.26–0.92 g Ntot·kg-¹). 
The lowest nitrogen content was recorded in the fur-
rows (site 2: 0.26 g Ntot·kg-¹).

The C:N ratio in the analysed forest areas ranged 
from 13.92 to 25.77 and was highest in the organic layer 
of sites 4 and 5, which were free from agrotechnical 
treatments (i.e. self-seeded trees: 25.77 and the control 
site: 22.92). In the mineral soil layers subjected to agro-
technical treatments (sites 1 and 2), the ratio was lower 
ranging from 13.92 to 17.57. Significant differences 
were found in the average organic carbon content of the 
soils at the examined sites (Tab. 2).

The average total phosphorus content in the min-
eral layers of the analysed soils was lower than in cul-
tivated soils (70.0–2660.0 mg·kg-¹ acc. gios.gov.pl.), re-
gardless of the site, and ranged from 186.2 to 335.5 mg 
Ptot·kg-¹, while in the organic layer it was significantly 
higher, ranging from 720.5 to 951.2 mg Ptot·kg-¹. In this 
case, the highest total phosphorus content was found 
in the soil of the control site (5) and the self-seeded 
trees site (4). The total phosphorus content was sig-
nificantly lower in the mineral soil of sites subjected to 
agrotechnical treatments before cultivation (sites 1, 2) 
and in the site where seedlings were planted in unpre-
pared soil (site 3).

The total potassium content in the soils of the ex-
amined forest sites varied from 568.0 to 1108.7  mg 
Ktot·kg-¹ in mineral layers and from 1379.0 to 1639.2 mg 
Ktot·kg-¹ in the organic layer (Tab. 2). The average po-
tassium content was significantly higher at sites 4 and 
5, which contained an organic layer, compared to soils 
composed only of mineral layers (sites 1, 2, 3).

The total calcium content in the soils of the forest 
sites varied depending on the site and soil layer. In min-
eral layers, it ranged from 324.7 to 1142.7 mg Catot·kg-¹, 
while in the organic layer it was several times higher 
(6298.7–16,077.2  mg Catot·kg-¹). In addition, the Catot 
content was significantly higher in the soil of site 4 (self-
seeded trees) and site 5 (forest) than in the other forest 
sites (Tab. 2). 

The total magnesium content in the forest soils 
ranged from 607.2 to 1297.7 mg Mgtot·kg-¹ in the mineral 
layers, while in the organic layer it was nearly twice as 
high (1274.5–1533.7 mg Mgtot·kg-¹). Similar to other nu-
trients, the highest magnesium content was found in the 
litter layer of site 4 (self-seeded trees) and the control site 
(5). In addition, it was observed that in the mineral soil 
layers, the magnesium content increased with depth, sug-
gesting that this element is leached deeper into the soil.

Sum of the base cations and cation exchange capacity 

SBC (Na⁺, K⁺, Mg²⁺, Ca²⁺) in the mineral soil lay-
ers of the investigated forest sites ranged from 0.383 
to 4.838  cmol(+) SBC·kg-¹, while it was significantly 
higher in the organic layer at 24.73 to 35.21  cmol(+) 
SBC·kg-¹. The base of cation saturation of the mineral 
soil layers was highest in the surface layer (0–5 cm) and 
decreased with depth (Tab. 3, Fig. 1). It was found that 
the soil at site 4, where self-sown trees were located and 
no agrotechnical treatments were applied, had the high-
est average base cation content (9.406 cmol(+)SBC·kg-¹) 
and differed from the other sites with agrotechnical 
treatments (sites 1, 2, 3), with the exception of the con-
trol site (5). The lowest average base cation content was 
found in the soil where the tree seedlings were planted 
in furrows (0.433 cmol(+) SBC·kg-¹). 

The sorption capacity of the investigated min-
eral soils ranged from 1.35 to 6.00  cmol(+)·kg-1, 
while it was significantly higher in the organic layer 
(25.57–36.22 cmol(+)SBC·kg-¹). The highest CEC value 
was found in the plot without agrotechnical treatments 
with self-seeded trees (site 4); the average value of this 
parameter differed from those of the other forest sites 
(Tab. 3, Fig. 1) except the control site (site 5).

Base saturation 

The base saturation (BS) parameter indicates the per-
centage of base cations in the total sorption capacity and 
serves as an agrotechnical indicator of the soil quality. 
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At 75.88%, the BS value in the forest soils was high-
est in the area without agrotechnical treatment (site 4). 
The lowest BS value was found in site 2, where the tree 

seedlings were planted in furrows (28.46%) (Tab.  3, 
Fig. 2), and the BS value in the forest soils was highest 
in the area without agrotechnical treatment (object 4) at 
75.88. The lowest BS value was found in site 2, where 
the tree seedlings were planted in furrows (28.46%) 
(Tab. 3, Fig. 2).

Independence between soil parameters 

Evaluation of the non-parametric Spearman correla-
tions between the assessed physicochemical parameters 
revealed that most of the correlation coefficients were 
positive, except for three cases: Hw × BS (r = -0.509***), 
Hw × SBC (r = -0.296**) and clay × Corg (r = -0.364***). 
The negative values of these coefficients indicate 
a weak influence of soil acidity on the reduction of base 
cations in the soil, as well as the effect of the granulo-
metric fraction clay on the content of Corg. The range 
of positive correlation values was large, ranging from 
r = 0.249* to r = 0.995*** (Tab. 4). The strongest correla-
tions were observed between the Corg content and com-
ponents such as Ntot (r = 0.995***), CEC (r = 0.824***), 
as well as between Ntot and CEC (r = 0.853***) and SBC 
(r = 0.787***).

Discussion

This study hypothesised that the method of managing 
post-hurricane forest areas can mitigate the environ-
mental effects of soil degradation by improving the 
SOM content and nutrient availability essential for for-
est vegetation. The foundation of ecosystem function-
ing is carbon metabolism, and the processes of organic 
matter decomposition and its mineralisation into CO2 

drive the carbon cycle and sequestration in the soil (Pan 
et al. 2011).

The study results indicate that the content of Corg, 
total nutrient forms and saturation of the soil sorption 
complex in the studied forest areas varied and depended 
on the soil preparation method for new forest plantings. 
The average Corg content was significantly higher in ar-
eas without agrotechnical treatments, 4 (‘natural regen-
eration’) and 5 (forest) (67.94–62.76 g Corg·kg-1), com-
pared to areas subjected to preliminary soil preparation 
(objects: 1, 2, 3) (4.16–15.85 g Corg·kg-1). However, the 
highest carbon content was found in the organic layer of 
sites 4 and 5 (292.08 and 231.59 g Corg·kg-1, respectively). 

37.03

28.46

35.34

75.88

47.28

Si
te

1

2

3

4

5
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Figure 2. The degree of base saturation (BS %) of the soil 
(O, 0–40 cm depth) sorption complex depending on different 
land management methods of forest areas after the 2017 
hurricane disaster 
Sites: 1 – prepared area (ploughing + planting trees in the furrow); 
2 – prepared area (ploughing – furrow + planting); 3 – unworked area 
(direct sowing + planting + sward); 4 – unworked area (no tillage + 
natural tree regeneration); 5 – control site – forest.

Table 4. Spearman non-parametric correlations between the 
physicochemical parameters in forest soils (n = 88) 

Parameter Spearman r Level of p
pHCaCl2 × SBC
pHCaCl2 × BS
Corg × Ntot

0.316
0.531
0.995

**
***
***

Corg × Ptot
Corg × C:N
Corg × SBC
Corg × CEC
Corg × BS
Ptot × C:N

0.362
0.408
0.764
0.824
0.591
0.501

**
***
***
***
***
***

Ntot × C:N
Ntot × SBC
Ntot × CEC

0.408
0.787
0.853

**
***
***

Sand × C:N
Sand × BS
Sand × Ptot

0.314
0.311
0.517

**
**
***

Loam × Corg
Dust × Corg
Dust × Ntot
Dust × SBC
Dust × CEC
Dust × BS

–0.364
0.506
0.523
0.449
0.621
0.249

**
***
***
***
***
*

Hw × SBC
Hw × BS

–0.296
–0.509

**
***

* – p < 0.05; ** – 0.01; *** – 0.001; BS – the basa saturation; 
CEC – cation change capacity; SBC – the cation change capacity. 
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A similar trend was observed for Ntot content. The soil 
in areas left undisturbed, with ‘natural regeneration’ of 
trees (object 4: 2.89 g Ntot·kg-1) and under the forest (site 
5: 3.07 g Ntot·kg-1), contained much higher nitrogen lev-
els compared to other objects (0.26–0.92 g Ntot·kg-1).

It is estimated that TN content in the top layer of 
forest soils is high (5.0–25.0 g Ntot·kg-1) and decreas-
es to 0.20 g Ntot·kg-1 with depth (Mroczkowski and 
Stuczyński 2024). The vertical distribution of Corg and 
Ntot in the soil profile results from the fact that both 
components enter the soil through plant litterfall and 
undergo further transformation processes (Błońska and 
Januszek 2010; Dziadowiec et al. 2007). According to 
the European Soil Bureau criteria, a Corg content below 
10.0 g·kg-1 (<17.2 g·kg-1 SOM) indicates very low soil 
fertility, while a value of Corg >60.0 g·kg-1 (>102.0 g·kg-1 
SOM) indicates high fertility (Kuś 2015). 

The study shows that parameters such as SBC, 
CEC and BS were significantly higher in undis-
turbed areas (sites 4 and 5), whereas the lowest val-
ues were recorded in soils where tree seedlings were 
planted in furrows (site 2). Based on the sum of base 
cations in the soil, the habitat conditions of the stud-
ied areas can be assessed. Low base cation content 
(<5.0  cmol(+)SBC·kg-1) indicates poor (dystrophic) 
sites, 5–15  cmol(+)SBC·kg-1 represents mesotrophic 
sites, and high base content (>15.0  cmol(+)SBC·kg-1) 
corresponds to nutrient-rich (eutrophic) sites. In addi-
tion, a low BS value (<50%) may indicate a risk of soil 
degradation, whereas a high BS value (>70%) suggests 
good soil condition (Kaźmierowski 2012). The highest 
BS value was recorded in site 4, that is, without agro-
technical treatments (75.88%), while the lowest was in 
site 2, where tree seedlings were planted in furrows 
(28.46%).

Positive non-parametric Spearman rank cor-
relations were also found between Corg and compo-
nents such as Ntot (r = 0.995***), CEC (r = 0.824***), 
as well as between Ntot and CEC (r  =  0.853***) and 
SBC (r  =  0.787***). Weak positive correlations were 
obtained between pH and SBC (r  =  0.316**) and BS 
(r = 0.531***). According to Ross et al. (2008) and Gus-
tafsson et al. (2018), nutrient availability in soil depends 
on soil acidity, concentrations of Al3+ and H+ and base 
cations such as Ca2+, Mg2+, Na+ and K+. 

Studies by some authors (Bartuška et al. 2015; 
Jimênez-González et al. 2016) suggest that the accumu-

lation of SOC plays a key role in soil regeneration after 
ecosystem disturbances. SOM regulates many impor-
tant physical, chemical and biological soil properties 
(Bodlák et al. 2012; Pietrzykowski et al. 2025). Accord-
ing to Brady and Weil (2017), higher organic carbon 
content may indicate increased total base cations (SBC), 
CEC and TN. Rasmussen et al. (2018) and Rowley et al. 
(2020) demonstrated that certain cations, such as Ca2+ 
and Al3+, can stabilise SOC reserves by binding organic 
compounds to mineral surfaces. This may reduce the 
leaching of labile carbon fractions (DOC: Dissolved 
Organic Carbon) and nutrients into deeper soil layers 
(Błońska et al. 2018; Burzyńska 2013; Burzyńska and 
Sztabkowski 2023).

Literature contains limited studies on carbon flux 
changes in disturbed ecosystems depending on their 
regeneration method (Pietrzykowski et al. 2025). Ac-
cording to Williams et al. (2016), the method of re-
generating a  damaged forest ecosystem significantly 
affects the carbon cycle. Research indicates that car-
bon and nutrient accumulation in the upper soil layers 
is greater in forest soils undergoing natural regenera-
tion with abundant self-seeding (Acer pseudoplatanus 
L.) than in mechanically prepared soils or soils with-
out preparation but lacking tree self-seeding. Similar 
trends were observed by Dahl et al. (2014) and Bald-
win et al. (2001). The method of soil preparation for 
new forest plantations on post-hurricane areas influ-
enced the accumulation of organic carbon and soil nu-
trient content.

Literature contains limited studies on carbon flux 
changes in disturbed ecosystems depending on their re-
generation method (Pietrzykowski et al. 2025). Accord-
ing to Williams et al. (2016), the method of regenerat-
ing a damaged forest ecosystem significantly affects the 
carbon cycle. 

Conclusions

The Corg content in forest soils was high in the organic 
layer of the plots without agrotechnical treatment (4) 
and the control plot (5). Low values were found in the 
mineral layers, especially in site 2, where tree seedlings 
were planted in furrows.

Soil nutrient content including total forms of Ntot, 
Ptot, Ktot, Mgtot as well as total base cations (SBC) and 
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CEC was high in the organic layer of the undisturbed 
plot with natural regeneration of deciduous tree species 
(4) and the control plot (5). The lowest nutrient content 
was found in the mineral soil. 

Different methods of site preparation for forest 
plantations on post-hurricane sites showed different 
susceptibility to soil regeneration (from most to least 
susceptible): (5- control – forest) = (4- unworked area: 
no tillage + natural tree regeneration) < (3- unworked 
area: direct sowing + planting + sward) < (1- prepared 
area: ploughing + planting trees in the furrow) < (2- pre-
pared area: ploughing – furrow + planting).

Funding source

The study was prepared as part of the research project 
entitled ‘Effects of various methods of forest soil man-
agement after the hurricane disaster in the Toruń RDLP 
on the degree of soil degradation’ (No. 260232), which 
was financed by the Forest Research Centre from its 
own research fund (FBW).

Acknowledgements 

Special thanks to Tadeusz Zachara and Szymon Krajew-
ski, for conducting field research and to Halina Dróżdż, 
Marlena Romanowska, Grażyna Misiewicz and Maciej 
Sojka for performing chemical analyses.

References

Baldwin, A., Egnotovich, M., Ford, M., Platt, W. 2001. 
Regeneration in fringe mangrowe forests dam-
aged by Hurricane Andrew. Plant Ecology, 157 (2), 
151–164. DOI: 10.1023/A:1013941304875. 

Bartuška, M., Pawlett, M., Frouz, J. 2015. Particulate 
organic carbon at reclaimed and unreclaimed post-
mining soils and its microbial community com-
position. Catena, 131, 92–98. DOI: 10.1016/j.cat-
ena.2015.03.019. 00380768.2018.1545517.

Blennow, K., Anderson, M., Bergh, J., Sallnäs, O., Olof-
sson, E. 2010. Potential climate change impacts on 
the probability of wind damage in a south Sweden 

forest. Climatic Change, 99 (1), 261–278. DOI: 
10.1007/s10584-009-9698-8. 

Błońska, E., Januszek, K. 2010. Wpływ składu gatun-
kowego drzewostanów na aktywność enzymatycz-
ną i  właściwości fizykochemiczne gleb leśnych. 
Roczniki Gleboznawcze, 61 (2), 5–14.

Błońska, E., Lasota, J., Piaszczyk, W. 2018. Dissolved 
carbon and nitrogen release from deadwood of 
different tree species in various stages of decom-
position. Soil Science and Plant Nutrition, 65 (1), 
100–107. DOI: 10.1080/00380768.2018.1545517.

Bodlák, L., Křováková, K., Kobesová, M., Brom,  J., 
Štastný, J., Pecharová. 2012. SOC content-An ap-
propriate tool for evaluating the soil quality in 
a  reclaimed post-mining landscape. Ecological 
Engineering,. 43, 53–59. DOI: 10.1016/j.eco-
leng.2011.07.013. 

Bradford, J.B., Fraver, S., Milo, A.M., D’Amato, A.W., 
Palik, B., Shinneman, D.J. 2012. Effects of multiple 
interacting disturbances and salvage logging on for-
est carbon stocks. Forest Ecology and Management, 
267, 209–214. DOI: 10.1016/j.foreco.2011.12.010.

Brady, N.C., Weil, R.R. 2017. The nature and properties 
of soil. 15th edition. Columbus, Pearson.

Burzyńska, I. 2013. Migration of inorganic components 
and organic carbon to ground waters at different use 
of meadows on mineral soils (in Polish with English 
summary.) Woda-Środowisko-Obszary Wiejskie. 
Rozprawy naukowe i monografie. Nr 35. Institute 
of Technology and Life Sciences, Falenty, Poland. 

Burzyńska, I., Sztabkowski, K. 2023. Leaving dead-
wood in the forest and the impact on the content 
of dissolved carbon, nitrogen and phosphorus 
in the forest soil. Sylwan, 167 (8), 507–520. DOI: 
10.26202/sylwan.202367.

Cardnell, S.A. et al. 2014. Effects of a  simulated hur-
ricane disturbance on forest floor microbial com-
munities. Forest Ecology and Managament, 332, 
22–31. DOI: 10.1016/j. foreco.2014.07.010.

Dahl, D., Liu, S., Oeding, J. 2014. The carbon cycle 
and hurricanes in the United States between 1900 
and 2011. Scientific Reports, 4, 5197. DOI:10.1038/
srep05197.

Dell Inc. 2016. Dell Statistica (data analysis software 
system), version 13. software.dell.com.

Dmyterko, E., Bruchwald, A. 2020. Ocena szkód spo-
wodowanych przez huragan w sierpniu 2017 roku. 



Folia Forestalia Polonica, Series A – Forestry, 2025, Vol. 67 (3), 208–219

Irena Burzyńska, Jan Łukaszewicz, Wojciech Gil, Krzysztof Sztabkowski218

Sylwan, 164 (5), 335–364. DOI: 10.26202/syl-
wan.2019073.

Dziadowiec, H., Jonczak, J., Czarnecki, A., Kacpro-
wicz, K. 2007. Masa, dynamika i skład chemiczny 
opadu roślinnego w  różnowiekowych plantacjach 
odmiany uprawnej topoli czarnej –  Hybryda 275. 
Roczniki Gleboznawcze, 58 (3/4), 68–77.

Filipek, Z. 2008. Szkody w wyniku zjawisk klęskowych 
na terenie Lasów Państwowych w ostatnich latach. 
SITLiD. In: Klęski żywiołowe w  lasach zagroże-
niem dla wielofunkcyjnej gospodarki leśnej. Świat, 
Warszawa, Polska, 5–13.

Food and Agriculture Organization of the United Na-
tions. 2020. Global Forest Resources Assessment 
2020. Main Report FAO. Available at https://www.
atibt.org/en/news/11217/fao-global-forest-resourc-
es-assessment-2020-fra-2020 (access on 10 May 
2020).

Fronczak, E., Jabłoński, T., Kołakowski, B., Zachara, T. 
2020. Klęski żywiołowe w  lasach. Kompendium 
wiedzy o  zdarzeniach klęskowych występujących 
w polskich lasach. Forest Research Institute, Sęko-
cin Stary, Poland.

Gardnier, B. et al. 2013. Forthcoming Impacts. Final 
report to European Commission-DG Environmrnt. 
European Forest Institute. Available at https://www.
researchgate.net/publication/264836590_Living_
with_Storm_Damage_to_Forests_What_Science_
Can_Tell_Us. (access on 10 March 2013). 

Gustafsson, J.P., Belyazid, S., Mcgivney, E., Stefan, L. 
2018. Aluminium and base cation chemistry in dy-
namic acidification models need for a reappraisal? 
Soil, 4 (4), 237–250. DOI: 10.5194/soil-4-237-2018. 

Hotta, W. et al. 2020. Recovery and allocation of carbon 
stocks in boreal forests 64 yeras after catastrophic 
windthrow and salvage logging in northern Japan. 
Forest Ecology and Management, 468, 118169. 
DOI: 10.1016/j.foreco.2020.118169.

Instytut Meteorologii I  Gospoadrki Wodnej. 2021. 
Mapy klimatu Polski. Warszawa, Polska. Available 
at https://klimat.imgw.pl/pl/climate-normals.

ISO 11464:2006 Soil quality. Pretreatment of samples 
for physico-chemical analyses. 

Jimênez-González, M.A., De la Rosa, J.M., Jimênez-
Morillo, N.T., Almendras, G., González-Pérez, J.A., 
Knicker, H. 2016. Post-fire recovery of soil organic 
matter in a  Cambisol from typical Mediterranen 

forest in Southwestern Spain. Science of Total En-
vironment, 572, 1414–1421. DOI: 10.1016/j.scito-
tenv.2016.02.134. 

Jöhnsson, A.M., Harding, S., Bärring, L., Ravn, H.P. 
2007. Impact of climate change on the population 
dynamics of Ips typographus in spulthern Sweden. 
Agricultural and Forest Meteorology, 146, 70–81. 
DOI: 10.1016/j.agroformet.2007.05.006. 

Kuś, J. 2015. Glebowa materia organiczna – znaczenie, 
zawartość i bilansowanie. Studia i Raporty IUNG-
-PIB, 45 (19), 27–53. Available at https://chrome-
-extension://efaidnbmnnnibpcajpcglclefindmkaj/
https://iung.pl/wp-content/uploads/2009/10/zesz45.
pdf (access on 15 May 2015).

Lasy Państwowe. 2023. Zasoby leśne –  Nadleśnictwo 
Runowo. Available at https://runowo.torun.lasy.
gov.pl/zasoby-lesne (access on 15 May 2023).

Lodge, D.J., Cantrell, S.A., González, G. 2014. Effects 
of canopy and debris deposition on fungal connec-
tivity, phosphorus movement between litter cohorts 
and mass loss. Forest Ecology and Management, 
332, 11–21. DOI:10.1016/j.foreco.2014.03.002.

Lugo, A.E. 2008. Visible and invisible effects of hurri-
canes on forest ecosystems: an international review. 
Austral Ecology, 33, 368–398. DOI: 10.1111/j.1442-
9993.2008.01894.x.

Morehouse, K., Johns, T., Kaye, J., Kaye, A. 2008. Car-
bon and nitrogen cycling immediately following 
bark beetle outbreaks in southwestern ponderosa 
pine forests. Forest Ecology and Management, 255 
(7), 2698–2708. DOI: 10.1016/j.foreco.2008.01.050 .

Morimoto, J., Sugiura, M., Morimoto, M., Nakamu-
ra, F. 2021. Restoration of natural forests after se-
vere wind disturbance in a cold snowy region with 
a  deer population: implication from 15 years of 
fields experiments. Frontiers Forests and Global 
Change, 4, 675475. DOI: 10.3389/ffgc.2021.675475.

Mroczkowski, W., Stuczyński, T. 2024. Oznaczanie 
azotu ogólnego w glebach. Available at http:www_
bg_utp_edu_ plar tlab22011oznaczanie20azo-
tu20ogf3lnego20w20glebach%20(3).pdf (access on 
20 August 2024). 

Pan, Y. et al. 2011. A large and persistent carbon sink in 
the world’s forests. Science, 333 (6045), 988–993. 
DOI: 10.1126/since.1201609.

Patacca, M. et. al. 2023. Significant increase in natu-
ral disturbance impacts on European forests since 



Folia Forestalia Polonica, Series A – Forestry, 2025, Vol. 67 (3), 208–219

The effects of post-hurricane forest regeneration methods on soil carbon and nutrient content 219

	 DMn = 
S

√–N
	 (1)

1950. Global Change Biology, 29 (5), 1359–1376. 
DOI: 10.1111/gcb.16531.

Pietrzykowski, M. et al. 2025. The effects disturbances 
and regeneration scenario on soil organic carbon 
pools and fluxes: a review. Journal of Forestry Re-
search, 36, 12. DOI: 10.1007/s.11676-024-01807-6.

Pietsch, S., Doerfler, I., Kraus, D., Thorn, S. 2023. Post-
storm management determines early tree species 
composition and browsing intensity in regenerat-
ing beech forest. Forest Ecology and Management, 
543, 121–132. DOI: 10.1016/j.foreco.2023.121132.

PN-EN ISO 10390. 1997. Soil quality. Determination of 
pH. Warsaw, PKN.

PN-EN ISO 11260:2018-08. 2018. Soil quality. Deter-
mination of effective cation exchange capacity and 
base saturation level using barium chloride solu-
tion. Warsaw, PKN.

PN-EN ISO 11885. 2009. Water quality. Determination 
of selected elements by inductively coupled plasma 
optical emission spectrometry (ICP-OES). Warsaw, 
PKN.

PN-EN ISO 14254:2018-08. 2018. Soil quality. Deter-
mination of exchangeable acidity using barium 
chloride solution as extractant. Warsaw, PKN.

PN-ISO 10694. 202l. Soil quality. Determination of or-
ganic and total carbon dry combustion („elemental 
analysis”). Warsaw, PKN.

PN-ISO 11465. 1993. Soil quality. Determination of dry 
matter and water content on a  mass basis. Gravi-
metric method. Warsaw, PKN.

PN-ISO 13878. 2002. Soil quality. Determination of to-
tal nitrogen by dry combustion („elemental analy-
sis”). Warsaw, PKN.

PN-R-04027. 1997. Agricultural chemical analysis of 
the soil. Determination of hydrolytic acidity in 
mineral soils. Warsaw, PKN.

PN-Z-19012:2020-02. 2020. Soil quality. Determination 
of the granulometric composition of mineral soil 
material. Laser diffration method. Warsaw, PKN.

Rasmussen, C. et al. 2018. Beyond clay: towards an im-
proved set of variables for predicting soil organic 
matter content. Biogeochemistry, 137, 297–306. 
DOI: 10.1007/s10533-018-0424-3.

Ross, D.S., Matschonat, G., Skyliberg, U. 2008. Cation 
exchange in forest soils: The need for a  new per-
spective. European Journal of Soil Science, 59 (6), 
1141–1159. DOI: 10.1111/j.1365-2389.2008.01069.x .

Rowley, M.C., Grand, S., Adatte, T., Verrecchia, E.P. 
2020. A cascading influence of calcium carbonate 
on the biogeochemistry and pedogenic trajectories 
of subalpine soils, Switzerland. Geoderma, 361, 
114065. DOI: 10.1016/j.geoderma.2019.114065.

Rutledge, B.T., Cannon, J.B., MnIntyre, R.K., Hol-
land, A.M., Jack, S.B. 2021. Tree, stand, and land-
scape factors contributing to hurricane damage 
in a  coastal plain forest: Post-hurricane assess-
ment in a  longleaf pine landscape. Forest Ecol-
ogy and Management, 481, 118724. DOI: 10.1016/j.
foreco.2020.118724.

Samec, P., Kučera, A., Tomáŝová, G. 2023. Soil deg-
radation processes linked to long-term forest-type 
damage. IntechOpen Book Series. Available at 
https://library.open/handle/20.500.12657/90511 (ac-
cess on 23 May 2024). 

Seidl, R., Schelhaas, M.J., Lexer, M.J. 2011. Unrave-
ling the drivers of intensifying forest disturbance 
regimes in Europe. Global Change Biology, 17 (9), 
2842–2852. DOI: 10.1111/j.1365-2486.2011.02452.x.

Suzuki, S.N., Tsunoda, T., Nishimura, N., Morimoto, J., 
Suzuki, J.I. 2019. Dead wood offsets the reduced 
live wood carbon stock in forests over 50 years after 
a  stand-replacing wind disturbance. Forest Ecol-
ogy and Management, 432, 94–101. DOI: 10.1016/j.
foreco.2018.08.054.

Sztabkowski, K. 2019. Właściwości fizyko-chemiczne 
gleb leśnych i ich zmiany w latach 2007–2017. In: 
Stan zdrowotny lasów w  Polsce w  2018 roku na 
podstawie badań monitoringowych (ed. J.  Waw-
rzoniak). Forest Research Insitute, Sękocin Stary, 
Poland, 175–181.

Williams, C.A., Gu, H., MacLean, R., Masek, J.G., Col-
latz, G.J. 2016. Disturbance and the carbon balance 
of US forests: a quantitative review of impacts from 
harvests, fires, insects and droughts. Global and 
Planetary Change, 143, 66–80. DOI: 10.1016/j.glo-
placha.2016.06.002.




