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Abstract In the last few decades, the use of environmental
radionuclides, particularly caesium-137 (P7Cs), represented
one of the most valid methods for estimating soil erosion.
However, the cost associated with the use of the equipment
needed for radiometric analyses is still high and, for this rea-
son, finding more easily measurable indicators can be useful.
There is a strong correlation between *’Cs, organic carbon
(OC), nitrogen (N) and water soluble phenols (WSP) exists,
indicating the latter parameters as possible early indicators
of soil erosion. Based on the above assumptions, the main
purpose of this work is to identify specific soil chemical
parameters able to indicate early triggering of soil erosion.
Specifically, several soil parameters such as pH, electric con-
ductivity (EC), WSP, OC, N and C/N have been evaluated
against '*’Cs and on a comparative basis. In addition, since
the rate of soil erosion depends on the degree of coverage
and canopy structure, two different tree species (Pinus nigra
laricio Poir. and Fagus sylvatica L.) have been considered
in this contribution in which ten different scenarios of forest
management have been analysed. The results show that the
reduction in tree cover of managed sites triggers erosion and
nutrient loss processes. It has been observed that the loss of
137Cs, compared to the control areas, is closely correlated
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with those of WSP, OC and N. These parameters (WSP, OC
and N), more easily assessable, can be a valid tool to under-
stand easily, triggering of erosive phenomena.
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Beech forest - Pine forest

Introduction

Soil erosion/degradation depends on many factors such as
soil characteristics, ground slope, vegetation cover and dis-
tribution, as well as amount and intensity of rain, which
in turn can severely affect soil quality and productivity by
removing the most fertile topsoil (Zuazo and Pleguezuelo
2008). Soil erosion depends also by anthropic interventions
both in agriculture than in forest fields. Considering the key
role played by soil in view of the planet’s sustainable future,
and taking into account that soil is lost from terrestrial areas
from 10 to 40 times faster than its renewal, imperilling food
security and environmental quality (FAO 2017), it is of pri-
mary importance, nowadays, to individuate, as soon as pos-
sible, the triggering of soil erosion process.

Forests play a pivotal role in maintaining the environ-
mental ecological balance, and are strictly connected with
soils with a great influence on each other and on the wider
environment. Nowadays, the growing population growth
and the consequent request for timber and fibres, in addi-
tion to the growing global market concurrence are exacer-
bating the pressure on forest ecosystems. All this is lead-
ing to an intensification of forest management activities,
which if improperly executed can result in serious damages
to soil, with organic matter loss, nutrient cycle disequilib-
rium (Johnson 1992; Neary et al. 1999; Balboa-Murias
et al. 2006; Nilsen and Strand 2008), and soil compaction.
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Thus, appropriate forest management practices, to main-
tain or improve forest cover on erosion-incline soils, could
help to control or reduce soil erosion processes.
Considering that the effects of anthropogenic forest
interventions are not visible on soil in a short time, there
is now the increasing exigency of individuating techniques
easy and cheap to detect the effect of silvicultural practices
on soil properties. In the past, various attempts tried to
early individuate erosive phenomena, primarily based on
models and calculation procedures that required detailed
information about soil and plant characteristics, climate,
topography and human impact (Morgan et al. 1992;
Renard and Freimund 1994; De Roo et al. 1996). How-
ever, these methods require several physical assumptions
and remain confined to geographical zones where cali-
bration and validation are possible. Since the early eight-
ies, the use of environmental radionuclides particularly
caesium-137 (137Cs), represented one of the most valid
methods for estimating soil erosion. This technique based
on the general assumption that, following bombing fallout
or nuclear accidents, 137Cg reaching the earth’s surface,
was quickly and intensely absorbed by soil surface and
redistributed into the landscape with the erosion, trans-
port and deposition of soil particles and sediments. For
this reason, '*’Cs was used to prove velocity and modality
of soil redistribution through erosion processes in differ-
ent environments (Walling 1998; Porto et al. 2001, 2003,
2016; Di Stefano et al. 2005; Porto and Walling 2012).
However, the use of this technique requires the avail-
ability of expensive equipment that may be beyond the
budget of most institutions. In this respect, rose the need
to explore alternative indicators of soil erosion to fulfil the
necessity to give information in areas where no measure-
ments of '3’Cs are available. A previous study (Muscolo
et al. 2014) individuated soil biological properties able to
evidence, in a short-term, modification in soil quality in
forest ecosystems. The authors explored the use of micro-
bial biomass carbon (MBC), fluorescein diacetate (FDA)
hydrolysis, and water-soluble phenols (WSP), in addition
to soil organic matter (SOM), to assess the effects of for-
est management practices on soils, identifying WSP as an
early warning indicator of soil quality changes.
Subsequent studies (Romeo et al. 2020a, b) investigated
in a Fagus sylvatica L. stand, how different forest manage-
ment practices (traditional thinning that removed 12% of
total volume and innovative thinning that removed 27% of
total volume) affected soil properties, using both '*’Cs and
biological soil parameters. They demonstrated the existence
of a strong correlation between 137Cs and OC, N and WSP,
indicating the latter parameters as possible early indicators
of soil erosion. Based on the previous findings and consider-
ing that indicators of soil quality must be selected according
to soil use and managements, our work hypothesis was to
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extend the investigation to other forests differently managed
in order to have a more representative study.

The aim was to individuate the most suitable parameters
to be used as possible early warning indicators of soil ero-
sion in respect to the different forest management practices.
In the present study, soil chemical parameters pH, EC, WSP,
OC, N and C/N, have been selected on the basis of previous
results (Romeo et al. 2020a) and evaluated against 137Cs, on
a comparative basis, in Pinus nigra laricio Poir. and F. syl-
vatica forest subjected to 10 different types of management
namely Undisturbed forest (UF), traditional thinning (TT),
innovative thinning (IT), coppice (C), high monoplane for-
est (HM), biplane forest (HB), beech forest clear-cut (BCL),
beech undisturbed forest (BUF), pine stand 52% canopy
cover (PF1) and pine stand 63% canopy cover (PF2).

Our main objective was to identify universal and specific
early warning indicators of soil degradation to precociously
estimate how forest management affects the dynamic of soil
processes to prevent irreversible damage to soil ecosystem
functioning.

Materials and methods
Study areas

The investigation was carried out in three study areas [Mon-
giana (VV), Cinquemiglia (CS), and Ferraina (RC)] located
across the Calabrian Apennine Mountain with beech and
pine as vegetation (Fig. 1). In detail, eight different beech
forests (Fagus sylvatica L..) and two Calabrian pine forests
(Pinus nigra laricio Poir.), were selected for the investiga-
tion. Details of each study site are provided below.

Mongiana site

Mongiana study site (Fig. 1) is located in the Southern
Apennine (Calabria Region), “Serre” mountains, in Mongi-
ana (VV). The biogenetic reserve (Natura 2000 site) called
“Marchesale” is a high forest of F. sylvatica which covers
1234 ha in charge of National Forest Service of Italy.

The main characteristics of the area are summarized in
Table 1. The experimental area is of ca. 30 ha, covered by
80-year-old high beech forest. In this area, three sub-areas
(three ha each) have been identified for each different silvi-
cultural thinning (3 beech forest typologies X 3 replicates =9
plots of 1000 m?). Specifically, an unmanaged zone for over
30 years (UF), an area traditionally managed (TT), and an
area with an innovative treatment (IT) have been individual-
ized (Table 2). Traditional management was a thinning from
below with a moderate intensity, which eliminated all the
dominated trees and the worst dominant trees (on average,
ca. 12% of total volume resected). The innovative treatment
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Fig. 1 The study area (a) and
the three selected locations

b : Ferraina, South Calabria,
Mongiana, central Calabria,
Cinquemiglia, North Calabria

was an experimental thinning that consisted in keeping the
50 best trees per hectare by collecting 5 or 6 trees closer to
them, regardless of their social position (on average, about
27% of the total volume removed). The best trees were iden-
tified according to their conformation in terms of diameter,
height and vegetative vigour. In doing so, an attempt was
made to further promote their development and evaluate the
effects of this experimental management.

No significant differences were found between the den-
drometric parameters in these areas before the silvicultural
interventions (Picchio et al. 2016; Coletta et al. 2017). The
three treatment sites were similar as slope, orientation and
soil types. According to USDA soil classification, the soils
are Inceptisols and Entisols (Soil Survey Staff 2010).

Cinquemiglia site

Cinquemiglia study site (Fig. 1) is located in the coastal
chain in the northern part of Calabrian Apennines, within an
area belonging to the “Natura 2000 site in Fuscaldo (CS).

The morphology of the area varies from valley with
small streams to particularly steep slopes, up to flat areas.
The slopes did not exceed 20%. The surface horizon of the
soil is, in this area, rich in organic matter, which gives the
soil a typical dark brown colour, however its thickness may
vary depending on the morphology and intensity of erosive
phenomena. The main characteristics of the area are sum-
marized in Table 1.

Within an area of about 394 ha and at an altitude ranging
from 600 to 1200 m (a.s.l.), three different scenarios were
identified, all with beech (F. sylvatica) as dominant species:

(b)

ACinquemiglia

site

A Mongiana
site

A

~Ferraina
site

(C) a coppice; (HM) high forest with vertical monoplane
structure; (HB) high forest with biplane vertical structure
(Table 2).

For each scenario (C; HM; HB) three plots of 1000 m?
each and of similar slope were selected (3 forest typolo-
gies X 3 replicates =9 plots).

The coppice (C) under study highlighted about 1300
stumps per hectare with wood volumes of about 300 m? ha
(Ciancio et al. 2007).

Dendrometric information of the monoplane forest (F)
can be deduced from previous works carried out in beech
woods of the same type located in the Calabrian Apennines
(Ciancio et al. 2008). This stand has a monoplane vertical
structure of about 80-110 years. The number of plants and
the relative average volume were 381 ind. ha™' and 548
m?® ha™!, respectively (Ciancio et al. 2008).

The vertical biplane structure, obtained through targeted
thinning operations over the decades (Ciancio et al. 2008),
showed a number of plants between 60and 90 ind. ha™! aged
between 100 and 120 years, and about 400-450 ind. ha~!
to constitute the dominated layer (30—40 years) with final
volumes of about 460 m*> h™".

Ferraina site

Ferraina site (Fig. 1) is located within the highest slope and
in the southernmost part of the Aspromonte National Park,
in Samo (RC). The area is composed by well-structured but
not particularly deeply soil, with moderate slopes ranging
between 9 and 22%. The main characteristics of the area are
summarized in Table 1.
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Table 1 Main characteristics of Mongiana, Cinquemiglia and Ferraina sites
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Table 2 Means and standard deviations (n=3) of main dendrometric
characteristics in Beech and Pine stands

Sites Types No. tree (ind. Basal area  Volume (m®
ha™) (m*ha™")  ha™h)
Mongiana UF 336+30 38+4 435+74
TT 503+11 30+1 302+15
IT 530+20 27+2 245+11
Cinquemiglia C 1526 +51 30+2 301+31
HM 381+14 39+3 548 +37
HB 501+16 33+3 461+31
Ferraina PF1 870+19 74+5 699 +44
PF2 1482 +38 132+7 1580+53
BCL - - -
BUF 821+18 98+6 1010+25

UF, undisturbed forest; TT, traditional thinning; IT, innovative thin-
ning; C, coppice; HM, high monoplane forest; HB, biplane forest;
BCL, beech forest clear-cut; BUF, beech undisturbed forest; PF1,
Pine stand 52% canopy cover; PF2, Pine stand 63% canopy cover

For the purpose of this work, two stands with Calabrian
pine (P. nigra laricio) and different canopy covers, and two
stands with beech (F. sylvatica) (one of which was cut in
2009) have been selected. Specifically, the two pine forest
stands, namely PF1 and PF2 were constituted by 50-year
pine planted in the late 1960s during a massive re-afforesta-
tion program (ca. 150.000 ha). The two beech forest stands,
namely BCL (beech forest clear-cut) and BUF (beech forest
undisturbed) consisted of seminatural high beech forests (ca.
140 years old). BUF was not disturbed by cutting activities,
excepted for a minimum removal of trees in the past decades;
on the contrary, BCL was cleared-cut in 2009 and then left
to evolve naturally.

In a previous contribution, Altieri et al. (2018) reported
the results obtained from 4 small plots (300 m?) identified
in this area. These plots have been revisited in 2018 and the
area of sampling was extended to 1000 m? for each plot.
Similarly, two more replications of the above described plots
have been established in order to be consistent with the sam-
pling programme assumed for the other two sites. Finally, for
each scenario (PF1, PF2, BCL and BUF) 3 plots of 1000 m?
each were considered in this investigation (4 forest typolo-
gies X 3 replicates = 12 plots).

The main dendrometric characteristics of each study sites
are summarized in Table 2.

Sampling procedure

As it was described above, in each of the ten different
scenarios (UF, TT, IT, C, HM, HB, PF1, PF2, BCL and
BUF), three representative plots (1000 m?) were selected
for sampling (see Fig. 2). In these 30 plots, three separate
soil sampling campaigns were undertaken following the
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Fig. 2 The sampling strategy
adopted in the plots established
within the experimental sites
HM(a)
Cinquemiglia sites

UOonIAIP MO[]

. Depth-incremental samples for Cs-137 - May 2016 (Cinquemiglia)

Depth-incremental samples for soil analysis- May 2016 (Cinquemiglia)

scheme illustrated in Fig. 2. Sampling campaigns were
carried out in May 2016 in Cinquemiglia site, in May
2018 in Mongiana site, and in June 2018 in Ferraina site
(Fig. 2).

Soil cores were collected to analyse '*’Cs and chemical-
physical properties, in areas with almost identical slope, to
avoid of sampling near to the tree trunks to minimize the
effect of stem flow on the final 1*’Cs inventories.

Totally, 20 final composite soil cores (10 for radiomet-
ric measurements and 10 for chemical-physical and bio-
logical analysis) were picked up with a 10-cm-diameter
steel core tube to a depth of ca. 35 cm.

Each composite core used for '*’Cs and soil analysis
come from 9 single sectioned cores (from 3 plots of the
same treatment and sampling campaign) combined layer
by layer (as shown in Fig. 2).

For the radionuclide measurements, the soil cores were
divided every 2 cm (up to 30 cm in the case of caesium
profiles) for better data accuracy while, only the first 15 cm
of soil were considered following the same methodology
for all other analyses.

This kind of sampling was needful to attain the activ-
ity of 13’Cs distributed in the soil profile and to account
for micro scale variability. The first 15 cm (0-15 cm) of
soil have been taken into account for soil analyses, fol-
lowing the scheme used for radionuclides. Soil samples
were air-dried, and sieved (2 mm mesh). For the radio-
metric assay, samples were oven-dried at 105 °C for 48 h,
sieved to separate the <2 mm fraction and packed in plas-
tic pots or Petri dishes to detect '¥’Cs activity by gamma
spectroscopy.

Sampling design for 3 of 30 plots identify in the study areas

Ferraina sites

1 e O o
@ L ]
® o o
E
& & | ®© & ©

Merging strategy for each
treatment site (example for HM)
PF1(a) T1(a)

; 5 HMa HMb  HMc
Mongiana sites

9 single cores merged into 1 final
composite core (cesium)

25m

May 2018 (Mongiana)

June 2018 (Ferraina) Same strategy for soil analysis,

collecting the 0-15 layer

May 2018 (Mongiana)
June 2018 (Ferraina)

Radiometric analyses for 1*’Cs content

137Cs activity and its subsequent vertical distribution in the
soil profile was detected by using a gamma spectrometry.
Two Canberra p-type HPGe detectors, model GX4020,
were utilized for the analyses as reported in a previous
work of Romeo et al. (2020a).

Soil analysis

pH was detected as reported in Romeo et al. (2020a).
Electric conductibility (EC) was assessed by using Hanna
instrument conductivity meter in a ratio of 1:5 residue/
distilled water. Total water-soluble phenols (WSP) were
assessed with Folin—Ciocalteu reagent (Box 1983). Tannic
acid the standard used, WSP concentration was expressed
as tannic acid equivalents. Total organic carbon (C) was
determined following the method of Walkley and Black
(1934), and subsequently converted to organic matter
by multiplying the percentage of carbon by 1.72. Total
nitrogen (N) was measured following the Kjeldahl method
(1883).

Statistical analysis
To explore relationships among soil parameters (0—15 cm
depth) and six different forest stands (9 situations), data-

sets were analysed using Pearson’s correlations, Multivari-
ate Analysis of Variance (MANOVA) and T-test for paired
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values. Correlations was carried out using the software
PAST (Hammer et al. 2001).

MANOVA analysis was carried out for evaluating the
effects of different types of forest and their interaction on
the set of soil parameters and '*’Cs. Finally, a T-test was
used for paired values to evaluate significant differences.
This last analysis allowed to verify if the thinning influenced
the properties of the soil, including the activity of the radio-
nuclide '*’Cs and if the impacts were similar. Manova and
T-test were carried out using SPSS software (IBM Corp.
2012).

Results and discussion
137Cs profiles distribution

The '*7Cs distribution profiles, reported in Figs. 3, 4 and 5,
showed a decreasing trend with soil depth, typical of forest
stands (Porto et al. 2003). The depth scale in Figs. 3, 4 and

WCs (Bq ke')

40 80 120 160 200 O 40

40

Inventory=4577 (Bq m?)

80

Mass depth (kg m?)

120

160;

160-

I.‘v7CS (Bq kg I)

Inventory=3620 (Bq m )

5, is plotted as cumulative mass (kg m~2), instead of depth
(m), to avoid to consider down core variations in soil bulk
density and to make the profiles comparable one another.

In Mongiana site, the 137¢s profile in UF, here con-
sidered as reference site, showed an inventory value
of 4577 Bq m~2 (Fig. 3). In TT and IT, the '3’Cs pro-
files (Fig. 3) showed inventory values of 3620 and
1490 Bq m~2, respectively. Both profiles documented
inventory values lower than the reference value and, for
this reason, they are both indicative of soil erosion. How-
ever, the much lower '¥’Cs inventory in IT suggested that
the triggering of erosive phenomena was very pronounced
in this area compared to TT area where a traditional thin-
ning was performed. In terms of '*’Cs activity, a visual
inspection of the profiles shown in Fig. 3 suggested that
the soil surface of the areas under forest management (TT
and IT), had lower '*’Cs concentrations (between 50 and
100 Bq kg™!) than the reference area. This condition con-
firmed that the top soil of the profiles related to TT and IT
was removed by erosion.

"Cs (Bq kg™")
120 160 200 0 40 80 120 1?0 200

Inventory=1490 (Bq m?)
80+

<4

120+

[T g0

Fig. 3 Cesium profiles distribution referred to the Mongiana sites (UF undisturbed forest, 77 traditional thinning, /7 innovative thinning)

"ICS (Bq kg ")

200 300 0 100

Total Inventory 40
6791 Bqm’

60

Mass depth (kg m?)
(o]
(=]

80

160 100

CS (Bqkg")
200 390 400 100 200 300

Total Inventory
7054 Bq m’ 80

CS (Bqkeg ")

Total Inventory
6266 Bq m’

Fig. 4 Cesium profiles distribution referred to the Cinquemiglia sites (C coppice stand, HM high monoplane forest, HB high biplane forest)
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Fig. 5 Cesium profiles distribu- YCs (Bqkg ') YCs (Bq kg ')
tion referred to the Ferraina 0 40 80 120 160 200 0 40 80 120 160 200
sites [PF1 (52% canopy cover) 0 ] [ B | 0 TR [N | S | [T S
and PF2 (63% canopy cover),
pine stands; BCL, beech forest
clear-cut; BUF — beech undis- S _
turbed forest] N 40 40
=
]
-§ 80 Inventory=3558 (Bq m’) 20 Inventory=3591(Bq m?)
120 120
PF1 PF2
160 160

200 80 120 160 200
A 1 J

1 1

Mass depth (kg m?)

120~

160~

The '3’Cs profiles in Cinquemiglia site (C, HM, HB)
documented a higher radionuclide inventory than in Mon-
giana area (Fig. 4). This was mainly due to the different
geographical location and the different '*’Cs fallout occur-
ring in this area that is linked to a different rainfall regime.
The rainfall data obtained from the meteorological station in
‘Laghitello’ (located very close to the study area) showed,
for the period 1940-2000, a mean annual precipitation of
1937 mm that makes this territory as one of the most humid
areas of Calabria. The '*’Cs profile related to the monoplane
forest HM (Fig. 4) documented a total inventory value of
7054 Bq m~2. This area, due to forest stability conditions,
less management activities and minor disturb in its compo-
sition, has been individuated as a reference area and it can
be used for comparison with the other two scenarios in the
same site.

Conversely, erosive phenomena occurred in the cop-
pice managed area, characterised by a '*’Cs inventory
of 6791 Bq m~2, and in the biplane forest (**’Cs inven-
tory = 6266 Bq m~2), where a decrease in more than
100 Bq kg~! in the surface soil layer compared to HM was
observed both for C and HB areas (Fig. 4).

The '¥7Cs profiles obtained from the pine stands located
in Ferraina site (Fig. 5) showed no significant differences
between the two scenarios characterised by different tree

80- Inventory=3898 (Bq m?) 80 -

40

Inventory-4411 (Bq m’)

120/=

160

cover. In addition to a similar distribution along the soil
profile, the PF1 area indicated a similar inventory value of
137Cs (3558 Bq m™2) compared to the PF2 area (**’Cs inven-
tory =3591 Bq m~2). In the clear-cut beech stands there was
a decrease in '*’Cs inventory (4894 Bq m~2) compared to the
undisturbed area (5059 Bq m~2) that was selected on pur-
pose (see Altieri et al. 2018). The lack of tree cover in BCL
certainly influenced the triggering of erosive processes. In
the same area of Ferraina, the lowest values can be observed
in pine stands compared to beech stands, a phenomenon
mainly due to the tree canopy conformations and to the
degree of coverage they can offer.

Merging the profiles shown in Fig. 3, 4 and 5, with the
bulk density values, it was possible to calculate '*’Cs inven-
tory (Bq m~2) and mass activity (Bq kg™") for a fixed depth.
This calculation was made for the soil depth corresponding
to the first 15 cm, to render feasible the paragon with the
other soil properties of the corresponding layer.

These results evidenced important differences between
the estimates of soil erosion in relation to the type of treat-
ment on the basis of the evident decrease in '*’Cs in respect
to the intensity of the thinning. Our data are in agreement
with the work of Romeo et al. (2020a) carried out in a Fagus
sylvatica stand with different thinning treatments. The
authors reported that the amount of '*’Cs decreased, and
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its greatest decrease was observed when the intensity of the
treatment increased. The data obtained contribute to strength
the use of '3’Cs as tracer to display soil erosion processes
in forestry areas.

Soil properties

In Mongiana site, the pH was slightly higher in innova-
tive thinning (IT) than in TT and UF areas. The soil were
sub-acid with pH values ranging from 5.4 to 6 (Table 3).
Electrical conductivity did not vary significantly among
the treatments (Table 3) while WSP, OC, N (UF>TT > IT)
decreased with increasing forest thinning (Table 3). More
thinning intensity more the decline was. All the parameters
were significantly and positively correlated with '*’Cs (Bq
m~2, Bq kg_l) (Table 3).

In Cinquemiglia site, the pH did not show significant dif-
ferences between the treatments, ranging from 4.5 (HB) to
5 (C). The highest value of EC (575 puS) was observed in the
coppice area (C), while the lowest (493 uS) in HM (Table 3).
Also, in this area, WSP, OC, N decreased when thinning
intensity increased with the highest values in HM, followed
by C and HB (HM > C > HB). All the parameters were sig-
nificantly and positively correlated with '*’Cs (Bq m~2, Bq
kg™1), showing the same trend of Mongiana (Table 3).

In Ferraina the pH was slightly lower in BCL than in
the other sites (PF1, PF2, BUF). In general pH varied from
5.3 to 6.1 (Table 3). The highest value of EC (411 uS) was
observed in the undisturbed beech forest (BUF), while the
lowest (162 uS) in PF1 (Table 3). WSP, OC, N followed the
same trend (PF2 > PF1; BUF > BCL) of the other two sites
decreasing with increasing forest thinning (Table 3). WSP,

Table 3 Mean values and

an ‘ ID pH EC WSP oC N C/N Cs m? Cskg™!

standard deviations of soil

parameters referred to 0-15em ¢ 50405 575+24° 456+7° 12.1+02° 0.71£0.01° 17+£04° 6102+2° 254+0.8°

soil layer HM  47+0.1° 493425 484+13° 172402 0.85+0.04* 20+1° 706343 289+1°
HB 45+0.1* 535+£30° 400+£7° 11.5+£02° 0.64+0.02° 18+09° 5777+£2° 144x1°
UF 54+0.1° 176+2°  259+6° 11.5+04* 0.57+0.01* 20+0.6* 4078 +4* 113+0.4
TT 55+0.1° 173x£1*  155+£7° 65+02° 043+0.01° 15404 3393+3> 734+0.7°
IT 6.0+0.1* 1733 67 +5°¢ 3.1+£0.1° 0.23+0.01° 13+0.3° 1490+2° 34+0.2°
PF1 6.1+0.1* 162+3% 289+3% 8.6+04° 0.64+0.01° 14+02° 3306+1¢ 77+0.9°
PF2 59+02° 22143 376+1° 9.5+0.5 0.68+0.02° 14+0.7° 3415+2° 72+0.6°
BCL  53+0.1° 354+2° 412+4° 132+02° 0.79+0.02® 17+0.5° 3597+3° 151+0.8°
BUF 58402 411+3* 525+2° 154405 0.85+0.02° 18+0.2% 4296+3* 108+1°
pvalue <0.05 <0.05 <0.05 <0.05 <0.05 <005  <0.05 <0.05

pH (H,0); electrical conductivity (EC, uS cm™'); water soluble phenols (WSP, ug TAE g~! dry soil);
organic carbon (OC, %); total nitrogen (N, %); C/N ratio; 137¢g (Bq m>, Bq kg"). For each parameter the
sample size was n=3 for treatment (C, coppice stand; HM, high monoplane forest; HB, high biplane for-
est; UF (b), undisturbed forest; TT (b), traditional thinning; IT (b), innovative thinning; PF1 (52% canopy
cover) and PF2 (63% canopy cover), pine stands; BCL, beech forest clear-cut; BUF, beech undisturbed for-
est). Means in the same column followed by the same letter are not statistically different at p <0.05 (Tukey

test) n=3

Table 4 Pearson’s correlations coefficient () between *’Cs (Bq
m~2, Bq kg_l) and the soil parameters (pH; EC; WSP; OC; N; C/N),
referred to 0—15 cm soil layer in (C, coppice stand; HM, high mono-

plane forest; HB, high biplane forest; UF, undisturbed forest; TT,
traditional thinning; IT, innovative thinning; BCL, beech forest clear-
cut; BUF, beech undisturbed forest; PF1 and PF2, pine stands)

Soil parameters Fuscaldo Mongiana Ferraina Ferraina

C-HM-HB UF-TT-IT BCL-BUF PF1-PF2

Cs m? Cskg™! Cs m? Cskg™! Cs m? Cskg™! Cs m? Cskg™!
pH
EC 0.82* 0.86%* 0.92%* 0.93%**
WSP 0.827%* 0.96%* 0.95%* 0.99%* 0.99%* 0.99%* 0.99%* 0.96%**
oC 0.99%* 0.91%* 0.93%* 0.99%* 0.95%* 0.95%* 0.89*
N 0.94+* 0.94%* 0.99%* 0.99%* 0.89* 0.87* 0.82* 0.86*
C/N 0.84+* 0.86%* 0.96%* 0.93%* 0.92%*

Significant at *p <0.05; **p <0.01
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OC, N were positively and significantly correlated to '*’Cs
(Bq m~2) confirming the data obtained in the other two sites.

The Pearson’s correlation coefficient between '*’Cs and
soil parameters (Table 4) showed that pH was not corre-
lated with '3’Cs and with the other chemical soil parameters.
EC and C/N showed a poor correlation. On the contrary, a
strong correlation between 137Cs and OC, N and WSP in
all the study sites and in all the treatments was observed
(Table 4). The majority of previous works demonstrated a
strong correlation mainly between soil organic matter and
137Cs (Zhang et al. 2006; Teramage et al. 2013), Nakamaru
et al. (2007) and Fujii et al. (2018) explained this correlation
with the ability of SOM to adsorb *’Cs in an exchangeable
forms, enhancing also its mobility. Successively, Romeo
et al (2020a) evidenced for the first time in soil under Fagus
sylvatica subject to different thinning a correlation between
137Cs and other soil parameters such as water soluble phenols
and nitrogen. Our results confirm in different forest stands
and under different forest system treatments the established
relationship between '3’Cs and other soil parameters, pro-
viding an alternative diagnostic tool through the use of soil
chemical parameters as indicators to quantitatively evaluate
the soil losing in the context of forest management.

Conclusion

Understanding how forest management can affect soil
performance and processes in a short term in a cheap
and easy way is now feasible. The selected indicators, in
respect to 137Cs, are sensitive to changes external induced,
able to integrate and to correlate to other soil properties,
reproducible in the use and inexpensive. The results of
this study confirm, even under different vegetation types
and thinning practices, the interconnection of WSP, C, N
with 137Cs and the ability of these chemical soil param-
eters to give early indications on the triggering of erosive
processes. This study can be a useful support to predict
the dynamic behavior of soil processes at the impact of
management practices representing a relevant tool for
determining the sustainability of forest practices in a short
period of time. The estimation of erosion velocity given
by the '*’Cs indicates that attention must be paid when
cutting operations in forest areas are planned. The estima-
tion of erosion velocity given by the '¥’Cs technique points
out that it is necessary to properly plan cutting operations
in forest areas to avoid triggering of soil erosion process.
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