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Abstract

The aim of the study was evaluation of clear-cutting effect on water regime in a tree harvesting area. The results were
made based on the study carried out in the Rakowski Ditch catchment, in Wielkopolska lowland in Poland. It was found that
a more useful method to establish the effects of clear-cutting is to compare the groundwater level (GWL) in the post-clear-
cutting area with that in a control area than to analyse the GWL changes in the same area before and after the clear-cutting.
Regression analysis is a particularly useful tool in groundwater regime analyses. The results obtained in this study indicated
that the groundwater regime changes in the post-clear-cutting area that were manifested as an increase in the mean GWL. The
major changes in the groundwater regime after clear-cutting were observed in the minimum levels, while the lowest changes
took place in the maximum GWL. The variation in GWL was higher in the period after clear-cutting than in the period before
it. The analysis of linear regression of GWL in the well located in the clear-cutting area and that in the control area confirmed
the change in the groundwater regime in the post-clear-cutting area. Stronger relations in the period before clear-cutting were

observed.
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Introduction

Clear-cutting is the most drastic human activity in for-
ested areas. Its effects can be compared to those of such nat-
ural disasters like fire or strong winds (tornadoes) (Stawski
2006). Clear-cutting entails many changes, particularly in
microclimatic conditions and soil properties (McCaughey
1985, Rowe and Fahey 1991, Henriksen and Kirkhusmo
2000, Swank et al. 2001, Xu et al. 2002, Radler et al. 2010).

The abrupt change brought about by clear-cutting
must have an immediate impact on the water management
of the affected area, causing an increase in streamflow
yield or higher peak discharge (Mumeka 1986, Rowe and
Fahey 1991, Jones and Grant 1996, Sun et al. 2000, Swank
et al. 2001, Moore and Wondzel 2005, Dinor et al. 2007).
According to Rowe and Fahey (1991) one of the reasons
for the outflow increase is diminished interception and
transpiration in the area left after clear-cutting. It has been
also observed by Dubé and Plamondon (1995), Lu et al.
(2009) and Schelker et al. (2013).

The groundwater level is one of the most important
factors affecting the result of clear-cutting. Sun et al. (2000)
have reported elevation of water levels by 32—41 cm at the
mean in cypress wetlands. According to Xu et al. (2002),

an average increase in the groundwater on the area after
clear-cutting was about 14 cm in the wet period and 21 cm
in the dry period in comparison with that in control area.
Significant differences were observed mainly in the vege-
tation period, meanwhile the differences between GWL in
clear-cutting and control areas did not exceed 2 cm. The-
refore, the increase was caused by the lack of forest stands
transpiration. Significant increase in the groundwater be-
cause of clear-cutting was observed by different authors
(Dubé et al. 1995, Dubé and Plamondon 1995, Sun et al.
2001, Pothier 2003, Hotta et al. 2010, Korytowski 2013,
Finnegan et al. 2014, Stasik and Korytowski 2015).

In terms of methodology, Korytowski (2013) has di-
rectly compared the groundwater before and after clear-
cutting. However, it should be considered that groundwater
position in current hydrological year is also dependent on
the precipitation in the previous one (Fiedler 2011). Similar
methodology was used also by Henriksen and Kirkhusmo
(2000). It is possible to eliminate the impact of meteorolo-
gical conditions on the changes in the groundwater taking
place because of clear-cutting by comparing the groundwa-
ter position on the area after clear-cutting with that in the
control area.
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Swamp habitats are distinguished by shallow groun-
dwater. It determines the specificity of water management
of such areas (Stasik et al. 2011). The information on the
impact of clear-cutting on groundwater regime in swampy
area is important in the context of high sensitivity of these
areas to water relations changes. Although swamp habitats
occupy only about 4% of the forested area of lowlands in
Poland, together with riparian stands they are environmen-
tally valuable and bring an important biodiversity element
(Miler et al. 2008). Zabrocka-Kostrubiec (2008) has indica-
ted negative changes in water regime of some habitats who-
se proper development is heavily dependent on precipita-
tion as well as groundwater. These negative changes cause
a decline in valuable plant and forest associations and, thus,
changes in the species composition of forest stands. There-
fore, the analysis of GWL changes is important for making
decisions about water resources protection and recovery.

The aim of this study was to evaluate clear-cutting
effect on water regime in a tree harvesting area.

Materials and methods

The evaluation of clear-cutting on hydrological regi-
me of groundwater was made based on the study carried out
in the catchment of the Rakowski Ditch (which is denoted
as G-ditch on the map), which is a right-bank tributary of
the Pomianka River and subsequently flows to the Prosna
River at its 165.66 km (Figure 1). The tree harvesting area
is located in the upper part of the Rakowski Ditch catch-
ment, in Marianka district (51°09°53.0”N, 18°05°56.8”E)
belonging to Siemianice Forest Experimental Farm of Poz-
nan University of Life Science.

The total catchment area of G-ditch is 3.72 km® The
area is flat with about 8,5%o mean terrain slope. The analysis
presented in this paper is based on the GWL measurements
carried out in 2000-2010 hydrological years. According to
the hydrological cycle in Poland, the term of hydrological
year was established as a period from the 1% of November

Figure 1. Study site location against
overall map of Poland and the
Pomianka River catchment
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of previous year to the 31% of October of the present year.
Systematic GWL measurements were performed once a
week in 2000-2004, meanwhile the measurements of GWL
in the hydrological years 2005-2010 were carried out once
in two weeks. The clear-cutting was made in 3 phases from
the 1% of August to the 31* of October 2005, in the part of
sub-compartment no. 101h, of 80-year-old stand of black
alder (Alnus glutinosa). The area of tree harvesting was
0.06 ha in the total area. Two groundwater wells — 4.3 and
4.4 — located on the clear-cutting area in ash-alder swamp
forest were selected for measurements (Figure 2). Because
of a relatively short time of making a series of measure-
ments, four control wells were selected to eliminate the im-
pact of meteorological conditions. Short distance between
the wells on the post-clear-cutting area and the control
wells was the main criterion of selection of two wells of
the four control ones. These wells — 4.2 and 4.5 — were in
moist mixed coniferous forest at the distance of 54 m from
well 4.3 and 30 m from well 4.4 at the clear-cutting area,
respectively (Figure 2). Such a short distance can affect the
interaction between groundwater on the control area wells
and the wells on post-clear-cutting area. Therefore, to the
two other wells — 1.2 and 1.4 — located at a significantly
higher distance of about 1,600 m from wells 4.3 and 4.4
were additionally selected as control ones. The wells 1.2
and 1.4 were also selected because of their similarity in the
soil profile texture as well as because of their location in
the same forest site type as the post-clear-cutting ones, in
alder swamp forest.

Analysis and interpretation of measurements was
made considering the information on the soil texture ob-
tained from the soil pits dug near the wells. Soil texture
identifications were made in laboratory, according to the
classification of the Polish Society of Soil Sciences (PTG
2009). The nomenclature of textural classes used in this
paper is assumed after the USDA. Soil-habitat maps (Op-
erat glebovo... 1999), general maps and forest stands
evaluations of LZD Siemianice (Plan... 1994) were ad-
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Figure 2. Detailed map of the forested
part of G-ditch catchment with forest
site types, groundwater wells and the
location of the clear-cutting area
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ditionally used in the analyses. The meteorological data
from 2000-2010 hydrological period constituting the pre-
cipitation sums and air temperatures, recorded at the me-
teorological station LZD Siemianice were also deployed.
The station is located about 3.5 km from the catchment
(51°10°53.6”N, 18°08°29.6”E). Classification of precipi-
tation conditions was made based on the relative precip-
itation index RPI by Kaczorowska (1962), meanwhile the
temperature characteristics were made according to the
thermal classification by Lorenc (Czernecki 2011).

Calculations of minima (min), maxima (max), arith-
metic means (m), medians (Me) and the first and third quar-
tiles (Q1, Os) of GWL were made at the first stage of the
statistical analysis. It is important to note that GWL were
measured in relation to the ground surface. It means that
the min GWLs are the shallow ones, close to the ground
surface, while the max ones are the deepest. These analyses
were made separately for the period before (2000-2005)
and after the clear-cutting (2005-2010). Standard devia-
tions (SD) and coefficient of variation (V) were calculated
to evaluate the impact of clear-cutting on the groundwater
dynamics. Evaluation of the impact of clear-cutting on the
groundwater in forest stands was based on histograms and
GWL duration curves.

Linear regression between GWL on control and post-
clear-cutting area were calculated at the second stage of the
analysis. Regression analysis between the GWL data from
well 4.3 and control wells 1.3 and 4.2, as well as between
those from well 4.4 and control wells 1.2 and 4.5 was made
for the period before and after clear-cutting.

Study site description
The Rakowski Ditch (G ditch on the maps) catchment
area is about 3.27 km?. The catchment is located at the
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South Wielkopolska Lowland in the Wieruszowska Plateau
(Kondracki 2011). Wielkopolska is the region character-
ized by the lowest yearly precipitation (Wo$§ 1994, Przy-
byta and Tymczuk 2005, Szafranski 2007). Forests of LZD
Siemianice are in the XVI South Wielkopolska Climatic
Region according to the regionalization by Wos (1999).

Woodlands, which make 65% of total catchment area,
are the dominant form of land use and the largest area oc-
cupied by the swamp forest stands (50.6%). Moist forest
stands have also a significant share (31%) on the wooded
catchment area. The total share of fresh forest stands on the
catchment wooded area is low and reaches only 18.4%. G-8
ditchis aright-bank tributary of G-ditch. The catchment area
of G-8 ditch is significantly smaller standing at 0.32 km?
and is fully wooded. Swamp forest stands share within the
wooded area is about 16.3%, the shares of fresh and moist
forest stands are 39.8% and 43.9% of the area, respectively,
therefore, they are the dominant stands in G-8 catchment.

Loamy sand passing at 20 cm depth to sandy loam
and loam occurs in the texture of well 4.3 profile. Sandy
loam passing to silt and sand at 60 cm depth occurs in the
upper layers of well 4.4 soil profile. The texture of layers
in well 1.4 profile, which is in ash alder forest is similar
to that of 4.3 well. Loamy sand passing at 35 cm to sandy
loam occurs in the upper layers of well 1.4 profile. The
soil profile of well 4.2 which is neighboring to well 4.3, is
composed of shallow loamy sand passing to sand at 7 cm
depth. The soil profiles of well 1.2 (ash alder forest) taken
as control well for 4.4, are composed of sand alternating
by sandy loam which passes to sandy silt at 60 cm depth.
The soil profile of well 4.5 (moist mixed coniferous forest)
which is also taken as control one for 4.4, is totally com-
posed of sand.
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Results

Average precipitation on the analysed area measured
in hydrological multiyear 1975-2010 was 572 mm. Sum-
mer half-years have most of precipitation (357 mm). Mul-
tiyear mean air temperature is 8.8°C. Multiyear mean pre-
cipitation and mean temperature of both analyzed periods
(2000-2005 and 2006-2010) are presented in Table 1.

The highest precipitation during the analyzed multi-
year period was observed in the hydrological year of 2010.
The sum of precipitation was 806 mm (very moist) and it
was higher than the multiyear mean by over 230 mm. The
lowest precipitation of 460 mm (dry) was measured in the
hydrological year of 2005.

In the first step of analysis, the characteristic GWL in
wells 4.3 and 4.4 localized in the post-clear-cutting area
and in control wells 1.2, 1.4, 4.2 and 4.5 were calculated.
The results are presented in Table 2.

The calculations indicated the GWLs in the post-clear-
cutting area were higher (wells 4.3 and 4.4) while deeper
groundwater was observed in the control area (wells 1.2, 1.4,
4.2,and 4.5). The GWLs in wells 4.3 and 4.4 were higher by
4 and 7 cm, respectively, after the clear-cutting than before
this procedure. However, in control wells 4.2 and 4.5, locat-
ed in direct neighborhood of the post-clear-cutting area, the
median GWL were by 4 and 14 cm lower. Similar results
were gained at control wells 1.2 and 1.4 located in ash-al-
der swamp forest. The GWLs of those wells were lower
by 5 and 1 cm, respectively, for the after-clear-cut period.

The most significant changes in the minimum GWL
were observed in both wells located in the post-clear-cut-
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ting area (Table 2). After clear-cutting, the water was situ-
ated close to the ground surface (well 4.4) or covered the
surface (4.3). The minimum levels in wells 4.3 and 4.4 af-
ter clear-cutting were higher by 14 and 18 cm, respectively.
Small changes (from 1 to 3 cm) in the GWL were noted in
control wells 1.2 and 1.4 located in the same forest type,
whereas in the moist mixed coniferous forest, neighboring
to the clear-cutting area, the minimum GWL increased by
14 cm at the mean. It can be caused by the impact of GWL
rise on the post-clear-cutting area.

Significantly smaller changes were observed in the
maximum GWL on the post-clear-cutting area. The maxi-
mum GWL increased by about 3 cm. The GWL by 5 cm up
to 36 cm deeper was observed in wells 1.2, 1.4,4.2, and 4.5
within the period 2006-2010. The coefficients of variation
of GWL before clear-cutting for wells 4.3 and 4.4 were
66% and 42%, respectively, whereas for period after the
tree removal, they were 79% and 58%, respectively. In the
other wells an increase in the coefficient of variation was
also observed within 2006-2010 period but its values were
significantly lower, i.e., from 1% to 10%.

The distribution of GWL in wells 4.3 and 4.4 before
and after clear-cutting against those in the control wells are
presented in histograms (Figure 3).

The frequency of occurrence of high GWLs in the
wells located on the post-clear-cutting area increased slight-
ly. In wells 4.3 and 4.4, the frequency of occurrence of GWL
increased in the range 0—10 cm and 0-30 cm, respectively.
Changes in the frequency of high GWL occurrence in con-
trol wells 1.2 and 1.4 located in the same forest type were

Table 1. Precipitation (P), mean Hydrological year P (mm) RPI classification  mT (°C)  Classification by Lorenc
air temperature (mT) as measured 2000 645 moist 10.4 warm
at LZD Siemianice meteorological 2001 689 moist 10.2 warm
station in the analysed hydrological 2002 538 normal 8.8 normal
years and their classifications 2003 521 normal 7.8 cold
2004 525 normal 9.1 normal
2005 460 dry 8.6 normal
2006 633 moist 8.3 slightly cold
2007 553 normal 8.7 normal
2008 496 dry 9.1 normal
2009 625 normal 8.0 slightly cold
2010 806 very moist 7.5 cold

Table 2. GWL characteristics in wells in the clear-cutting area (4.3 and 4.4) and control area (4.2, 4.5, 1.2 and 1.4) for the analysed

period before (2000-2005) and after (2006—-2010) clear-cutting

Parameter Before-clear-cutting After-clear-cutting
Well number 4.3 4.4 4.2 4.5 1.2 1.4 4.3 4.4 4.2 4.5 1.2 1.4
Number of measurements 250 258 218 225 259 245 142 145 121 135 151 134
m (cm) —46 -57 125 -113 -28 -23 —45 -49 131 -128 -33 -28
Me (cm) -38 -51 -121 -108 -20 -19 -34 -44 125 122 -25 -20
min (cm) -7 -18 -76 -65 -2 0 7 0 -63 -50 1 1
Q1 (cm) =21 -34 107 -93 -12 -1 -17 -25 105 -96 -13 -13
Qs (cm) —64 -79 -140 -129 -38 -33 71 -77 -158  -161 -52 -36
max (cm) -135 -98 186 195 -98 95 -131 -96 222 -215 -113 -100
SD (cm) 30 24 24 26 22 17 35 28 37 42 26 22
Vv 66 42 19 23 77 73 79 58 28 33 78 79
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significantly lower. Analysis of GWL histograms in wells
4.3 and 4.4 clearly indicates the modification of hydrological
regime (Figure 4). Distribution of GWL after clear-cutting
significantly changed from right-skewed to more flat shape.
In wells 4.3 and 4.4 after the clear-cutting, the frequency of
GWL occurrence in particular ranges did not exceed 10%.
In the post-clear-cutting area, the dominant values of water
level were from the range 20-50 cm and to a lower degree
from the range 75-85 cm. The changes in hydrological re-
gime were less noticeable in the other wells. The analysis of
the duration curves of GWL frequency confirmed the earlier
observations (Figure 4). In Figure 4, the solid line is the du-
ration curve of groundwater frequency before the clear-cut-
ting, during 2000-2005, while the broken line is the analo-
gous curve for the period after the clear-cutting. Generally,

Frequency [%]

the GWL in control wells in the period after clear-cutting
was observed to be lower than before clear-cutting.

The duration curves of deeper GWL obtained for the
period after clear-cutting are located below the curves for
the period before clear-cutting (Figure 4).

The situation is different for wells 4.3 and 4.4. The
analogous curves overlap, or the curve obtained for the
period after clear-cutting is located over the curve charac-
terizing the period before clear-cutting. Evaluation of the
impact of clear-cutting on the GWL increase based only
on statistical analyses was difficult because of different
meteorological conditions during the analyzed periods
2000-2005 and 2006-2010. Therefore, analyses of chang-
es in the linear regression between the GWLs in the wells
located in the post-clear-cutting and control areas were
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Figure 4. Duration curves of GWL frequency before (2000—2005) and after clear-cutting period (2006—-2010) in the selected wells
as follows: a — 4.3 (clear-cutting area), 1.4 and 4.2 (control area) and b — 4.4 (clear-cutting area), 1.2 and 4.5 (control area)

made at the second stage of the study. Linear regression
between the GWL in the clear-cutting and control areas
wells are presented in Figure 5.

The regression was checked for both periods — before
(2000-2005) and after the clear-cutting (2006-2010). The
values of determination coefficient indicate a statistically
significant linear regression between the GWLs in wells
4.3 and 4.4 and in the control wells at significance level,
o= 0.05. The determination coefficients characterizing the
relations between the GWL in clear-cutting wells 4.3 and 4.4
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and close neighboring control area wells 4.2 and 4.5 were
higher (Figures 5a and 5c¢) than those describing the relation
between the GWLs in clear-cutting wells 4.3 and 4.4 and
distant control area wells 1.4 and 1.2 (Figures 5b and 5d).

It is worth noting that the relations between GWLs in
well 4.3 and in control wells (1.4 and 4.2) on the one side
and well 4.4 and control wells (1.2 and 4.5) on the another
after clear-cutting are a bit weaker. It is indicated by disper-
sion of relation points in the graphs as well as by the values
of correlation coefficient. However, the relations were still
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Figure 5. Linear regression of GWLs in well 4.3 and control wells 4.4 (a) and 1.4 (b) as well as in well 4.4 and control wells 4.5 (c)
and 1.2 (d) for the periods before (2000-2005) and after clear-cutting (2006—-2010)
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significant at significance level, a = 0.05. Statistical signif-
icance of GWL relations both before and after clear-cutting
allowed a comparison and analysis of the GWL changes
after clear-cutting in wells 4.3 and 4.4.

Discussion

In this study we explored the microscale effects of for-
est clear-cutting related to the GWL. Results of this study
indicate that after clear-cutting, the GWL generally rises.
These findings are like those of Henriksen and Kirkhusmo
(2000), Sun et al. (2000), Fannin et al. (2000), Hariabedain
(2011), Slesak et al. (2014) and Finnegan et al. (2014). Dubé
et al. (1995) indicated that clear-cutting, even on small area
of 1 ha, causes the rise of water table. Water rise caused
by clear-cutting is generally more pronounced during the
first few years after the procedure (Sun et al. 1998, Roy
et al. 2000, Sun et al. 2000). According to the presented
results, climate conditions also contributed to the changes
in GWL. Moreover, a greater variation in the GWL was
observed on the post-clear-cutting area. This observation is
consistent with the reports by Bliss and Comerford (2002),
who have also indicated larger seasonal fluctuations in the
GWL in four years following a clear-cutting. The effect of
clear-cutting was observed in the first year after this proce-
dure. Although it was not investigated in presented research
results according to the other authors, the main reasons for
the GWL variation and rise are the reduced evapotranspi-
ration, an increase in the amount and intensity of precipita-
tion reaching the soil (Johnson et al. 2000, Sun et al. 2001).
However, Dubé et al. (1995) and Finnegan et al. (2014) have
observed lower variation in the groundwater position after
clear-cutting. Besides, the degree of GWL rise depends on
specific watershed characteristics, including bedrock geol-
ogy, surface geology, soil type, and landform topography
(Winkler et al. 2010). Dubé and Plamondon (1994) pointed
out the reduction of transpiration by cutting is partly com-
pensated by surface evaporation as observed in the bog.

It was also found that a more useful method to estab-
lish the effects of clear-cutting is to compare the GWL in
the post-clear-cutting area with that on a control area than
to analyse the GWL changes on the same area before and
after the clear-cutting. Henriksen and Kirkhusmo (2000)
pointed out that the observed GWL increase can be a result
of higher precipitation after the clear-cutting. The method
based on a comparison with the control site has been em-
ployed by Dubé et al. (1995), Dubé and Plamondon (1995),
Sun et al. (2000), Pothier et al. (2003) and Lu et al. (2009).
Its employment enables elimination of the impact of meteo-
rological conditions on groundwater level fluctuation in the
pre-clear-cutting and post-clear-cutting periods.

Conclusions

The results obtained in this study allow drawing the
following conclusions:

1. Changes in the groundwater regime on the post-clear-

cutting area were manifested as an increase in the mean
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GWL. The major changes in the GWL after clear-cut-
ting were observed in the minimum levels, while the
lowest changes took place in the maximum GWL.

2. The higher variation of GWL after clear-cutting and
the differences in the correlation coefficients of GWL
relations before and after clear-cutting indicate an im-
portant role of tree stands in stabilization of the GWL.

3. The analysis of linear regression of GWL in the well
located on the clear-cutting area and that on the control
areas confirmed the change in the groundwater regime
on the post-clear-cutting area. Stronger relations were
observed in the period before clear-cutting.

4. Because of variations in meteorological conditions, it is
necessary to compare the data on GWL from the wells
on the post-clear-cutting area with those from wells on
the neighbouring control area to analyse the impact of
clear-cutting on the GWL regime. Regression analysis is
aparticularly useful tool in groundwater regime analyses.
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