DOI: 10.2478/frp-2018-0006
Available online: www.lesne-prace-badawcze.pl

Le$ne Prace Badawcze / Forest Research Papers
Marzec / March 2018, Vol. 79 (1): 45-58

ORIGINAL RESEARCH ARTICLE

e-ISSN 2082-8926

Spatial variability of CO, fluxes from meadow and forest soils in western part of Wzniesienia
Lodzkie (Lodz Hills)

Krzysztof Tadeusz Wronski

Uniwersytet Lodzki, Wydzial Nauk Geograficznych, Katedra Geografii Fizycznej, ul. Narutowicza 88, 90-139 Lodz

Tel. +48 50 435 74 30, e-mail: krzysztofwr@tlen.pl

Abstract. For this study, the rate of soil respiration was estimated based on monthly measurements of 20 research points
representing different types of plant communities. Meadows were found to have the highest rates of soil respiration, whereas
rates measured in forests were lower. However, the seasonality of leaf and pine needle decomposition caused large variation in
the CO, fluxes from forest soils. Furthermore, the carbon content at both, the soil surface and 5 cm below ground, affected spatial
differentiation of soil respiration in summer and autumn, while the carbon content at 5 cm below ground also affects the spatial
variability of annual CO, fluxes from the soil. Amazingly, however, results of research indicate that the carbon content throughout
the whole humus layer does not impact soil respiration. It was also observed that changes in relief affected rates of soil respiration
due to differences in sunlight exposure and the history of land use, which can markedly reduce the impact of the carbon content

at 5 cm below ground on soil respiration.
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1. Introduction

The factors that influence the time variability of soil re-
spiration (CO, emission from soil) are relatively well known
(Borken et al. 1999; Rochette et al. 1999; Kutsch et al. 2001;
Tang et al. 2003, 2005; Savage, Davidson 2003; Tufekcioglu,
Kucuk 2004; Zhaofu et al. 2005), but the knowledge about
spatial variability of soil respirationis is still incomplete. Ho-
wever, based on the series of studies about single issues, it
can express some dependencies. The highest soil respiration
is in meadows and other areas with herbaceous vegetation
(Reich and Tufekcioglu 2000; Lohila et al. 2003; Reth et al.
2003; Frank et al. 2006; Papinska et al. 2010). Lower soil re-
spiration is observed in forest areas (Reich and Tufekcioglu
2000; Papinska et al. 2010) and cultivated fields (Lohila et
al. 2003; Reth et al. 2003; Frank et al. 2006), and the lowest
soil respiration is usually observed in areas left fallow (Reth
et al. 2003; Triimper and Klik 2008). Derogations from the
above relations may be due to the age of trees (Tufekcioglu
and Kucuk 2004), the type of crop (Frank et al. 2006) or
moisture in research stands (Papinska et al. 2010). However,
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there are not more accurate studies about the impact of the
type of plant communities on CO, emissions from the soil.
In addition to the type of plant communities and the type
of land use, on spatial variability of soil respiration may affect
the carbon content in soil. Many studies indicate the existence
of such relationship (Tufekcioglu et al. 2001; Franzluebbers
et al. 2002; Harguchi et al. 2002; La Scala et al. 2000); howe-
ver, there are also different results. Francez et al. (2000) and
Reichstein et al. (2003) did not found significant correlation
between respiration and organic carbon content in soil. Rode-
ghiero and Cescatti (2005) speculated that different research
results may be due to the fact that the most studies analyze
relationship between respiration and concentration of carbon
in the topsoil instead of relationship between respiration and
amount of carbon expressed in a unit of mass per unit area.
Another issue that was considered during studies about
spatial variability of soil respiration in forests is human im-
pact on the intensity of this process. So far, most studies
concern on impact of fellings (Concilio 2005, Ohashi et al.,
1999, Tang 2005) and rarely dealt with influences of chan-
ges in type of trees and changes in relief (Wronski 2014).
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The purpose of this study is to characterise the spatial
variability of CO, emissions from forest and meadow soils,
depending on the most typical factors that may affect soil
respiration in Wzniesienia £.odzkie (L6dz Hills):

* type of plant communities in these region,

* organic carbon content in soil,

* human impact on tree stands,

* human impact on relief in forest.

2. Methodology

CO, emission from soil was measured by using a closed
chamber method. A specially constructed steel frame was
driven in soil to a depth of about 3 cm and then a CO, sensor
was placed on a metal rack. Airtech vento carbon dioxide
metre, manufactured by Gazex, was used according to the
NDIR (non-dispersive infrared) method. The sensor accu-
racy is £ 3%, and the response time is approx. 2 min. After
inserting the sensor into the chamber, a plexiglass lamp
shade was put on the frame. In order to seal the chamber, the
groove in frame (in which lamp shade was placed) was filled
with water. In this way, the analysed sample of the soil with
the air above it was isolated from the external conditions for
theshort (10 min) time. The chamber was 23 cm x 23 ¢cm % 6
cm in dimension. CO, sensor, which was inside the chamber,
measured the concentration of CO, for two moments in time:
Smin after closing of the chamber and 10 min after closing
of the chamber. The 5-min postponement of the initial mea-
sure mentis due to the inertia of the CO, sensor. The differ-
ence in concentration between final measurement and initial
measurement was converted to the level of CO, fluxes. The
sensor shows the ratio of the number of CO, particles to the
number of whole air particles (hence, the molar fraction) ex-
pressed in parts per million,which is given as follows:

n
X=—%=_-1000 000 (1)

air

where X is thesensor indicate (ppm)

n,, is the number of moles of CO,

n . 1s the number of moles of air
Soil respiration is given by

_ AMCOZ
R P 2)
where R is the soil respiration
AM_,, is the difference between CO, mass in final measure-
ment and in initial measurement [g]
P is the area of soil under the chamber [m?]
t is the time between final measurement and initial measu-
rement [h]

We can use the following equation for calculating mass
concentration:

M
CITIBSS = VCOZ (3)

air

where C__is the mass concentration of effluxed CO,(g m™)
MCO'2 is the CO, mass (g) . o
V. is the volume of air in chamber (volume of air minus
volume of sensor) (m?)

After transformation of the formula,

AM_, =AC, -V, )

where AC___is the difference between mass concentration of

CO, in final measurement (10 min after closing chamber) and

in initial measurement (5 min after closing chamber) (g m3)
After considering (2), we get

AC'mass ) Vair
i e— ®)
The mean problem in determining the variables in the

above formula is to determine the difference in mass con-
centration of CO,. Because

mol = = (6)
Co,

where M_  is the molar mass of CO, (g/mol)

and after taking into account the differences in units of mo-

lar volume and unit of volume,

1000 - V.

Vmol = = (7)
n

where V__ is the molar volume of air (dm*/mol),
and after considering (3), the mass concentration can be cal-
culated using the following formula:

1000 - M -n

1 CO:
2 8
mass vV n ( )

mol air

After considering (8) and ideal gas law by Clapeyron,
pVy=n, R-T ©)]

where p is the pressure (Pa)
Rg is the universal gas constant (J mol/K)
T is the temperature (K),
we have

PV

— = =R 10

1000 T g (19)
and for air in standard condition (under pressure 101,325 hPa
and temperature 273 K):

101,325 -V |
mol norm =R (11)
1000 - 273 g

where V_is the molar volume of air in standard con-
ditions (dm*/mol)
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On the basis of formulas (10) and (11), we can formulate

PV 1013257,

mol norm (12)
T 1000 - 273
and after transformation,
101325 -T-V
— mol norm (13)

mol p - 1000 - 273
We can transform (8) by considering (13) as follows:

M n 273 p

mol | Cco, .
msy n, T 101325

mol norm air

-1000000 (14)

Because atmospheric pressure is not usually lower than
990 hPa (99,000 Pa) and is not usually higher than 1040
hPa (104,000 Pa), neglecting the impact of this factor will
not cause significant errors in the mass concentration. Thus,
we have

M n, 273
= : > - i 1000000 (15)

n.
mol norm air

mass

Taking into account (1), we can write

M, 273
C — mo! . . i )7 (16)
mass V T

mol norm

where AX is the difference between sensor indicate in final
measurement and in initial measurement (ppm)
In addition to (2), we have

M 273 -AX -V

R= mol air 17
I/mol norm T ’ P "t ( )
mil K ppm - m’ rfo/ K- 1uoi)uuo “m
[R] = - @ |= I ——
::; K-m*-h Z':[‘ K-m?-h
g | [mg om ]| [ mg ]
= =|— = (18)
dm®> m*-h J m3m2-hJ m2~hJ

After taking into account the volume of the chamber and
volume of the sensor, soil respiration is estimated using the
formula

e 44,0095 27341X - (0,23 - 0,2330,06 — 0,000154)
22,4164 70,23 - 0,23 - 0,0833 -

AX
=367.2075— (19)

Measurements were made at monthly intervals at 20 re-
search points in 6 research areas that represented different type-
sof forest and meadow ecosystems. The study was made in the

most typical habitats for the western part of the Wzniesienia
Lodzkie (Lodz Hills): medio-European hornbeam-oak forest
with European hornbeam (Carpinus betulus) and pedunculate
oak (Quercus robur: research points: ‘Wigczyn 2°51°46'14"N,
19°39'00"E and ‘Wigczyn 4 51°46'22"N, 19°39'05"E), ac-
idophilous oak wood with pedunculate oak (Q. robur:
“Wiaczyn 1°51°46'10"N, 19°38'58"E; ‘Justynow 1°51°43'18"N,
19°41'03"E; ‘Justynow 2°51°43'12"N, 19°41'11"E; ‘Rokiciny
2°51°41'01"N, 19°47'14"E), acidophilous beech forest with
European beech (Fagus Sylvatica: ‘Rokiciny 4°51°41'03"N,
19°47'01"E), colline fir forest with black alder (4bies alba:
‘Rokiciny 3°51°41'03"N, 19°46'53"E) and alluvial forest with
black alder (Alnus glutinosa: ‘Zielona Goéra 2°51°42'10"N,
19°40'52"E). Very near to Lodz, there are also small forests
planted few decades ago. Examples of such forests are forest
with scots pine (Pinus sylvestris) in the area where potential
natural vegetation is oak wood (‘Olechéw 1’ 51°44'41"N,
19°34'54"E) and forest with silver birch (Betula pendula) in the
area where potential natural vegetation is hornbeam-oak forest
(‘Olechow 4°51°44'12"N, 19°34'57"E) (Matuszkiewicz 1995).
One research point located in after-agricultural area where, ap-
proximately 15 years ago, scots pine (P, sylvestris) and silver
birch (B. pendula) started to appear through natural succession
(‘Olechow 2°51°44'43"N, 19°34'53"E). Felling areas represent
the research point: “Wiaczyn 3’ (51°46'18"N, 19°39'02"E) (after
felling hornbeam-oak forest) and ‘Rokiciny 1° (51°40'58"N,
19°47'22"E) (after felling oak wood).

In order to investigate what is the level of soil respiration in
forests in comparison to areas that covered herbaceous vegeta-
tion, studies were also conducted on periodically flooded mead-
ow (‘Zielona Gora 1’ 51°42'07"N, 19°40'52"E), in old headwaters
niche (‘Feliksin 3°51°43'55"N,19°36'32"E) and on the old agri-
cultural area where grassy vegetation appeared as a result of nat-
ural succession (‘Olechow 3’ 51°44'01"N, 19°35'00"E).

In the research area ‘Feliksin’, the influence of human
impact on relief on soil respiration was analysed. Research
point ‘Feliksin 1° (51°43'56"N, 19°36'33"E) was at the top of
artificially hill, which was created during the development
of the Lodz railway junction during World War II. Research
point ‘Feliksin 2’ (51°43'56"N, 19°36'32"E) was located at
the foot of the hill. Research point ‘Feliksin 3’ (51°43'55"N,
19°36'32"E) was located in old headwaters niche, but pouring
off the hill stopped surface runoff; hence, there is a permanent
high soil moisture. Research point ‘Feliksin 4’ (51°43'55"N,
19°36'31"E) has unchanged relief by human. The time of de-
velopment of the £.6dz railway junction should also be identi-
fied with the beginning of forest formation in this area.

Measurements (except stands after cutting trees, stands with
changed relief in ‘Feliksin’ and stands with planted forests in
‘Olechow’) were done in areas where forests have been occur-
ring constantly since at least 19th century (as part of old £.6dz
Forest). Table 1 shows soil characteristics in research points.
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In each of the 20 points, measurements were made on two
types of positions: on the soil with litter and litter-free soil to see
how litter affects the CO, fluxes. In litter-free stands, litter was
removed from soil surface approximately 25 min before mea-
surement and it was redeposited after measurement. Similarly,
a layer of turf was removed in soils with grassy vegetation. On
each study site, measurement was done on this same square with
an area of 23 cm x 23 cm. In order for measurements to be rela-
tively representative for each habitat, each location of this square
was chosen in such way that this square was neither too close
nor too distant from the trees, which could be the main reason of
spatial differences of soil respiration in microscale (Stoyan et al.
2000). As a rule, places without low plants were chosen. How-
ever, it was necessary to remove vegetation in meadow stands.

The measurements were done between December 2009
and November 2011 in monthly intervals. To avoid the
situation that time variability during the day affect spatial
variability results, measurements in different sites should
be done in a relatively short period at a precise moment
during the day. Therefore, measurements in each site were
made once between 9 am and 12 am suntime. Values read
at this time are similar to the average daily soil respiration
(Savage, Davidson 2003; Lohila et al. 2003). Because of the
time consumed for each measurement (in addition to 10 min
for measurement, it was necessary to wait about 15 min be-
tween measurements to compensate the CO, concentration
between the atmospheric air above the soil and inside the
sensor), measurements were made in five possible allowing
days. In order to compare data from different sites, estimated
annual soil respiration values using the model, which as an
input data uses an average temperature of 3 days and average
precipitation of 17 days. This model was previously verified
by Wronski (2015) for the much more numerous data series:

R = g + e breTHdw+w’

where R is the theoretical soil respirations for the given day,
T is the average temperature of 3 days,
W is the average precipitation of 17 days,
a, b, ¢, d, fare the empirical coefficients

Organic carbon content on soil surface and 5 cm below
ground and in whole humus were investigated by using the
Tiurin method, and but organic carbon content in organic
soils were estimated by using loss on ignitron method. The
relationship between soil respiration and carbon content was
calculated using the Pearson correlation coefficient.

3. Results
The influence of plants on soil respiration

Generally higher soil respiration was observed in me-
adows (Fig. 1, Table 2). This regularity is visible especially

in summer (Fig. 2). In winter, soil respiration could be even
lower than that in forests, so differences between these types
of ecosystems are smaller for the entire year but high respi-
ration in meadows is still visible.

Particularly high respiration was observed in research
point ‘Zielona Gora 1°. However, probably, this value is
overstated, because the annual value was calculated only
based on these periods when the stand was not flooded.
Studies by Chimner and Cooper (2003) and Turbiak and
Miatkowski (2010) shows that soil respiration can be even
twice lower whensoil surface is under water.

Forest ecosystems can be arranged in terms of volume
of respiration as follows: for litter-free sites: beech forest <
pine forest < oak wood < hornbeam-oak forest on silt < allu-
vial forest < birch forest < fir forest < hornbeam-oak forest
on loam; for sites with the litter: pine forest < oak wood =
fir forest ~ beech forest ~ birch forest < hornbeam-oak forest
on silt < alluvial forest < hornbeam-oak forest on loam (Fig.
2). However, the differences between different types of plant
communities in sites with litter are in general small.

It should be noted that the above relations relate to the
average values for the whole year. These dependencies
may be different for monthly values. The characteristic is
that very similar results were obtained for all research po-
ints in oak woods, regardless of the physical and chemical
properties of soils. On the other hand, both research points in
hornbeam-oak forest were significantly different in terms of
size of soil respiration. The reason of lower amount of CO,
emission in point “Wigczyn 2’ (with silt loam as soil textu-
re) in comparison to respiration in point ‘Wigczyn 4’ (with
sandy loam as soil texture) was probably lower amount of
wide macropores (Table 1) and thus limiting the flow of CO,
through soil.

The influence of carbon content on soil respiration

Organic carbon content in research point is shown in Fig.
1. Correlation coefficients between soil respiration and car-
bon content are given in Table 3.

Statistically significant values (at significance level
0=0.05) are indicated in bold.

A significant correlation between CO, efflux from soil
and carbon content at soil surface (0—1 cm below ground)
was found only in four autumn months: in September 2010
and in September, October and November 2011. A signi-
ficant correlation with carbon content at a depth of 5 cm
below ground was also found in few other months: August,
October and November 2010 and June 2011. Thus, effect of
this parameter is visible also in summer. A stronger relation-
ship with an annual value of soil respirationis also observed.
In contrast, it is surprising that the quantity of organic car-
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Table 1. Characteristics of soils in research points

Soil separates (%) o = &,% 5 g% ‘é 5z “é % g
g Z_ £2ECF F5E2F 5853_ 52f
Site Soil type g g2 8387 E:TZ ELeSS B
Sand  Silt Clay = S v 28E S58E8 o°5§d S 5
3 Ese - Z2EET 2ES  2EY
5 = = 5 = ~ = —
Wigezy 1 gley soil 70 29 g Sandy g 4.1 17.0 26.0 226
loam
Wigezyh 2 gley soil 2 57 1 Sit 65 5.2 14.6 40.0 53
loam
- A
Wigezyn 3 gley soi 48 48 g Sy 3.8 11.3 347 1.7
loam
Wigczyn 4 b il Sand
1aczyn rown sot 54 44 2 Y 644 15.4 16.8 279 43
loam
Ziel. Géra 1l  stagnosols 90 3 7 Sand 82.8 342 12.5 313 4.8
Ziel. Gora2  peat-marshysoil 59 32 9 Sand 80.5 7.6 12.1 22.4 38.4
Justynéw 1 rusty soil 89 10 1 Sand  63.1 17.3 16.8 17.8 11.2
tynow 2 t il
Justynow2 - rusty soi 7 2 g Sandy o 9.9 18.6 234 52
loam
Rokiciny 1 gley soil 71 24 5 Sady oo 212 10.3 255 3.1
loam
Rokiciny 2 podzols 74 24 ,  Sandy o 16.0 13.9 332 27
loam
Rokiciny 3 gley-podzol d
oxieiny gley-podzols 77 18 5 Sandy o ees 39.9 17.2 12.1 19.2
loam
Rokiciny 4 gley soil 82 16 , Sandy o 33.1 15.5 19.2 3.7
loam
lechow 1 ty soil
Olechow fusty sot 8 16 o Sandy e 19.1 13.8 19.9 6.1
loam
Olechéw 2 rusty soil 8 10 2  Sand 462 74 9.7 26.4 27
lechd ley soil
Olechow 3 gley soi 8 17 g Sandy gy 12.0 10.3 218 5.9
loam
Olechow 4 rusty soil 91 8 1 Sand 61.8 15.0 16.5 25.0 53
Feliksin 1 rusty soil 92 7 1 Sand 49.9 17.3 11.2 16.0 5.4
Feliksin 2 ey soil
ciksm gley sot 7 21 ,  Sady 54, 102 11.3 236 5.6
loam
Feliksin 3 stagno sols 63 20 g Samdy g 26.0 73 25.4 43
loam
Feliksin 4 ey soil
clksm gley sot 74 23 Sandy 16 3.5 6.5 253 73

loam
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Table 2. Annual CO, emission from soil in research points (w kg CO, m?year™)

Habitat

Research point

Annual soil respiration

The average soil respiration for type
of plants

research point
litter-free

research point
with litter

research point
litter-free

research point
with litter

Acidophilous beech forest Rokiciny 4 1.32 2.18 1.32 2.18
Acidophilous oak wood Wigczyn 1 1.69 2.19 1.67 2.19
Justynow 1 1.61 2.19
Justynow 2 1.65 221
Rokiciny 2 1.73 2.19
Medio-European hornbeam-oak forest ~ Wiaczyn 2 1.84 242 2.31 2.65
Wiaczyn 4 2.78 2.88
Colline fir forest Rokiciny 3 2.24 2.30 2.24 2.30
Alluvial forest with alder Zielona Gora 2 2.01 2.57 2.01 2.57
Dry pine forest Olechow 1 1.51 2.11 1.51 2.11
Pine and birch forest Olechow 2 1.35 1.57 1.35 1.57
Birch forest Olechow 4 2.19 2.54 2.19 2.54
Meadows and areas with herbaceous Feliksin 3 1.74 1.74 3.04 3.33

plants Olechow 3 274 2.77
Zielona Goéra 1 4.63 5.49
Felling area after hornbeam-oak Wigczyn 3 1.62 2.50 2.08 2.38
forest
Felling area after oak forest Rokiciny 1 2.53 2.26
Maple-sycamore maple-elm forest Feliksin 1 1.85 2.52 1.47 2.00
Feliksin 2 1.36 1.87
Feliksin 4 1.20 1.60

bon in the whole humus do not affect the spatial differences
of soil respiration in any of these periods.

The correlation between these factors for onlyforest sites
unchanged by human (i.e. excluding felling areas, areas
where there was human interference in relief and the stands
where tree stands are unsuitable to potential natural vege-
tation) was also examined. The influence of carbon content
at soil surface on the spatial variability of soil respiration
within these positions was almost imperceptible, but the im-
pact of carbon content at 5 cm below ground was very visi-
ble (Table 4). Correlation coefficient with soil respiration in
site without litter was 0.82 and in site with litter was 0.75.

In addition to the summer and autumn months, this impact
was also marked in spring of 2010, but similar dependence
was not observed in the following year. It is surprising that
strong negative correlation was observed in March 2010. It
can be due to the uneven melting of snow at different sites
in this month.

The influence of human impact on species of trees on
soil respiration

Relatively low respiration is noted within area with plan-
ted pine (‘Olechow 1°), but relatively high respiration is
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Figure 1. Annual soil respiration on research points, organic carbon
content on research points on soil surface, 5 cm below ground and
quantity of organic carbon in humus
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Figure 2. CO, emissions from soils in the beginning of July 2010

noted in area with planted birch (‘Olechow 4”). However,
these values are not significantly different from the level of
respiration in oak forests and hornbeam-oak forests (which
are potential natural vegetation in these areas). Very low va-
lues are observed in after-agricultural area, where pine and
birch appeared as a result of natural succession (‘Olechow 27).

The influence of human impact on relief on soil
respiration

It was also noted that human impact on relief may signi-
ficantly affect soil respiration. In research area ‘Feliksin’,
higher values was noted in points where there was an inter-
ference in relief (‘Feliksin 1’ and ‘Feliksin 2”) than in sites
unchanged (‘Feliksin 4”). The highest respiration was on the
top of the anthropogenic hill (‘Feliksin 1°).

4. Discussion
The influence of plants on soil respiration

The research confirms the observations of many studies
that soil respiration in meadows is higher than that in forests
(Reich and Tufekcioglu 2000; Papinska 2010). Reich and
Tufekcioglu (2000) estimated that the rate of soil respira-
tion in meadows are approximately 20% higher than that in
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Table 3. Linear correlation coefficients between soil respiration and organic carbon content in soil for all research points

Organic C content

on soil surface Organic C content Quantity of organic C
Ve Month (0-1 em below ground) S5cm belz)w ground in humzus
[%] [%] [g/cm?]
litter-free with litter litter-free with litter litter-free with litter
2009 XII 0.28 0.27 0.29 0.43 -0.25 -0.12
2010 I 0.34 0.39 0.04 -0.06 -0.14 -0.16
I -0.33 -0.42 -0.14 -0.11 -0.20 -0.37
I -0.01 0.16 -0.17 -0.26 -0.15 -0.05
1Y 0.18 0.17 0.33 0.43 -0.03 0.06
\% -0.06 -0.20 0.33 0.37 0.18 0.02
VI 0.06 0.34 0.21 0.11 -0.10 0.13
vl 0.03 0.08 0.32 0.28 0.06 0.14
VIII 0.26 0.39 0.36 0.57 -0.03 -0.09
IX 0.52 0.41 0.04 0.01 0.12 0.04
X 0.14 0.27 0.53 0.32 0.16 0.06
X1 0.25 0.28 0.53 0.48 0.06 0.45
XII 0.10 0.29 0.31 0.27 -0.22 0.07
2011 I 0.45 0.20 0.29 0.38 0.29 0.07
I 0.12 0.02 0.38 0.44 0.03 -0.18
111 0.03 -0.12 0.01 -0.02 0.37 0.45
v 0.28 0.27 0.15 0.20 -0.40 -0.42
\% 0.23 0.07 0.07 0.11 -0.11 0.40
VI 0.22 0.13 0.57 0.50 0.35 -0.01
VII -0.06 -0.04 -0.01 -0.04 0.08 0.38
VIII 0.09 0.00 0.18 0.12 -0.18 -0.32
IX 0.52 0.41 0.30 0.28 0.07 0.08
X 0.73 0.50 0.43 0.03 0.17 0.09
X1 0.52 0.45 0.34 0.33 -0.02 0.34
ig;’;iion 0.18 0.19 0.41 0.52 0.04 0.13

Statistically significant values (at significance level 0=0.05) are indicated in bold
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Table 4. Linear correlation coefficients between soil respiration and organic carbon content in soil for forest sites unchanged by human (i.e.
without felling areas, without areas in which relief has changed and without stands in which there was planting trees on habitats wrong for them)

Organic C content Organic C content Quantity of organic C

on soil surface. 5 cm below ground in humus

Year  Month [%] [%] [g/cm?]

litter-free with litter litter-free with litter litter-free with liter

2009 XII -0.02 -0.21 0.81 0.76 -0.26 -0.06
2010 I -0.08 -0.07 -0.38 -0.64 -0.48 -0.35
I -0.36 -0.48 -0.17 0.05 -0.42 -0.43
I -0.02 -0.28 -0.68 -0.88 -0.01 -0.04
v 0.18 0.32 0.74 0.73 -0.42 -0.18
\% 0.03 -0.23 0.83 0.75 -0.31 -0.28
VI -0.04 0.37 0.53 0.46 -0.35 0.15
VII 0.04 -0.03 0.74 0.35 0.04 0.31
Vil 0.28 0.37 0.81 0.54 -0.33 -0.23
IX 0.44 0.40 0.32 -0.02 0.31 0.31
X 0.02 -0.08 0.81 0.72 -0.05 0.00
XI 0.05 -0.12 0.88 0.30 0.15 0.60
XII -0.28 0.13 0.52 0.04 -0.54 -0.20
2011 I 0.25 -0.40 -0.02 0.05 0.23 -0.16
I -0.22 -0.47 0.36 0.32 0.28 -0.02
I 0.15 0.06 -0.03 -0.04 0.49 0.58
v 0.23 0.26 0.44 0.27 -0.60 -0.51
A% 0.61 0.27 0.64 0.46 0.04 0.48
VI 0.30 0.21 0.78 0.69 0.12 -0.38
VII 0.25 0.25 0.72 0.06 0.12 0.43
VIII 0.11 0.05 0.43 0.71 -0.47 -0.28
X 0.48 0.36 0.28 -0.06 -0.02 0.13
X 0.69 0.40 0.42 0.00 0.03 0.17
XI 0.20 0.05 0.71 0.29 0.00 0.32
irsl;;zlﬁon 0.15 -0.01 0.82 0.75 -0.10 0.08

Statistically significant values (at significance level 0=0.05) are indicated in bold
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forests. Also in Zatgcze Landscape Park, soil respiration in
meadow in position without litter was 20% higher than that
in the nearby alluvial forest but CO, fluxes in meadow in
point with litter was about 3% higher than that in forest (Pa-
pinska 2010). In the western part of Wzniesienia £.odzkie,
the respiration noted in all meadow sites was higher than
that in the nearest research points located in forests. Howev-
er, the differences between forests and meadows are higher.
For research points with litter, respiration in meadows was
8-14% higher than that in forests, whilst for research points
without litter, CO, emission in meadow was 25-45% higher
than that in forests.

On higher soil respiration rate in meadows can affect a
large amount of biomass produced by herbaceous plants.
This biomass there goes into the soil, where it is decomposed.
In addition, a large amount of roots and higher temperatures
in the open area contribute to higher CO, emission in these
sites (Tufekcioglu and Kucuk 2004). High soil respiration
was observed even in research points where there is a grassy
vegetation but low amount of carbon in soil (‘Olechéw 3°).
This state of affairs can explain the results of studies by Re-
ichstein et al. (2003), according to which site productivity
affects soil respiration more than soil carbon stocks.

The results also indicate that the type of trees can signifi-
cantly influence CO, emissions from soil. Trees shape soil
conditions by providing the organic material (dead leaves
and needles) into soil. But the following question arises:
how differences in tree species affect the spatial variation of
soil respiration. Earlier studies have suggested that the CO,
emission is higher in deciduous forests than that in conifers
forests (Longdoz et al. 2000). The results of this study do not
fully confirm it. Low respiration in a pine forestwas noted,
but the respiration was more lower in beech stand (for posi-
tions without litter). In turn, the rate of soil respiration in fir
forest is higher than that in most positions with deciduous
trees. The research may point to the significant role of the
rate of decomposition of organic matter in shaping differ-
ences in CO, release from soil between different ecosystems.
The 95-percentage time of decomposition of beech leaves
(known from the literature) is 37.45 years, pine needles is
14.27 years, oak leaves is 4.76 years and hornbeam leaves
is 2.83 years(Weiner 2006). It is, therefore, evident that this
factor may influence on low respiration from litter-free soil
in beech forest, higher respiration in the pine forest and the
oak forest and very high respiration in hornbeam-oak forest.
The correlation coefficient between average time of decom-
position of leaves and needles in these habitats and average
soil respiration in positions without litter is negative and
amounts to —0.74 (although, because of the small number of
elements in variables, there was no statistical significance of
this coefficient). However, it should take into account that

the rate of decomposition, even in small areas, is very di-
verse (Horodecki et al. 2015). Therefore, the potential rela-
tionship between soil respiration and rate of decomposition
should be investigated in future studies.

From the obtained results, the level of CO, emission from
soil with litter in different types of forests is more unified
than that from soil without litter. An influence of type of
habitats for level of soil respiration is also less visible. This
situation can probably explain the fact that in forests with
slow decomposition of leaves (e.g. in beech forest) or nee-
dles, soil is slowly enriched in organic carbon and more or-
ganic matter is there in litter. CO, emission in sites with litter
is, therefore, much greater than that from sites without lit-
ter. In forests with fast decomposition of leaves and needles
(e.g. in hornbeam-oak forest), CO, is rapidly released from
these leaves and needles and also these needles and leaves
are quickly crushed and soil is quickly enriched with carbon.
Larger amount of carbon in soil results in smaller differenc-
es between respiration from soil with litter and that from soil
without litter compared with sites with slow decomposition
of organic matter. This is illustrated in Fig. 3. Greater uni-
formity of soil respiration on position with litter is the result
of taking into account the release of carbon contained both
in the litter and in the soil itself.

If the scheme described in the figure is true, there should
be a combination of the following relationships:

* negative correlation between soil respiration (in sites
without litter) and time of decomposition of organic matter;

* high uniformity of soil respiration in sites with litter;

* positive correlation between soil respiration (in sites
without litter) and carbon content in soil;

* negative correlation between decomposition time of
organic matter and carbon content in soil.

The first two of above dependences were mentioned alre-
ady. The correlation between carbon content at 5 cm below

DLUGI CZAS DEKOMPOZYCJ|
MATERII ORGANICZNEJ
LONG TIME OF ORGANIC
MATTER DECOMPOSITION

KROTKI CZAS DEKOMPOZYCJI
MATERII ORGANICZNEJ
SHORT TIME OF ORGANIC
MATTER DECOMPOSITION

EMISJA DWUTLENKU WEGLA
CARBON DIOXIDE FLUXES

MARTWE LISCIE | IGLIWIE
Z POPRZEDNIEGO ROKU
DEAD LEAVES AND NEEDLES
FROM LAST YEAR

MARTWE LISCIE | IGLIWIE,
Z LAT WCZESNIEJSZYCH
DEAD LEAVES AND NEEDLES
FROM EARLIER YEARS

GLEBA
SOIL

PRZEMIESZCZANIE WEGLA ORGANICZNEGO
ORGANIC CARBON MOVING

Figure 3. Schematic figure illustrating carbon streams in the short
time and the long time of organic matter decomposition. The size
of rectangles is the quantity of carbon. The width of arrows means
the level of CO, emissions and organic carbon moving.
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ground in unchanged forest stands and soil respiration for
whole year is very strong and is 0.82 (Table 4). The veracity
of the scheme can also be attributed to a negative relation-
ship between the average time of decomposition of needles
and leaves (Weiner 2006) and the carbon content at 5 cm
below ground (—0.44). It would be advisable, however, to
verify this model in separate studies.

The influence of carbon content on soil respiration

Several studies have shown a relationship between soil re-
spiration and carbon content in soil. Tufekcioglu et al. (2001)
found a strong correlation between these factors (0.75) on far-
mland in Iowa and Franzluebbers et al. (2002) for areas in
prairie in Kansas, USA (0.84). High correlation (0.70) was
obtained by Harguchi et al. (2002) during their research in pe-
tland in central Japan. Gough and Seiler (2004) found a small
but significant correlation (0.16) between carbon content and
soil respiration in a pine forest in South Carolina in the Unites
States. Correlation of 0.30-0.47 between CO, emissions from
tropical bare soils near Sao Paulo, Brazil, and the carbon con-
tent in soil was noted by La Scala et al. (2000). Rodeghiero
and Cescatti (2005) observed a positive linear relationship be-
tween carbon content in the layer 0-30 cm below ground and
an average annual soil respiration and exponential correlation
between carbon content and soil respiration at 10 © C. Much
less studies indicate no effect of carbon in soil respiration
(Francez et al. 2000, Reichstein et al. (2003).

Therefore, a surprising result of the research is that signi-
ficant correlation between soil respiration and carbon con-
tent was not observed in all year but only in a few months. It
can point at two periods when the impact of carbon content
on soil respiration is stronger: autumn and summer. Varying
sensitivity of soil respiration to organic matter content has
been noticed by Moncrieff and Fang (1999) for pine plan-
tations in Florida. The biggest reaction to a 5% increase in
soil organic matter content they observed in summer. These
authors explained it with moderate soil moisture and high
temperatures. In central Poland, the relationship between
these variables is more visible during autumn. It can be the
result of fall of leaves and needles during this period and a
beginning of its decay.

The study also shows that carbon content at 5 cm below
ground better reflects the spatial differences in soil respiration
(in relation to both the annual value and the individual mon-
ths) than the carbon content on soil surface, as evidenced by
the results for the unchanged forest stands. Low correlation
between CO, emissions from soil and carbon content on soil
surface in these stands may seem surprising, but it should take
into account that the process of soil respiration also include
CO, released from deeper levels of soil and spatial differences

of carbon content at soil surface may be different from that in
other depths in a soil. However, human interference in relief,
tree stand or interference by earlier agricultural cultivation
may impair strong correlation with carbon content at 5 cm
below ground (as evidenced by the comparison of Tables 4
and 3). It is then more noticeable influence of other factors. A
more detailed analysis of human impact on the process of soil
respiration is presented in the following sections.

Surprising research resultis that quantity of organic car-
bon in whole humus is very poorly correlated with soil re-
spiration. According to Rodeghiero and Cascatti (2005)
calculating correlation between respiration and carbon con-
tent in topsoil instead of correlation with carbon mass per
unit areais a mistake. However, in this study, significant cor-
relation between quantity of carbon in the whole humus and
soil respiration has not been detected.

The influence of human impact on tree stand on soil
respiration

A very common situation in the Polish forests is planting
trees on habitats that do not suit them. Researches indicate
that in these areas, as well as in the forests in which there was
no human interference with tree stands, intensity of soil res-
piration depends on the rate of decomposition of leaves and
needles. Higher respiration rate was observed in birch forest,
than in pine forest, where the semi-annual amount of decom-
position is, respectively, 29-34% and 21-25% (Horodecki et
al. 2015). These differences cannot be explained by differenc-
es in physical properties of soil, which are very similar in both
positions, or by differences in carbon content (Fig. 1).

But the number of factors affecting CO, emissions from
soil in areas with changed tree stands is greater. The most
important of them is history of land use, although its ef-
fect is noted with varying intensity, depending on the time
from last change of use. Usually small monoculture forests
occur on areas of old farmlands. Intensive farming reduces
the number of elements in soil, reduce an amount of car-
bon and causes decreasing of CO, emissions. Many studies
point to very low respiration on fallow areas (Frank et al.
2006; Triimper and Klik 2008). It was also observed at re-
search point ‘Olechéw 2’°, where pine and birch entered as
a result of natural succession. Observation at research point
‘Olechow 2’ shows that even approx. 15 years after enter-
ing the forest, soil respiration is still very low. However, in
the areas of older planting forests (in site ‘Olechow 1’ after
planting pine and in site ‘Olechow 4’ after planting birch),
the impact of reducing carbon in soil is already invisible.
Soil respiration in these research points is similar to that
in oak forests and hornbeam-oak forests, which are natural
habitats for these areas, respectively.
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The impact of felling on the process of soil respiration
in research areas had already been analysed by Wronski
(2014). At this point, therefore, I only quote, as many studies
indicated (Concilio 2005), that in young felling areas, the in-
crease of release of carbon from soil is observed, because of
making fissures during planting new trees (Rykowski 1999)
and an increase in temperature in the open places (Hough-
ton and Hackler 1999, Schlesinger and Andrews 2000; Hirsh
et al. 2004) and increasing nutrient availability (Tang et al.
2005). For example, in the area of young felling area after
oak wood (‘Rokiciny 1), soil respiration was about 46%
higher than in the area with trees (‘Rokiciny 2”). But as the
amount of carbon in soil is reduced, the soil respiration is de-
creased. Therefore, CO, emissions on old felling areas from
the litter-free soil are lower than those from areas around.

The influence of human impact on relief on soil
respiration

The author has analysed the impact of changes in relief
on the process of soil respiration in research area‘Feliksin 4’
(Wronski 2014), but he had a much shorter data series and esti-
mated annual level of CO, emissions from soil based on other,
less precise models. He has not disposed some measurements
of chemical soil properties. Therefore, the following interpreta-
tion is different to the interpretation in article from 2014.

Presented studies show that the impact of human on re-
lief may significantly affect soil respiration. CO, emissions
at the top of artificial hill (‘Feliksin 1) are clearly higher
than those in not changed position (‘Feliksin 4”). A similar
effect, although smaller, is visible at the foot of the hill
(‘Feliksin 2”). The reasons cannot be associated with more
organic matter in the hill, because that matter is less in this
place in soil profile. The reason is rather higher light inten-
sity and, hence, more favourable conditions for the growth
of crowns of trees, and thus the greater amount of leaves,
which are the sources of organic matter for soil after their
falling in autumn. The correctness of such explanation
confirms the distribution of organic carbon in soil profiles.
Although carbon content 5 cm below ground on the top of
the hill is the smallest, lower at the foot of the hill, and the
highest is in the unchanged place, the situation is rever-
sed for carbon content on soil surface. The hill was made
from much lighter material than that occurred naturally in
this area. This material also has significantly less organic
carbon. Increasing the amount of carbon near soil surface
is, therefore, a result of carbon accumulation, which was
initiated relatively recent (approx. 70 years ago). Large
growth of tree crowns on the top of the hill provided a large
dose of carbon supplied to the soil, which began to form
on the hill.

5. Conclusions

This study confirmed the highest soil respiration in me-
adow. Within the forest, the presence of a certain scheme can
be observed: in ecosystems with the fast rate of decompo-
sition of organic matter, there is a greater supply of carbon to
the soil and higher CO, emissions from soil without litter (in
positions with litter soil respiration is more uniform) is ob-
served. However, amongst the indicators, taking into account
the amount of carbon in soil, not the total quantity of carbon
in humus but the carbon content at 5 cm below ground have
the strongest correlation with soil respiration. The study also
showed that the influence of carbon content at 5 cm below
ground varies during the year and the strongest impact of this
factor is observed in summer and autumn. However, human
can modify the above-described general scheme. The history
of land use can be visible by reducing carbon content in soil
and thus by decreasing the correlation between soil respira-
tion and carbon content at 5 cm below ground. The rate of
decomposition of leaves and needles from planted trees will
have then a stronger impact on after-agricultural land. Inter-
ference in relief can affect soil respiration by changing the
intensity of sunlight, whereas the volume of soil respiration in
felling areas is affected by the age of felling area.

Conflict of interest

The author declares that there are no potential conflicts
of interest.

Acknowledgment and source of funding

The study was funded by the author. The author would
like to thank the Department of Physical Geography, Uni-
versity of £6dz, for the free use of a carbon dioxide metre.

Presented article shows part of the results of an unpub-
lished PhD thesis: Wronski K. 2013. Wplyw warunkéw $ro-
dowiskowych na emisj¢ CO, z gleb lesnych i fgkowych na
obszarze srodkowej Polski, £.odz, 143 p.

References

Borken W., Xu Y.-J., Brumme R., Lamersdorf N. 1999. A clima-
te change scenario for carbon dioxide and dissolved organic
carbon fluxes from a temperate forest soil: drought and re-
wetting effects. Soil Science Society of America Journal 63:
1848-1855. DOI 10.2136/s552j1999.6361848x.



K.T. Wronski / Le$ne Prace Badawcze, 2018, Vol. 79 (1): 45-58 57

Chimner R.A., Cooper D.J. 2003. Influence of water table levels
on CO, emissions in a Colorado subalpine fen: an in situ mi-
crocosm study. Soil Biology & Biochemistry 35: 345-351. DOIL
10.1016/S0038-0717(02)00284-5.

Concilio A. 2005. Interannual variability in soil respiration and re-
sponse to experimental burning and thinning in an old growth
mixed-conifer forest. The University of Toledo, 69 s.

D’Angelo E.M., Reddy K.R. 1999. Regulators of heterotrophic
microbial potentials in wetland soils. Soil Biology and Bioche-
mistry 31: 815-830.

Frank A.B., Liebig M.A., Tanaka D.L. 2006. Management effects on
soil CO, efflux in northern semiarid grassland and cropland. Soil
and Tillage Research 89: 78-85. DOI 10.1016/}.sti11.2005.06.0009.

Franzluebbers K., Franzluebbers A.J., Jawson M.D. 2002. Envi-
ronmental controls on soil and whole-ecosystem respiration
from a tallgrass prairie. Soil Science Society of America Jour-
nal 66: 254-262.

Francez A-J., Gogo S., Josselin N. 2000. Distribution of potential
CO, and CH, productions, denitrification and microbial bio-
mass C and N in the profile of a restored peatland in Brittany
(France). European Journal of Soil Biology 36: 161—168.

Gough C.M., Seiler J.R. 2004. The influence of environmental,
soil carbon, root and stand characteristics on soil CO, efflux in
loblolly pine (Pinus taeda L.) plantations located on the South
Carolina Coastal Plain. Forest Ecology and Management 191:
353-363. DOI 10.1016/j.foreco.2004.01.011.

Haraguchi A., Kojima H., Hasegawa C., Takahashi Y., Iyobe T.
2002. Decomposition of organic matter in peat soil in a min-
erotrophic mire. European Journal of Soil Biology 38: 89—95.
DOI 10.1016/S1164-5563(01)01112-8.

Hirsch A.L, Little W.S., Houghton R.A., Scott N.A., White J.D.
2004. The net carbon flux due to deforestation and forest
re growth in the Brazilian Amazon: analysis using a pro-
cess-based model. Global Change Biology 10: 908-924. DOI
10.1111/5.1529-8817.2003.00765.x.

Horodecki P., Nowinski M., Rawlik K., Jagodzinski A.M. 2015.
Rozktad lisci drzew w poczatkowych etapach dekompozycji w
drzewostanach sosnowych i brzozowych rosnacych na rekulty-
wowanym zwatowisku pokopanym i terenach le$nych. Studia
iMateriaty CEPL w Rogowie R. 17, 42(1): 262-278.

Houghton R.A., Hackler J.L. 1999. Emissions of carbon from
forestry and land-use change in tropical Asia. Global Change
Biology 5: 481-492. DOI 10.1046/j.1365-2486.1999.00244 x.

Kutsch W.L., Staack A., Wotzel J., Middelhoff U., Kappen L.
2001. Field measurements of root respiration and total soil
respiration in an alder forest. New Phytologist 150: 157-168.
DOI 10.1046/j.1469-8137.2001.00071.x.

La Scala N., Marques J., Pereira G.T. Cora J.E. 2000. Carbon di-
oxide emission related to chemical properties of a tropical bare
soil. Soil Biology and Biochemistry 32: 1469-1473.

Lohila A., Aurela M., Regina K., Laurila T. 2003. Soil and
total ecosystem respiration in agricultural fields: effect
of soil and crop type. Plant and Soil 251: 303-317. DOI
10.1023/A:1023004205844.

Longdoz B., Yernaux M., Aubinet M. 2000. Soil CO, efflux mea-
surements in a mixed forest: impact of chamber disturbance,

spatial variability and seasonal evolution. Global Change Bio-
logy 6: 907-917. DOI 10.1046/j.1365-2486.2000.00369.x.

Matuszkiewicz J.M. 1995. Potencjalna roslinno$¢ naturalna Polski.
Mapa przegladowa 1:300 000. Arkusz 8: Wzniesienia Potu-
dniowomazowieckie i Wyzyna Srodkowomatopolska. Polska
Akademia Nauk. Warszawa

Moncrieff J.B., Fang C. 1999. A model for soil CO, production
and transport 2: Application to a Florida Pinus elliotte planta-
tion. Agricultural and Forest Meteorology 95: 237-256. DOI
10.1016/S0168-1923(99)00035-0.

Niewinna M. 2010. Wielkos¢ opadu i tempo rozktadu $ciotki w
wybranych drzewostanach Bieszczaddw. Roczniki bieszczadz-
kie 18: 59-73.

Ohashi M., Gyokusen K., Saito A. 1999. Measurement of carbon
dioxide evolution from a Japanese cedar (Cryptomeria japon-
ica D. Don) forest floor using an open-flow chamber metod.
Forest Ecology and Management 123: 105-114. DOI 10.1016/
S0378-1127(99)00020-1.

Papinska E., Michalska-Hejduk D., Niewiadomski A., Totoczko W.
2010. Wydzielanie CO, z gleb lesnych i tgkowych w Bolimow-
skim Parku Krajobrazowym. Ochrona Srodowiska i Zasobow
Naturalnych 42: 136-143. ISSN 1230-7831-08-7.

Raich J.W., Tufekcioglu A. 2000. Vegetation and soil respiration:
Correlations and controls. Biogeochemistry 48: 71-90. DOI
10.1023/A:1006112000616.

Reichstein M, Rey A., Freibauer A., Tenhunen J., Valentini R,
Banza J., Casals P., Cheng Y., Grunzweig J.M., Irvine J,
Joffre R., Law B.E., Loustau D., Miglietta F., Oechel W,
Ourcival J-M, Pereira J.S., Peressotti A., Ponti F., Qi Y.,
Rambal S, Rayment M., Romanya J., Rossi F., Tedeschi V.,
Tirone G., Xu M., Yakir D. 2003. Modelling temporal and
large-scale spatial variability of soil respiration from soil
water availability, temperature and vegetation productivity
indices. Global Biogeochemical Cycles 17(4): 1104. DOI
10.1029/2003GB002035.

Reth S., Gockede M., Falge E. 2003. Temperature and soil water
controls on CO, efflux from agricultural. Geophysical Rese-
arch Abstracts 5: 01061.

Rochette P., Angers D.A., Chantigny M.H., Bertrand N., Cote D.
2004. Carbon dioxide and nitrous oxide emissions following
fall and spring applications of pig slurry to an agricultural soil.
Soil Science Society of America Journal 68: 1410-1420. DOI
10.2136/s552j2004.1410.

Rodeghiero M., Cescatti A. 2005. Main determinants of forest
soil respiration along an elevation/temperature gradient in
the Italian Alps. Global Change Biology 11: 1024-1041. DOI
10.1111/j.1365-2486.2005.00963 .x.

Rykowski K. 1999. Rola ekosystemow lesnych oraz drewna w
kontrolowaniu absorpcji i emisji wegla, w Zmiany i zmiennos¢
klimatu Polski. Ich wptyw na gospodarke, ekosystemy i czto-
wieka. Ogolnopolska konferencja naukowa, £.6dz, 4-6 listopa-
da 1999: 225-244.

Savage K.E., Davidson E.A. 2003. A comparison of manual and
automated systems for soil CO, flux measurements: trade-of-
fs between spatial and temporal resolution. Journal of Expe-
rimental Botany 54(384): 891-899. DOI 10.1093/jxb/erg121.


http://dx.doi.org/10.1111/j.1529-8817.2003.00765.x
http://dx.doi.org/10.1111/j.1529-8817.2003.00765.x

58 K.T. Wronski / Le$ne Prace Badawcze, 2018, Vol. 79 (1): 45-58

Schlesinger W.H., Andrews J.A. 2000. Soil respiration and
the global carbon cycle. Biogeochemistry 48: 7-20. DOI
10.1023/A:1006247623877.

Stoyan H., De-Polli H., Bohm S., Robertson G.P., Paul E.A. 2000.
Spatial heterogeneity of soil respiration and related properties
at the plant scale. Plant and Soil 222: 203-214.

Tang J., Baldocchi D.D., Qi Y., Xu L. 2003. Assessing soil CO,
efflux using continuous measurements of CO, profiles in soils
with small solid-state sensors. Agricultural and Forest Meteo-
rology 118: 207-220. DOI 10.1016/S0168-1923(03)00112-6.

Tang J., Qi Y., Xu M., Misson L. Goldstein A.H. 2005. Forest
thinning and soil respiration in a ponderosa pine plantation in
the Sierra Nevada. Tree Physiology 25: 57-66. DOI 10.1093/
treephys/25.1.57.

Trimper G., A. Klik A. 2008. Effects of soil tillage on carbon di-
oxide emissions from agricultural soils. Geophysical Research
Abstracts t. 10., EGU2008-A-03494.

Tufekcioglu A., Kucuk A. 2004. Soil respiration in young and old
oriental spruce stands and in adjacent grasslands in Artvin, Tur-
key. Turkish Journal of Agriculture and Forestry 28: 429—434.

Tufekcioglu A., Raich J.W., Isenhart T.M., Schultz R.C. 2001. Soil
respiration within riparian buffers and adjacent crop fields. Plant
and Soil 229(1): 117-124. DOI 10.1023/A:1004818422908.

Turbiak J., Miatkowski Z. 2010. Emisja CO, z gleb pobagiennych
w zaleznosci od warunkéw wodnych siedlisk. Woda-Srodowi-
sko-Obszary Wiejskie. Instytut Technologiczno-Przyrodniczy
w Falentach 10(1): 201-210.

Weiner I. 2006. Zycie i ewolucja biosfery, Wyd. PWN, Warszawa.
610 s. ISBN 83-01-14174-3.

Wronski K.T. 2014. Wydzielanie dwutlenku wegla z gleb lesnych
i lakowych w regionie 16dzkim oraz wpltyw czlowieka na ten
proces. Z badan nad wpltywem antropopresji na srodowisko 15:
98-107. ISSN 1895-6785 1895-6777.

Wronski K.T. 2015. The dependence of soil CO, fluxes on atmo-
spheric conditions during sub-periods of soil respiration. Lesne
Prace Badawcze 76(2): 129-143. DOI 10.1515/frp-2015-00013.

Zhaofu L. Xianguo L., Qing Y. 2005. Soil-surface CO, fluxes in
a Deyeuxia angustifolia wetland in Sanjiang Plain, China.
Wetlands Ecology and Management 13: 35-41. DOI 10.1007/
s11273-003-5041-8.



	_GoBack
	_Hlk495236363
	_GoBack
	_Hlk495236130
	_GoBack



