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 Szaran J., Dudziak A., Trembaczowski A., Niezgoda H. and Ha³as S. (2005) — Di ur nal vari a tions and ver ti cal dis tri bu tion of d13C, and
con cen tra tion of at mo spheric and soil CO2 in a meadow site, SE Po land. Geol. Quart., 49 (2): 135–144. Warszawa.

We pro vide the re sults of 24-hour ob ser va tions made in a meadow site lo cated in a small river val ley in Cen tral Eu rope. Sam ples of at mo -
spheric air were taken from three ho ri zons: near the soil (0.05 m), in the grass (0.5 m) and above the meadow (2 m) at two-hour in ter vals.
At the same time, sam ples of soil air were col lected from two ho ri zons: –0.1 and –0.5 m. We have found a vari a tion of d13C above the
ground from –6‰ dur ing the day to –20‰ late at night ac com pa nied by vari a tions in CO2 con cen tra tion from 270 ppm dur ing the day, to
var i ous lev els late at night at dif fer ent heights above the ground. The max i mum con cen tra tion was 1430 ppm at the ground level. The cor -
re la tion co ef fi cient be tween d13C and re cip ro cal of con cen tra tion was the high est (R2 = 0.984) for the sam ples col lected 2 m above the
ground, the re gres sion line clearly in di cat ing CO2 mix ing from the two sources: at mo spheric and biogenic res er voirs. The in ter cept of the
mix ing line yields d13C = –23.0‰ for the biogenic CO2. In con trast, the di ur nal vari a tions in the soil were rel a tively small, d13C var ied
from –21.6 to –23.4‰, while CO2 con cen tra tion from 4300 to 8200 and from 24 700 to 34 500 ppm at depths of 0.1 m and 0.5 m re spec -
tively, which is less than 2-fold. Small di ur nal vari a tions are char ac ter is tic of dry soils, where d13C is weakly cor re lated with CO2 con cen -
tra tion (in our case R2 was 0.30 and 0.54, re spec tively).
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INTRODUCTION

The anal y sis of CO2 in ice cores shows that for 400 000
years be fore the in dus trial rev o lu tion be gan in 1800s, the at mo -
spheric CO2 con cen tra tion had re mained be tween 200 and
280 ppm. The com bus tion of fu els is con tin u ally dis charg ing
CO2 into the at mo sphere. The re sults of al most fifty years of
ob ser va tions at Mauna Loa ob ser va tory show that the CO2 con -
cen tra tion has grad u ally in creased from 315 ppm, ob served in
1958, to 376 ppm, ob served in 2003 (Keeling and Whorf,
2004). The an nual av er age val ues of d13C ob served in clean air
in Mauna Loa var ied from –7.84‰, ob served in 1993, to
–8.05‰, ob served in 2001 (Allison et al., 2003). Long-term
ob ser va tions show a reg u lar de crease of d13C in at mo spheric
CO2, which re sults from anthropogenic CO2; win ter-sum mer
vari a tions, caused by a more in tense com bus tion of fu els in
win ter, were also ob served (Keeling et al., 1979; Mook et al.,
1983; Kuc, 1986; Szaran, 1990; Kuc and Zimnoch, 1998).

It is known that the soil or ganic car bon pools main tain
twice as much car bon as the at mo sphere, and three times the
car bon hoarded by veg e ta tion (An drew and Schlesinger,
2001). This does not mean that all of the earth’s sur face is a sink 
of car bon di ox ide. The dif fer ence be tween car bon as sim i la tion
and soil res pi ra tion de ter mines whether a par tic u lar area is a
source or a sink. In fact, soil mi cro bial res pi ra tion con sti tutes a
car bon flux 10 times greater than that from fos sil fuel com bus -
tion and 2.5 times greater than the de liv ery of lit ter to the soil
sur face (An drew and Schlesinger, 2001).

The con cen tra tion of car bon di ox ide in the at mo sphere and
its car bon iso to pic com po si tion var ies ac cord ing to day light
and plant ac tiv ity (Kuc, 1991; Szaran, 1998; Zimnoch et al.,
2004). Plants as sim i late CO2 at day time, while they only emit
CO2 dur ing the night. These vari a tions are most pro nounc ing
dur ing wind less weather which pro motes stag na tion of the air
above the ground.

An other im por tant source of CO2 is the soil, where car bon
di ox ide is gen er ated by root res pi ra tion and mi cro bial de com -
po si tion of soil or ganic mat ter. Changes in so lar en ergy within



the 24-hour cy cle re sult in vari a tions of soil tem per a ture and
plant ac tiv ity, which af fect the rate of CO2 pro duc tion. Small
dif fer ences be tween day-time and night-time root res pi ra tion
rates were ob served in lab o ra tory ex per i ments and field in ves ti -
ga tions on dif fer ent plant spe cies (Veen, 1981; Scheurwater et
al., 1998; Widen and Majdi, 2001), and strongly marked di ur -
nal vari a tions when the day light max i mum was more than dou -
ble the night-time min i mum (Har ris and van Bavel, 1957).
Root res pi ra tion is very sen si tive to tem per a ture, more than
dou bling when the tem per a ture in creases by 10°C (Palta and
No bel, 1989; Tjoelker et al., 1999; Atkin et al., 2000).

Soil CO2 efflux rates were mea sured in var i ous eco sys -
tems. In eu ca lyp tus open for est in a trop i cal sa vanna of north -
ern Aus tra lia it was ob served that the av er age soil CO2 efflux
was 19.33 mmol m–2 h–1 dur ing the wet sea son and de clined to
7.92 mmol m–2 h–1 dur ing the dry sea son (Chen et al., 2002).
Day-time rates of the soil CO2 efflux rate were con sis tently
higher than noc tur nal val ues. The max i mum rates oc curred
late in the af ter noon, when the soil tem per a tures at tained their
max i mum, whilst the min i mum rates were re corded dur ing
early morn ings. The mea sure ments per formed in or ganic bo -
real soils (Fin land) in sum mer showed that the mean daily
CO2 flux from grass or bar ley field (32.5 mmol m–2 h–1) was
2.5 times higher than from birch for est (Maljanen et al.,
2002). How ever, the max i mum flux of CO2 re corded at noon
was 25–30% higher than the min i mum re corded be fore dawn. 
Di ur nal changes of car bon di ox ide flux from bare soil in an
ag ri cul tural field in Ja pan were mea sured by Nakadai et al.
(2002). The CO2 flux showed sig nif i cant di ur nal changes, and 
these pat terns were highly cor re lated with the soil sur face
tem per a ture. Its val ues ranged from 2.1 to 7.0 mmol m–2 h–1 in
Au gust and from 0.4 to 0.9 mmol m–2 h–1 in Feb ru ary. In for est 
soils also a re verse be hav iour was ob served, i.e. the max i mum 
flux of CO2 oc curred in the night (Ed wards and Sollins, 1973;
Dudziak and Halas, 1996a; Scott et al., 2004). This kind of
vari a tion might be con nected with the con vec tion of CO2

from soil or with air mois ture vari a tions.

Vari a tions of car bon iso tope com po si tion in soil CO2 over
the 24-hour cy cle were ob served in East ern Eu rope by Dudziak 
and Halas (1996a). Large changes in CO2 con cen tra tion were
ac com pa nied by re spec tive dis tinct changes in d13C. For ex am -
ple, if the CO2 con cen tra tion dou bled, d13C de creased by about
4‰. The range of these changes de creased with depth. 

The char ac ter of di ur nal d13C and CO2 con cen tra tion vari a -
tions sug gests a sim ple mix ing of clean at mo spheric air with a
d13C value close to –8.0‰ with biogenic car bon di ox ide which
has a much more neg a tive d13C value than that of clean air. The
biogenic CO2 is pre dom i nantly pro duced by plant res pi ra tion
and mi cro bial de com po si tion of or ganic mat ter in soil. In this
pa per we pres ent the re sults of si mul ta neous ob ser va tions of di -
ur nal vari a tions in both at mo spheric and soil CO2. The nov elty
of this study is in dem on strat ing the ver ti cal dis tri bu tion of CO2

con cen tra tion and d13C from a depth of 0.50 m in the soil to a
height of 2.0 m above the ground sur face in the air.

STUDY AREA

For this study we have cho sen a flat meadow cov ered with
high grass, prior to mow ing. The meadow is lo cated in the
Bystrzyca River val ley, on the left side of the river, 100 m from
the wa ter side trees, 600 m from a lo cal road and 500 m from the 
near est farm build ings of the vil lage of ¯abia Wola, about
10 km from Lublin (SE Po land); see map in Fig ure 1. The sam -
pling site was sit u ated in the mid dle of a rect an gu lar meadow
(200 m ´ 50 m), in the grass, whose over all height was about
0.7 m, whereas the height of sin gle blades reached 1.4 m. We
no ticed the fol low ing spe cies: Setaria glauca, Avena fatua,
Avena strigosa, Agropyron repens, Echinochla crus-galli. 

The at mo spheric con di tions dur ing the sam pling (11–12
June 2003) were steady, al most cloud less and wind less. A weak
breath of air, about 1m/s, was no ticed some times from the
N–NW. The at mo spheric pres sure was about 100 kPa and it re -
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Fig. 1. Lo ca tion of the study area

Ar row points to a location of the in ves ti gated area



mained fairly con stant dur ing the ob ser va tions. The air and soil
tem per a ture var ied from 9 to 25°C and from 14 to 17°C at depths 
of 0.1 m and 0.50 m, re spec tively. The soil was dry; no rain fall
had been re corded for over three weeks prior to the ob ser va tion.

ANALYTICAL METHODS

Sam ples of at mo spheric air were sucked into evac u ated
glass am poules (about 500 mL in vol ume) from three ho ri zons:
near the soil (0.05 m above the ground), in the grass (0.5 m
above the ground) and above the meadow (2 m above the
ground) ev ery two hours. Each time, a sam ple of at mo spheric
air was sucked from an other part of the meadow, which was
cov ered by sim i lar grass, of sim i lar height and den sity. The
sam ples were sucked into the glass am poules by open ing a
stop cock of large di am e ter, thereby the suck ing time was short - 
less than 1 sec ond. Such sam pling does not in duce iso to pic
frac tion ation. At the same time, sam ples of soil air were col -
lected from two ho ri zons: –0.1 and –0.5 m with re spect to the
soil sur face. Soil air was sucked into 50 mL glass sy ringes with
two small stopcocks which al low flush ing of the dead vol umes
by the sam pled air. The sy ringes were con nected to a stain less
steel probe (see Fig. 2), which was forced into a de sired depth
and stayed un moved in the soil over the whole pe riod of the ob -
ser va tion. To avoid per tur ba tions in the soil at mo sphere, the
sam pling was per formed very slowly, over 20 min. Dur ing the
sam pling, the tem per a tures of the air above the ground and of
the soil were taken by means of mer cury ther mom e ters.

The sam ples of air were im me di ately trans ported to the
lab o ra tory, where the CO2 was ex tracted and ana lysed mass-
 spectrometrically (Dudziak and Halas, 1996b; Szaran, 1998;
Szaran et al., 2002). The car bon di ox ide was ex tracted sep a -
rately from each am poule and sy ringe by pump ing the re sid -
ual air through a trap cooled with liq uid ni tro gen at a pres sure
re duced to about 10 mbars. An ad mix ture of ni trous ox ide
(which has the same mass as CO2, i.e. 44 and 45) was re -
moved by pass ing the gas through hot cop per wires, where
N2O was de com posed (Dudziak and Halas, 1990). Car bon di -

ox ide was pu ri fied from the wa ter vapour by frac tional sub li -
ma tion at a tem per a ture of –60°C. The mea sure ments of d13C
were per formed in the Mass Spec trom e try Lab o ra tory by
means of a dual in let and tri ple col lec tor in stru ment (a mod i -
fied and mod ern ized MI 1305 model). The stan dard un cer -
tainty of d13C mea sure ments was 0.08‰.

The ab so lute CO2 con cen tra tion was de ter mined by means of 
the same mass spec trom e ter which was used for d13C mea sure -
ments. We used the lin ear re la tion ship be tween the ion beam in -
ten sity and gas pres sure in the in let sys tem kept at a con stant vol -
ume. The re la tion ship was cal i brated by 12C16O2+ ion beams for a 
given sam ple and known amounts of CO2 pre pared from pure
BaCO3 re agent (McCrea, 1950). The CO2 con cen tra tion was de -
ter mined with a rel a tive stan dard un cer tainty of 2%.

RESULTS 

The re sults ob tained are shown in Ta bles 1 and 2 and in Fig -
ures 3–6. Large di ur nal vari a tions in CO2 con cen tra tion and in
the d13C of the at mo spheric air were ob served. The max i mum
val ues of CO2 con cen tra tion were no ticed near the soil sur face
where the d13C value was the low est. The larg est vari a tion in
the CO2 con cen tra tion was ob served in the air near the ground,
where the con cen tra tion of CO2 ranged from 266 ppm to 1430
ppm, and the d13C from –8.6 to –20.4‰. 

Af ter sun set, the CO2 con cen tra tion in the at mo sphere in -
creased while the d13C de creased, tend ing to the value re corded
in the soil air. Dur ing this time, at the height of 2 m above the
ground, CO2 con cen tra tion rose from 280 ppm to 980 ppm,
while d13C dropped from –7.6 to –18.6‰. Sur pris ingly, the
small est vari a tions of CO2 con cen tra tion were re corded at the
height of 0.5 m above the ground, from 290 to 580 ppm. In con -
trast we have re corded there the larg est vari a tions in d13C, from
–6.2 to –20.2‰. It is worth not ing that the air sam pling was
made in free space be tween the grass blades, which were dry
over the day, but be come wet dur ing the night.

At sun rise (4:00 a.m.), the re verse ef fect was ob served: the
car bon di ox ide con cen tra tion de creased, while the d13C in -
creased. At the be gin ning of full day light (about 6:00 a.m.)
these trends stopped. The con cen tra tion of car bon di ox ide and
the iso to pic com po si tion of car bon in the air were steady un til
8:00 p.m. (be fore the sun set). Af ter dawn, the CO2 con cen tra -
tion de creased, while the d13C in creased, tend ing to the value of 
–8.8‰ at the ground, –6.5‰ be tween the grass and –7.5‰ at
2 m height above the ground. The high est d13C and the low est
CO2 con cen tra tion were ob served in the air within the grass at
0.5 m level above the ground. The low est vari a tion of the CO2

con cen tra tion were also re corded at this level. 
Other ef fects were ob served in soil, where no dis tinct di ur -

nal changes were ob served. At both ho ri zons, the con cen tra tion 
of car bon di ox ide fluc tu ated slightly, while the car bon iso to pic
com po si tion re mained al most steady. Dif fer ent val ues for each
of the two ho ri zons, the deeper and shal lower, were ob served.
The car bon di ox ide con cen tra tion at –0.1 m var ied from
4300 to 8200 ppm, while at the –0.5 m ho ri zon it was higher
and var ied from 24 700 to 34 500 ppm; the d13C for these ho ri -
zons var ied from –21.10 to –22.05‰ and from –22.96 to
–23.76‰, re spec tively.
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Fig. 2. The sam pling of soil air



The air and soil tem per a tures re corded dur ing sam pling are
plot ted in Fig ure 4. These vari a tions were typ i cal for the day-night
cy cle. They were larger in the air (11–25°C and 9–24.5°C at the
2.0 m and 0.05 m ho ri zons, re spec tively) than in the soil (at the
depth of 0.1 m the tem per a ture var ied from 14 to 17°C).

DISCUSSION 

There is no doubt that the ob served di ur nal vari a tions in CO2

con cen tra tion and its car bon iso to pic com po si tion pre dom i -
nantly re flect as sim i la tion and res pi ra tion pro cesses.
Photosynthetic ab sorp tion dom i nates in day-time, while res pi ra -
tion dis charges CO2 at day and night. Plants as sim i late 12CO2 in
pref er ence to 13CO2, thereby the CO2 left in the am bi ent en vi ron -
ment is en riched in 13C. Car bon iso tope frac tion ation dur ing pho -
to syn the sis is af fected by en vi ron men tal fac tors, such as at mo -
spheric CO2 con cen tra tion and tem per a ture (O’Leary, 1988).

CO2 con cen tra tion mea sured 2 m above the ground var ied
by about 700 ppm, which is likely the larg est change ob served
so far. This vari a tion was ac com pa nied by d13C vari a tion of
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Time Place Tem per a ture 

[°C]

CO2 conc.     
[ppm]

  d13C VPDB     
[‰]

1 2 3 4 5

20:10 A (2 m)

B (0.5 m)

C (0.05 m)

D (–0.10 m)

E (–0.50 m)

25.0

–

19.0

16.5

–

     540

     580

     840

  8 100

27 500

–14.33

–13.20

–15.85

–21.94

–22.96

21:20 A

B

C

D

E

20.0

–

16.0

16.0

–

    360

    440

    660

  4 300

31 900

  –9.86

–10.20

–14.97

–21.21

–23.45

23:00 A

B

C

D

E

17.0

–

16.0

16.0

–

     600

     300

     960

  7 800

28  600

–15.55

–16.14

–17.66

–21.33

–23.28

1:00 A

B

C

D

E

15.5

–

14.5

15.5

–

     610

     470

  1 270

  4 400

27 800

–15.47

–19.67

–19.59

–21.20

–23.35

2:10 A

B

C

D

E

12.0

–

  9.0

15.0

–

     870

     500

  1 430

  8 100

30 300

–17.76

–20.23

–20.37

–22.05

–23.18

3:20 A

B

C

D

E

11.5

–

  9.0

14.5

–

     980

     490

  1 370

     n.a.

     n.a.

–18.56

–19.63

–20.27

   n.a.

   n.a.

4:30 A

B

C

D

E

11.0

–

10.0

14.0

      570

      530

   1 300

   5 600

 24 700 

–15.00

–18.99

–20.06

–21.98

–23.17

7:00 A

B

C

D

E

17.0

–

16.0

14.0

–

     320

     390

     450

  5 200

32 900

  –8.86

  –7.97

–11.05

–21.61

–23.69

9:20 A

B

C

D

E

21.5

20.5

14.0

–

     300

     350

     340

  6 400

33 300

  –7.77

  –6.18

  –8.91

–21.92

–23.59

12:00 A

B

C

D

E

24.5

–

24.5

15.5

–

     310

     290

     340

  8 200

30 800

  –7.58

  –6.21

  –8.62

–21.90

–23.71

14:30 A

B

C

D

E

24.5

–

24.0

17.0

–

     310

     290

     450

     n.a.

30 800

  –7.75

  –7.32

–12.45

   n.a. 

–23.43

T a  b l e  1

Di ur nal vari a tions of tem per a ture, con cen tra tion and car bon 
iso to pic com po si tion in at mo spheric and soil car bon di ox ide 

¯abia Wola 11/12 June 2003 

1 2 3 4 5

16:15 A

B

C

D

E

24.0

–

21.0

17.0

–

     280

     310

     270

  8 200

27 400

  –7.56

  –6.92

  –8.81

–21.70

–23.32

18:30 A

B

C

D

E

22.5

–

19.0

17.0

–

     300

     300

     350

  6 500

31 300

  –7.64

  –6.90

  –8.83

–21.39

–23.76

19:45 A

B

C

D

E

18.0

–

17.0

17.0

–

     420

     430

     450

  7 500

34 500

–10.85

–11.03

–11.84

–21.44

–23.64

A, B, C — car bon iso to pic com po si tion in at mo spheric heights: 2.0, 0.5
and 0.05 m, re spec tively; D, E — soil car bon di ox ide –0.10 and –0.50 m,
re spec tively; n.a. — not analyzed

 Height    
[m]

Range C(CO2)      
[ppm]

  Range d13C       
[‰]

Con stant A 
in eq. [1]

R2

     2.0 280 ¸ 990   –7.56 ¸ –18.56  –22.97    0.984

     0.5 290 ¸ 580   –6.18 ¸ –20.23    –18.50*    0.82*

     0.05   270 ¸ 1430   –8.62 ¸ –20.37  –22.47    0.932

   –0.10 4300 ¸ 8200 –21.10 ¸ –22.05  –22.30    0.30  

   –0.50 24700 ¸ 34500 –22.96 ¸ –23.76  –25.29    0.54  

R2 — squared cor re la tion co ef fi cient
* — for daily data only

T a  b l e  2

Sum mary of di ur nal ob ser va tions of car bon di ox ide con cen tra tion
and its car bon iso to pic com po si tion in at mo sphere and in soil air

Tab.1 con tin ued 



11‰. Such large vari a tions in d13C value were ob served pre vi -
ously above mead ows cov ered by grass (Szaran, 1998; Szaran
et al., 2002). The max i mum vari a tions were ob served dur ing
the spe cific at mo spheric con di tions, namely in stag nat ing air
above the mead ows cov ered by high and thick grass. These ef -
fects were ob served in sev eral mead ows lo cated in dif fer ent re -
gions of east ern Po land (about 100 km south-east of War saw
and in Roztocze Na tional Park, SE Po land). The great est ranges 
ob served ear lier were: 10.7‰ and 350 ppm (Szaran, 1998), and 
10‰ and 480 ppm (Szaran et al., 2002). The vari a tions were
larger late in the spring than in the sum mer; for ex am ple, they
were 10.4‰ and 460 ppm in June, while only 3.9‰ and
120 ppm at the end of Au gust (Szaran et al., 2002). Sim i lar ob -
ser va tions have been made by Longinelli and Selmo (2005) in
It aly at the bor der of a meadow. They no ticed that d13C var ied
by about 4‰ and CO2 con cen tra tion by about 150 ppm. Vari a -
tions of sim i lar mag ni tude were ob served by Keeling (1961) in
a grass land sta tion in In di ana — 200 ppm and 6‰, re spec -
tively. In the mass of air sit u ated far away from plants these
ranges are smaller. In an ob ser va tion made on the roof of a
build ing in Kraków (Po land), 20 m above ground level, the
CO2 con cen tra tion and d13C var ied within a nar row range only,
the re spec tive am pli tudes be ing 100 ppm and 4‰ (Zimnoch et
al., 2004). All of these in ves ti ga tions show a strong lo cal ef fect
caused by plants, which is es pe cially large in stag nant air.

Plants and all other or gan isms in the eco sys tem re spire over 
their life time us ing am bi ent ox y gen and pro duce car bon di ox -
ide in their met a bolic pro cesses. It is known that plant res pi ra -
tion and tis sue de com po si tion are ac com pa nied by very lit tle
frac tion ation (Martinelli et al., 1991), so the CO2 which is re -
spired has the same iso tope ra tio as the liv ing tis sue. The car bon 
iso to pic com po si tion of ter res trial plants de pends on the
photosynthetic path way. The d13C value for C3 plants (these
plants con sti tute about 90% of all plants to day) is in the range
from –35 to –20‰, while the C4 plants, which uti lize the
four-car bon-photosynthetic-path way, have d13C val ues from
–16 to –9‰ (cf. Geyh and Schleicher, 1990).

The car bon iso to pic com po si tion of the soil car bon di ox ide
re flects the iso to pic com po si tion of plant bod ies. The car bon
iso tope com po si tion of the CO2 flux leav ing the soil is the same
as in that gen er ated dur ing the de com po si tion of soil or ganic
mat ter or root res pi ra tion, i.e. a mean d13C = –27‰ for the C3

plants (Amundson et al., 1998). How ever, the car bon di ox ide
pres ent in the soil has d13C shifted by at least 4.4‰, which re -
sults from iso tope frac tion ation dur ing dif fu sion into the at mo -
sphere (Dörr and Münnich, 1980). That en rich ment de pends on 
the depth and on the soil res pi ra tion ac tiv ity (Cerling et al.,
1991; Hesterberg and Siegenthaler, 1991). 

The pro cesses of res pi ra tion, and also de com po si tion of
plant rel ics ad mit CO2 en riched in the light iso tope into the air,
so d13C is shifted into the mi nus, tend ing to the value cor re -
spond ing to the iso to pic com po si tion of or ganic mat ter. When
car bon di ox ide is not re moved by pho to syn the sis or by con vec -
tion, its con cen tra tion in creases whilst its d13C value de creases.
Dur ing day-time, when photosynthetic pro cesses dom i nate,
large amounts of CO2 are con sumed, and so an in crease in car -
bon di ox ide con cen tra tion is not ob served whereas the d13C
value of CO2 is al most con stant.
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Fig. 3. Di ur nal vari a tions of con cen tra tion and car bon iso to pic 
com po si tion in soil and at mo spheric car bon di ox ide 

at var i ous ho ri zons

Fig. 4. Di ur nal vari a tions of tem per a ture



In the soil air we did not ob serve any reg u lar dis tinct rel a -
tive vari a tions in the CO2 con cen tra tion nor in 13C/12C. We can
only note a small ten dency to wards an in creased CO2 con tent in 
the morn ing. The mean di ur nal CO2 con cen tra tion at a depth of
0.1m was 6670±1500 ppm, which was 4.5 times lower than at
the depth of 0.5 m, where it was 30 150±2800 ppm. The car bon
iso tope com po si tion did not change by more than 0.8‰. The

mean d13C val ues of soil CO2

were –21.64±0.32‰ and
–23.43±0.24‰, at depths of
–0.1m and –0.5 m, re spec -
tively. These val ues are sig -
nif i cantly dif fer ent from
those re corded in the at mo -
spheric air.

Di ur nal vari a tions in the
CO2 of air sam ples col lected
at nu mer ous sites were in ves -
ti gated by Keeling (1961).
He found that the car bon iso -
to pic com po si tion and the
con cen tra tion of the at mo -
spheric car bon di ox ide of air
in for est ar eas obey the fol -
low ing re la tion ship:

d13C = A + B/(CO2conc.) [1]

where: A and B are em pir i cal con -
stants. 

The above equa tion pre -
sented in the graph i cal form
is known as the Keeling plot.

From this type of plot it is
pos si ble to de ter mine the
d13C of re spired CO2 from the 
soil or from whole eco sys -
tems. If the car bon di ox ide
con cen tra tion is close to the
at mo spheric value of 378
ppm, then the sam ple mostly
con tains at mo spheric CO2,
and the d13C value is near
–8.0‰. When the CO2 con -
cen tra tion rises above the at -
mo spheric con cen tra tion, it
con tains a frac tion com ing
from res pi ra tion, which has
more neg a tive d13C val ues.
The in ter cept, A, of the
Keeling plot yields the d13C
of biogenic CO2 in the ab -
sence of di lu tion by at mo -
spheric car bon di ox ide. In
Fig ure 5, we pres ent the
Keeling plots for our ob ser -
va tions. The A-val ues are
col lected in Ta ble 2 for each

sam pling se ries. A very good cor re la tion was no ticed be tween
d13C and 1/(CO2conc.) at the ho ri zon of 2 m above the ground
(R2 = 0.984) and near the ground (R2 = 0.932), whereas at
height of 0.5 m the points are split into two groups. The rea son
for the ob served split is dis cussed be low. 

The car bon di ox ide which is ad mixed into the air at the
level of 2 m above the ground has d13C » –23.0‰. A sim i lar
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Fig. 5. Cor re la tion be tween car bon iso to pic com -
po si tion and the re cip ro cal of CO2 con cen tra tion
in at mo spheric and soil air (Keeling plots)

R2 — squared cor re la tion co ef fi cient



value was en coun tered in the
soil, slightly be neath the sur -
face. It was about –22‰,
while at the height of 0.5 m
above ground level the d13C
value ex trap o lated from the
Keeling plot for daily val ues
(black points rep re sent ing
night val ues were ex cluded)
was –18.5‰.The cor re la tion
co ef fi cient was weak in this
case (see Fig. 5), which in di -
cates a more com pli cated sit -
u a tion at this ho ri zon.

The low d13C value noted 
near the ground sug gests that
CO2 of soil or i gin dom i nates
in the mix ture. A very good
cor re la tion ob served be -
tween d13C and 1/(CO2conc.) 
in di cates the mix ing of CO2

from two dis tinct sources,
en riched with light and heavy 
iso topes re spec tively.

The vari a tions ob served
dur ing night-time can be sim -
ply ex plained by switch ing
off the pho to syn the sis and
stop ping ver ti cal mix ing in
the at mo sphere. The low er ing 
of the air tem per a ture at the
ground be low the soil tem per -
a ture and be low the tem per a -
ture of the up per layer of air
stopped con vec tion and in ter rupted the flux of car bon di ox ide
into the up per layer of the at mo sphere, so the es cape of the soil
CO2 into the at mo sphere be came slow, while the over all con cen -
tra tion at the bot tom of the meadow in creased.

How ever, it is more dif fi cult to ex plain di ur nal vari a tions
which oc cur be tween bi o log i cally ac tive parts of grass (at 0.5 m 
above the ground) on the ba sis of the Keeling’s plot shown in

Fig ure 5. In as much as we ob served a sig nif i cant split in d13C
be tween day and night, there fore we have plot ted in Fig ure 6

ver ti cal dis tri bu tions of d13C and CO2 con cen tra tion at mid-day
and 2:10 a.m. These plots clearly re veal a ma jor sink of CO2 at a 
height (x) of 0.5 m in the night, be cause the con cen tra tion there
drops even be low that ob served at the height of 2 m. From the
gra di ent of CO2 con cen tra tion (c) re corded above, which is: 
dc

dx

ppm

m
=

-( )

.

1430 500

045
, and from the known co ef fi cient of

CO2 dif fu sion in air, D = 1.5·10–5 m2 s–1 at 105 Pa and 10°C
(Armstrong, 1979), we may es ti mate the to tal flux (j), of CO2

which dif fuses from the soil. From Fick’s first law, we ob tain:

j D
dc

dx
= - = 4 74.  mmol m–2h–1 [2]

The (j) value ob tained in this way falls somewhat be low the
range of sum mer flux re ported by Gorczyca et al. (2003) for a
meadow soil in South ern Po land. Tak ing into ac count that the
soil was rather dry, which im plies that CO2 pro duc tion was low,
the re sults seem to be re li able. It should be noted that our flux es -
ti mate may be un der es ti mated be cause of the un known ver ti cal
dis tri bu tion of CO2 con cen tra tion at heights be low 0.50 m. Be -
low the 0.50 m ho ri zon the gra di ent might be some what higher.
We have se lected this ho ri zon be cause there was a max i mum
den sity of the bi o log i cally ac tive parts of plants. Dur ing the
night, at mo spheric wa ter con densed at their sur face in which
CO2 was dis solved and ad sorbed by plants to gether with the wa -
ter. That seems to be a rea son able ex pla na tion for the sink of CO2

which was en coun tered at the height of 0.50 m.
The cor re la tion be tween d13C and 1/(CO2conc.) in the soil air 

was weak. The squared cor re la tion co ef fi cients were R2 = 0.30
and 0.54 at depths of 0.1 m and 0.5 m re spec tively. It is ob vi ous,
be cause this de pend ence is sig nif i cant for soils char ac ter ised by a 
large air po ros ity and small res pi ra tion rate, where the CO2 con -
cen tra tion is small and the pro cess of mix ing air, soil and at mo -
spheric or i gin is more sig nif i cant at soil ho ri zons. Such an ef fect
was ob served in desert soils (Parada et al., 1983; Cerling et al.,
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Fig. 6. Ver ti cal dis tri bu tion of d13C and CO2 con cen tra tion re corded at mid-day and at 2:10 a.m. 



1991). In our case, the CO2 con cen tra tion of the soil air is al most
a hun dred times greater than that in the at mo sphere, so the ad -
mix ture of at mo spheric air into the soil air is neg li gi ble.

The ba sic pro cess de ter min ing the car bon di ox ide con tent
and the car bon iso to pic com po si tion in the soil pro file is the dif -
fu sion of CO2 into the at mo sphere. The com po si tion of the soil
air is time-de pend ent, be cause the soil pa ram e ters (tem per a -
ture, hu mid ity) vary in a di ur nal cy cle. Thus the car bon di ox ide
flux into the at mo sphere var ies and it would be nec es sary to use 
a dy namic model and know more of the soil fea tures in or der to
cal cu late it (Nakadai et al., 2002). Two steady-state mod els de -
scrib ing the dis tri bu tion of CO2, and its d13C were given by
Cerling (1984) and Hesterberg and Siegenthaler (1991). They
as sumed a con stant res pi ra tion rate in the soil pro file in one
model and ex po nen tially de creas ing res pi ra tion ac tiv ity with
depth in an other model. It is ev i dent from these mod els that the
pa ram e ters de scrib ing the soil air de pend on: (1) the soil res pi -
ra tion ac tiv ity and its dis tri bu tion in the soil pro file, (2) co ef fi -
cients of dif fu sion and mois ture, (3) the con cen tra tion of CO2 in 
the at mo sphere. The dif fu sion co ef fi cient, de pend ing on air po -
ros ity and soil mois ture, does not change sig nif i cantly dur ing
over a 24-hour pe riod. On the other hand, soil res pi ra tion is
very sen si tive to tem per a ture changes (Frank et al., 2002;
Maljanen et al., 2002; Murthy et al., 2003). We re corded in our
study a di ur nal vari a tion in tem per a ture of 3°C at a depth of
–0.1 m (Fig. 4). As it was the soil layer con tain ing the larg est
amount of or ganic mat ter, we ex pect reg u lar changes, both in
the CO2 con tent and in its d13C. Cal cu la tions showed that the
changes ex pected might be di min ished due to vari a tions in the
bound ary con di tions. If we as sume that the soil ac tiv ity (q) de -
creases ex po nen tially with depth (x), i.e. q(x) = q0 exp(–x/x0),
then CO2 con cen tra tion is ex pressed by the fol low ing equa tion:

C x C q x D x xatm( ) ( / )( exp( / )= + - -0
0
2

01 ) [3]

where: Catm — the con cen tra tion of car bon di ox ide in the at mo sphere, q0 —
soil ac tiv ity at the soil sur face, x0 — con stant, D — the dif fu sion co ef fi cient.

The con cen tra tion of CO2 in creased four-fold dur ing the
night near the soil sur face. Ac cord ing to that, we es ti mated that
the day light flux of the soil CO2 into the at mo sphere, from 7:00
a.m. to 4:00 p.m., ex ceeded the night-time flux by 30±8%
(from 1:00 to 5:00 a.m.). These pe ri ods were cho sen in such a
way that CO2 con cen tra tion at 0.05 m above the ground was al -
most con stant there.

The field in ves ti ga tion of the soil res pi ra tion rate in the di ur -
nal cy cle has shown that its max i mum oc curs at noon or in the af -
ter noon and may even be more than dou ble the min i mum value,
which oc curs be fore dawn (Cur rie, 1975; No bel and Palta, 1989; 
Dudziak and Halas, 1996a; Frank et al., 2002; Nakadai et al.,
2002). The res pi ra tion was strongly cor re lated with the soil tem -
per a ture and thus with mi cro bial ac tiv ity and root res pi ra tion.

The in crease in mean val ues of d13C ob served from 0.5 m to
0.1 m depth by 1.8‰ can be ex plained by ap ply ing one of the two
dif fu sion mod els men tioned above. They make it pos si ble to de -
ter mine the car bon iso tope com po si tion as a func tion of depth
(Cerling, 1984; Hesterberg and Siegenthaler, 1991). In the deep
soil lay ers, due to iso tope frac tion ation dur ing dif fu sion, car bon is
en riched in 13C and d13C is shifted by 4.4‰ in com par i son to the
re spired CO2. Also, CO2 con cen tra tion is the high est there. On go -

ing to the top layer, the en rich ment in 13C be comes greater, and the 
car bon di ox ide con cen tra tion lower, as we have ob served. Of
course these changes de pend on the soil res pi ra tion rate and on the
soil pa ram e ters. The most rapid changes oc cur in the thin layer at
the soil sur face, where the iso tope com po si tion and CO2 con cen -
tra tion be come equal to that in the at mo spheric air.

The in flu ence of tem per a ture on CO2 con cen tra tion and its
iso to pic com po si tion were in ves ti gated. A cor re la tion be tween
the air tem per a ture and the con cen tra tion of CO2 as well as d13C 
were ob served. This cor re la tion was strong near the ground
sur face (R2 = 0.70 and 0.64), while at the level of 2 m this de -
pend ence was rather weak (R2 = 0.50 and 0.51). It is not sur pris -
ing, be cause sun beams do not heat the air di rectly, but heat the
ground and sub se quently the ground heats the air. Di ur nal vari -
a tions of tem per a ture at var i ous ho ri zons change the air con -
vec tion. This is prob a bly the stron gest in flu ence of the tem per -
a ture vari a tions on the vari a tions of CO2, es pe cially no tice able
at the ground. This ef fect is weak at a higher level be cause
plants con sume large amounts of CO2 dur ing pho to syn the sis. 

Sta tis ti cally in sig nif i cant cor re la tions be tween the soil tem -
per a ture and the car bon di ox ide con cen tra tion and d13C were
no ticed in the soil air. The cal cu lated R2 co ef fi cients were very
small, rang ing from 0.05 to 0.15.

SUMMARY AND CONCLUSIONS

RESULTS FOR ATMOSPHERIC AIR

1. The iso to pic com po si tion is a very sen si tive in di ca tor of
biogenic ac tiv ity, more sen si tive than CO2 con cen tra tion only.

2. Af ter the sun set, the CO2 con cen tra tion in creases and its
d13C de creases (the ex treme val ues are reached be fore the
dawn). Af ter the dawn, the CO2 con cen tra tion de creases, while
d13C tends to –8.0‰.

3. Near the soil sur face the max i mum of CO2 con cen tra tion in
the at mo spheric air was no ticed, whilst d13C value was the low est.

4. The high est d13C val ues and the low est CO2 con cen tra -
tions were ob served in the air be tween the grass-blades, at 0.5
m above the ground. The vari a tion in CO2 con cen tra tion was
the small est at this level.

5. The larg est vari a tion in the CO2 con cen tra tion was ob -
served in the air near the ground.

6. A very good cor re la tion was no ticed be tween d13C and
1/(CO2conc.) at 2 m above the ground (R2 = 0.984) and near the 
ground (R2 = 0.932), whereas in side the grass the plot is split
into day and night parts.

RESULTS FOR SOIL AIR

1. CO2 con cen tra tion in the soil air at 0.5 m depth was
higher than at 0.1 m depth and in the at mo spheric air. The d13C
val ues mea sured in soil air at 0.5 m depth was lower than at 0.1
m depth and in the at mo spheric air. 

2. The rel a tive vari a tions as well as the CO2 con cen tra tion
and d13C were in sig nif i cant in the soil air. 

3. The cor re la tion be tween d13C and 1/(CO2conc.) in the
soil air was weak. The squared cor re la tion co ef fi cients were
R2 = 0.30 and 0.54 at depths of 0.1 m and 0.5 m, re spec tively.
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4. The dif fu sive trans port of CO2 from the soil to the at mo -
sphere was sig nif i cantly in flu enced by a four-fold in crease of
CO2 con cen tra tion at the ground sur face in the night.

TEMPERATURE DEPENDENCE

Di ur nal vari a tions of tem per a ture in duce mix ing of air by
con vec tion, the in ten sity of which is forced by the ver ti cal tem -
per a ture gra di ent. The larg est in flu ence of the tem per a ture vari -
a tions on the vari a tions of CO2 pa ram e ters was en coun tered at
the ground sur face. 

MIXING PROCESS

The strong di ur nal vari a tions and the cor re la tion be tween
d13C and CO2 con cen tra tion in the at mo spheric air in di cate a

mix ing line, from which the d13C of the biogenic CO2 has been
in ferred. The ex trap o la tion of the straight line to the zero value
of the 1/(CO2 conc.) yields d13C = –23.0‰. Small di ur nal vari a -
tions are char ac ter is tic of dry soil, where d13C is weakly cor re -
lated with CO2 con cen tra tion.

CO2 FLUX ESTIMATION

On the ba sis of the ver ti cal gra di ent of CO2 con cen tra tion
re corded near the ground sur face, the CO2 flux was es ti mated
from the Fick’s first law to be 4.7 mmol m-2 h-1 at night-time.
The daily flux was es ti mated to be ca. 30% higher than that.

Ac knowl edg ments. Thanks are due to two un known re -
view ers for con struc tive com ments on the manu script. We
thank to Dr. A. Wójtowicz for prep a ra tion of Fig ure 1. 
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