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The fresh wa ter sed i ments were in cu bated un der an aer o bic con di tions for 570 and 879 days to in ves ti gate the po ten tial vari a tions in
methanogenic path ways due to in creas ing sed i ment age and re cal ci trance of or ganic mat ter. The methanogenic path ways did not shift from
ac e tate fer men ta tion to ward CO2 re duc tion, as in di cated by the ob served vari a tions of the iso to pic com po si tion of meth ane in nat u ral con di -
tions. It ap peared, how ever, that the ob served de crease of meth ane con cen tra tion (from 86 to 39%) and con tin u ous in crease in d13C(CH4)
(from –69.7 to –59.0‰) and dD(CH4) val ues (from –381 to –320‰) re sulted mainly from ex haus tion of at least one methanogenic sub strate
in the in cu bated sed i ments. To better un der stand pro cesses con trol ling the vari a tions of d13C(CH4) and dD(CH4) val ues rel a tive to ag eing of
or ganic mat ter, the method of prin ci pal com po nent anal y sis (PCA) was used. This method of fers good com par i son of the re la tion ships be -
tween vari ables when a larger num ber of pa ram e ters con trol a given pro cess in the same time pe riod. In this study, the PCA in di cated three
dis tinc tive fac tors that con trolled de com po si tion of or ganic mat ter dur ing the in cu ba tion. Fac tor 1 ex plained 33% of ob served vari a tions
among the vari ables and had pos i tive (0.93–0.92) load ings for elec tric con duc tiv ity and DIC con cen tra tion and neg a tive load ing for
d13C(CH4) val ues (–0.72). Fac tor 2 ac counted for 28% and had high pos i tive load ing for dD(CH4) value (0.86) and high neg a tive load ing for 
meth ane con cen tra tion (–0.81). Fac tor 3 ac counted for 19% and ex hib ited high pos i tive load ings for tem per a ture (0.90) and d13C(DIC)
value (0.69). Fac tors 1 and 2 were di rectly linked to the methanogenesis and in di cated that big ger ac cu mu la tion of bio-prod ucts in sed i ments 
is likely im por tant for vari a tions of d13C and dD of meth ane. This study shows that method of prin ci pal com po nent anal y sis might be a use -
ful tool while study ing biogeochemical car bon cy cle dur ing early digenesis of fresh wa ter sed i ments. 
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INTRODUCTION

Meth ane is one of the end prod ucts of mi cro bial de com po -
si tion of or ganic mat ter. It is pro duced in ma rine and fresh wa ter 
an aer o bic sed i ments mainly due to disproportionation of ac e -
tate (acetoclastic methanogenesis) and CO2 re duc tion by H2

(hydrogenotrophic methanogenesis) (e.g., Schoell, 1980;
Whiticar et al., 1986). The car bon iso tope anal y ses are com -
monly used to dis tin guish methanogenic path ways and to de -
ter mine sources of meth ane. The car bon iso tope mass bal ance
of meth ane is of ten used in at mo spheric stud ies (e.g., Wahlen et 
al., 1989; Quay et al., 1991). To ob tain a cor rect iso tope mass

bal ance of meth ane, the rep re sen ta tive d13C(CH4) val ues of
each con trib ut ing source have to be known. Such cal cu la tions,

how ever, are dif fi cult be cause car bon iso tope com po si tion of
meth ane un der goes spa tial and tem po ral vari a tions (e.g., Mar -
tens et al., 1986; Whiticar et al., 1986; Jędrysek, 1995; Blair,
1998; Hornibrook et al., 2000). The mech a nism of these vari a -
tions is still enig matic, but four main fac tors are gen er ally con -
sid ered to be re spon si ble for these vari a tions:
1. Changes of methanogenic path ways;
2. Avail abil ity of sub strates (e.g., Miyajima et al., 1997;

Hornibrook et al., 1997, 2000; Waldron et al., 1998;
Jędrysek, 1999; Lojen et al., 1999);

3. Tem per a ture vari a tions (Games et al., 1978; Krzycki et al., 
1987; Gelwick et al., 1994);

4. Dis tri bu tion of la bile or ganic car bon in depth pro files of
sed i ments or wa ter res er voirs (e.g., Hornibrook et al.,
1997, 2000; Jędrysek, 1997a, b, 2005). 



The im por tance of each fac tor may vary and change sig nif i -
cantly in par tic u lar en vi ron ments.

It is be lieved that changes of methanogenic path ways are
mainly con trolled by the avail abil ity of sub strates. Methano -
gens are Archaea strains and stay at the end of food chain in an -
aer o bic en vi ron ments. They are strongly de pend ent on other
mi cro bial prod ucts of de com po si tion of or ganic mat ter, mainly
de liv ered by fermentative, acetogenic and homoacetogenic
bac te ria. It is well ev i denced that acetoclastic methanogenesis
pre dom i nates in fresh wa ter sed i ments (Takai, 1970; Winfrey
and Zeikus, 1979a, b; Lovely and Klug, 1982; Phelps and
Zeikus, 1984) that are dis tinctly en riched in la bile or ganic sub -
stances. The hydrogenotrophic methanogenesis is more abun -
dant in ma rine sed i ments (e.g., Whiticar et al., 1986) that are
de pleted in la bile or ganic car bon due to el e vated con cen tra -
tions of sul fate and ac ti va tion of sul fate mi cro bial re duc ers.
These mi cro or gan isms may easy outcompete methanogens for
la bile sub strates (e.g., Lovley and Klug, 1983).

Car bon iso tope frac tion ation dur ing the methanogenesis is,
to large ex tent, con trolled by tem per a ture. Games et al. (1978),
Krzycki et al. (1987) and Gelwick et al. (1994) dem on strate that
in creas ing tem per a ture low ers car bon iso tope frac tion ation be -
tween sub strates and meth ane, thus caus ing the in crease of

d13C(CH4) value. The iso tope frac tion ation fac tor may vary from 
1.021 to 1.079, and is dis tinctly smaller for acetoclastic
methano genesis (Sugimoto and Wada, 1993; Gelwick et al.,
1994) than hydrogenotrophic methanogenesis (Games et al.,
1978; Krzycki et al., 1987). The tem per a ture also af fects other
mi cro or gan isms in the an aer o bic chain of de cay that pro vide
methanogens with sub strates. Typ i cally, at lower tem per a tures,
the sup ply of sub strates for methanogens, that are prod ucts of
me tab o lism of sec ond ary fermenters, is lim ited. For ex am ple, the 
hydrogenotrophic methanogens may be de pend ent on H2 avail -
abil ity, which is the other im por tant sub strate for this type of
methanogenesis. Schütz et al. (1990) and Chin and Conrad
(1995) showed that H2 pro duc tion in an aer o bic sed i ments was
strictly con trolled by tem per a ture and its higher pro duc tion rates
took place at higher tem per a tures. For that rea son it is be lieved
that hydrogenotrophic methanogens may be more re stricted by
H2 sup plies than tem per a ture. It should be pointed out, how ever,
that the in flu ence of tem per a ture on methanogenic path ways was 
dem on strated for nat u ral sam ples from only one site (Swenson,
1984). This au thor no ticed that dif fer ent op ti mum tem per a ture
for par tic u lar methanogens in volved changes in methanogenic

path ways, hence the change in d13C(CH4) value, as the methano -
gens uti liz ing ac e tate are more ac tive at lower tem per a ture (the
op ti mum is at 20°C) than hydrogenotrophic methano gens (the
op ti mum is at 28°C). Con se quently, it may be ex pected that, in

some cases, d13C(CH4) val ues would be higher at lower tem per -
a tures, when acetoclastic methanogenesis is dom i nant, and
lower at higher tem per a tures when hydrogeno trophic methano -
genesis is dom i nant.

The most enig matic is the un der stand ing of the spa tial re -
dis tri bu tion of methanogenic path ways in depth pro files of sed -

i ments and wa ter col umn. A de creas ing trend of d13C(CH4) val -
ues with depth of sed i ments (e.g., Jędrysek 1997b, 1998;
Hornibrook, 1997, 2000) lead to a con clu sion that acetoclastic
methanogenesis changes to ward CO2 re duc tion with in creas ing 
depth. It is in a good agree ment with a dis tri bu tion of la bile or -

ganic car bon, which de creases down ward in sed i ment pro files
and a big ger car bon iso tope frac tion ation re sult ing from the in -
creas ing hydrogenotrophic methanogenesis. It does not cor re -
late, how ever, with in creas ing meth ane con cen tra tion down -
ward of sed i ment depth and op ti mum tem per a tures for par tic u -
lar methanogens in which the methanogesis is the most ef fi -
cient (e.g., Waldron et al., 1998). The most prob lem atic in this
case is that the deeper lay ers of sed i ments store the pro duced

gases from sev eral sea sons or years. There fore, the d13C(CH4)
val ues rep re sent a sum of dif fer ent pro cesses of or ganic mat ter
de com po si tion and may be con trolled by sev eral fac tors which
vari a tions de pend on time of sed i ment de po si tion and re cal ci -
trance of or ganic mat ter as well as the ac tiv ity and char ac ter of
mi cro bial com mu nity. The ob served sim i lar de crease in

d13C(CH4) val ues with de crease of wa ter col umn in lakes was
also ex plained by changes of methanogenic path ways from
acetoclastic to hydrogenotrophic methanogenesis with in creas -
ing depth of the wa ter col umn (Jędrysek, 1997b, 1999, 2005). 

In this pa per, we in ves ti gate the changes of methanogenic
path ways us ing car bon and hy dro gen iso tope com po si tion of
meth ane rel a tive to the avail abil ity of methanogenic sub strates
and time of de com po si tion of or ganic mat ter in fresh wa ter sed i -
ments as well as the con cen tra tion of DIC (dis solved in or ganic
car bon) in wa ter col umn. Miyajima et al. (1997) has ev i denced
that in creased re cal ci trance of soil or ganic mat ter re sults in
greater pro duc tion of CH4 through the hydrogenotrophic
methanogenesis in trop i cal wetlands. The same con clu sion was
drawn by Hornibrook et al. (2000) for fresh wa ter wetlands.
They sug gested that lower rates of acetoclastic methanogenesis
with in creas ing depth was a re sult of de crease of la bile or ganic
car bon with in creas ing re cal ci trance of biodegraded or ganic
mat ter. On the other hand, ag eing of sed i ment via in cu ba tions
that could sim u late depth dif fer ence in la bile or ganic mat ter is
very dif fi cult to achieve. Un der lab o ra tory con di tions, the in cu -
ba tion of sed i ments may pro ceed for few years what typ i cally
could cor re spond to the time of ac cu mu la tion of few milli metres
of sed i ment ma te rial. For ex am ple, in wetlands soils, sta ble iso -
tope vari a tions over one or two metres depths of peat typ i cally
rep re sent one or two thou sand years of ac cu mu la tion and de -
com po si tion of or ganic mat ter. How ever, the most ad vanced
methanogenic de com po si tion of or ganic mat ter takes pal ace in
the most fresh or ganic sed i ment. The lab o ra tory ex per i ments
pro ceed un der con trolled con di tions (lim ited fac tors con trol ling
iso tope ra tios in meth ane) with small amounts of sed i ments.
There fore, it can be ex pected that de crease in la bile or ganic car -
bon will be more no tice able un der lab o ra tory con di tion. To ver -
ify the pos si ble in flu ence of sed i ment ag eing on vari a tions in
methanogenic path ways, we in cu bated fresh wa ter sed i ments
over rel a tively long time in ter val (570 and 879 days) with as -
sump tion that the time of in cu ba tion is suf fi cient to ob serve the
vari a tions in methanogenic path ways as a re sult of sed i ment ag -
eing and changes in sub strate avail abil ity for methano gens. Gen -
er ally, in our study the time of in cu ba tion was con sid er ably lon -
ger com pared to pre vi ous ex per i ments on methano genesis (<100 
days). It was our ex pec ta tion that in creas ing time of in cu ba tion
should re sult in the change in methanogenic path ways from
acetoclastic to hydrogenotrophic methano genesis re flected in
car bon and hy dro gen iso tope com po si tion of meth ane. 
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METHODS 

INCUBATED SEDIMENTS

The sed i ments for in cu ba tion ex per i ment were col lected
from the aban doned ba saltic quarry in Nowa Cerekiew (SW
Po land). The av er age thick ness of sed i ments at the bot tom of
the lake is 25 cm. They are mostly com posed of the prod ucts of
ba salt weath er ing and authi genic or ganic mat ter (Jędrysek,
1999). The sed i ment was col lected from a wa ter depth of 8 m in 
the cen tral part of the lake by drag ging. The sed i ment was ho -
mog e nized and de pos ited into three plas tic bar rels of 65 cm
height and 50 cm in di am e ter (vol ume of 110 l). The thick ness
of sed i ments de pos ited in the in cu ba tors was 10 cm. The in cu -
ba tors were filled with dou ble-dis tilled wa ter. The height of
wa ter col umn was 25 cm (in cu ba tor B3) and 60 cm (in cu ba tor
B4). In aquatic en vi ron ment, the wa ter col umn iso lates the sed -
i ments from the ox i da tive con di tions dom i nant at the sur face.
In the lab o ra tory, it was not pos si ble to sim u late the 8 m high of
wa ter col umn that cov ered the sed i ments be fore they were col -
lected for the ex per i ment. There fore, we sim u lated the smaller
dif fer ence in the height of the wa ter col umn (60 and 25 cm) to
check whether the height of wa ter col umn im por tantly in flu -
ences the rates of meth ane pro duc tion and car bon and hy dro -
gen iso tope com po si tion of meth ane, as it has been ob served in
nat u ral con di tions (Jędrysek et al., 1997, 1999). It was sus -
pected that the wa ter col umn may con sid er ably af fect a vari a -
tion in tem per a ture and the O2 con tent.

Along the course of in cu ba tion, the in cu ba tors were sealed
by a plas tic twist cover with a rub ber gas ket for the most of the
du ra tion of the ex per i ment, with ex cep tion of open ing for sev -
eral min utes for sam pling. The in cu ba tion pro ceeded 879 days.
From day 247 to 369 and from day 610 to 729 in cu ba tors were
open and ex posed to light (halo gen light with 150 W in ten sity).
The light is a ma jor fac tor controlling the pro cess of
photosyntesis which en hance the pro duc tion of plank tonic
mat ter. Plank ton is a dom i nant source of la bile or ganic car bon
to an aer o bic sed i ments. Sim u la tion of this pro cess in B3 and
B4 al lowed to in ves ti gate weather the fresh or ganic mat ter may
in volve greater pro duc tion of meth ane due to acetoclastic
methanogenesis. 

As a con trol in cu ba tor we used in cu ba tor B2. Be cause B2
was also used as a con trol in cu ba tor for an other ex per i ment to
sim u late anthropogenic sul fate im pact on freshwa ter sed i ments 
(Szynkiewicz et al., 2008), this in cu ba tor was not avail able for
the cur rent ex per i ment at its early stages. In cu ba tion in B2
started on the 312th day of in cu ba tion in B3 and B4 and pro -
ceeded for next 570 days. In the con trol in cu ba tor (B2), the
thick ness of sed i ment and wa ter col umn was 10 and 60 cm, re -
spec tively. In con trast to B3 and B4, in cu ba tor B2 was not ex -
posed to light.

In cu ba tors used in this study were much larger than those in 
other in cu ba tion ex per i ments that used smaller vol umes of sed -
i ments (e.g., Dannenberg et al., 1997; Miyajima et al., 1997).
Dur ing ex per i ments of this type, it is cru cial to main tain an aer -
o bic con di tions, but in the pres ence of small amounts of sed i -
ment and very ef fi cient methanogenesis, the ex haus tion of sub -
strates for methanogens pro ceeds very fast. Con se quently, it is
not pos si ble to pre cisely es ti mate the in flu ence of nat u ral sed i -

ment ag eing and po ten tial vari a tions in methanogenic path -
ways. More over, the in cu ba tion based on small amounts of sed -
i ments cre ates con di tions which sig nif i cantly dif fer from the
nat u ral en vi ron ments. For ex am ple, in such small-vol ume ex -
per i ments, the headspace of in cu ba tors con tains high con cen -
tra tions of he lium or ni tro gen as these gases are used to re move
the ox y gen from the in cu ba tors or help in sam pling pro ce dures. 
There fore, the in cu ba tion pro ceed un der higher par tial pres sure 
(caused by gases ar ti fi cially in tro duced to the in cu ba tors) than
it is in the nat u ral en vi ron ments. Be cause of this, our ex per i -
ments may raise some con cerns, es pe cially with re spect to the
vol ume of the in cu ba tors and po ten tial ox y gen ac cess to the
sed i ments. Nev er the less, we be lieve that our ex per i men tal
setup better sim u late the nat u ral con di tions where wa ter col -
umn serves not only as a bar rier but also as a car rier to ex change 
gases be tween air and sed i ment. Dur ing the in cu ba tion ex per i -
ment, the strat i fi ca tion in the wa ter col umn was al ways ob -
served and dur ing each sam pling the in cu bated sed i ments
showed O2 con cen tra tion close to 0 mg/l. It ev i dences that an -
aer o bic con di tion was in gen eral main tained in side the in cu -
bated sed i ments.

SAMPLING PROCEDURE AND MEASUREMENTS

The wa ter for anal y sis of DIC con cen tra tions and car bon
iso tope mea sure ments was col lected from sed i ment/wa ter in -
ter face by slow re lease via a stop-cock mounted across the wall
of the in cu ba tor. Af ter wards, bub ble meth ane was sam pled to
glass bot tles filled with dou ble-dis tilled wa ter af ter ag i ta tion of
sed i ments (Jędrysek, 1995). Dur ing the in cu ba tion, only bub -
ble meth ane con cen trated in pore gases in side the sed i ments
was ana lysed. At the end of each sam pling, the sed i ment was
ag i tated and mixed with wa ter. It was done to re lease small
amounts of re sid ual pore gases which were still left in the sed i -
ment and to ho mog e nize the con cen tra tion and d13C value of
DIC in wa ter col umn and sed i ment. The sam pling took place in
30 day in ter vals. Dur ing mix ing of wa ter with the sed i ment af -
ter sam pling, it was im por tant to re move all meth ane cu mu lated 
in the sed i ment dur ing 30 days in cu ba tion (the time span be -
tween sub se quent sam pling). Pre vi ous ob ser va tions in nat u ral
con di tions show that pro ce dure of mix ing can be im por tant
even when sam pling is car ried out in sev eral hours in ter val
(Jędrysek, 1995). We did not ob serve any sig nif i cant in flu ence
in in crease of O2 con cen tra tion in the in cu bated sed i ments af ter
mix ing. The di rect mea sure ments of O2 con cen tra tion car ried
out a few sec onds af ter mix ing showed 0 mg/l both in the en tire
wa ter col umn (sur face wa ter and sed i ment/wa ter in ter face) and
in the sed i ment de pos ited af ter the mix ing. Based on these ob -
ser va tions, we as sumed that the pro ce dure ap plied had neg li gi -
ble ef fect on the amount of ox y gen in the in cu bated sed i ments.

Dur ing in cu ba tion, tem per a ture, elec tric con duc tiv ity and
O2 con tent mea sure ments were car ried out us ing elec trodes
Senix 41-, TetraCon 325-3 and ox y gen probe CellOx 325, re -
spec tively. The elec trodes were con nected with Multi 340i
meter (WTW, Ger many). The pre ci sion of tem per a ture mea -
sure ment was ±0.1°C, elec tric con duc tiv ity ±1 mS/cm, O2 con -
tent ±0.5%. The main tar gets were con cen tra tions and d13C val -
ues of DIC in the sed i ment/wa ter in ter face, and meth ane con -
cen tra tion and its d13C and dD in pore gases in the sed i ment.
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The pH of wa ter col umn and sed i ments showed small vari a tion
around 6.5. There fore, we ac cepted that DIC in the wa ter was
mainly rep re sented by aque ous CO2 and HCO3

-  ions, be cause at 
pH=6.5 and tem per a ture 20°C, the ac tiv ity of these forms of
DIC are sim i larly high, and CO3

2-  con cen tra tion is neg li gi ble
(Fet ter, 1994). The anal y sis of DIC con cen tra tion were done
only with re spect to HCO3

-  con cen tra tion by HCl ti tra tion of
wa ter sam ple in the pres ence of methyl or ange and ex pressed in 
mg of HCO3

-  per litre. The pre ci sion was better than <3 mg/L.
Be fore titration, the wa ter was fil tered us ing cot ton wool to
min i mize the pos si ble ef fect of dis so lu tion of small car bon ate
par ti cles by HCl used to ti tra tion. The d13C value of DIC was
de ter mined by pre cip i tat ing of DIC spe cies to bar ium car bon -
ate by in creas ing the pH of wa ter sam ple up to 10–11 and ad di -
tion of 10% so lu tion of BaCl2 (Bishop, 1990; Szynkiewicz et
al., 2006). Dried BaCO3 was de com posed un der vac uum in the
re ac tion with H3PO4 to CO2 (McCrea, 1950). We col lected
bub ble meth ane to glass bot tles af ter ag i ta tion of sed i ment and
this sam pling pro ce dure caused re lease of some meth ane to the
at mo sphere. There fore, this sam pling pro ce dure did not al low
for cal cu la tion of the max i mum amount of meth ane pro duced
dur ing 30 days in cu ba tion in ter val. The con cen tra tion of meth -
ane was de ter mined by mean of gas chro ma tog ra phy with a
ther mal con duc tiv ity de tec tor (“Elwro chromatograf 504”).
The con cen tra tion of meth ane was ex pressed in % val ues. The
an a lyt i cal er ror was ±1%.

The pore gas ses taken from the in cu bated sed i ments con -
tained some amounts of CO2. For that rea son, be fore car bon
and hy dro gen de ter mi na tion, meth ane was sep a rated from CO2

us ing the mo lec u lar sieves. Af ter wards meth ane was passed
twice through a cop per ox ide fur nace (850–900°C) where it
was combusted to H2O and CO2, which were then cryo gen i -
cally sep a rated (e.g., Jędrysek, 1999). At the end, H2O was re -
duced on zinc to H2 at 480°C (Demeny, 1995). The car bon iso -
to pic com po si tion of DIC and meth ane was ana lysed on the

mass spec trom e ter and pre sented as d13C value rel a tive to PDB
stan dard with an a lyt i cal er ror av er age ±0.5 and 0.4‰, re spec -
tively. The hy dro gen iso to pic com po si tion of meth ane was
ana lysed on Finnigan Mat Del taS mass spec trom e ter and ex -

pressed as dD value rel a tive to V-SMOW stan dard and the an a -
lyt i cal er ror av er age ±2‰.

PRINCIPAL COMPONENT ANALYSIS 

The in cu ba tion us ing large vol umes of sed i ments was in flu -
enced by many fac tors such as du ra tion of ex per i ment, tem per -
a ture and bi o log i cal ac tiv ity at the same time. There fore, to in -
ter pret the ob served vari a tions among geo chem i cal data rel a -
tive to the long-term in cu ba tion of sed i ments un der dif fer ent
phys i cal con di tion, we used the method of prin ci pal com po nent 
anal y sis (PCA). This method al lowed lim it ing the num ber of
vari ables and de scrib ing the re la tion ships among vari ables
(Manly, 1998). Fac tor anal y sis re quires nor mal dis tri bu tion of
all vari ables (Drever, 1997; Manly, 1998), and this con di tion
was con firmed by Shapiro-Wilk test of nor mal ity for all vari -
ables used in trans for ma tion. Nor mal dis tri bu tion for DIC con -
cen tra tion in the sed i ment/wa ter in ter face was well at tained by
log trans for ma tion (Shapiro et al., 1968). 

PCA trans for ma tion was done for stan dard ized pa ram e ters: 

tem per a ture, meth ane con cen tra tion, d13C(CH4) and dD(CH4)
val ues and for the sed i ment/wa ter in ter face stan dard ized pa -
ram e ters: elec tric con duc tiv ity, DIC con cen tra tion and

d13C(DIC) value. Be cause some of the sam ples did not have
a com plete set of physicochemical and iso to pic mea sure ments,
a main cor re la tion ma trix was cre ated for 39 data by parawise
de le tion of miss ing data. The PCA was done si mul ta neously
us ing above listed vari ables for all in cu ba tors. 

Dur ing stan dard ized pro cess ing, all val ues of se lected vari -
ables were re placed by stan dard ized val ues (0 is a mean value,
–1 and 1 are stan dard de vi a tions). Trans for ma tion fac tors were
es ti mated based on PCA to cre ate the ma trix of load ings. For
better clar ity, the fac tor scores were cal cu lated based on ad di -
tional cor re la tion ma trix cre ated for 68 data for which miss ing
data were re placed by mean val ues. The ad di tional ma trix
showed an iden ti cal dis tri bu tion of fac tor load ings and scores
like the main cor re la tion ma trix. The val ues cal cu lated from
fac tor load ings vary from –1 to 1. Based on Child (1970), it was 
ar bi trary ac cepted that val ues from –0.6 to 0.6 are “sig nif i cant”
and were in cluded to in ter pre ta tion. If load ings for a par tic u lar
fac tor have pos i tive num bers, the vari ables are pos i tively cor re -
lated. If they have neg a tive num bers, the vari ables are neg a -
tively cor re lated (Drever, 1997). In or der to achieve a more ac -
cu rate in ter pre ta tion of the re sults, the “varimax” ro ta tion was
used, and the per cent age quota of each fac tor was cal cu lated
(John son, 1978). In this ma trix, the num ber of fac tors was de -
ter mined based on the sta tis ti cal scree test (Cattell, 1966). The
cal cu lated fac tors were iden ti fied with the par tic u lar pro cess
that cre ated the ob served vari abil ity of phys i cal and chem i -
cal/iso to pic com po si tions for all in cu ba tors. Changes with time
for par tic u lar fac tor scores were also cal cu lated. 

The method of para met ric Spearman’s rank cor re la tion was 
used for cor re la tion anal y ses. The sig nif i cance level (p) of 0.05
was usu ally con sid ered. All num bers cal cu lated for the sig nif i -
cance level are pre sented in graphs (Figs. 1–3). 

RESULTS

METHANE IN SEDIMENTS

In the course of in cu ba tion, the per ma nent de creases of CH4

con cen tra tions in sed i ments, from 86 to 39% in B2 (R = –0.83)
and from 76 to 32% in B3 (R = –0.76), were ob served (Fig. 1).
In B4, the de crease of CH4 con cen tra tion showed weak cor re la -
tion (R = –0.032) with time and widely var ied from 89 to 47%

(Fig. 1). In all in cu ba tors, the in crease of d13C(CH4) val ues was
noted, from –68.9 to –61.4‰ (R = 0.72) in B2, from –67.0 to
–60.6‰ (R = 0.62) in B3, and from –69.7 to –59.0‰ (R = 0.74) 
in B4 (Fig. 2). This was ac com pa nied by con tin u ous in crease of 

dD(CH4) val ues, from –381 to –343‰ (R = 0.70) in B2, from
–379 to –320‰ (R = 0.75) in B3, from –392 to –345‰ (R =
0.51) in B4 (Fig. 3).

The con cen tra tion of DIC in the sed i ment/wa ter in ter face
var ied along the in cu ba tion time from 101 to 217 mg/l in B2,
from 70 to 107 mg/l in B3 and from 67 to 104 mg/l in B4 (Ta -
ble 1). The value of d13C(DIC) widely var ied from –6.3 to
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Fig. 3. Vari a tions of dD(CH4) val ues in sed i ments along the en tire in cu ba tion

Grey col our — no ex po sure to light

Fig. 2. Vari a tions of d13C(CH4) val ues in sed i ments along the en tire in cu ba tion

Grey col our — no ex po sure to light

Fig. 1. Vari a tions of meth ane con cen tra tion in sed i ment along the en tire in cu ba tion

Grey col our — no ex po sure to light
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T a  b l e  1

Vari a tion of tem per a ture, EC (elec tric con duc tiv ity), con cen tra tion and d13C of dis solved in or ganic car bon (DIC), 
con cen tra tion and d13C–dD of meth ane dur ing the in cu ba tion of B1, B2, B3 and B4

Time
[day]

Tem per a ture
[°C]

EC 
[mS/cm]

DIC Meth ane

Con cen tra tion
[mg/l]

d13C
[‰]

Con cen tra tion
[%]

d13C 
[‰]

dD 
[‰]

INCUBATOR B2  [60 cm wa ter col umn, con trol in cu ba tor]

312 18.3 164 119   –7.9 86 –69.0 –381

342 17.8 203 127   –7.3 82 –67.3 –368

372 17.4 230 134   –6.6 84 –69.0 –376

402 16.5 263 195 n.a. 78 –67.3 –366

432 16.5 259 198   –6.3 74 –67.1 –361

463 18.7 258 207   –6.6 70 –66.9 –369

492 18.5 247 217   –7.7 77 –66.2 –361

523 21.0 409 211   –7.7 86 –65.6 –355

612 19.8 310 156   –7.3 88 –66.6 –363

642 19.6 257 113   –8.4 73 –64.8 –343

672 18.9 245 134   –7.9 46 –66.3 –358

702 18.9 247 104   –7.4 50 –65.8 –370

732 18.4 241 134 –11.6 42 –64.2 –347

762 18.2 235 125 –10.7 32 –66.9 –351

792 18.0 194 101 –11.1 33 –65.9 –354

822 18.6 211 107 –11.9 35 –63.9 n.a.

852 19.6 225 113 –12.0 36 –63.3 n.a.

882 19.6 232 125 –11.4 39 –61.4 n.a.

INCUBATOR B3 [25 cm wa ter col umn, light ra di a tion]

1 17.1 371 n.a. n.a. 76 –66.6 –361

29 17.2 343 n.a. n.a. 75 –66.8 –378

60 17.4 288 n.a.   –6.9 n.a. n.a. n.a.

89 18.3 212 n.a.   –8.4 66 –65.3 –360

120 18.9 182 n.a.   –9.8 75 –67.0 –379

246 18.9 223 n.a. n.a. 72 –65.9 –339

276 23.5 261 n.a. n.a. 75 –66.0 –371

306 21.5 202 n.a.   –2.7 59  n.a. n.a. 

339 19.5 150 82   –3.9 46 –63.1 –341

369 20.5 191 107     0.6 56 n.a. n.a.

399 16.2 125 92 –10.6 72 –63.3 –369

429 16.1 158 92 –10.4 68 –66.1 –358

459 18.1 145 88 –10.7 50 n.a. n.a.

489 18.6 139 92 –12.2 46 –65.3 –328

519 19.9 149 82 –12.0 58 –65.6 –356

609 19.5 150 88 –11.9 67 –65.8 –349

639 21.5 156 70   –0.3 49 n.a. –336

669 22.1 171 76   –1.5  n.a. n.a.  n.a.

699 23.1 147 73   –4.7 56 –62.0 –325

729 20.7 139 70   –8.8 32 –64.5 –320

759 17.8 145 85 –13.5 44 –63.4 –325

789 17.4 151 88 –13.6 45 –64.5 –338

819 18.2 141 95 –12.9 40 –60.6 n.a.

849 18.9 136 95 –12.2 46 –60.8 n.a.

879 19.3 130 88 –11.3 43 –61.0 n.a.



–12.0‰ in B2, from –0.3 to –13.6‰ in B3 and from –0.2 to
–11.5‰ in B4 (Ta ble 1). Gen er ally, at the end of in cu ba tion the 
low est val ues of d13C(DIC) were ob served in all in cu ba tors,
how ever, a con sid er ably higher val ues of d13C(DIC) were
noted along the cy cles of ex po si tion of B3 and B4 to the light
(Ta ble 1). 

The sed i ment tem per a tures of B2 var ied from 16.5 to

21.0°C and were slightly lower com pared to B3 and B4 which

were ex posed for ra di a tion, from 16.2 to 23.5°C and from 15.8

to 21.9°C, re spec tively (Ta ble 1). The elec tric con duc tiv ity var -

ied in sim i lar range, from 164 to 409  mS/cm in B2, from 130 to

371 mS/cm in B3, and from 141 to 242 mS/cm in B4 (Ta ble 1).

PRINCIPAL COMPONENT ANALYSIS

The PCA ex plained 80% of the ob served vari ables in B2,
B3 and B4 (Ta ble 2). The re main ing 20% con sti tutes ran dom
noise, im pos si ble to in ter pret (Drever, 1997; Manly, 1998).
Based on this method, three fac tors that ac counted for 80% of
the to tal vari ance in all in cu ba tors were iden ti fied (Ta ble 2).
Fac tor 1 ac counts for nearly 33% of the to tal vari ance and had

high pos i tive load ings for elec tric con duc tiv ity (0.93) and DIC
con cen tra tion (0.92) in the sed i ment wa ter in ter face and neg a -

tive load ing val ues for d13C(CH4) in sed i ment (–0.72). Fac tor 2
ac counts for 28% of the to tal vari ance and had high pos i tive

load ing for dD(CH4) value (0.86) and high neg a tive load ings
for meth ane con cen tra tion (–0.81) in the sed i ment. Fac tor 3 ac -
counts for 19% of the data’s to tal vari ance and ex hib ited high

pos i tive load ings for tem per a ture (0.90) and d13C(DIC) value in 
the sed i ment wa ter in ter face (0.69).

The vari a tion of fac tor scores shows that the in flu ence of
each fac tor changed rel a tive to the du ra tion of in cu ba tion and
was slightly dif fer ent for B2 and B3 com pared to B4 (Fig. 4).
The val ues of fac tor scores are lower or higher than 0. These
val ues re late to the in ten sity of chem i cal pro cesses that each
fac tor rep re sents. Ex treme neg a tive val ues (< –1) re flect a pe -
riod of time not af fected by the spe cific pro cess that each fac tor
rep re sents, in con trast to pos i tive val ues (> +1) which in di cate
pe riod of time un der strong in flu ence of the pro cess. 

In con trol in cu ba tor B2, the in ten sity of fac tor 1 and 3 in -
creased un til the 520 day of in cu ba tion; af ter ward they showed
the con tin u ous de crease un til the end of in cu ba tion (Fig. 4). In
con trast, the in ten sity of fac tor 2 showed steady de crease rel a tive
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Tab. 1 cont.

Time
[day]

Tem per a ture
[°C]

EC 
[mS/cm]

DIC Meth ane

Con cen tra tion
[mg/l]

d13C
[‰]

Con cen tra tion
[%]

d13C 
[‰]

dD 
[‰]

INCUBATOR B4 [60 cm wa ter col umn, light ra di a tion]

1 16.8 165 n.a. n.a. 83 –69.7 –377

29 16.9 228 n.a.   –7.1 59 –68.1 –365

60 17.1 226 n.a.   –9.4 76 –66.0 –367

89 18.0 232 n.a.   –9.0 68 –66.9 –380

120 18.6 182 n.a.  n.a. 70 –64.9 –375

246 18.7 206 n.a. –10.9 81 –66.1 –376

276 21.9 152 n.a. n.a. 47 –64.1 –352

306 19.7 242 n.a. n.a. 53 –61.2 –345

339 18.0 151 101  –0.2 74 –61.7 –391

369 19.1 137 101   1.2 75 –61.1 –384

399 15.8 129 101  –8.4 68 –64.3 –373

429 15.8 172 104  –9.2 65 –64.7 –373

459 17.5 175 85  –9.4 64 –64.1 –363

489 18.4 168 98 –10.7 73 –63.8 –351

519 19.6 209 104  –9.8 78 –64.4 –353

609 19.5 141 98 –10.7 89 –64.3 –354

639 19.7 165 95  –3.3 71 –63.7 –346

669 20.4 154 85  –1.0 55 –62.8 –361

699 20.8 129 70  –3.8 73 –62.5 –368

729 19.5 133 70  –4.6 78 –59.7  n.a.

759 17.2 115 73  –8.7 71 –60.2 –352

789 16.9 128 79  –9.9 65 –60.4 –351

819 17.7 121 67 –10.4 54 –59.2 n.a.

849 18.6 149 92 –11.3 47 –59.0 n.a.

879 19.1 150 92 –11.5 57 –59.8 n.a.

Grey col our in di cates pe ri ods un der light ra di a tion, n.a. — not ana lysed



to in creas ing time of in cu ba tion. In B3, the in ten sity of fac tor 1
and 2 de creased rel a tive to time, and fac tor 3 showed the high est
in ten sity while in cu ba tor was ex posed to light (Fig. 4). In B4, all
three fac tors showed wide va ri ety in the in ten sity dur ing en tire
in cu ba tion. Dur ing the sec ond ex po si tion to light, how ever, the
in ten sity of each fac tor de creased with time of in cu ba tion. 

DISCUSSION

METHANOGENESIS AND SEDIMENT AGEING

The ac e tate is a fermentative prod uct of easy degradable or -
ganic com pounds and rep re sents a frac tion of la bile or ganic
car bon in sed i ments. It is also well doc u mented that ac e tate is
the main sub strate for methanogenesis in fresh wa ter sed i ments
(Takai, 1970; Winfrey and Zeikus, 1979a, b; Lovely and Klug,
1982; Phelps and Zeikus, 1984; Whiticar, 1999). Meth ane
orig i nated from acetoclastic methanogenesis is char ac ter ized

by higher val ues of d13C (from –40 to –30‰) as com pared to
meth ane formed due to hydrogenotrophic methanogenesis
(from –110 to –60‰) (e.g., Whiticar et al., 1986; Conrad,
2005). The CO2 re duc tion may con trib ute im por tant amounts
of meth ane from fresh wa ter sed i ments (Zaiss, 1981). Re cent
stud ies (e.g., Nüsslein et al., 2001, 2003) re port that iso to pic
pat terns of meth ane in fresh wa ter sed i ments may be af fected by 
syntrophic ac e tate ox i da tion cou pled with CO2 re duc tion
methanogenesis rather than by di rect acetoclastic methano -

genesis. Typ i cal d13C(CH4) val ues for acetoclastic methano -
genesis are sig nif i cantly higher than re ported for fresh wa ter
sed i ments (Sugimoto and Wada, 1993). For that rea son, syn -
trophic methanogenesis by ac e tate fer men ta tion better ex plains 

the ob served lower val ues of d13C(CH4) in lake sed i ments
(from –65 to –50‰), as CO2 re duc tion causes larger car bon

iso tope frac tion ation (re sult ing in lower d13C(CH4) val ues).
Changes in methanogenic path ways from ac e tate fer men ta -

tion to CO2 re duc tion are usu ally de scribed as a neg a tive trend

in d13C(CH4)–dD(CH4) sys tem (e.g., Burke, 1993; Hornibrook
et al., 2000). It is a re sult of dif fer ent car bon and hy dro gen iso -
tope frac tion ation dur ing methanogenesis. We as sumed that
this trend should also ap pear rel a tive to age ing of sed i ment.
How ever, along the en tire in cu ba tion, we ob served a weak pos -

i tive trend in d13C(CH4)–dD(CH4) sys tem (Fig. 5).
The pos i tive trend may re flect one of the two pro -
cesses: 1) meth ane ox i da tion, or 2) en rich ment of
methanogenic sub strates in heavier car bon and hy -
dro gen iso topes along the in cu ba tion. 

From other ex per i ments, we no ticed that an aer -
o bic and/or aer o bic ox i da tion of meth ane was neg -
li gi ble be cause of lack of ad e quate bac te rial com -
mu nity in side the sed i ments to en hance this pro cess
(Szynkiewicz et al., 2008). There fore, we link the
ob served changes in meth ane iso to pic com po si tion
with ex haus tion of one methanogenic sub strate. It
can be ex pected that age ing of sed i ment de creases
the con cen tra tion of sub strates in the in cu bated sed -
i ments and this is fol lowed by gen eral de crease of
meth ane con cen tra tion in all in cu ba tors with time.

The ob served range of d13C(CH4) and dD(CH4) val ues, how -
ever, over laps with both methanogenic path ways re ported for
fresh wa ter sed i ments. There fore, it is not pos si ble to di rectly in -
di cate the type of methanogenesis. Gen er ally, mi cro bial pro -
cesses in volve the pref er en tial up take of light iso topes, thus, the 
re main ing sub strates should show iso to pic en rich ment un der
closed con di tion with time due to ki netic iso tope ef fect. In deed, 

the ob served in crease of d13C(CH4) and dD(CH4) val ues may
sug gest that one of the methanogenic sub strates, en riched by
heavier iso topes, could have caused this mi gra tion to wards
higher val ues (Figs. 2 and 3) This could be ac e tate or an other
meth yl ated com pound which has been found to be im por tant
for methanogenesis in fresh wa ter sed i ments. 

BLOOMING IN THE WATER COLUMN 

It is be lieved that plank ton is very im por tant pri mary sub -
strate for ac e tate formed in fresh wa ter sed i ments. The plank -
tonic mat ter is pro duced in fresh wa ter en vi ron ments by pho to -
syn the sis in wa ter col umn. Af ter its death, the plank tonic par ti -
cles are de pos ited at the sed i ments sur face and are de com posed
by mi cro bial com mu ni ties to the fi nal prod uct which is ac e tate.
To sim u late this pro cess and, con se quently, ob serve the vari a -
tions in car bon iso to pic com po si tion of meth ane, the in cu ba tors 
B3 and B4 were ex posed to the light ra di a tion in two cy cles,
from 247 to 369 and from 610 to 729 days of in cu ba tion. In an -
aer o bic sed i ments, the ac e tate is en riched in 13C (e.g., Sugimoto 
and Wada, 1993) and we ex pected that, among other con se -
quences, de com po si tion of the fresh plank ton in the in cu bated

sed i ments may re sult in in crease of d13C(CH4) val ues dur ing
the ex po si tion to the light. This was ob served on di ur nal ba sis
in nat u ral sys tems, and ex plained mainly by vari a tions in
CO2/ac e tate path ways and phothosynthesis/res pi ra tion pro -
cesses (e.g., Jędrysek, 1995, 1999). We no ticed a sig nif i cantly

higher d13C(CH4) val ues only in the first cy cle of ex po sure in
B4 (Fig. 2) in fer ring pos si ble shift to ward acetoclastic
methanogenesis. Dur ing sec ond ex po sure to light bloom ing
was less in ten sive and there was no es sen tial shift to ward

higher d13C(CH4) val ues in B4 as it was ob served in the first ex -
po sure. Most likely, the amount of pro duced plank ton was too

small to change the d13C value of sub strates for methanogenesis 

in the in cu bated sed i ments, thus, the in crease of d13C(CH4)
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T a  b l e  2

Fac tor’s quota and fac tor load ings for the Varimax Ro tated 3 Fac tor Model

Vari ables Fac tor 1 Fac tor 2 Fac tor 3

Con duc tiv ity sed i ment/wa ter in ter face [mS/cm]   0.93 –0.03   0.10

DIC con cen tra tion sed i ment/wa ter in ter face [mg/l]   0.92 –0.17 –0.12

d13C(DIC) sed i ment/wa ter in ter face [‰] –0.04 –0.59   0.69

Tem per a ture sed i ment [°C] –0.06   0.27   0.90

CH4 con cen tra tion sed i ment [%]   0.24 –0.81   0.02

d13C(CH4) sed i ment [‰] –0.72   0.29   0.12

dD (CH4) sed i ment [‰] –0.17   0.86   0.20

Fac tor quota [%] 33 28 19
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Fig. 4. Vari a tions of fac tor scores in the in cu bated sed i ments rel a tive to in creas ing du ra tion of in cu ba tion

 Grey col our in di cate time with out ex po sure to light ra di a tion



value ap par ently re sulted from ki netic iso to pic frac tion ation
due to ex haus tion of methanogenic sub strate.

Along side plank ton bloom ing, the ex po sure to light ra di a -
tion con cur rently in creased the tem per a ture of wa ter col umn
for about 1–3°C, both in B3 and B4 (Szynkiewicz, 2003), and
in turn, in creased the tem per a ture of sed i ments (Ta ble 1). The
in flu ence of tem per a ture on iso tope com po si tion of meth ane
has been con sid ered by many au thors with re spect to car bon
iso topes. It was sug gested that higher tem per a tures in volve
smaller car bon iso tope frac tion ation (Games et al., 1978;
Krzycki et al., 1987; Sugimoto and Wada, 1993; Gelwick et
al., 1994). On the other hand, in nat u ral con di tions, it was ob -
served that tem per a ture is an im por tant, al though not the dom i -

nant fac tor con trol ling d13C value in fresh wa ter meth ane (e.g.,
Jędrysek, 1997, 1998, 1999). In gen eral, the in crease of tem -

per a ture leads to in crease of d13C(CH4) value. The re ported a
val ues in the sub strate-meth ane sys tem vary from 1.021 to
1.079 and they are dis tinc tively smaller for ac e tate fer men ta -
tion (Sugimoto and Wada, 1993; Gelwick et al., 1994) than for
CO2 re duc tion (Games et al., 1978; Krzycki et al., 1987). B3
and B4 did not show an ap par ent re la tion ship with tem per a ture, 
how ever, it may be as sumed that tem per a ture could have re -

sulted in in crease of d13C(CH4) value dur ing light ra di a tion.

PRINCIPAL COMPONENT ANALYSIS

As it was shown above, based on iso to pic com po si tion of
meth ane alone it is dif fi cult to find a di rect ev i dence of changes
from acetoclastic to hydrogenotrophic methanogenesis due to
ag eing of sed i ments. Sim u la tion of dif fer ent phys i cal con di -
tions (e.g., ex po sure to light, dif fer ence in wa ter ta ble) on in cu -
bated sed i ments in volved ad di tional changes in the same time
that could have con sid er ably af fected the methanogenesis. Be -
cause sim ple cor re la tion be tween ana lysed vari ables did not
show sig nif i cant and clear cor re la tion, we used PCA anal y sis
that of fers better com par i son of the re la tion ships among vari -
ables when a larger num ber of pa ram e ters con trol a given pro -
cess in the same time pe riod and over long pe ri ods of time. 

PCA sug gests that de com po si tion of or ganic mat ter were
con trolled by at least three fac tors dur ing en tire in cu ba tion in
all in cu ba tors (Ta ble 2). Two fac tors, 1 and 2, may be linked to

the methanogenesis be cause of their re la tion to d13C(CH4),

dD(CH4) and meth ane con cen tra tion that are di rectly af fected
by this pro cess. Fac tor 1 ex plains 33% of ob served vari a tions
among the vari ables stud ied and had pos i tive (0.93–0.92) load -
ings for elec tric con duc tiv ity and DIC con cen tra tion in the sed -

i ment wa ter in ter face and neg a tive load ing for d13C(CH4) value 
(–0.72). As only dou ble-destilled wa ter was used dur ing in cu -
ba tion and the chem i cal weath er ing of basaltoids, be ing the
min eral com po nents of in cu bated sed i ments, is rel a tively slow,
the elec tric con duc tiv ity was con trolled mainly by changes in
DIC con cen tra tion (Fig. 6). The high est value of elec tric con -
duc tiv ity was al ways ob served within the in cu bated sed i ments
(Szynkiewicz, 2003) in fer ring that de com po si tion of or ganic
mat ter in stead of dis so lu tion of at mo spheric CO2 was a main
source of DIC spe cies in the wa ter col umn. Gen er ally, the in -
crease in DIC con cen tra tion in the sed i ment/wa ter in ter face

was ac com pa nied by de crease of d13C(CH4) in the in cu bated

sed i ments, im ply ing its sig nif i cance on car bon iso to pic com po -
si tion of meth ane. Many re cent stud ies em pha size the role of
synthrophic ac e tate ox i da tion cou pled to CO2 re duc tion
methanogenesis in stead of di rect acetoclastic methanogenesis
(e.g., Nüsslein et al., 2001, 2003). Trans lat ing this to our ex per -
i men tal con di tions, this sug gests that in all in cu ba tors, the size

of car bon pool sig nif i cantly af fected in the d13C(CH4) value. It
should be pointed out that sam pling pro ce dures in volved sig -
nif i cant di lu tion of DIC spe cies within the wa ter col umn and
sed i ment, and the con tin u ous re moval of gases (e.g., CH4, CO2) 
formed by de com po si tion of or ganic mat ter. In nat u ral con di -
tion, bi o log i cally pro duced DIC spe cies, in clud ing gas eous
CO2, might be stored un der el e vated con tent in sed i ments for
sev eral years; this was not achieved dur ing in cu ba tion. The low 

val ues of d13C(CH4) are re ferred to con di tions when DIC con -
cen tra tion was the high est (Ta ble 2). As CO2 re duc tion leads to

for ma tion of meth ane with lower d13C val ues, our re sults sug -
gest that dur ing the in cu ba tion this methanogenic path way was
par tially lim ited be cause of con stant di lu tion by mix ing the wa -
ter with sed i ment and gen eral ex haus tion of or ganic sub strates.
This sug gests that more abun dant CO2 re duc tion with in creas -
ing depth of sed i ments (e.g., Jędrysek 1997a, b; Hornibrook et
al., 2000) may re sult mainly from big ger ac cu mu la tion of
bio-prod ucts com ing from de com po si tion of or ganic mat ter. As 
CO2 rep re sents the last prod uct of biodegradation, its steady ac -
cu mu la tion might fa vour the CO2 re duc tion deep in sed i ments
in stead of acetoclastic methanogenesis. 

Fac tor 2 ex plains 28% of the ob served vari a tions among
vari ables in the in cu bated sed i ments and had pos i tive (0.86)

load ing for dD(CH4) op po site to neg a tive (–0.81) load ing for
meth ane con cen tra tion. This in fers that lower val ues of

dD(CH4) are fol lowed by in creas ing meth ane con cen tra tion in

sed i ments. Vari a tions in dD(CH4) value were mainly con sid -
ered with re spect to methanogenic path ways. Gen er ally, CO2

re duc tion shows higher val ues of dD(CH4) com pared to aceto -
clastic methanogenesis that shows more neg a tive val ues of
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Fig. 5. Com par i son of d13C(CH4) and dD(CH4)
val ues be tween in cu ba tors B2, B3 and B4



dD(CH4) (e.g., Shoell, 1980; Woltemate et al., 1984; Whiticar
et al., 1986). At the be gin ning of in cu ba tion, both DIC and

meth ane con cen tra tion was the high est, and d13C(CH4) value
showed the low est val ues in fer ring a big ger con tri bu tion of

meth ane from CO2 re duc tion. In spite of this, the dD(CH4)
showed the low est val ues at the be gin ning. This im plies that
ob served changes do not re late di rectly to changes in
methanogenic path ways. In con trast, Burke (1993) showed that 

par tial pres sure of H2 may af fect dD(CH4) value that de creases
while H2 pres sure in crease. As the rates of or ganic de com po si -
tion were gen er ally higher at the be gin ning of in cu ba tion, the
pro duc tion of H2 in sed i ments was prob a bly also more ef fi cient 

and could have af fected the value of dD(CH4). On the other
hand, the gen eral ex haus tion of methanogenic sub strates might

have in flu enced on dD(CH4) value, as well, by ki netic iso to pic
frac tion ation of methanogenic sub strate. For that rea son, ac -
cord ing to ob tained re sults it is dif fi cult to in di cate which pro -
cess was more im por tant, be cause both the de crease of H2 con -
tent and ex haus tion of methanogenic sub strates would in volve

the de crease of dD(CH4) value fol lowed by de crease in meth -
ane con cen tra tion in sed i ments. 

Fac tor 3 ex plains 18% of the ob served vari a tions among
vari ables and showed the pos i tive (0.90–0.69) fac tor load ings

for tem per a ture of sed i ments and d13C(DIC) value in sed i -
ment/wa ter in ter face. We linked this fac tor with sea sonal
changes be cause tem per a ture was con trolled by sea sonal

changes in ex per i men tal room and var ied from 16°C in win ter to

21°C dur ing sum mer. Ad di tion ally, in B3 and B4 tem per a tures
were con trolled by ex po sure to light ra di a tion. Car bon iso tope
ex change be tween DIC spe cies is rel a tively fast and it is in large
ex tent con trolled by tem per a ture (e.g., Clark and Fritz, 1997).
The re sults ob tained due to PCA anal y sis im plies that iso to pic
equi lib rium was achieved in the sed i ment/wa ter in ter face. 

In con trol in cu ba tor B2, the score of fac tor 3 showed sim i -
lar changes to score of fac tor 1 (Fig. 4). The high est in ten sity of

those fac tor scores was ob served for sum mer pe riod when tem -
per a tures were the high est in the ex per i men tal room. Nu mer ous 
stud ies show that in creas ing tem per a ture ac ti vates mi cro bial
pro cesses (e.g., Westermann, 1993), thus, the high est in ten sity
of fac tor 1 dur ing the sum mer and its pos i tive load ing for DIC
con cen tra tion may be re lated to more in ten sive biodegradation
of or ganic com pounds in the in cu bated sed i ments. Fac tor 2 is
linked di rectly with methanogenesis by its re la tion to meth ane
con cen tra tion (Ta ble 2) and showed the con tin u ous de crease
with time in fer ring the ex haus tion of pri mary methanogenic
sub strates. In con trast, in B3 and B4 the in crease of tem per a ture 
by ex po si tion to light in volved the rel a tively wide vari a tion in
the in ten sity of fac tors 1 and 2 (Fig. 4). In our opin ion, it may
re late to higher ox y gen a tion of wa ter col umn due to pho to syn -
the sis ac ti vated by light ra di a tion in B3 and B4. While the mean 
con tent of O2 in the sed i ment/wa ter in ter face in B2 was
0.19 mg/l, in B3 and B4 dur ing ex po si tion to light it in creased
up to 4.90 and 6.48 mg/l, re spec tively (Szynkiewicz, 2003). In
the next pe riod, that ap peared di rectly af ter light ra di a tion, the
O2 con tent in sed i ment/wa ter in ter face was im por tantly higher,
mean 1.63 mg/l in B3 and 1.89 mg/l in B4, com pared to con trol
in cu ba tor B2. This im plies that the ex change of gas ses be tween
sed i ments and wa ter col umn would have in volved dif fer ent in -
ten sity in fac tors 1 and 2 de fin ing in our ex per i ment the
methanogenesis and other an aer o bic pro cesses of or ganic mat -
ter deg ra da tion. 

A wide and in de pend ent va ri ety in the score in ten sity of
fac tors 1, 2 and 3 for dif fer ent in cu ba tors sug gest that phys i cal
con di tion may strongly af fect the way of or ganic mat ter de com -
po si tion in sed i ments but on the other hand it had a mi nor ef fect
on car bon and hy dro gen iso to pic com po si tion of meth ane that
seems to re late mainly to the pri mary iso to pic com po si tion of
methanogenic sub strates and their avail abil ity in the in cu bated
sed i ments; this is con firmed by sim i lar con stant in crease of

d13C(CH4) and dD(CH4) val ues with time (Figs. 2 and 3).

CONCLUSIONS

The sed i ment ag eing and in creas ing re cal ci trance of or -
ganic mat ter in an aer o bic sed i ments did not re sult in neg a tive

trend in d13C(CH4)–dD(CH4) sys tem as it was ex pected for a
long-term in cu ba tion. There fore, based on iso to pic com po si -
tion of meth ane, it was not pos si ble to es tab lish which
methanogenic path way was dom i nant dur ing in cu ba tion of

fresh wa ter sed i ments. Most likely, the in crease of d13C(CH4)

and dD(CH4) val ues with time, fol lowed by gen eral de crease of 
meth ane con cen tra tion, re sulted mainly from the ki netic iso -
tope frac tion ation of methanogenic sub strate(s) in the in cu -
bated sed i ment.

The prin ci pal com po nent anal y sis in di cated three dis tinc tive
fac tors/pro cesses in flu enc ing de com po si tion of or ganic mat ter
dur ing the long-term in cu ba tion of sed i ments. First of all, it ap -

peared that d13C(CH4) value was im por tantly con trolled by the

avail abil ity of DIC. Gen er ally, the neg a tive d13C(CH4) val ues
were typ i cal while the DIC con cen tra tion was higher in sed i -
ment/wa ter in ter face in di cat ing that methanogenesis based on
CO2 re duc tion may be con sid er ably lim ited by DIC avail abil ity
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Fig. 6. Com par i son of elec tric con duc tiv ity and DIC
con cen tra tion be tween in cu ba tors B2, B3 and B4

For ex pla na tions see Fig ure 5



in sed i ments and/or wa ter col umn. As in nat u ral con di tions, the
fresh wa ter sed i ments are char ac ter ized by big ger ac cu mu la tion
of bio-prod ucts, the steady ac cu mu la tion of CO2 may likely fa -
vour the CO2 re duc tion deep in sed i ments in stead of acetoclastic

methanogenesis. Sec ondly, the dD(CH4) val ues were neg a tively
cor re lated with the con cen tra tions of meth ane and might have re -
sulted from both the de crease of H2 con tent and ex haus tion of
methanogenic sub strate in the in cu bated sed i ments. Lastly, the
sea sonal changes of tem per a tures con sid er ably con trolled

d13C(DIC) val ues only, and likely cor re sponded to the car bon
iso tope ex change that took place be tween par tic u lar DIC spe cies
when the equi lib rium was achieved.
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