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The d13C and d18O iso tope data from both fos sil (Mio cene) and mod ern fresh wa ter bi valve shells of fam ily Unionidae from Po -
land (spe cies Margaritifera flabellatiformis and Unio tumidus, re spec tively) show a sim i lar, trun cated si nu soi dal pat tern. The
iso to pic pro files of the shells are vis i bly marked by three growth stages, linked with a pro gres sive loss of en vi ron men tal re -
cord be cause of de clin ing intra-an nual biocarbonate ac cre tion rate. The ju ve nile and gerontic phases ex hibit gen er ally more
pos i tive and sta ble (pla teau) iso to pic pat tern than the mid-age stage. An in creas ing d13C trend is typ i cal for the fi nal life stage, 
likely in flu enced by nu tri ent over load ing, re vers ing the ten dency to wards 13C de ple tion through out the in di vid ual’s life in -
duced by met a bolic pro cesses. Due to the pro gres sive loss of en vi ron men tal sig nals through on tog eny, these ini tial and fi nal
iso to pic pro file seg ments prob a bly cor re spond to, re spec tively, an in stant sig na ture of the first sea son growth, and a
multiyear value set of sum mer max ima dur ing ge ri at ric stage. Vague sea sonal cy clic re cord is the strik ing fea ture of the
mid-age d18O and d13C pro file slices. In case of low-am pli tude d18O curve, this is prob a bly pro moted by a sen si tiv ity of the
lake eco sys tem to many dy namic intra-an nual fac tors af fect ing wa ter bud get bal ance. This con sis tent sig na ture mode
seems to be typ i cal for lake-dwell ing unionid shells at least since Mio cene from dif fer ent cli ma tic zones, as con firmed by co -
eval lac us trine low-lat i tude mus sels from Amazonia. Thus, this iso tope re cord is rel e vant to ob tain in for ma tion on the hab i tat
and life cy cle of the fos sil fresh wa ter bi valves, as well as could help to un der stand mod ern en vi ron men tal change.
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INTRODUCTION

Geo chem i cal data re corded in accretionary biogenic car -
bon ates have been proven to be a use ful tool in stud ies of mod -
ern and past en vi ron ments. The sta ble ox y gen and car bon iso -
to pic com po si tion of these biominerals re flects en vi ron men tal
sig nals, de liv er ing quan ti ta tive in for ma tion about the hab i tat
dur ing the life-span of a given or gan ism, as ex em pli fied by re -
cent stud ies on cor als (e.g., Leder et al., 1996; Beck et al.,
1997), foraminifera (e.g., Bemis et al., 1998; Diz et al., 2009),
ostracodes (e.g., Xia et al., 1997), fish oto liths (e.g., Patterson,
1998) and molluscs (e.g., Klein et al., 1996; Dettman et al.,
1999; Wurster and Patterson, 2001; Versteegh et al., 2009,
2010; Tao and Grossman, 2010). 

Bi valves, es pe cially ma rine spe cies, are con sid ered par tic u -
larly good ar chives of en vi ron men tal data (e.g., Khim, 2002;
Khim et al., 2003; Ford et al., 2010). Dur ing their growth, sub se -
quent lay ers of cal cium car bon ate are se creted, and the chem i -
cal com po si tion of each growth in cre ment is re lated to am bi ent
con di tions at the time of crys tal li za tion (Jones, 1981). Sam ple
se quences an a lysed along the di rec tion of growth should re flect 
the life his tory of a given spec i men (sclerochronology). Bi valve
molluscs have a world wide dis tri bu tion, both in ma rine and
fresh wa ter en vi ron ments, and due to their abun dance al low
stud ies with suf fi cient spa tial and tem po ral res o lu tion. In par tic -
u lar, the large (up to 20 cm long; Mor ris and Corkum, 1999:
fig. 3A) fresh wa ter unionid mus sels dis play mac ro scop i cally
eas ily iden ti fi able, rel a tively thick inter-an nual growth bands and 
are es pe cially use ful in sclerochronological stud ies (e.g.,
Detman et al., 1999; Verdegaal et al., 2005).

Be cause mus sel hard parts usu ally pre cip i tate in ox y gen
iso tope equi lib rium with am bi ent wa ter (Grossman and Ku,
1986; Wefer and Berger, 1991), their d18O val ues are re lated to
both the tem per a ture and ox y gen iso tope com po si tion of the
wa ter (d18OW; see Dettman et al., 1999). The ap pli ca tion of sta -
ble car bon iso tope ra tios is more com pli cated. Early stud ies
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sug gested that the dis solved in or ganic car bon (DIC) is the only
source of car bon in biogenic car bon ates (e.g., Mook and Vogel, 
1968). How ever, Dillman and Ford (1982) found that met a bolic
ac tiv ity, pre vi ously re ported as “vi tal ef fect” (Urey et al., 1951),
also ex erts an in flu ence on shell com po si tion and ob scures the
DIC sig nal. Ac cord ing to McConnaughey et al. (1997), aquatic
in ver te brates in cor po rate less than 10% re spired car bon in their 
skel e tons. Thus vi tal ef fects would gen er ally have only a mi nor
in flu ence, but Lorrain et al. (2004), Gillikin et al. (2007, 2009)
and Yan et al. (2012) stressed that there is a sig nif i cant
ontogenetic in crease of the iso to pi cally light met a bolic car bon
in some spe cies.

Af ter pre lim i nary anal y sis of fos sil lake-dwell ing bi valves from
Mio cene lig nite strata of Bełchatów (cen tral Po land; Fig. 1), we ob -
served an iso to pic pat tern that was hard to ex plain due to mostly
un clear sea sonal cy clic sig na ture. We con ducted ob ser va tions in
some Masurian lakes for sev eral sea sons. We chose lo ca tions of
our field study as sim i lar to that of an cient lake Bełchatów as pos -
si ble, in clud ing the size, depth and char ac ter of ba sin, and as so ci -
ated biota. Af ter our ini tial stud ies we con sid ered the Gil Wielki
Lake in Masurian Lake Dis trict (Fig. 1) as the most anal o gous to
this tem per ate Mio cene lake. The aim of this study is to pres ent
car bon and ox y gen sta ble iso tope re cord in Mio cene lake bi valves 
(~18 mil lion years ago), and com par i son of ob tained pat terns with
those from mod ern unionid bi valves (ac cord ing to tax o nomic
uniformitarianism rule; Dodd and Stanton, 1981). A sim i lar com -
par a tive ap proach in mol lus can stud ies is ex em pli fied by works of
Kobashi and Grossman (2003), Tao and Grossman (2010) and
Schöll-Barna et al. (2012).

SHELL GROWTH AND ISOTOPIC RECORDS

Many re cent stud ies show that car bon and ox y gen iso to pic
pro files of bi valve shell ma te rial de pend not only on host-wa ter
chem is try, but also on growth-rate changes over life span and
sam pling res o lu tion (e.g., Khim, 2002; Goodwin et al., 2003;
Kaandorp et al., 2003; Khim et al., 2003; Verdegaal et al., 2005; 
Versteegh et al., 2009). Com plete ar chiv ing of en vi ron men tal
sig nals in shell ar agon ite is pre cluded by chang ing intra-an nual

growth rate, that de clines through on tog eny and might be
paired fi nally with fre quent ac cre tion halts (e.g., Goodwin et al.,
2003). The re cur rent dark growth lines re sult from sea sonal in -
ter rup tions of in di vid ual growth dur ing hi ber na tion.

The op ti mal growth con di tions and the on set of spring
growth for the Unionidae are con trolled dom i nantly by wa ter
tem per a ture, ex ceed ing the in di vid ual ther mal tol er ance in the
cold est re gimes be tween 8 and 13.5°C (Dettman et al., 1999;
Ricken et al., 2003; Versteegh et al., 2010). There fore, the cy -
clic d18O pro file would be con trolled by a com bined ef fect of
tem per a ture-re lated frac tion ation and win ter growth ces sa tion,
vis i ble in the car bon ate se cre tion ter mi na tion at the d18O value
min ima. En vi ron men tal con trol of ox y gen iso to pic pro file is
known from other lakes and rivers (Grossman and Ku, 1986;
Goodwin et al., 2003; for ex cep tions see e.g., Versteegh et al.,
2009, 2011). When wa ter com po si tion is af fected mostly by in -
flow from melt ing moun tain gla ciers and snow fields, d18O min -
ima are in di cat ing sum mer con di tions, what is not in the case of
low land lakes, such as Gil Wielki, where sum mer evap o ra tion
causes higher d18O val ues. This sea sonal growth rhythmicity in -
di cates that mostly spring and sum mer am bi ent wa ter iso to pic
com po si tion are im printed in the an nual bands, and that win ter
sig na ture may be ab sent (e.g., Verdegaal et al., 2005: p. 405;
Versteegh et al., 2009). 

In con trast to these prom i nent, com plete and thick in cre -
ments, less pro nounced growth lines are con sid ered to be dis -
tur bance bands. The sub sid iary lines can pos si bly be at trib uted
to the ef fects of non-sea sonal tem per a ture wa ter shift, star va -
tion, ox y gen de fi ciency, pre da tion and spawn ing (see Goewert
et al., 2007). Gen er ally a more sta ble growth is pre dicted for
lakes than river hab i tats (Schöll-Barna, 2011). Unionid bi valves, 
be ing semi-infaunal filtrators, sen si tively re act to nu tri ent qual ity 
and load ing. In ad di tion, the shell growth is sen si tive to hu -
man-in duced pol lu tion of the lake eco sys tem (acid i fi ca tion,
hypoxia, nu tri ent over load ing and tur bid ity), and a causal link
be tween shell growth and wa ter tem per a ture is bi ased in so af -
fected set tings (Dunca et al., 2005; Bucci et al., 2009). For ex -
am ple, an oxia as a re sult of ex treme warmth and eutrophication 
may sup press the sea sonal biocarbonate pre cip i ta tion. There -
fore, sub sid iary growth dis tur bances, not re lated to win ter ac -
cre tion ces sa tion, cause the sea sonal sig na ture to be in com -
plete (Versteegh et al., 2009).

MATERIALS AND METHODS

Five Mio cene mus sels from the Szczerców lig nite min ing
field (Bełchatów re gion) and twenty-five re cent molluscs from
Gil Wielki Lake in Masurian Lake Dis trict (Fig. 2), were se lected
for anal y sis of age and growth-rate. To ex clude the pos si bil ity of
diagenetic over print in the in ves ti gated fos sil shells, we ex am -
ined the cho sen sam ples us ing X-Ray dif frac tion anal y sis
(XRD). The bulk anal y sis of pow dered shell sam ples was car -
ried out in In sti tute of Geo log i cal Sci ences PAS us ing
Bruker-AXS D8 Ad vance Se ries 2 de vice. 

In di vid u als were cho sen from the larger (and pre sum ably of
older in di vid ual age) size classes of shells that showed no ev i -
dence of past in jury, pre da tion at tempts or se ri ous growth dis -
rup tion. Ac cord ing to pre vi ous stud ies, in di cat ing a max i mum
life-span of ~15 years typ i cal for re cent Unionidae bi valves we
as sume the age of 15 years for these large in di vid u als (see
Versteegh et al., 2009; com pare Mor ris and Corkum, 1999). In
Pol ish Masurian lakes rep re sen ta tives of ge nus Unio are rarely
found older than 10 years (Lewandowski and Stańczykowska,

114 Błażej Błażejowski, Grzegorz Racki, Piotr Gieszcz, Krzysztof Małkowski, Adrian Kin and Katarzyna Krzywiecka

Fig. 1. Lo ca tions of bi valve study sites in Po land, and map of
the Gil Wielki Lake sys tem, show ing shell col lec tion sites

(Kormoran Bay, marked by as ter isk)



1975; Lewandowski, 1990, 1996; Piechocki and Dyduch-
 Falniowska, 1993).

From the se lected spec i mens, sin gle valves were com -
pletely sam pled start ing from the umbo to ven tral mar gin along
the axis of shell growth. Re main ing valves were ex am ined
fragmentarily with a lower spa tial res o lu tion to re veal any gen -
eral iso to pic trend in the pop u la tion (see Appendices*). A se rial
sam pling tech nique was ap plied to de rive a se quence of iso -
tope re cords from the shells (e.g., Bemis and Geary, 1996;
Müller-Lupp, 2002; Müller-Lupp and Bauch, 2005). 

Prior to tak ing car bon ate sam ples, the shell was cleaned to
re move any sur face con tam i na tion. In di vid ual car bon ate pow -
der sam ples (>50 mg) were millcut un der the bin oc u lar mi cro -
scope se quen tially from the outer layer along the axis of max i -
mum growth with a spa tial res o lu tion of ap prox i mately 0.5 to
1.5 mm, us ing hand-op er ated pre ci sion drill. To avoid con tam i -
na tion of the sam ple with ma te rial from subjacent shell lay ers,
the sam ple was milled only from the sur face of the outer (pris -
matic) layer, af ter periostracum re moval. 

For sta ble iso tope anal y sis, the car bon ate pow der was re -
acted with 100% orthophosphoric acid un der vac uum at 70°C in 
a KIEL IV car bon ate de vice, which was cou pled to a Finnigan
MAT Delta Plus iso tope ra tio mass spec trom e ter. Iso tope ra tios 
are re ported in per mil (‰) in the usual delta no ta tion rel a tive to
the VPDB stan dard (de fined via NBS 19). The spec trom e ter ex -

ter nal er ror amounts to less than ±0.08‰. Ex per i ments car ried
out on sam ple rep li cates showed that the av er age dif fer ence
be tween rep li cates was less than ±0.15‰ for d13C and d18O. All
anal y ses were held at In sti tute of Geo log i cal Sci ences PAS.

Un for tu nately, en vi ron men tal and hydrochemical pa ram e ters 
are un avail able for Gil Wielki Lake. For com par i son of re gional
tem per a ture and pre cip i ta tion with iso to pic re cords in the mod ern 
shells, data from the Olsztyn weather sta tion for the last de cade
(1999–2008) are used. Al though Olsztyn is lo cated 55 km from
Gil Wielki Lake, it is the near est weather sta tion which pro vides
suf fi cient data re cord, and was used for com par i son in re gional
scale be cause it is lo cated within the same cli ma tic re gion.

REGIONAL SETTING OF THE BIVALVE SITES

FOSSIL BIVALVES FROM BEŁCHATÓW

The Bełchatów open-pit mine in cen tral Po land (51°15’N,
19°20’E) is one of the larg est lig nite de pos its in Eu rope, lo cated
within a se ries of tec tonic de pres sions des ig nated the
Kleszczów Graben (Brodzikowski et al., 1987; Krzyszkowski,
1993; Ber and Krzyszkowski, 2004). The graben area, lo cated
be tween Pajęczno (in the west ern part) and Przedbórz (east ern 
part), is lo cated within the south ern Szczecin–Łódz–Miechów
Synclinorium, in the bor der zone be tween the Łódź Trough and
Miechów Trough (Hałuszczak, 2007). Fill ing the Kleszczów
Graben (com bined with a slow sub si dence of its bot tom), lasted
un til the Mid dle Mio cene, and at that time was de pos ited as a
suc ces sion of coal and clay-coal lay ers (for de tails see Ciuk,
1980). Ac cord ing to the lithostratigraphic di vi sion, the de pos its
cor re spond to the low est part of the Ścinawa For ma tion (see
Ciuk, 1980). The flora of low er most brown coal seam is con sid -
ered to be of Early Eggenburgian age (Early Mio cene) whilst the 
up per part of the main lig nite seam con tains flora not youn ger
than the Ottnangian (Szynkiewicz, 2000). 

Margaritifera flabellatiformis spec i mens (Grigorovits-Bere -
sovski, 1915), oc cur ring in the lower part of the coal com plex,
within “black clay sec tion” (BCS), were col lected by Adrian Kin
in 2007. In this set nu mer ous lin ers of the green-gray clay have
been iden ti fied, in clud ing also fos sil-rich BCS and lac us trine
chalk (i.e., gyttjas). The oc cur rence of these de pos its is re -
stricted to a zone of tec tonic mar gin of the Kleszczów Graben.
The BCS, oc cur ring usu ally at the abraded top sur face of the
Ju ras sic lime stones, con tains very nu mer ous, though
monospecific, as so ci a tions of fresh wa ter mus sels, in di cat ing
pe ri odic mid-for est lakes. Very abun dant un iden ti fied plant de -
bris is also com monly found. 

RECENT BIVALVES FROM MASURIAN LAKE DISTRICT

The study was car ried out on Unio tumidus Philipsson, 1788 
from Kormoran Bay of Gil Wielki Lake (53°43'15.2”N,
19°43'34.66”E). It is a post-gla cial lake near Iława town in north -
east ern Po land (Fig. 1). The lake sur face is 540 ha, max i mum
depth is 20 m (Choiński, 1991), but most of the area is shal -
low-wa ter, av er ag ing 2.5 m deep. The bot tom sed i ments are
very thick (~8 m) and con tain much or ganic de bris ly ing loosely
on the bot tom. The lake’s banks are cov ered with mixed for est,
and inflowing Drwęca River has a sig nif i cant in flu ence on the
lac us trine eco sys tem.
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Fig. 2A – Margaritifera flabellatiformis (Grigorovits-Beresov -
ski, 1915) from Bełchatów, Mio cene; B – Unio tumidus Phi -
lips son, 1788 from Gil Wielki Lake in Masurian Lake Dis trict



RESULTS

MIOCENE BIVALVES

The re sults ob tained from XRD anal y sis in di cate that Mio -
cene bi valve Margaritifera flabellatiformis shells from Bełcha -
tów con sist en tirely of ar agon ite (Fig. 3), and there fore, ox y gen
and car bon iso to pic com po si tions (Ap pen dix 1) re main un al -
tered (e.g., Labonne and Hillaire-Mar cel, 2000). 

The d18O shell pro file (Fig. 4) re veals high but grad u ally de -
creas ing val ues (from –5.8 to 6.4‰) in the ear li est growth
stage, a great ir reg u lar vari abil ity in mid dle seg ment (drop ping
to –7.2‰), and ul ti mately a re turn to rel a -
tively con stant, mod er ately high val ues
(~–6.2‰) dur ing the last phase. 

The ob served d13C and d18O pat terns 
gen er ally cor re lates with r = 0.59 and
p > 0.001. Val ues are high est in the very
first growth phase reach ing –7.6‰, fol -
lowed by fluc tu at ing vari a tion in mid-age
en com pass ing low est val ues in the
range –7.7 to –9.2‰, and in old age ris -
ing con se quently again to the high est
level of –7.2‰. 

An other partly ana lysed valve re -
veals sim i lar iso to pic pat terns in early
growth, es pe cially for d18O sig na ture, al -
though the value lev els are dif fer ent
(Fig. 4). 

RECENT BIVALVES

The large wild-caught spec i men was
sam pled with max i mum spa tial res o lu -
tion, and dis played d18O val ues rang ing
from –7.2 to –4.7‰ dur ing on tog eny (Fig. 
5). d18O val ues show an ir reg u lar fluc tu -
at ing trend with val ues from –5.2‰ in
early growth stages to –7.2‰ in mid-age, 
in creas ing sub se quently to ~–4.7‰ in

later life (Fig. 5). Vari a tion in the adult age ox y gen iso tope ra tios
con trasts with con stant lev els in the re main ing ontogenic
stages, es pe cially dur ing the pro longed gerontic phase. This
type of pat tern is hence forth called the SVS (semi-con -
stant–vari able–semi-con stant) pat tern. 

The vari abil ity in d13C val ues is much greater in liv ing spec i -
mens than in fos sil shells, and the both iso tope ra tios do not cor -
re late so strongly (r = 0.32, p = 0.02). Like wise, the d13C level in
ju ve nile stage, max i mally ex tended to 7 data points, only os cil -
lates around –6‰, whilst show ing a high am pli tude and rather
reg u lar (“sawtooth”) fluc tu a tions be tween –6 and –12.5‰ over
the adult stage. Dur ing the last few years of the in di vid ual’s life,
the val ues in crease grad u ally to –6.7‰, dif fer ing no tice ably
from the time-equiv a lent d18O pla teau. Thus, the on tog eny-re -
lated d13C vari a tion is ten ta tively termed as SFI (semi-con -
stant–fluc tu at ing–in creas ing) mode.

Other mod ern spec i mens sam pled with lower res o lu tion
show small scat ter in the iso to pic val ues, and clearly point that
the above de scribed SVS (d18O) and SFI (d13C) pat terns of iso -
to pic vari abil ity dur ing ontogenesis are over all rep re sen ta tive
char ac ters in the bi valve pop u la tion (Fig. 6). Some mus sel
shells dis played slightly higher val ues of d18O above –4‰
(Fig. 6D), and the max i mal d13C val ues up to –5‰ and the min i -
mal ones to –14‰. 

DISCUSSION

OXYGEN ISOTOPES

In many stud ies, d18O val ues of growth in cre ments in the bi -
valve shells are ver i fied as a good proxy for host-wa ter tem per -
a ture, and, im plic itly, cli mate vari a tion (e.g., Dettman et al.,
1999; Wurster and Patterson, 2001; Ricken et al., 2003;
Verdegaal et al., 2005; Goewert et al., 2007; Versteegh et al.,
2009, 2010; Ford et al., 2010; Schöll-Barna et al., 2012). 
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Fig. 3. X-Ray dif frac tion pat tern of Mio cene bi valves
Margaritifera flabellatiformis shell from Bełchatów

A – ar agon ite, C – cal cite, V – vaterite; the com po si tion of min eral
phase in di cate, that in shell ma te rial ar agon ite is pre served

Fig. 4. d18O and d13C pat terns for the well-pre served Mio cene bi valve shell 
from Bełchatów

An ad di tional fragmentarily sam pled valve (in the umbonal por tion) is shown as smaller
data points; sam ple po si tions are placed in mm from the umbo to the ven tral mar gin along 

the axis of shell growth
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Fig. 5. Rep re sen ta tive iso tope curves for the re cent bi valve Unio tumidus 
from Gil Wielki Lake

Fig. 6. Iso tope curves for frag ments of four sam pled shells (A–D) of the re cent bi valve
Unio tumidus from Gil Wielki Lake



The am pli tude of d18O val ues in the in ves ti gated fos sil spec -
i mens is ~1.5‰. If this value should be the ef fect only of the
tem per a ture fac tor, the range of yearly tem per a ture vari a tions
would be ap prox i mately 6°C. Tak ing into con sid er ation that
shell ar agon ite pre cip i tates only above 8°C, this is quite rea son -
able (see above). It is, how ever, hard to ex plain the ev i dent lack 
of dis tinct sea sonal pe ri od ic ity, and other fac tors should be con -
sid ered as rel e vant for d18O vari abil ity.

In ad di tion, no dis tinct rhythmicity con sid er ing d18O sig na -
ture was ob served in any stud ied mod ern and fos sil lac us trine
spec i men, con trast ing with the d13C pro files. Only a first-or der
warm ing trend may be con firmed in the Masurian shell re cord
(Fig. 7). Even if the d18O pro file of win ter max ima and sum mer
min ima can be partly ob scured by low-res o lu tion sam pling, es -
pe cially in later growth phases, an en vi ron men tal mod u la tion of
this un ex pected re cord is very prob a ble (see e.g., the pre dicted
ef fect of cli mate evo lu tion on the Bal tic Sea eco sys tem; Hordoir
and Meier, 2012). Mi nor ac cre tion dis tur bances, not re lated to
win ter growth shut downs, are also pre cluded as a main con trol
(see dark growth lines in Fig. 5). Thus, we should fo cus on
search ing for other pos si ble mech a nisms to ex plain ob served
am pli tude and pat terns.

For tem per ate set tings, large wa ter sheds are marked by
pre dict able sea sonal d18Ow cyclicity be cause of more sta bi lized
wa ter bud get, and Wurster and Patterson (2001) stressed the
in creased sus cep ti bil ity of the small lakes to storm per tur ba tion
in this biogeochemical con text. For ex am ple, com pa ra bly shal -
low Lake Balaton (mean depth 3 m), be ing rel a tively dy namic
lake eco sys tem is also thought af ter Schöll-Barna (2011) as
very sen si tive to many cli mate-re lated pa ram e ters, such as
evap o ra tion, pre cip i ta tion, and river run offs, in flu enc ing ox y gen
iso tope ra tios (Schöll-Barna et al., 2012). In ad di tion, the tem -
per a ture sig nal con tained in sclerochronological re cord may be
to a cer tain ex tent mod u lated by poorly known bi o logic and met -

a bolic fac tors within the extrapallial fluid. For ex am ple, spe cific
pH and car bon ate so lu tion chem is try set ting, as well as ki netic
ef fects paired with ac cre tion rates are known in intertidal ma rine 
mus sels (see re view in Ford et al., 2010), but this is rather un -
likely for unionids. This al to gether means that there is no sim ple
in ter pre ta tion of given iso to pic com po si tion pro files, what points 
out to many fac tors rel e vant for d18O vari abil ity. 

CARBON ISOTOPES

The d13C val ues of dis solved in or ganic car bon (DIC), avail -
able for bi valve shell se cre tion in fresh wa ter hab i tats, are chiefly 
con trolled by the in ter ac tion of sev eral sources, such as iso to pic 
ra tios in inflowing trib u tar ies and ground wa ters, sup ply of CO2

from soils (de ter mined by de cay of plant mat ter), and chem i cal
weath er ing (see sum mary in Kaandorp et al., 2006). A d13C
vari a tion on the or der of 0.5‰ is con sid ered only as an im me di -
ate tem per a ture-mod u la tion ef fect (Khim, 2002; see also
Goewert et al., 2007 and Schöll-Barna et al., 2012). 

Sea sonal cy cling of car bon in lakes is com monly known as
forced pri mar ily by the heavy 13C iso tope fluc tu a tion due to
sum mer phytoplankton bloom ing. If the mus sel shell would only
re cord DIC iso to pic com po si tion, we can ex pect sea sonal cy -
cles re peat edly oc cur ring in the life time of given spec i men, but
po ten tially shifted due to a vi tal ef fect. As shown above, the
gen er al ized tem po ral trend of d13C over all life time of an in di vid -
ual is char ac ter ized by se quence of de scend ing and as cend ing
val ues (the SFI pat tern; Fig. 8). With ex cep tion of first years, but 
not these ear li est ones (Figs. 4 and 5), it is hard to in fer any dis -
tinct pe ri od ic ity in iso to pic pat terns from our unionid shells. On
the other hand, even if the con tri bu tion of iso to pi cally light met a -
bolic car bon is in creas ing in the ma ture age (even to 35% of
shell car bon; Gillikin et al., 2009; Yan et al., 2012), this
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Fig. 7. Smoothed car bon and ox y gen iso to pic curves of the Masurian bi valve
against re gional air tem per a ture and rain fall data

Note an in creas ing multi-sea sonal trend rec og niz able in the both iso to pic ar chives and in creas ing 
air tem per a ture ver sus a sta bi lized pre cip i ta tion pat tern



ontogenetic ef fect is not ob served in the shell ma te rial char ac -
ter ized by ris ing of d13C val ues at the full grown stage, in con -
trast to a de creas ing trend com monly noted in riverine unionid
shells (e.g., Verdegaal et al., 2005). 

As stressed by Dettman et al. (1999), a cor re la tion be tween
d13C val ues of unionid ar agon ite and the d13C of DIC may be es -
sen tially ab sent. The dif fi cul ties in in ter pre ta tion are linked to
many quan ti ta tively vari able fluxes, such as de com posed or -
ganic mat ter from land, changes in me tab o lism, and qual i ta tive
dif fer en ti a tion in nu tri ent sup ply. The is sue of in flu ence d13C sig -
na tures by in di vid ual met a bolic sig nals in fresh wa ter bi valves
had been dis cussed (Geist et al., 2005, see also Schöne et al.,
2005). The vi tal ef fect off set is not con stant and de pends on
many fac tors, in clud ing food source and nu tri tion abun dance, but 
it is also chang ing with age of in di vid ual, and it is un clear whether
this change is caused di rectly by phys i ol ogy or be hav ioural is -
sues (place of res i dence). For ex am ple, the d13C min ima be low
10‰ mea sured in Mio cene mus sels ar gues de ci sively for a sig -
nif i cant or ganic mat ter in put into the lake eco sys tem.

THREE-FOLD ISOTOPIC PROFILES VS. GROWTH CHARACTERISTICS

Most re search on bi valve molluscs has fo cused re cently on
ox y gen and car bon iso to pic re cord stud ied in the con text of
mea sured en vi ron men tal/cli ma tic vari ables (e.g., Khim et al.,
2003; Versteegh et al., 2009, 2010; Ford et al., 2010;
Schöll-Barna, 2011; Schöll-Barna et al., 2012). As stressed
above, our anal y sis of d18O iso tope pro files across the com plete 
shell time-se ries shows dis tinct three-fold (three-stages)
multi-year pat terns con sid ered as in di cat ing ontogenetically
con trolled growth vari abil ity within the mus sels (see mod el ling
re sults in Goodwin et al., 2003). This dis tin guish ing ar chiv ing
mode seems to be com mon for bi valves at least since the Mio -

cene (Figs. 3–5). In par tic u lar, the d13C val ues in in di vid ual re -
cord mark an over all shift to wards neg a tive val ues dur ing life of
an in di vid ual (Fig. 7), which pos si bly ex press “sex ual mat u ra -
tion, the ini ti a tion of re pro duc tion, and con com i tant changes in
diet” sim i larly as sug gested in Me so zoic cepha lo pods
(Lukeneder et al., 2010; see also McConnaughey and Gillikin
2008). 

As ex pected, pro gres sively less iso to pic in for ma tion is re -
vealed with ad vanced bi valve age, mean ing that fast ac cre tion
took place in the first years of in di vid ual life, re sult ing in the best
es ti mates of en vi ron men tal sig nals (e.g., Kaandorp et al.,
2003). The ju ve nile stage in stud ied mus sels is marked by val -
ues on semi-con stant level in the both iso to pic re cords
(Fig. 9A), and we have found sim i lar ex am ples in many other
stud ies es pe cially man i fested by d18O pro files of mod ern
unionid spe cies Anodontites trapesialis from an Am a zo nian
floodplain lake (Kaandorp et al., 2003: fig. 4, 2006: fig. 6b; see
also Corbicula fluminea from North Carolina in Bucci et al.,
2009: figs. 4 and 5). Fur ther more, a sim i lar d18O pla teau is seen
in the pre ma ture phase of the Mio cene bi valve spe cies
Diplodon longulus and Anodontites capax (Kaandorp et al.,
2006: fig. 7b). Roughly con stant d13C lev els in an early growth
stage are pre sented by Verdegaal et al. (2005: fig. 2) for mod -
ern Rhine mus sels, and for the Mio cene Pachynodon tenuis
stud ied by Kaandorp et al. (2006: fig. 8c). In ad di tion, this pro file
char ac ter is tics is also vis i ble in the both iso tope ra tios in some
mod ern, Plio cene and Eocene shells of the large-sized ma rine
snail Co nus (Kobashi and Grossman, 2003: figs. 2 and 4B; Tao
and Grossman, 2010: fig. 4). 

This iso to pic pla teau can be ex plained by a rapid first-year
growth of ju ve nile in di vid ual. As pointed out by Kaandorp et al.
(2003: p. 347), rel a tively con stant high val ues prior to the first
pos i tive d13C ex cur sion (peak I in fig. 4a therein; Fig. 9A) sug -
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Fig. 8. d13C val ues and d13C poly no mial trend lines de rived from Gil Wielki Lake and Bełchatów bi valves



gest that unionid shells may have grown up to 6 cm dur ing one
sea son. How ever, this es ti ma tion seems to be ex tremely high in 
light of unionid growth curves, as mod elled by Mor ris and
Corkum (1999: fig. 3). As an al ter na tive, this may be re cord of
early de vel op men tal phase that took place in sta ble en vi ron -
ment when the spec i mens are com pletely bur ied in the sed i -
ment (infaunal life style; Negus, 1966; Versteegh et al., 2009),
com monly known for the bi valves ju ve niles in the first 0–4 years 
of life (e.g., Strayer et al., 2004; Schwalb and Pusch, 2007). 

In the mid-age stage, the d13C curve shows in dis tinct sea -
sonal pat tern with nar row peaks and troughs (Fig. 5). A char ac -
ter is tic high am pli tude of d13C and d18O is a pos si bly re lated to
their sex ual ma tu rity, and the ef fect of hab i tat and prob a bly diet
changes, e.g. at the time of ex ces sive bio mass pro duc tion. The
full-grown to gerontic iso to pic sig na ture is ten ta tively in ter preted 
as an ef fect of pro gres sively shorter growth ep i sodes in the op ti -
mal sum mer tem per a tures, and there fore it pre serves only
multiyear pat tern of the cli mate set ting (sum mer max ima) due
to pro longed growth halt in ter vals (see Goodwin et al., 2003).
We fol low Versteegh et al. (2010: p. 8) that due to re cur ring win -
ter growth cessations “...d18O re cords con tain (in vis i ble) gaps
re sult ing in jux ta posed in cre ments of (sum mer) shell growth”. In 
our re cent spec i mens, this highly in ter rupted growth pat tern is

re flected by con stant val ues in d18O pro files, prob a bly re cord ing 
av er aged tem per a ture re gimes of sum mer growth sea son in the 
lac us trine hab i tat. This fea ture seems to be more vis i ble with in -
creas ing in di vid ual age, al though it may be af fected by lim ited
sam pling res o lu tion in the end of pro file. For the prob a bly gen -
er ally warmer Mio cene lake, a more dis tinc tive warm ing ten -
dency dur ing the in di vid ual life may be ad di tion ally as sumed
from de creas ing d18O trend.

The in creas ing d13C trend in the fi nal growth phase re mains
puz zling, in con tra dic tion with com monly ob served con tri bu tion
of light met a bolic car bon in older in di vid ual ages. A sim i lar fea -
ture is de ci pher able only in a few liv ing and fos sil unionid spec i -
mens re ported in pre vi ous stud ies (e.g., Kaandorp et al., 2006;
see Fig. 9B). Such trend may re sult from in flu ence of en vi ron -
men tal fac tors as eutrophication and high lev els of pri mary pro -
duc tiv ity, but mod ern re la tion ships be tween the trophic state
and malacofauna changes are cer tainly com plex in the
Masurian lakes (see ex am ple in Kołodziejczyk et al., 2009).
Thus, a more ac cu rate en vi ron men tal in ter pre ta tion is dif fi cult to 
per form as strictly re lated to the par tic u lar lac us trine eco sys -
tem. In light of our ob ser va tions, the SFI iso to pic pat tern is seen
in bi valve shells from only this Masurian lo cal ity, while the vi tal
ef fect over whelmed the hy po thet i cal pos i tive d13C ten dency in
other lac us trine hab i tats. How ever, this com plex mat ter is be -
yond the scope of this study and needs ex ten sive eco sys tem
mon i tor ing data.

CONCLUSIONS AND IMPLICATIONS

1. Unionid bi valves from Gil Wielki Lake and their Mio cene
rel a tives from Bełchatów re gion have sim i lar trend lines in d18O
and d13C re cord, al low ing to dis tin guish three main pro file seg -
ments dur ing the life-span of in di vid u als. The prin ci pal mech a -
nism of such dif fer en ti a tion is most prob a bly the same in liv ing
and fos sil bi valves, as con firmed also by d18O and d13C pro files
in mod ern and fos sil unionids from low-lat i tude Am a zo nian
lakes (Kaandorp et al., 2003, 2006). The gross iso to pic pat tern
is ex plain able mostly by dif fer ent growth char ac ter is tics in early
and late age, linked with a pro gres sive loss of en vi ron men tal
sen si tiv ity (Goodwin et al., 2003). Ontogenetical ver ti cal mi gra -
tions within the wa ter shed may be an ad di tional fac tor, as well
as mod u la tion by met a bolic fac tors.

2. The dis tinc tive three-fold d18O trends are de scribed as
the SVS (semi-con stant–vari able–semi-con stant) pat tern. The
ex act con tri bu tion of many causes ob scur ing the sea sonal ther -
mal cyclicity in this re cord are dif fi cult to de ter mine. Sen si tiv ity of 
the lake eco sys tem to many dy namic intra-an nual fac tors af -
fect ing wa ter bud get bal ance, such as pre cip i ta tion/evap o ra tion 
ra tio, rel a tive con tri bu tions of ground wa ter and sur face run off
and storm i ness, is stressed. 

3. In case of d13C time se ries, en vi ron men tal sig nal is mod u -
lated by phys i ol ogy and am bi ent fac tors, most prob a bly pri mar -
ily by phytoplankton pro duc tiv ity. Ex tract ing sin gle com po nent
from com plex sig nal is dif fi cult, but low con tri bu tion of light met -
a bolic car bon in late growth stages is a re mark able char ac ter of
both mod ern and fos sil mus sels. We are there fore un able to re -
solve pro cesses forc ing the d13C vari a tion termed SFI
(semi-constant–fluctuating–increasing) pat tern. In creas ing
d13C trend in the late phase may be in flu enced by sig nif i cant
eco sys tem changes, such as nu tri ent over load ing, re vers ing
the vi tal ten dency to ward 13C de ple tion.

4. Vague sea son al ity in the re cord is the strik ing fea ture of
the mid-age d18O and d13C pro file seg ments, and re fined anal y -
ses based on higher-res o lu tion sam pling of the shell ma te rial, in 
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Fig. 9. Semi-con stant iso to pic re cord in early (A) and lat est (B)
growth phases of the Am a zo nian fresh wa ter bi valves: mod ern
unionid Anodontites trapesialis (af ter Kaandorp et al., 2003:
fig. 4c) and Mio cene corbulid Pachynodon tenuis (af ter
Kaandorp et al., 2006: fig. 7c), re spec tively (com pare with
Figs. 4–6), used with per mis sion of Elsevier Lim ited



week to month tem po ral scale, are nec es sary. How ever, this is
con clu sively con firmed that “molluscs from lakes are less suit -
able than molluscs from rivers for ac cu rate re con struc tions of
the sea sonal vari a tion of pre cip i ta tion and evap o ra tion”
(Kaandorp et al., 2006: p. 62). No ta bly in the con text, in hab i tats 
marked by high hu man im pact, bi valve shell growth is a bi ased
bio-mon i tor of tem per a ture changes (Dunca et al., 2005).

5. More ex ten sive re gional study of the bi valves, sup ported
by mon i tored eco sys tem pa ram e ters in sev eral Masurian lakes, 
would be cru cial to ward more proper in ter pre ta tion of the en vi -
ron men tal changes in prog ress (see an ad vanced warm ing ten -
dency; Fig. 7), as well as re lated palaeolimnological is sues.

This re search agenda re fers also to an un der stand ing of shell
iso to pic sig na tures in microenvironments re lated to the be hav -
ioural change from infaunal to semi-infaunal hab its through
early ontogenetic stage. 
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