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Taphonomy of freshwater molluscs in carbonate-poor 
deposits: a case study of the river pearl mussel in  
northeastern Finnish Lapland
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The river pearl mussel, Margaritifera margaritifera, is becoming an important tool in reconstructing past changes in climate because of its shell 
growth increments and longevity. Surveys of the Lutto River system and surroundings in northeastern Finland have been conducted to identify 
the distribution of fossil and subfossil mussel shells. By increasing the findings of mussels may enable an extension of the existing sclerochrono-
logies, that is, temporal records based on shell growth patterns may be achieved. The distribution pattern includes the preservation characteristics 
of their calcareous (aragonitic) shells and periostraca, indicating which pathways these remains may have taken to survive the transition from the 
biosphere into the lithosphere. Principally, the distribution of the mussels depends on larval spreading by salmon fish which act as hosts. However, 
the post-mortem natural preservation of the shells occurs mainly as periostraca in ancient river bank and bar deposits. This is related to acidic river 
and percolation water. Post-mortem preservation of calcareous shells has probably been ameliorated due to anthropogenic activity. During the past 
centuries, the river pearl mussel has been sought after by pearl fishers who left shell remains typically around camp-fire sites. As the sites are located 
on topographically higher levels, the shells became less affected by acidic water. If the shells were hidden in the soil by the hunters, this may have 
improved their preservation potential due to higher pH values deeper in the podzol soil. Although the outer shell layer tends to be partly dissolved, 
these shells can be suitable for sclerochronologists. On the other hand, the limited preservation of the shells impedes reconstruction of past geo-
graphical ranges of the species, with the danger that severe spatial underestimation of their past spatial occurrence may occur.
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Introduction
Growth increments may be found in various types of 
accretive tissues across a wide taxonomic range of organ-
isms. In aquatic settings, growth increments in bivalve 
shells provide records of environmental variability with 
high accuracy (e.g., Jones 1980, 1983). Due to the great 
influence of environmental conditions on the growth of 
organisms such as bivalves, the corresponding variability 
in growth increment properties can be used as bio-indi-
cators of past environmental changes. Such records could 
be of great importance for limnological, hydrological, 
climatic and ecological studies, greatly increasing our 
understanding of environmental variability over a range 
of spatial as well as temporal scales. In fact, bivalve shell 
growth increments, and growth rates as well as biogeo-
chemical properties have previously been used as moni-
tors of various aquatic variables such as temperature 
(Davenport 1938; Kennish & Olsson 1975; Goodwin et 
al. 2001), salinity (Navarro 1988; Marsden & Pilkington 
1995) and food availability (Ansell 1968). In this way, 
the bivalve shell increments may contribute to studies of 
modern environmental and climatic change, on local and 
regional scales.

The length of these indirect environmental series (proxy 
records) often depends on the maximum biological age 
of the organisms used in the study. Thus, the temporal 
limit of the record could be limited by the longevity of 
the particular species under study. Not all, but some of 
the bivalves are relatively long living species. In freshwa-
ter environments, river pearl mussels (Margaritifera mar-
garitifera), which are benthic filter-feeders, are able to live 
more than one hundred years, occasionally even more 
than two hundred years (Bauer 1992; Mutvei et al. 1994, 
1996; Mutvei 1996; Ziuganov et al. 2000; Helama & Valo-
virta 2008). Even this may not, however, be the ultimate 
temporal limit of maximum record length In a case when 
a shell specimen was found dead, either as a fossil or par-
tially fossilized, the exact dates of its incremental layers 
are unknown. However, if an overlap occurs between the 
established growth increment chronology and growth 
increment series from dead specimens, the dates of the 
two series can be correlated using the observed syn-
chronization of narrow and wide increments. The co-
variability can be matched visually and statistically 
using sclerochronological cross-dating (Marchitto et al. 
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2000; Helama et al. 2006). This process will evidently 
strengthen and lengthen the chronological record. This, 
in turn, results in greatly elongated proxy records for pal-
aeoenvironmental and palaeoclimatic studies.

The maximum length of the proxy record may thus 
depend not only on the longevity, but also the tapho-
nomic processes affecting the species in specific environ-
mental settings. Clearly, the understanding of the tapho-
nomic processes may be critically important in attempting 
to elongate the proxy series backwards in time. In this 
article we study the preservation of Margaritifera mar-

garitifera shells in the geological context of northeastern 
Finnish Lapland (Fig. 1). The specific interest  this area 
offers for such a study is due to the relative abundance of 
the modern populations of the same species in the region, 
longevity of the species and supposedly strong climatic 
signals of the growth increment of the species in these 
climatically harsh environments. The occurrence of M. 
margaritifera shells is related to the presence of salmon 
as temporary hosts for larvae. We show that the preserva-
tion of the different shell portions is tissue type-specific 
with obvious links to the geochemical properties of the 
Quaternary deposits and water reservoirs. Various dete-

Figure 1. Geographic map of 
the study areas in Finland. Sur-
roundings of the rivers Kolmo-
sjoki, Lutto and Puolivälinoja 
within the Inari region of north-
eastern Finland which were 
surveyed for ancient remains of 
river pearl mussels. Locations of 
sample sites are shown. Detailed 
map reproduced by permission 
of the National Land Survey of 
Finland.
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riorative processes affect the biogenic remains during the 
transition from biosphere to lithosphere, and we provide 
an overview showing the taphonomic pathways followed 
by natural and anthropogenic shell deposits. 

Geological setting of the study region
The region is characteristically divided into two geo-
logical units. Precambrian bedrock consists mainly of 
crystalline rocks. The area belongs to the granulite zone 
of Lapland. These rocks originate as volcanic ashes and 
lavas deposited as marine sediments which later under-
went a high degree of metamorphism during the Sveco-
karelidic orogeny, occurring approximately 1.9 billion 
years ago (Meriläinen 1976). The area was glaciated dur-
ing the Weichselian by the Scandinavian Ice Sheet and 
the Precambrian bedrock is overlain by glacial sediments 
from this phase. These sediments have to some extent 
been reworked during the Holocene by post-glacial aeo-
lian and fluvial processes. The late to post-glacial evolu-
tion of the study region and adjacent areas by the degla-
cial processes has been described by Tanner (1936), Pent-
tilä (1963), Sorsa (1965), Synge (1969), Saarnisto (1973) 
and Johansson (1988, 1995). The deglaciation occurred 
in the early Flandrian, and the region emerged from the 
ice approximately between 9500 and 9000 BP (Saarnisto 
1973; Johansson 1988).

Investigated sites
Stretches along the Lutto River and its tributaries, the 
Kolmosjoki River and the Puolivälinoja River, were inves-
tigated during fieldwork (Fig. 1). Along these stretches, 
areas of ancient river deposits, aerially exposed river 
bars and anthropogenic activity were searched for the 
remains of mollusc shells and periostraca (Figs. 1 and 2; 
Table 1). The activity of human beings was evident from 
sites (Kolmosjoki River, KOL1, 3, 5, 7) of former camp-

fires and ruins of old cottages. The campfires were com-
monly located upon a layer of glaciofluvial gravel from 
nearby eskers. Therefore, river sections through esker 
deposits were also scoured for shell remains. In addi-
tion, excavations were made into the ancient river bank 
to locate horizons with mollusc remains. Similar shovel-
dug excavations were also made into recent river bars of 
which some were covered by vegetation (KOL2, 6). The 
size of the river bars was up to tens of square metres in 
area. One of these river bars (KOL4) contained a depres-
sion filled with plant debris and spring water.

Methods
The taphonomy of the shells and periostraca was studied 
in the field and under the binocular microscope (up to 
x40) by recording taphonomic features formed by abra-
sion, bioerosion, disarticulation, dissolution and frag-
mentation. A three-level scheme of taphonomic grades 
was applied to each of the shells to indicate the degree of 
taphonomic alteration (Kowalewski et al. 1995; Hallman 
et al. 1996). Grades 0, 1 and 2 refer to none, moderate and 
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Figure 2. Examples of sample sites (A) Well-preserved disarticulated 
valve almost covered by soil. Sample site KOL5, scale bar 1 cm. (B) 
Subaerially exposed river bar with a depression containing decaying 
plants and periostraca. KOL4, shovel for scale.

Table 1. Overview of studied samples of Margaritifera 
margaritifera collected along the Kolmosjoki 
River, with site descriptions of individual samples.

Locality Anthropogenic remains Sediment
KOL1 Old camp-fire Sandy gravel
KOL2 No sign of human activity Plant debris
KOL3 Old camp-fire Sandy gravel
KOL4 No sign of human activity Depression with spring water 

and plant debris
KOL5 Old camp-fire Soil rich in decaying plant 

remains
KOL5 Old camp-fire Sandy gravel
KOL6 No sign of human activity River bank of gravel and soil
KOL7 Ruins of a house Sandy gravel

Table 1. Overview of studied samples of Margaritifera margaritifera 
collected along the Kolmosjoki River, with site descriptions of indivi-
dual samples.
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high alteration, respectively. Grade 2 indicates alteration of 
greater than 20 percent of the shell surface. The bound-
ary between grades 1 and 2 was chosen as the 20 percent 
level for all taphonomic features, with the exception of 
50 percent where  fragmentation has occurred. ‘Flash 
cards’ of shells displaying the three grades were applied 
to ease the assessment of taphonomic alteration (Hall-
man et al. 1996; Nielsen & Funder 2003). The scheme of 
taphonomic grades was applied to the remains of both 
shells, periostraca, ligaments and organic shell sheets 
of Margaritifera margaritifera (Table 2). The grades of 
taphonomic features were recorded for individual shells 
and periostraca. Subsequently, the grades were aver-
aged for individual taphonomic features over the entire 
sample. The averaged values, which present a generalized 
estimate of taphonomic alteration, have proven useful in 
earlier studies (e.g., Flessa et al. 1993; Nebelsick & Kow-
alewski 1999; Nebelsick 1999; Nielsen & Funder 2003).

Samples of stream bottom water were taken from the 
upper and lower stretches of the Kolmosjoki River, where 
mollusc remains were found. Water was also sampled 
from groundwater and spring water flooding the bot-
toms of excavations. The water samples were analyzed 
for acidity by measuring the pH with indicator sticks. 
In addition, the Finnish Environment Institute provided 
hydrochemical data from the Kolmosjoki River system, 
including measurements of water temperature (°C), 
organic carbon (total, IR mg/l) and pH. The latter was 
measured electrometrically.

Results
Remains of Margaritifera margaritifera were only found 
along the Kolmosjoki River. Surveys along the Puol-
ivälinoja River and stretches of the Lutto River (Fig. 1) 
yielded no additional remains.

Ancient river banks
A number of excavations were dug into ancient river 
banks now covered by vegetation. Remains of Mar-
garitifera margaritifera were recovered in one of the exca-
vations (KOL6) (Table 1). They included generally well-
preserved periostraca of at least five valves (Fig. 3; Table 
2). Eighteen fragments were present. Neither borings nor 
encrustationswere found on any of the remains. All the 
remains were found in the uppermost part of a layer, at 
least 30 cm thick, consisting of coarse-grained, yellow 
sand and gravel. The remains were horizontally oriented. 
This sediment was overlain by 40 cm of dark gray soil 
with plant roots and decaying leaves.

Aerially exposed river bars
Excavations were also dug into aerially exposed river 
bars. Some of the bars were partly covered by vegeta-
tion. None of these excavations revealed the remains of 
bivalves. However, a depression filled with plant debris 
and spring water was found on a river bar overgrown by 

vegetation (KOL4). Periostraca from at least eight valves 
of M. margaritifera occurred among the plant debris 
(Table 2). Six of these periostraca were articulated. Nine 
fragments of periostracum were also found. The perio-
straca were generally fragmented to a moderate to high 
degree. Seven of them were still attached to calcareous 
shells, which were greatly affected by dissolution. None 
of the remains showed evidence of bioerosion or  encrus-
tation.

Camp-fire sites
Calcareous shell material was most common around 
campfire sites. The campfires were usually placed 1 to 2 m 
above present river surface level. The ground was sandy 
to gravelly, of glaciofluvial origin and partly covered by 
low vegetation. Glaciofluvial sediments exposed in river 
sections of local eskers were without shell remains. All 
valves found at the camp-fire sites were disarticulated; 
however, many of the valves from KOL5 appeared to 
fit each other in left-right pairs (Fig. 3; Table 2). At this 
site, the valves were unfragmented or only slightly frag-
mented, and covered by soil rich in decaying leaves and 
roots. These valves were nearly entirely covered by perio-
straca and held remains of ligaments. Incipient detach-
ment of the periostraca had occurred along the annual 
growth lines of the calcareous material. The other camp-
fire sites led to the discovery  of less well-preserved valves. 
These valves were moderately to highly fragmented, and 

KOL6 Jans excavat inner_461-462 

KOL5 Shelly site_inner 259-260 

KOL3 sandy bonfire_394-395 
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C

D
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B

Figure 3. Preservation states of Margaritifera margaritifera. (A, 
B) Inner and outer surfaces of right valve. Ref. no. 259, sample site 
KOL5. (C, D) Periostracal fragment. Ref. no. 461, sample site KOL6. 
(E, F) Inner and outer surfaces of fragmented right valve. Outer shell 
layer has suffered severe dissolution and detachment. Ref. no. 394, 
sample site KOL3. Scale bars 1 cm.
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Table 2. List of Margaritifera margaritifera specimens investigated for taphonomic features, which are recorded by 
using taphonomic grades. Abrasion, bioerosion and encrustation features are absent. Grade 0, unaffected by 
the taphonomic process; 1, moderately affected; 2, highly affected; +, process occurred; -, feature absent; (-), 
evidence of process impossible to score as the shell portion holding that feature is absent; Frag, fragment; LV, 
left valve; RV, right valve; Perio, periostracum.

Disarticu-
lation

Shell dissolution Fragmentation Organic 
sheets 

(inner shell 
surface)

Shell fractures

Ref. no.
Outer 

surface
Inner 

surface
Muscular 

scars Umbo Shell

Peri-
ostra-
cum

Liga-
ment

Dorso-
poste-

rior Ventral
329a Frag KOL1 + 2 1 (-) (-) 2 - (-) - (-) (-)
329b Frag KOL1 + 2 2 (-) (-) 2 - (-) - (-) (-)
329c Frag KOL1 + 2 2 (-) (-) 2 - (-) - (-) (-)
329d Frag KOL1 + 1 2 (-) (-) 2 - (-) - (-) (-)
329e Frag KOL1 + 2 1 (-) (-) 2 - (-) - (-) (-)
329f Frag KOL1 + 2 2 (-) (-) 2 - (-) - (-) (-)
329g Frag KOL1 + 2 1 (-) (-) 2 - (-) 2 (-) (-)
329h Frag KOL1 + 2 2 2 (-) 2 - (-) - (-) (-)
331 LV KOL1 + 2 1 1 2 1 - - - + +
333 LV KOL1 + 2 1 2 2 1 - - - + -
335 LV KOL1 + 2 2 2 2 1 - - - + +
337 LV KOL1 + 1 0 1 2 0 2 - - - -
339 RV KOL1 + 2 2 2 2 2 - - - + +
341 RV KOL1 + 2 1 2 2 2 - - 2 + +
343 RV KOL1 + 2 2 1 2 1 - - 2 + +
345 LV KOL1 + 2 1 2 2 1 - - - + +
347 LV KOL1 + 2 2 2 2 1 - - - + +
349 RV KOL1 + 2 0 1 2 1 - - - + +
351 RV KOL1 + 1 1 1 2 1 2 - 2 + +
353 LV KOL1 + 2 1 2 2 2 - - - + +
355 RV KOL1 + 2 1 2 2 2 - - 2 + +
357 RV KOL1 + 2 0 1 2 2 - - 2 + +
359 RV KOL1 + 2 1 2 2 2 - - - + +
361 LV KOL1 + 2 1 2 2 2 - - - + +
363 RV KOL1 + 2 0 2 2 2 - - - + +
365 RV KOL1 + 1 1 1 2 0 2 - 2 - -
369 LV KOL1 + 2 0 0 2 0 2 2 - - -
371 RV KOL1 + 2 2 2 2 1 1 1 2 + +
373 LV KOL1 + 2 1 (-) 2 2 - - - + +
375 LV KOL1 + 2 2 2 2 2 - - - + +
377 LV KOL1 + 2 2 2 2 2 - - - + (-)
379 LV KOL1 + 2 1 (-) 2 2 - - - + +
381 LV KOL1 + 2 1 2 2 2 - (-) - + (-)
Average 32% frag 100% 1.9 1.2 1.6 2.0 1.6 1.8 1.5 2.0 88% 83%

453 Perio R KOL2 + (-) (-) (-) (-) (-) 0 1 (-) (-) (-)

384 LV KOL3 + 2 1 1 2 1 2 - 2 + +
386 RV KOL3 + 2 1 2 2 1 - - - + +
388 LV KOL3 + 2 1 1 2 1 - - 2 + +
390 LV KOL3 + 2 1 1 2 1 - - 2 + +
392 RV KOL3 + 2 1 2 2 1 2 2 - + +
394 RV KOL3 + 2 2 2 2 1 - - 2 + +
396 RV KOL3 + 2 1 (-) 2 1 - - - + +
398 RV KOL3 + 2 1 (-) 2 2 - - 2 + +
400 RV KOL3 + 2 1 2 2 2 - - - (-) +
402 RV KOL3 + 2 1 - 2 2 - - - + +
404 LV KOL3 + 2 1 - 2 2 - - - + +
406 Frag KOL3 + 2 2 - - 2 - - - + +
408a Frag KOL3 + 1 0 (-) (-) 2 - - - (-) (-)
408b Frag KOL3 + 2 1 1 (-) 2 - - - (-) (-)
408c Frag KOL3 + 2 2 (-) (-) 2 - - - + +
408d Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
410a Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
410b Frag KOL3 + 2 0 (-) (-) 2 - - - (-) (-)
410c Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
410d Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
412a Frag KOL3 + 1 0 (-) (-) 2 - - - (-) (-)
412b Frag KOL3 + 2 1 2 (-) 2 - - - (-) (-)
414a Frag KOL3 + 1 2 2 (-) 2 - - - + (-)
414b Frag KOL3 + 2 0 (-) (-) 2 - - - (-) (-)
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414c Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
414d Frag KOL3 + 1 1 (-) (-) 2 - - - (-) (-)
414e Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
414f Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
414g Frag KOL3 + 2 2 2 (-) 2 - - - + (-)
414h Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
414i Frag KOL3 + 1 2 (-) (-) 2 - - - (-) (-)
416a Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
416b Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
416c Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
416d Frag KOL3 + 1 1 (-) (-) 2 - - - (-) (-)
416e Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
416f Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
416g Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
416h Frag KOL3 + 1 1 2 (-) 2 - - - (-) (-)
416i Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
416j Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
416k Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
416l Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
418a Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
418b Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
418c Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
418d Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
418e Frag KOL3 + 1 1 (-) (-) 2 - - - (-) (-)
418f Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
418g Frag KOL3 + 2 0 (-) (-) 2 - - - (-) (-)
418h Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
418i Frag KOL3 + 1 1 (-) (-) 2 - - - (-) (-)
418j Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
418k Frag KOL3 + 1 1 (-) (-) 2 - - - (-) (-)
418l Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
420a Frag KOL3 + 1 0 (-) (-) 2 - - - (-) (-)
420b Frag KOL3 + 2 1 (-) (-) 2 - - - (-) (-)
420c Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
420d Frag KOL3 + 2 2 (-) (-) 2 - - - (-) (-)
420e Frag KOL3 + 1 1 (-) (-) 2 - - - (-) (-)
Average 88% frag 100% 1.8 1.2 1.7 2.0 1.9 2.0 2.0 2.0 100% 100%

480 Perio L KOL4 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
482 Perio L KOL4 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
484 Frag KOL4 + 1 2 2 2 2 2 - 2 + +
486 Perio frag KOL4 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
488 Perio R KOL4 + (-) (-) (-) (-) (-) 2 1 (-) (-) (-)
490 Perio frag KOL4 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
492 RV KOL4 + 2 2 2 2 1 1 2 1 + +
494 LV KOL4 + 2 2 2 2 1 1 2 2 - -
495 RV KOL4 + 1 2 2 2 1 1 - 1 - +
496 Perio frag KOL4 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
498 Perio frag KOL4 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
500 Perio frag KOL4 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
500 Perio frag KOL4 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
502 Perio frag KOL4 + (-) (-) (-) (-) (-) 2 2 (-) (-) (-)
502 Perio frag KOL4 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
504 Perio LR KOL4 - (-) (-) (-) (-) (-) 0 0 (-) (-) (-)
Average 56% frag 94% 1.5 2.0 2.0 2.0 1.3 1.7 1.4 1.5 50% 50%

437 Frag KOL5 camp-fire + 1 1 2 2 2 2 - 1 + (-)
440 Frag KOL5 + 1 2 (-) (-) 2 1 (-) - (-) (-)
442 LV KOL5 + 1 2 2 2 1 2 - 2 + +
447a Frag KOL5 + 1 2 (-) (-) 2 1 (-) 2 - +
447b Frag KOL5 + 2 2 (-) (-) 2 1 (-) 1 - +
447c Frag KOL5 + 2 2 (-) (-) 2 2 (-) 1 - +
Average 83% frag 100% 1.3 1.8 2.0 2.0 1.8 1.5 1.4 40% 100%

241 RV KOL5 soil + 0 1 0 2 0 0 1 2 - +
243 LV KOL5 + 0 0 0 1 0 1 2 2 - -
245 LV KOL5 + 0 2 2 1 0 2 2 1 - +
247 LV KOL5 + 1 1 2 2 0 2 - 2 - +
249 LV KOL5 + 0 1 2 2 0 1 - 2 + +
251 LV KOL5 + 1 2 1 2 1 2 2 - + +
253 RV KOL5 + 1 2 2 2 1 2 2 - + +
255 LV KOL5 + 0 1 1 2 1 2 - 2 - +
257 LV KOL5 + 1 1 2 2 2 2 - 2 + +
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259 RV KOL5 + 0 1 0 2 0 2 2 2 - -
261 Frag KOL5 + 0 2 (-) (-) 2 - (-) 2 (-) (-)
263 RV KOL5 + 0 1 0 2 1 2 - - - +
266 RV KOL5 + 1 0 0 1 1 - 2 2 + +
268 RV KOL5 + 2 0 0 2 1 2 2 - + +
270 Frag KOL5 + 0 0 (-) 2 2 - - 2 + (-)
272 RV KOL5 + 0 1 1 2 1 1 - 2 + +
274 RV KOL5 + 2 0 0 2 1 2 2 2 + +
276 LV KOL5 + 1 2 1 2 1 2 - - + +
278 LV KOL5 + 0 1 1 2 1 - 2 2 - +
280 Frag KOL5 + 2 1 2 (-) 2 - - 2 + (-)
282 Frag KOL5 + 2 1 1 (-) 2 - (-) 2 + (-)
284 Frag KOL5 + 1 1 (-) (-) 2 2 (-) - (-) (-)
286, 288 Frag KOL5 + 0 1 1 (-) 2 1 2 2 + (-)
290 Frag KOL5 + 1 0 (-) (-) 2 - (-) - (-) (-)
292 Frag KOL5 + 2 1 (-) (-) 2 - (-) 2 (-) (-)
294 Frag KOL5 + 0 0 0 (-) 2 2 (-) 2 (-) (-)
296 Frag KOL5 + 0 0 (-) (-) 2 2 (-) 2 (-) (-)
298 Frag KOL5 + 0 0 (-) (-) 2 2 (-) 2 (-) (-)
300 Frag KOL5 + 1 0 (-) (-) 2 2 (-) 2 (-) (-)
302 Frag KOL5 + 1 2 (-) (-) 2 2 (-) 2 (-) (-)
304 Frag KOL5 + 0 0 1 2 2 2 2 2 + +
306 Frag KOL5 + 0 1 2 (-) 2 1 (-) 2 (-) (-)
308 RV KOL5 + 0 1 1 2 2 1 2 - (-) (-)
310 LV KOL5 + 1 1 1 2 1 2 - 2 + +
312 RV KOL5 + 1 0 0 2 2 - - - + (-)
314 Frag KOL5 + 1 1 2 (-) 2 2 (-) 2 (-) (-)
316 RV KOL5 + 2 0 0 2 1 - - - + +
318 LV KOL5 + 2 0 0 2 1 - 2 - + +
320 RV KOL5 + 1 1 2 2 1 2 2 2 + +
322a Frag KOL5 + 1 0 (-) (-) 2 1 (-) - (-) (-)
322b Frag KOL5 + 1 0 (-) (-) 2 1 (-) - (-) (-)
322c Frag KOL5 + 1 0 (-) (-) 2 1 (-) - (-) (-)
322d Frag KOL5 + 2 1 (-) (-) 2 2 (-) - (-) (-)
322e Frag KOL5 + 2 1 (-) (-) 2 2 (-) - (-) (-)
322f Frag KOL5 + 2 1 (-) (-) 2 - (-) - (-) (-)
324a Frag KOL5 + 0 1 (-) (-) 2 0 (-) 2 (-) (-)
324b Frag KOL5 + 0 1 (-) (-) 2 0 (-) 2 (-) (-)
324c Frag KOL5 + 0 1 (-) (-) 2 0 (-) 2 (-) (-)
324d Frag KOL5 + 1 2 (-) (-) 2 1 (-) 2 (-) (-)
324e Frag KOL5 + 1 2 (-) (-) 2 1 (-) 2 (-) (-)
324f Frag KOL5 + 1 2 (-) (-) 2 1 (-) 2 (-) (-)
Average 55% frag 100% 0.7 0.8 0.9 1.9 1.5 1.5 1.9 1.9 88% 90%

459 Perio R KOL6 + (-) (-) (-) (-) (-) 1 1 (-) (-) (-)
461 Perio R KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
463 Perio frag KOL6 + (-) (-) (-) (-) (-) 2 2 (-) (-) (-)
465 Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
467 Perio L KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
469 Perio frag KOL6 + (-) (-) (-) (-) (-) 2 2 (-) (-) (-)
471 Perio LR KOL6 - (-) (-) (-) (-) (-) 1 1 (-) (-) (-)
473a Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
473b Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
473c Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
473d Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
475a Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
475b Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
475c Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
475d Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
477a Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
477b Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
477c Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
477d Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
477e Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
477f Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
477g Perio frag KOL6 + (-) (-) (-) (-) (-) 2 - (-) (-) (-)
Average 82% frag 95% (-) (-) (-) (-) (-) 1.9 1.5 (-) (-) (-)

427 LV KOL7 + 2 1 2 2 1 - - 2 + +
429 LV KOL7 + 2 2 2 2 1 - 2 2 + +
431 RV KOL7 + 2 1 2 2 1 - - 1 + +
Average 0% frag 100% 2.0 1.3 2.0 2.0 1 - 2.0 1.7 100% 100%
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without ligaments or periostraca. The outer shell layer of 
the valves was much affected by dissolution. The major-
ity of the valves contained macroscopic evidence of dis-
solution pits and terraces associated with decalcification 
of the shell material. The valves were  neither bioeroded 
or encrusted.

Water quality
Water samples were obtained from three distinct reser-
voirs, namely river water, spring water and groundwater 
(Table 3). Measurements of their acidity showed that all 
the reservoirs contained acidic water of less than pH 7. 
The river water ranged between pH 5.1 and 5.5, whereas 
the spring water and the groundwater had a pH of 5.4 
and 4.7, respectively. In the study region, the hydrochem-
ical pH values remained characteristically at relatively 
low levels, between 6.2 and 6.6 (measured from spring 
and dug well waters by Lahermo et al. 1990). Our field 
observations support this view with indications of local 
pH values that are somewhat, but not critically, lower. 
These values can be viewed in the context of more rep-
resentative regional datasets (The Finnish Environment 
Institute) from 36 different lacustrine sites of the Kol-
mosjoki River system (Fig. 4). Depth of sampling var-
ied from 0.1 to 6.0 m. Electrometrical values of pH were 
measured discontinuously around 1st of October from 
1989 to 2005. The values, which range between 4.8 and 
7.5, showed an average of 6.5 (N=108, standard deviation 
0.77). In general, waters of small lakes were more acidic 
than the water in Finnish streams (Lahermo et al. 1995). 
The water samples of the study region contained between 
1.9 and 12 mg/l of total organic carbon, averaging 6.2 mg/
l (N=62, std. dev. 2.38). A high humus content is known 
to indicate increased acidity in Finnish streams and lakes 
(Lahermo et al. 1995). Temperature values varied from 0 
to 12.5°C,  averaging 5.7°C (N=111, std. dev. 2.15). 

Discussion
Taphonomic pathways
The vigorous dissolution of the shell material in the 
study region can be studied in a wider perspective. As 
discussed by Ukkonen (2001), the preservation of post-
glacial mammal bones is poor in Finland. This is due to 

the acidity of waters and soils, and is typical for most of 
the country including the study region (Lahermo et al. 
1990; Kähkönen 1996). Only a few subfossil bones of ter-
restrial mammals have been found in Finland (Kurtén 
1988; Ukkonen 1993, 2001). Heating by burning due to 
cooking seems to have considerably improved the pres-
ervation of mammal bones from archaeological depos-
its (Ukkonen 2001). One could therefore expect to find 
older shell material in a better state of preservation in 
connection with faunal remains in archaeological sites. 
Burning is known to decompose the Margaritifera mar-
garitifera shells incrementwise  (Geist et al. 2005) to such 
a degree that they may not serve as environmental prox-
ies compared to  naturally preserved specimens.

The remains of the river pearl mussels indicate that 
they went along taphonomic pathways during the tran-
sition from the biosphere to  lithosphere. It is necessary 
to model these pathways in order to understand their 
present distribution and preservation (Fig. 5; Table 4). 
The modelling must take into account both anthropo-
genic and natural parameters affecting the preservation 
potential of shells and periostraca. These parameters are, 
in particularl, lithology (mineralogy, grain size, sorting), 
local topography and human activity. Acidification of 
rainwater and groundwater is likely to affect the shells 
by dissolution and, therefore, the course of these waters 
may be crucial for shell preservation. The river banks 
and bars, which consist of coarse-grained and unconsol-
idated sediment at KOL2 and 4, have a higher porosity 
and permeability than the soil. The soil at KOL5 is rela-
tively dense and contains a large amount of organic mat-
ter including decaying branches, leaves and roots. The 
organic matter appears to contain humic acids, giving the 
river water its brownish colour. According to Lahermo 
et al. (1995), particularly the acid waters in Finnish lakes 
and streams exhibit elevated colour values, which in 
turn indicates that the humic matter contributes signifi-
cantly to water acidity. Organic acids dominate stream 
water acidity in small lakes and headwater streams in the 
majority of Finnish catchments (Kortelainen & Sauk-
konen 1995). Some of these acids are tannins that may be 
hydrolyzed by weak acids or bases to yield carbohydrate 
and phenolic acids. Even though the soil may be rich in 
tannins, the embedded shell material is generally less dis-

Table 3. List of water samples from the Kolmosjoki River and surrounding land areas. The pH values were measured with paper test stickers.

Table 3. List of water samples from the river Kolmosjoki and surrounding land areas.
Number Locality Water source Date pH
4 Upstream from KOL1 River water Aug. 30, 2005 5.1
5 Upstream from KOL1 River water Aug. 30, 2005 5.4
2 KOL1 River water Aug. 30, 2005 5.5
3 KOL1 River water Aug. 30, 2005 5.3
6 KOL4 Spring water coming up through plant debris on river bar Aug. 31, 2005 5.4
1 KOL5 River water Aug. 28, 2005 5.1
7 KOL6 Groundwater from excavation in old river deposits Aug. 31, 2005 4.7
8 KOL6 River water Aug. 31, 2005 5.3 
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solved than in the river deposits. The tannins could have 
been leached out from the soil into the pore water of the 
river deposits. Water which penetrated river deposits was 
probably high because of better permeability and closer 
to the present river water level. 

The sediment at the camp-fire sites KOL1, 3 and 5 is lith-
ologically similar to the glaciofluvial sandy gravel of the 
local eskers and is coarse-grained like the river deposits. 
Shells found at these sites were uncovered or only partly 
covered by the sediment. They show signs of partial dis-
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Figure 4.
Geochemical variability of 
water samples from lakes 
and ponds of the Kolmo-
sjoki River system. (A) 
Comparison of temperature 
(ºC), pH (electrometric) and 
organic carbon (total, IR 
mg/l) versus calendar years. 
(B) pH and organic carbon 
versus sites. Note that pH 
is fairly stable at individual 
sites, whereas the amount 
of organic carbon may vary 
strongly. (C) Organic carbon 
versus pH. The data tend to 
separate into two groups, 
around 5 and 6.7 in pH 
values. The former group 
is related to site 34 (Lampi 
D49); the latter to the majo-
rity of measured sites. Data 
kindly provided by Finnish 
Environment Institute.
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solution, particularly on  outer shell surfaces. The find-
ings at the camp-fire sites rarely included periostracal 
fragments. As the camp-fire sites are located at topo-
graphically higher levels, the shells were probably unaf-
fected by acidic river water. Instead, acidic rainwater is 
more likely to have caused the minor shell dissolution. 
These aerial conditions appear to have been unfavour-
able for the preservation of periostraca. The calcareous 
shell material shows no signs of burning that could have 
destroyed the periostraca. In summary, the absence of 
soil cover appears to reduce the preservation potential 
of calcareous shells and their periostraca. Podzolization 
of the mineral soils is a typical soil-forming process in 
forested areas of Lapland and influences the water chem-
istry in that the pH of the percolation water gradually 
increases as it passes down through the eluvial horizon 
of podzol soil. Kähkönen (1996) studied 90 podzol hori-
zons in Finnish Lapland and found that a median pH of 
3.4 (range of 3.0-5.1) in humus-rich organic debris but  
through the zone of eluviation it rose up to 4.6 (4.1-5.4). 
Soil may have thus provided better protection against 
shell dissolution than just coarse-grained sand and 

gravel. Greater topographical height above river water 
level reduces the exposure to the acidic river water.

Differential preservation
Most Margaritifera margaritifera shells contain macro-
scopic evidence of dissolution of their umbos. The dis-
solution features are present in the shells of live as well 
as dead mussels (Linné 1806: p. 176; see Knudsen et al. 
2003: fig. 1), indicating that the shell material may have 
been subjected to dissolution on the river floor. Pre-
mortem dissolution of the outer shell layer is known to 
progress as a function of mussel ontogenetic age with a 
larger umbonal area being dissolved in older specimens 
(Helama & Valovirta 2007). Similar features commonly 
occur in aragonitic unionid shells in death assemblages 
on lake and river bottoms, where the water is unsaturated 
in aragonite (e.g., Cummins 1994). Smaller (ontogeneti-
cally younger) shells are likely to become dissolved in the 
post-mortem phase more rapidly than larger ones, vary-
ing with the size distribution of the shells (e.g., Cummins 
et al. 1986; Cummins 1994). This may explain the lack of 
small shells at camp-fire sites along Kolmosjoki River. A 

Figure 5. Sketch showing the typical distribution of calcareous shell material and periostraca of Margaritifera margaritifera in relation to lit-
hology and topography. The latter may vary, however, between the sites of anthropogenic and natural occurrences. Not to scale.

Table 4. Different types of depositional environments that could be linked to differentiated preservation of the shell 
layers in Margaritifera margaritifera

Depositional environment Periostraca Prismatic layer Nacreous layer
Exposed to river water preserved not preserved not preserved
Aerially exposed (partially) not preserved preserved preserved
Soil above groundwater level preserved preserved preserved

Table 4. Different types of depositional environment that could be linked to differentiated preservation of the shell layers in Margaritifera  
margaritifera.
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better explanation is probably size selectivity by human 
pearl hunters, who probably preferentially collected the 
biggest mussels (Keltikangas 1991; Hastie 2006). The 
presence of dorso-posterior fractures in many shells 
(Table 2) suggests the use of a knife to open the shells by 
cutting adductor muscles (see also Helama et al. 2007). 
In addition, the musquash (Ondatra zibethica), a bea-
ver-like rodent, eats mussels including M. margaritifera 
and leaves piles of shells behind (Keltikangas 1991). The 
musquash, which was introduced by humans to parts of 
Europe, shows a preference for shells between 75 and 110 
mm in length (Zahner-Meike & Hanson 2001). However, 
the mussel populations of Kolmosjoki River may also 
have been non-reproductive and, therefore, did not leave 
behind any juveniles for a long period of time.

Differential post-mortem preservation of the various 
shell portions is obvious from the camp-fire sites. In 
coarse-grained subaerial sites (KOL1, 3, 7), the outer 
shell layer shows a tendency to become more dissolved 
than the inner shell layer. Differences in the structural 
arrangement of crystallites and organic matrix among 
shell layers may well be the cause of this (e.g., Nielsen 
2004). Shells of Margaritifera margaritifera consist of 
two principal aragonitic layers and organic matrix (e.g., 
Carell et al. 1987; Nyström et al. 1995; Liao et al. 2000). 
The outer shell layer has a simple prismatic structure, 
where the prisms (20-50 µm in diameter) are oriented 
perpendicular to the outer shell surface (Liao et al. 2000). 
Each prism is enclosed by a comparatively thick, insolu-
ble organic sheet. The prism consists of aciculate crystal-
lites with a feathery arrangement. The inner shell layer 
consists of nacreous lamellae of aragonitic tablets (1 µm 
thick); the lamellae are sub-parallel to the shell surface 
(e.g., Nyström et al. 1995; Liao et al. 2000). Thin sheets 
of insoluble organic matrix separate the individual lamel-
lae, whereas each tablet is enclosed in a soluble glycol-
protein matrix (Liao et al. 2000). Because of the arrange-
ment of crystallites and organic matrix, the inner shell 
layer of  shells from the Kolmosjoki River area appears 
to be more resistant to dissolution than the outer layer. 
The nacreous lamellae between the organic sheets are 
closely spaced and are less soluble than the prismatic 
layer. Only the large prisms are surrounded by organic 
sheets (Liao et al. 2000). However, the time factor must 
also be taken into consideration. The outer shell layer is 
generally exposed to etching by water for a longer period 
of time; the umbonal areas are typically dissolved during 
life. Furthermore, the shells from the camp-fire sites were 
exposed for shorter periods of time (up to some decades) 
than those from the ancient river deposits. 

Water geochemistry and shell preservation  
Taphonomic processes may be different in other geologi-
cal settings with different water chemistries (e.g., Cum-
mins 1994). Geochemical mapping of groundwater in 
Finland has been carried out during the last decades and 
enabled Lahermo et al. (1990) to compile a pH map of 
Finnish groundwater. This map shows that the ground-

water in northeastern Finland (i.e., the study region) is 
acidic, which is consistent with the pH measurements 
of available water samples. Previous studies of dug well 
waters and springs in the investigated region show pH 
values of 6.4 and 6.6, respectively. Only minor regions 
of Finland are characterized by pH values reaching 7.0 
for dug well waters and springs. These are located spo-
radically in northern Finland (see Lahermo et al. 1990). 
Because acidic groundwater has a deteriorative effect on 
calcareous shells, we expect that the preservation poten-
tial is higher in these regions. The preservation potential 
of skeletal material is highly variable in freshwater envi-
ronments where the preservation is dependent on initial 
water composition, methanogenesis and iron reduction, 
and to a lesser degree upon sulphate reduction (Canfield 
& Raiswell 1991). Chemical buffering capacity of fresh-
water systems is mainly a function of the underlying 
bedrock (Drever 1982). When the bedrock is non-cal-
careous, overlying waters may be severely undersaturated 
with respect to carbonates (e.g., Cummins 1994). These 
conditions are similar to those found in our study area.

The investigation by Ribi et al. (1986) of the prosobranch 
snail Viviparus ater from Swiss lakes showed that under-
saturation with regard to calcium carbonate was the main 
reason for shell dissolution. Indication of shell repair is 
also common among  snails from Lake Maggiore. Shell 
damage was augmented by a stony ground surface and 
wave action. These features were   a more likely cause of 
death than predation (Ribi et al. 1986). Physical damage 
of river mussels can similarly be related to water currents 
(Newell et al. 2007); however, our shells of Margaritifera 
margaritifera were mainly found at campfire sites, indi-
cating that the activities of human beings were a possible 
cause of the fragmentation. Shell dissolution in acidic 
water has also been reported to be a major cause of mor-
tality in the freshwater bivalve Corbicula fluminea (Kat 
1982).

Living conditions and reproduction
Populations of river pearl mussels in Ireland require free 
running nutrient levels and water chemistry with ammo-
nia, nitrate and phosphates below 0.10, 1.7 and 0.06 mg/l, 
respectively. In particular, acidity should be above pH 6.3 
for the mussels to thrive (Moorkens et al. 2000). Similar 
requirements would be expected for the Finnish popu-
lations. The stream bottom water from the Kolmosjoki 
River gave pH values close to the lower tolerance limit 
for river pearl mussels (Table 3). Since the stream organic 
matter consists of mixtures of humic material, plant roots 
and leaf fragments, together with varying amounts of 
mineral matter (Bølviken et al. 1983), acidification of the 
river water by tannin is likely to occur. The Kolmosjoki 
River is a tributary of the Lutto River, which is a famous 
pearl mussel river that was dammed up on the Russian 
side in the 1960s, thus preventing salmon from mov-
ing up the stream (Oulasvirta 2006). Margaritifera mar-
garitifera needs fish species of the family Salmonidae to 
host its larvae (glochidia) during metamorphosis. Salmon 
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(Salmo salar) and brown trout (Salmo trutta) are conse-
quently important for the reproduction of Margaritifera 
(e.g., Geist et al. 2006; Preston et al. in press). After the 
fertilized eggs have matured, release and attachment of 
the glochidial larvae to fish gills is essential for their sur-
vival (e.g., Moorkens et al. 2000; Araujo & Ramos 2001; 
Bondø 2006; Geist et al. 2006). The glochidia, which are 
microscopic thin-shelled larvae (Harms 1907, 1909; Nez-
lin et al. 1994), develop within females for 2-3 months 
from June and are present in fish gills of known Euro-
pean populations from August (Bauer 1987). The attach-
ment must continue for eight to nine months before the 
larvae enter the next ontogenetic stage and settle on the 
river bottom (Bondø 2006). Margaritifera margaritifera 
are common in upper and middle river sections char-
acterized by clean and oligotrophic fast-flowing waters. 
They live particularly in calcium-poor waters in granitic 
areas. Juvenile mussels, that is, those less than 50 mm in 
size, can live completely burrowed in stable substrates 
(e.g., Chesney et al. 1993; Araujo & Ramos 2001). Young 
mussels depend on the supply of plant detritus, which 
consists of small particles entering the waters by under-
ground transport processes. In this way, plant detritus 
enters the river water from its surroundings and serves 
as food for the mussels (Hruska 1999). Clean gravel and 
sand are essential for a healthy population in order to 
avoid silt clogging the gills (Moorkens 1999). Younger 
mussels were recently found in five tributaries of the 
Lutto River system (Oulasvirta 2006).

Past distribution of river pearl mussels
During past centuries, M. margaritifera has declined 
due to anthropogenic influences on aquatic systems and 
their surroundings. These include dredging, eutrophica-
tion, river regulations, farming, water pollution, defor-
estation, log floating and the introduction of exotic fish 
(e.g., Valovirta & Yrjänä 1996; Araujo & Ramos 2001). 
Deforestation and river regulations result in a significant 
increase in river sedimentation. Soil and nutrients are 
lost through runoff and lead to subsequent eutrophica-
tion and silting up of the river. This affects fish breeding 
areas as well as the mussels. In addition, overfishing for 
pearls is particularly responsible for the decline of popu-
lations in European rivers (e.g., Hessling 1859; Boettger 
1954). Therefore, comparison of present and ancient dis-
tributions is not directly possible.

The fossil and subfossil occurrences of the shells are not 
only dependent on  past water quality, but also on the 
availability of reproduction hosts. As populations of river 
pearl mussels reflect a favourable coincidence of environ-
mental and ecological parameters, absence of their shells 
in ancient deposits within a particular area must be inter-
preted with caution. Prediction of the distribution of  fos-
sil and subfossil river pearl mussels is closely dependent 
on reproductive conditions and anthropogenic activity, 
as well as pre-sedimentary to post-sedimentary dissolu-
tion (Fig. 3).

Conclusions
This study predicts where to find calcareous shells and 
periostraca of freshwater mussels. It also shows the 
taphonomic pathways the mussels followed in their tran-
sition from biosphere to lithosphere. The preservation 
potential is dependent upon various physical, chemical 
and biological parameters. In particular, the acidity of the 
rainwater, river water and groundwater had a major affect 
on the calcareous shell material. The acidity is related to 
the geochemistry of local bedrock and basement rocks as 
well as leaching of tannins from the soil into the waters. 
The outer shell layer is the layer most likely to dissolve, 
the periostracum less so; this leads to differential pres-
ervation of the shell layers. In past centuries, pearl hunt-
ers distributed mussel remains in the vicinity of elevated 
camp-fires. Here, the calcareous shells are generally  more 
likely to be preserved because of a soil cover. Further 
search for ancient shells of Margaritifera margaritifera 
should consider the past topography, lithology, residence 
time of acidic water, the presence of salmonid hosts for 
its larvae and anthropogenic activities.
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