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Environmental History as Reflected by
Freshwater Pearl Mussels in the River Vramsan,

Southern Sweden

The distribution ¢f elements in shells of the freshwater
pearl mussel, Margaritifera margaritifera, from the River
Vramsan, southern Sweden, was analyzed with high
ternporal resolution with the nuclear microscope SLIM-UP.
The results show: (i) annual variations of strontium and
manganese. The variation of Sr is anticorrelated to that of
Mn with high Sr concentration on the winter lines, and high
Mn in the summer. The high Mn concentration in the
summaear correlates to a depletion in oxygen in the sur-
rounding water; {ii} high Sr concentrations on growth
disturbance lines; (ili) an ontogenetical variation of Sr with
high concentrations in younger stages f{before sexua!
maturation}; and (iv) a long-term decrease of manganese
in the shells. The long-term decrease of Mn is alsc con-
sistent with results from Neutron Activation Analysis.

INTRODUCTION

Bivaive shells have proven to have advantages in environmen-
tal studies, as their solid and impermeable shells of calcium car-
bonate and glycoproteins retain elements from the water with-
out any transpori after incorporation. The shells show distinet
annual growth increments which allow analysis of elemental dis-
ribution over time. Our aim has been to exploit the possibili-
tes of a powerful method to unveil environmental history by
arialysis of the musse! shells. Two analytical methods, Nuclear
Microscopy {NM) and Instrumental Neutron Activation Analy-
sis (INAA), have proven to be a fruitfui combination for this pur-
pose. Results of this co-operation have been presented in ear-
lier publications (1, 2). :

In this paper we focus on f{reshwater pearl mussels
{(Margaritifera margaritifera} from the River Vramsan, Scania,
S. Sweden. We measured elemental distributions within mussel
shelis with high temporal resolution, using a nuclear microscope.
The results were compared with the chernical and emperature
data of the water as well as INAA measurements,

MATERIAL

Eight specimens of M. margaritifera were used. They were all
collected alive from the River Vramsdn at different dates, No.
46-3, came from the Museum of Natural History in Giteborg.
It was collected by the Swedish biologist AW. Malm in 1346
{3). No..11-1 was collected by an unknown person in 1911, and
made available to us by the Kristianstads Vattenrike Ecological
Museum with help from S.-E. Magnusson. The rest were col-
lected upstream from Tollarp village (Fig. 1) by H. Mutvei and
E. Dunca during 1989 1o 1993 (Tabie 1).

The pearl mussel M. margaririfera is a freshwater bivalve be-
longing to the Unionidae family. This species usually inhabits
rivers with fairly high velocity and low eutrophication (4}, For
these mussels the optimal water pH is around 6.5, but they can
survive lower (pH 4.5) as well as higher pH (pH > ). The maxi-
mum life-span of individuals is high in the North (5), usually
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over 100 years, bur even 200-year old individuals have been re-
ported (6.

The pearl mussel shell consists of two components: the crvs-
talline calelum carbonate in the form of aragonite, and the or-
ganic matrix consisting of glycoprotein, which acts as cement
between the crystals (7). There are three distinctive lavers in the
shell: the organic outer layer, periostracum, and two aragonitic
inner layers, the prismatic and nacreous layers which have been
anatyzed previously for their elemental distribution using the
INAA methed (6). The present study focused on the aragonitic
part of the shell.

Locality

The River Vramsédn was chosen as a reference for the studies of
pearl mussels in Sweden, as its agricultural history has been
monitcred for a very long time (8}, and also because we had ac-
cess 0 AW, Malm’s mussel shell collections from the 19th cen-
wury for this location (3).

Catchment Area

The River Vramsan has 2 catchment area of 383 km”. It is the
second important mibutary to the Helged River, the most impor-
tant watercourse system in Kristianstad County. The topography
of Kristianstad County is flatter compared to surrounding areas
because of its different geological background. The plain of
Kristianstad, called Kristianstad Downs, is composed of depo-
sitions of Cretaceous sea on granite and gneiss bedrock as well
as sand of both glacifluvial and morainian origin from the last
glaciation.

The geology of the River Vramsén carchment area is repre-
sented mostly by sedimentary rocks, cretaceous limestone, cal-
careous sandstone and slightly consolidated glauconite sand-
sterne. These rocks are the most important suppliers of
groundwater due to their porosity and permeability (9). These
properties have a great practical significance for the possible
risks of pollution. Notably, downstream of Tollarp, the river
flows through agricultural areas, thereby exposing it to the ef-
fects of farming, such as leakage of fertilizers and pesncides.

The water source of the River Vramsan is the Lake Bosarpa
and the Store Mosse peat, which rests on granite bedrock. In
Store Mosse, peat was exploited from the 19th century until
1667,

Water Chemistry

The water analyses in the Kristianstad Downs area (including
the River Vramsén) show that both the ground and surface wa-
ter have low concentrations of Fe, Mn, ammonium and nirrite
(with some local variations), but a high nitrate level, due to ex-
tensive use of fertilizers in farming during the 1970s (Table 2},

The warter quality of the River Vramsin has been systemati-
cally monitored since 1975, with water samples being taken
monthiy (10). During this period no dramatic events were reg-
istered in River Vramsin water. The pH is about 7.5 due 1o the
calcareous bedrock, with seasonal variations generally berween
6.5 and 8.1 (lower pH in the spring and autwmn dus to snow-
melting and rainfall, and higher in the summer).
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Figure 1.
Laoking for
shells in the
River Vramsan.
Photo: E. Dunca.

The interest for this river is growing because of its exceptional
fauna composition including rare species of fish such as
Noemachellus barbarulus, Gobio gobio, Pelecus cultratus, Salmo
trutta trutta, Salmo salar and Leuciscus idus, and pearl mussels
growing together with other mussel species (Unio crassus, Unio
tumidus, Anodonta cygnea, and Anodonta complanata) (3, 1),

The annuai rainfall in Kristianstad Downs is generaily less
than 600 mm and the annual evapotranspiraton less than 500
mm. An increase in evapotranspiration has been estimated at 2%
over a period of 100 yrs (1869-1969), due to enlargemnent of the
forest area from 14.6 to 27.4% (9).

Cultural-technical activities, sach as drainage and irrigation,
seem to have had little effect on the water equilibrium, but some
negative influence on the mussel population. A census of pear]-
mussel populations from Kristianstad County made in 1989
showed that of seven, known populations in 1939, two were ex-
tinct. Three major causes for this are suggested (12):

- Water regulation. Less water in the rivers during summer and
winter cause the shells to dry out and freeze, respectively,

— Artificial fertilizers were extensively used in the area during
the 1970s.

— Pearl fishing. Statistically, every one thousand mussels con-
tain one pear!, so fishing may cause severe damage to a sin-
gle population.

METHODS

Material Preparation

From each shell, a four mm thick secton was cut from umbo to
the ventral edge, perpendicular to the winter lines, using a dia-
mond saw (13). The section was polished with diamond paste
of one mm grain size. Thereafter, a 30 mm long section was cut
from the ventral edge (Fig. 2) to be used in Nuclear Microscopy
{NM}. In specimen 93-5 we used two sequential segments which
covered almost the whole life-span.

Each section was washed for two minutes in an ultrasonic bath
with 95% ethanol, and then carbon coated using a carbon evapo-
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Table 1. The shell samples znd their age,

No, Spacimen id  Coflected in Legato Aga

1 46~ 3 1848 AW, Malm 56

2 1- 1 1911 unknown g1

3 88~ § 1988 . Mutvet 60

4 89— 7 1589 H. Mutvei 56

5 9t~ 2 1991 E. Dunca 35

8 93~ 1 1993 E. Dunca 57

7 93- 5 1593 E. Punca 30

8 a3-11 1983 E. Dunca 84
Table 2. Water chemistry of Kristianstads Downs area (3}

Surface water Groundwater
Element Highest value Lowestvalue Highestvalue Lowast value
{mg L™ {mg L) {mg L™ {mg L)

Manganese 0.15 <0.05 0.3 <0.05
fron 1.8 218 3.4 <0.1
Calcium 81 B 175 47
Arnmenium 1.6 <01 0.5 =<0.1
Nitrita 0.3 4.004 Q.65 <0001
Nitrate 17 <1 170 <t

Ventral edge

Figure 2. Sheil showing how sectioning Is carried out. Photo: U,
Samuelssan.

ration equipment until 90% absorption of transmitted light
through a glass slide was reached.

Measuring Growth

The shells of M. margaririfera from the River Vramsin grow
mainly between May and September, In the winter, when the
water temperature is below 4°C, the two vaives of the mussel
are closed and growth virmaily ceases. This cessation of growth
is manifested by an etch-resistant ridge that appears as a distinct
dark {winter) line in a light microscope. _

Dating the annual growth period of the shells is based on ob-
servations made on the last year increment of several mussels
collected at different periods of the year. The last year increment
was measured and expressed in percentage of the increment
formed in the previous year. All individuals that are between 20
and 80 yrs old have similar growth pericd from May to Sep-
tember. Older specimens begin to grow later, around July, and
start to build their winter line sooner, in September.

For measuremenits of shell growth rates, the widths of the an-
nual growth increments were measured perpendicularly to the
winter lines in the prismatic layer, close to the boundary to the
nacrecus layer. The urnbonal region is almost always damaged
and, for this reason, annual growth rates are difficult to meas-
ure before the mussel has attained sexual maturity (13).

Growth Curves

Each mussel has a characteristic growth pattern, which gener-
ally decreases with age. In order to compare the growth rates
between individuals of different age, the ontogenetic growth dif-
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ferences have to be eliminated by standardising the growth se-
ries (13). The population curve of the River Vramsén is the mean
curve of 46 such standardized growth series.

The Nuclear Microscope

The Nuclear Microscope (NM) is set up at the Tandem van de
Graaff accelerator at the Tandem Laboratory in Uppsala and is
named SLIM-UP (Scanning Light fon Microprobe in Uppsata).
The accelerater supporis nine permanent experiments, which
means that the time aliotted for NM measurements is about 24
hrs per week. The microscope (14) is typically used with a 200~
500 pA proton beam of 3 MeV energy, focused to an approxi-
mate spot size of 5 x 15 pm with the probe-forming lenses
configured as a coupled triplet. The system is constantly kept at
a vaguum of 107 torr. Beam positioning on a shell target is done
by abservation of the fluorescent light that is emitted from the
area covered by the beam. The light is observed through a stereo
microscope mounted at a 45° angle to the target surface normal
(Fig. 3).

The start and stop point and the number of peints of each line
measurement were manually defined at the beginning of each
run by moving the target with stepper motors. Thereafter, the
control computer managed the data acquisition and target move-
ment unti] the end of each line. We have a 30 mm” PGT Si(Li)-
detector with a FWHM reselution of about 160 eV at 3.5 keV
X.ray energy. To reduce the predominant Ca peaks in the spec-
rum, a 200 um mica {muscovite)} film with 10% potassium con-
tent was used as an X-ray filter. By coating the shell surface with
carbon {(vide supra) the induced charge could effectively be
transperted off the shell, thus, reducing to a minimum the
Bremsstrahlung radiatien from discharge electrons. The count
rate was typically in the range of 1-2 kHz. The data acquisiton
system used was a PC-based multiparameter system from FAST
ComTec GmbH, Germany (15).

Each sample was measured with at least one line scan in the
aragonitic layer near the ventral margin (Fig. 4). The actual scan
positions varied for each measurement which caused some scan
points to cross the border between the prismatic and the nacre-
ous layers. The distance betwesn two consecutive points was also
varied between 4-200 mm as we tried to adjust it to the thick-
ness of the annual increments of each specimen.

The resulting spectra were analyzed with GUPIX, a PIXE
anatysis software package from University of Guelph, Canada
{16), and as normalisation, the very stable 39% (£ 1%) concen-
tration of calcium was used.

Scanning Electron Microscopy

After NM analysis, the samples were polished and etched (13).
The irradiated points were observed in SEM, and comrrelated to
the season of the vear, and the shell growth rate. The proton
beam heated the aragonite crystals in the frradiated point so that
the crystals evaporated, thereby producing a crater-like pit on
the surface.

RESULTS

Measurements

The measurements performed on each specimen are given in
Table 3.

Most musseis were at least 50 yrs old at the time of collec.
ton. Thus, due to sample preparation, the measurements on these
mussels were located to areas representing the last 20 yrs of life
(vide supra). In one musse! sheil, No, 93-3, it was possible to
cover areas corresponding to an age of 9-12 years, i.e. before
sexual maturity, as well as an age of 23-30 years, '

As we did not calibraie the instrument against a known certi-
fied standard, a certain measure of precaution should be taken
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with our absolute values for the manganese and strontium lev-
els. '

Strontium

The measurements showed strontium levels between 40180 mg
kg™ In those measurements, where the number of points per an-
nual increment was high enough (at least four), a seasonal vari-
ation of strontium was found. This variation is characterized by
a high peak during the winter compared to the spring and sum-
mer concenfrations (Fig. 5). The height of the peaks varies be-
tween different years and in different shells, being between 10

Figure 3. Optimizing tha beam spot size. The target chamber |s at the
ond of the beam line behind the thrse quadrupoles Pheto: T. Thdmilund.

Figure 4. Shel! No, 111 atter NM analysis. The
two scribed marks are made with a dlamond knife
to mark out the area where the line scans are o
be made. Two actual scans are marked 2 and b,
respectively, Phota: T, Thariund.

Tabie 3. Measurernents performed on each shell with numizer of points,
tha covered time period, and type of layer coverad.
Mussel id Measurement  Points Tima Layer
46—~ 3 a 36 1683641 prisma

[+ 25 182638 AT

[ 41 183841 nacre
11- 1 a a2 1853~73 nacre

b 30 1594-1903 prisma
88~ 5 a 18 1985 prisma

b 39 198488 prisma/nacra
88 7 a 38 1981-88 nacTe

b kil 166980 nacre
91— 2 a 34 1985-49 prisma
83— 1 a 50 198091 prisma

[ 45 198592 prisma

c 90 195458 prisma

d 15 1874-90 orisma
83-5 a 25 1886-91 nacra

b 34 198993 racre

c S0 1872-73 prismamacre

d 56 1970-72 nacre

L] 25 1972-73 prisma

f 28 1972-73 prisma

93-11 a 36 194460 facra

i} 25 196183 prigma/nacre
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and 100% higher than the corresponding summer values. The
higher values are obtained when the beam hiis the winter line
exactly.

High peaks were also found on lines which mark growth dis-
turbances. These lines are probably formed during temporary
growth decrease.

In specimen No. 93~3, where we measured the whole shell
profile, an ontogenetical variation in Sr was found. In the juve-
nile stage of the mussei, about 9-12 years of age, there is three
times higher Sr concentration, ca 180 mg kg™, compared with
about 10C mg kg™ when it is 23-30 yrs oid.

The other mussels generally showed a concentration of 100
mg kg™ independent of age, except for two; No, 89—7 and No.
93~} having 40 mg kg™ and 180 mg kg™, respectively. During
the last 200 yrs, no variation in Sr has been found. The mussels
collected in 1846, 1911 and recently all have the same average
Sr levels, about 100 mg kg™

Manganese

The measurements showed large differences in manganese con-
cenations between the two aragonitic layers of M. margaritifera
shclls Higher concentrations and variations, about 100-300 mg
kg™, were found in the nacreous layer and 10 times lower con-
centrations, about 1030 mg kg™, in the prismatic layer. No
ontogenetical variation was observed (Fig. 6).
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Figure 5. Sr and ¥n annual variation in the nacreous layer of No. 931,
Sr has peaks on winter lines and growth disturbance lInes.
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Figure 6. Mn and Sr in the two aragonitic layers of the shefl No, 11-1,
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We separated the points in each line measurernent into two
sets, one for each layer, thereby eliminating the variation due to
different layer concentrations.

Manganese also shows ar annual variation, with peaks in the
period May-June-July, correlating with high water temperature.
These peaks also correlate to the oxygen concentration minima
in the water {Fig. 7). The Sr variation is it opposite phase to
the Mn vanation with Sr maxima co-located with Mr minima,
and vice versa (Fig. 3),

The amount of manganese in the nacreous layer of the shells
decreases during the last 200 yIs from about 600 mg kg™ to 100
mg kg™, In the shell collected in 1846, the concentration of Mn
found was about 570 mg kg™ between 1826 and 1835 and 433
mg kg™ between 1838 and 1841, The mussel shell No. 11-1 cen-
tains lower Mn concentration, about 33C mg kg™ for the period
1852-1870. These results can be compared with the results of
INAA analyses, which show a similar trend, but with higher con-
centrations (Fig. 8).

Comparison with Neutron Activation Analysis (INAA)

We have observed good agreement with results of INAA analy-
sis. The problem with comparison of data is that in INAA, the
whole shell profile is analyzed by cutting the shell in relatively
farge pieces. Thereby, each piece represents both a large time
span {typicaily 10 yrs each) and also contains both prismatic and
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Flgure 8. Comparison of NM and INAA analysis data from the same
samples.
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nacreous layers in equal proportions. This is in contrast to NM
analysis where the time resolution is of the order of weeks (or
even days) and the measurement can be made in hoth layers sepa-
rately. In order to compare the results, some adaptations had to
be made on the NM data. The median value for each scan and
each layer was used to represent the value for that time interval.
These points are plotted in Figure 8 together with comrespond-
ing INAA data. It can be seen that there is a good trend agree-
ment between the two data sets.

The normalization of measured spectra was done under the
assumption that calcium is homogeneously distributed in the
shell. Thus, we set the calcium value to the mean of the INAA
calcium measurements, i.e. 39%. Since this value varies within
two or three percent, and the accuracy of the NM analysis is in
the range of 5%, the possible error introduced is not large

DISCUSSION

Seasonal variations in uptake of several elements into the shell,
notably sodium and magnesium, have been reported (17). Also,
seasonal variations of 0, C and "“C have been demonswated
in several moiluskan shells (18). However, variations of this kind
can only be studied in fast growing shells in which the annual
growth increments are exceptionally wide. In such shells, sam-
pies for elemental analysis can be taken by using a dental drill
or similar device. In the vast majority of bivalves the annual in-
crements are narrow, particularly during the later growth stages.
In M. margaritifera. the width of annual growth increments is
about 500 um, which makes NM the only methed available to-
day to assess elemental distribution within a single annual growth
incrernent, with its spatial resclution combined with adeguate de-
tection limits. X-ray microanalysis in a scanning electron micro-
scope presents higher spatial resolotion, but the detection limits
are high because of the intrinsic electron Bremsstrahlung radia-
tion background.

Strontium Variation

Strontium is one of the rare elements in the environment (33 mg
kg™ in the earth's crust and less than 0.1 mg kg™’ in surface wa-
ter) and an important trace element for building of calcium car-
bonate shells, This element is termed as an “A-class” hard meta]
(19), and it is assumed 10 exist in natural waters and aerobic con-
ditions in the form of Sr™ with no redox activity (20). Sr is also
well known for accompanying calcium as an elemental analogue.
It replaces the Ca atoms in aragonite crystals and it is required
for the crystal nucleation and alignment of the bivalve embry-
onic shell. Gallager et al. suggest that Sr acts as “mortar between
an organic component and mineral portion of the embryonic
shell” (21). The typical levels of Sr in freshwater bivalve shells
is about 200 mg kg™ (22).

Hallam and Price found differences in Sr content between
outer and inner shell layers (aragonitic) in marine bivalves,
caused presumably by biochemically controlled processes. They
also found a correlation between Sr content and water tempera-
ture, which was explained by an increase in the metabolic rates
with higher temperature leading to an efficient exclusion of traca
element impurities (23). Swann et al. noticed a rise in the Sr/
Ca ratio in the nacreous {(aragonitic) layer of marine oysters dug-
ing the winter with a peaking in May, but no such variation in
the prismatic {calcitic) layer. They suggested that in the late win-
ter and early spring a dissohnion of calchun carbonate occurs
in the aragonitic inner shell layer (24).

We found that for M. margaritifera, strontium forms a sharp
pesak (about 20% higher concentration than the mean concentra-
tion) in the winter line and growth disturbance lines, both in pris-
matic and nacreous layer, This seasonal variation of Sr can be
related fo the growth rate and/or the Sr concentration in the wa-
ter. Two theories that connect the variation of Sr to the growth
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rate are: the anaerobiosis theory, which sustains that during the
period when valves are closed, sheli dissolution occurs, causing
an enrichment of organic matrix, which binds Sr (25), and the
high density theory, which says that during the period of growth
cessation, mussels build “etch resistant-zones”, which are or-
ganic-poor deposits with higher density (26). If strontivm is lo-
cated only in the aragonitic cryssal lattice, then higher concen-
trations in the winter line may suggest organic-poor depositions
and support the high density theory.

It has been shown that the Sr concentration in the shell is di-
rectly proportional to the St concentration in the water in which
deposition takes place (27). The low concentration of Sr found
in the shell during the summer period might be caused by a di-
lution effect due to aquatic plant growth, i.e. eutrophication (28).
The algae blooming simply decreases the amount of Sr avail-
able per individual,

We also found an ontogenetical variation in Sr, in which the
concentration decreases with age, This variation may be control-
led by the growth rate, which in tum is controlled by the cal-
ciign carbonate metabolism of the shell (high metabolism at a
young age and lower in old age) (29). Earlier observations show
an increase of Sr with age in some species, and a decrease in
others, both iz marine and freshwater bivaives (30). In some spe-
cies of freshwater bivalves, Nelson cbserved an increase in Sr
content with age, however, he meagured very young individu-
als {< 13 yrs old). He explained the increase in Sr as being re-
lated to a decreasing surface to volume ratio. In bivalves with
high surface to volume ratio, the exchange between the
depositional tissues and the external environment is rapid and

the Sr excluded from the crystal deposition escapes more read-
ily (22).

Manganese Variation

Manganese is termed an intermediate first transition metal (19)
and is found as Mn™ under aerobic conditions in natural waters
(20} :

The manganese concentration may be related to the shell
growth processes as weil as to the water chemistry. There is evi-
dence that Mn binds to the organic mawix between the arago-
nite crystals (31), but also that it substimes Ca®* ions in the lat-
tice during biomineralization (32). If Mn binds mostly fo the or-
ganic part, then the summer peaks, also observed in Anodonta
by Lindh et al. (2), may support the observations made by Koike
(26) that a more organic matrix implies a high growth rate. The
water temperature is the main factor influencing shell growth.
‘This explains the positive correlation between the amount of Mn
in the shell and the water temperature, The amount of manga-
nese varies in the two layers of the shell, with higher levels in
the inner nacreous layer. A similar observation was made by
Yoshioka and Terai on another freshwater bivalve Anodonta
woadiana. This variation may suggest a difference between the
two layers in the mode of calcium carbonate secretion (33).

The oxygen level in the water may influence the concentra-
tion of soluble Mn, since the reduced state of Mn(I) then can
be oxidized to Mn(IV). The Mn(IV) binds to oxygen and forms
MnQ,, which is insoluble in water and precipitates (34). If so,
our observations lend support to the redox effect; the Mn reaches
maximum levels in the mussel shells when the oxygen has its
minima in the surrounding water (Fig. 7). Analyses of water
chemistry from lakes in Orebro County show a seasonal varia-
tion of Mn concentration (35), similar to the seasonal variation
of Mn in mussel sheils with peaks in the spring. We have no
such chemical analysis for the River Vramsdn and, therefore, are
not in the position to discuss this in detail,

The level of Mn is comrelated to the degree of acidification in
the water {36). Earlier measurements on pear! mussels from ar-
eas with high acidification pressure (River Slerebodn, western
Sweden) show a decrease of Mn in the nacreous layer in the or-
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der of 60%, after liming of the source lake in 1984. Strontitm
followed Mn in this decrease with a 30% reduction which prob-
ably is a suppression effect due to the increase of Ca™ ions in
the water. Phosphorus showed a similar reduction (unpubl. data),
This cannot be seen in the River Vramsin, as the pH level has
been roughly constant, around pH 7, since the measurements
started.

Regarding longer periods of time, Mn decreases from the be-
ginning of the 19th century until now, and the same trend is
shown by measurements with Neutron Activation Analysis (Fig.
8). However, during this long time interval there are large peri-
ods which have not beens measured using the NM. The solubil-
ity in water of Mn, as well as Fe, Co and Zn, is controlled by
the pH (36}. The concentration of these elements can, therefore,
be used to estimate the pH levels in the past. In the River
Vramsén a reduced pH at the beginning of 19th cenmury was es-
timated (6). This is assumed to have been caused by introduc-
ing & new famming system characterized by intensive ditching,
cultivation of large areas and inoduction of artificial fertiliz-
ers (6). It is assumed that nitrogen leaks into the water system
due to ditching of large wetland areas. The result is a pH de-
crease in the water, thereby causing release of formerly bound
cations of trace elements. In the 1830s, the pH suddenly in-
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