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fluorescence) and the applicability for environmental reconstruction
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Abstract

Freshwater pearl mussel is a highly threatened species, and many populations are currently on the brink of local extinc-
tion. For example, in south Finland, only two populations are currently viable. Even though the reasons for the mussels’
demise are relatively well known, the long-term impacts of water quality are not completely resolved. Here, u-XRF analysis
and historical records were used to evaluate whether the differences in water chemistry or past environmental changes
in three rivers in southern Finland are visible in mussel shell chemistry. The results show that the cracks inside mussel
shells, invisible to the naked eye, may greatly affect the elemental composition results. Further, anomalies which could
be related to inclusion of detrital matter inside the shells were detected. Manganese (Mn) seems to be related to mus-
sel growth dynamics, especially in the nacreous layer, while high values of iron (Fe) and Mn are also present at the top
sections of the prismatic layer. Line scan analysis revealed high variation between replicates. The y-XRF method could
be used as prescreening method in mussel sclerochemistry studies, but more studies are needed to clarify the ability of
FPM shells to reliably record the environmental conditions.
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1 Introduction bottom substrate is clean gravel material and the repro-
duction success depends on adequate populations of host

The freshwater pearl mussel, FPM (Margaritifera margari- fish, in Europe, brown trout and Atlantic salmon [27]. The

tifera L.), is an endangered bivalve, which has been declin-
ing throughout the European part of its range during the
past decades [27], and the species is consequently pro-
tected within the European Union [10]. The FPM is listed in
Annex |l of the European Habitats Directive, requiring EU
Member States to designate special areas of conservation
which contribute to a network of European sites, Natura
2000. The FPM prefers clear and clean waters, where the

reasons behind the demise of FPM are related to pearl fish-
ing, which is nowadays illegal in European countries, loss
of host fish communities (e.g., due to hydropower dams),
decline in water quality (eutrophication, pollution) and sil-
tation (drainage of forest and peat lands, channel manipu-
lation, road construction) [4, 14, 32]. The majority of riv-
erine systems in southern Finland have been affected by
most of the above-mentioned human interferences, and
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thus it is not surprising that healthy FPM populations in
southern Finland are very rare. Only two south Finnish FPM
populations are viable, whereas five others have not been
able to reproduce in recent years or recent decades [32].

Even though the reasons behind FPM decline are rela-
tively well known, the lack of long-term water monitoring
data hampers investigations of chronic impacts of water
quality deterioration on FPM. Because water monitoring
programs rarely exceed the maximum age of FPM (over
100 years; [27], the water quality and the general environ-
mental histories of FPM rivers and watersheds are not well
known even in sites with decades of monitoring. Luckily,
shells of dead bivalves are known to hold potential to
study the environmental conditions to which they were
exposed to when the mussels were alive (e.g., [2, 6, 30, 33,
36]. This is based on the idea that during the biominerali-
zation of the shell, some chemical impurities of the water
are potentially incorporated into the shell. FPM shells con-
sist of three layers. The outmost layer is the organic peri-
ostracum, which prevents the dissolution of calcium car-
bonate. Periostracum is followed by two aragonite zones:
prismatic layer below the periostracum and the innermost
nacreous layer [30]. Furthermore, growth of the mussels
slows down during cold months and this phenomenon
is visible in the shells as winter lines, analogous to tree
rings [30, 37]. Therefore, there is potential to assess histori-
cal changes in environment by studying the mussel shell
chemistry from dated shell cross sections (sclerochronol-
ogy). For example, d180 values of mussel shells have been
noted to reflect stream water isotope composition [33, 36],
and d13C values in shells were shown to mirror metabolic
activity [12]. The elemental chemistry of freshwater bivalve
shells, however, is more challenging to interpret [15].

In this study, the spatial variation of elemental compo-
sition was assessed in the cross sections of nine mussels
shells retrieved from three rivers in southern Finland. All
studied rivers are located in rural catchments with agricul-
tural activity. In general, human activities have induced
increased inputs of many trace elements into the agroeco-
systems due to repeated use of industrial chemicals and
fertilizers [25]. In many cases, this has resulted in ecological
changes in aquatic systems, such as eutrophication [22].
However, the studied rivers exhibit differences in environ-
mental conditions and each river system has experienced
varying histories of anthropogenic influence. The primary
goals of the study aimed to determine the distribution of
elements in different shell layers, changes during time and
differences among specimens and rivers. Main hypothesis
was that the differences in water chemistry between rivers
are reflected to the elemental composition of the shells.
Our secondary hypothesis was that the known historical
changes in river environment are recorded in the elemen-
tal chemistry of mussel shells.
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In order to study the variation of the elements in the
shell cross sections, elemental maps were produced using
micro-X-ray fluorescence analysis (u-XRF analysis; e.g., [23]
and a line scan analysis was applied across the outer shell
layer. This is a preliminary study in which p-XRF methods
are used to study FPM for the first time. u-XRF method
is fast and nondestructive analysis method allowing
extremely high density of sampling points in small area.
The p-XRF analysis has been used in plethora of studies,
including geosciences, art history, archeology, environ-
mental and biological sciences and for industrial purposes
[21]. In addition, the Mutvei staining/dating method [37]
was used in order to assess the age-at-shell length.

2 Methods
2.1 Studysites

The characteristics of the studied rivers are presented
in Table 1. The River Mustionjoki is one of the largest
river systems in south Finland (channel width~40 m,
depth ~3 m), whereas the River Pinsion-Matalusjoki
and the River Ruonanjoki are very small rivers (channel
width ~5 m, depth ~0.5 m). The River Mustionjoki begins
at the Lake Lohjanjarvi (~ 88 km?), and the outlet is located
at the Pohjanpitdjanlahti Bay, the Gulf of Finland (Fig. 1).
Lohjanjarvi experienced serious water quality deterio-
ration during the 1960s due to the release of untreated
municipal and industrial (forest industry) wastewaters.
Further, wastewaters of the metal industry have affected
the water quality in the River Mustionjoki [29]. According
to [31] the River Mustionjoki experienced high mineral oil
pollution during 1976 (maximum concentration 74 mg/L)
and cyanide pollution in 1977-1978 (maximum concentra-
tion 690 pg/L). The impact of the metal industry is visible in
the sediments of the Pohjanpitdjanlahti Bay showing dis-
tinct Fe peak in the late 1970's [20]. The source of the River
Pinsion-Matalusjoki are the springs at Pinsionharju esker,
and the river flows through peatland forests and cultivated
fields. The most interesting historical change is the drying
of two lakes, Lake Pikku-Matalus (~0.03 km?) and Lake Iso
Matalusjarvi (~0.14 km?), located upstream from the FPM
site, in 1955 [19]. Lake dryings could have affected the river
water quality due to increased erosion [7]. The River Ruo-
nanjoki starts at Lake Karhejarvi (~3 km?) and flows south-
ward through forests and cultivated fields into the Lake
Laavajarvi(~1.9 km?).The water chemistry of the lakes has
not experienced significant changes since~ 1970’ [31] and
corresponds with that of the River Ruonanjoki. Moreover,
according to old maps, the river catchment has remained
unchanged during the past decades; the direct human
impact is negligible in the river valley.
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Table 1 River characteristics

River name River Mustionjoki River Pinsion-Matalusjoki River Ruonanjoki
Latitude (WGS 84) 60.0811 62.5222 61.67147
Longitude (WGS 84) 23.66208 23.32786 23.42823
Length (km) 26 10.5 14.5
Ammonium. as N NH4-N (ug/L) 64.1 20.6 15.2
COD (mg/L) 8.3 9.8 141
Solids (mg/L) 3.5 55 6.3

TotP (ug/L) 28.7 36.5 29.5
TotN (ug/L) 695 922 670
Coliform count (ind/100 ml) 165 297 81
Temperature °C 17.3 11.6 13.6

pH 7.4 6.7 6.8

Fe (ng/L) 264 1275 636
Turbidity (FNU) 4.1 5.4 34

EC (mS/m) 153 9.8 5.2

Color (mg/L Pt) 30 117 86
Catchment area (km2) 2045.8 47.9 129.4

Catchment land use
Catchment soil class
Catchment rock class

Agriculture and forests
Silt and clay deposits

Microcline granite; quartz feldspar
paragneiss (tot. 34%)

Agriculture and forests
Silt and peatland
Granodiorite (54%)

Agriculture and forests
Silt and clay deposits
Porphyritic granite (56%)

Surface water data from June to September, 1996-2019. The sample number for each parameter varied between 6 and 61. Catchment char-
acteristics are the types which occur in the vicinity of river channel, whereas the percentage inside brackets (with rock type class only) is the

proportion of that type within the catch

ment (OIVA Database 2020)
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Fig. 1 Map of sampling locations a. Catchment map of River Mustionjoki b, River Ruonanjoki ¢ and River Pinsion-Matalusjoki d. The river
channel is denoted in darker blue, and red dots represent the approximate site of sample retrieval
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2.2 Mussel samples

Shells of deceased M. margaritifera were collected by a
diver from each river in the summer of 2019. The shells
were examined and their dimensions were logged. Sub-
sequently, three shells (replicates) from each river were
selected for analysis. The selection was based on the con-
dition of shells: well-preserved periostracum and inner
shell surface with typical aragonite luster as in freshly
deceased specimens were selected. Shells were stored in
dark cold room prior to analysis. Cross-section samples
were prepared at the laboratory of the Department of
Geology, Helsinki University. In short, the mussel shells
were cut from the umbo to the ventral margin (height axis)
using a diamond saw in perpendicular manner to winter
lines. The cut surface was polished and mounted to a glass
slide with epoxy. The method for cross-section preparation
is published in detail in Haag and Commens-Carson [17].

2.3 p-XRF analysis

In order to study the spatial variation of elements in mus-
sel cross sections, distribution maps of elements (2D maps)
were produced by a Bruker M4 Tornado micro-X-ray fluo-
rescence (U-XRF) spectrometer with two silicon drift detec-
tors and Rh anode. The spot size of capillary optics X-ray
beam was c. 20 um. After calibration of spectrometers with
a Zr standard, the mussel samples were fixed on meas-
urement stage and pressure of the chamber was dropped
down to 20 mbar. High voltage of 50 kV and 600 pA cur-
rent were used for samples. The size of the analyzed area
was 68.6 mm x 84.8 mm with a pixel distance of 30 um.
The beaming time was 10 ms/pixel. The total number of
pixels was about 6.47 M and measuring time was 15 h. A
hypermap with spectra of every single pixels was stored
in a computer for later analysis. Distribution maps of ele-
ments were based on investigation of the total spectrum.
Most distinct energy peaks of Ka and La were used to
identify elements from the samples. 2D maps were inves-
tigated with different filters (e.g., enhancement of color
intensity) in order to detect the variation in low value sites.
To assess the average elemental composition of prismatic
layer and temporal variation of elements, line scan analy-
sis was conducted from dorsal toward ventral direction
across the prismatic layer from each shell (i.e., line scan
route intersecting the winter lines) (Fig. 2).

2.4 Dating

After the p-XRF analysis, the samples were stained using
Mutvei’s solution with Brilliant Blue staining [37] and win-
ter lines (Fig. 2) were counted using microscope photog-
raphy in order to establish a crude chronology. The eroded

SN Applied Sciences

A SPRINGER NATURE journal

Periostracum Periostracum

Winter line

Winter line
Prismatic layer

Prismatic layer

/ Nacreous layer

Nacreous layer

(a) (b)

Fig.2 Mussel thin section sample. Most important layers (peri-
ostracum, prismatic layer and nacreous layer and annual winter
lines are marked in the drawing a and in the detail photograph of
stained mussel cross-section sample b. Red line denotes the line
scan analysis route. Left side of the shell sample a is dorsal region
(long ago formed shell) and right side is ventral region (most
recently formed shell)

sections (near umbo) were not included in the age analy-
sis, and the replicates were not cross-dated.

2.5 Statistical methods

Kruskal-Wallis test was used to assess the elemental varia-
tion between replicates. Kruskal-Wallis test was conducted
for each element using PAST statistics with the dataset
obtained from the line analysis. The nonparametric test
was chosen due to nonnormality of the data.

3 Results

Mussel shells varied in size, abundance of periphyton and
precipitate crust and umbo corrosion damage. In gen-
eral, the mussels were in similar condition regarding the
overall strength, hinge ligament and periostracum. A thin
(~0.5 mm) orange/brown crust of metallic character was
detected in two Ruonanjoki shells (R1 and R3) and in one
Pinsion-Matalusjoki (M3) shell. The crust flaked away dur-
ing the sample preparation. All River Mustionjoki shells
were covered with aquatic moss. The number of counted
winter lines varied from 46 to 68, and the length of the
mussels varied between 106 and 140 cm (Table 2). River
Ruonanjoki shells were clearly thinner than the shells from
other studied rivers.

3.1 p-XRF analysis

The composite u-XRF spectrum of the shell samples
exhibited distinct peaks for manganese (Mn), iron (Fe),
aluminum (Al), strontium (Sr), zirconium (Zr), sulfur (S)
and calcium (Ca). As expected, the Ka intensity values
of Ca in the undamaged sections of mussel shells are
relatively homogeneous (Figs. 3, 4). Other elements are
present in low concentration in the high-calcium layers
(nacreous layer and prismatic layer), whereas the mussel
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Table 2 General characteristics of mussel samples

Sample Length (mm) Height (mm) # winter lines
P1 111 55 64
P2 124 61 65
P3 116 56 65
R1 136 71 56
R2 140 70 52
R3 125 62 46
M1 111 54 60
M2 106 50 55
M3 107 51 68

Samples are denoted according to the river names (P1-3 stands for
River Pinsion-Matalusjoki samples, R1-3 for River Ruonanjoki sam-
ples and M1-3 for River Mustionjoki samples)

periostracum contains elevated values of different ele-
ments (Al, Fe, Mn, S). The majority of elements in the
periostracum show no distinct differences in values lev-
els between samples, whereas Fe shows slightly lower
values in P1 and P3 and Mn shows lower values in R1,
P3, M2 and M1. Sr exhibited low values in periostracum
but higher values in nacreous layer and in section near
the umbo, whereas Zr did not exhibit any visible vari-
ation in mussel shells. Further, it was clear that Fe and
Mn show higher values in damaged sections and also a
varying degree of apparent‘leaching’into the prismatic
layer from the periostracum (Fig. 3). Mn exhibited ele-
vated values in nacreous layer and corresponded with

Al S

Fig.4 Enhanced 2D maps for calcium values for samples R1 (top),
P1 and M2. The white rectangle shows the site in Fig. 3. The length
of the white bar at top right corner is 10 mm

Fig.5 Enhanced no-filter 2D maps for manganese values for sam-
ples R2, M3 and P3. The length of the white bar at top right corner
is 10 mm

growth sections which is visible as “Mn stripes” (Fig. 5).
Moreover, the Ca p-XRF map clearly shows multiple crack
lines which were invisible for naked eye (Figs. 3, 4). Full
elemental maps based on deconvoluted counts with

Ca

1000

Fig.3 Selected details from enhanced 2D maps with corre-
sponding line scan analysis results (sample R1; here showing
years ~ 1966-1970). The Ca map for the shell R1 is shown in Fig. 4

and all elemental maps in Online Resource 2-7. Higher color inten-
sity corresponds to higher K alpha -value (i.e., higher elemental
concentration)
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five-point average element filter are presented as sup-
plementary material (Online Resource 2-7).

3.2 Line analysis

The average shell chemistry in FPM prismatic layer was
calculated using the line scan analysis results (Online
Resource 8). When all elemental variation is considered,
Fe, Mn and Ca stand out for high variation between the
replicates and some less clear differences between rivers.
Our hypothesis that elemental concentrations in mussel
shells can be attributed to the river water chemistry was
thus not supported. Fe and Mn are also characterized by
higher standard deviation when compared to other ele-
ments (Online Resource 8). According to the Kruskal-Wal-
lis test, nearly all elements exhibit differing values among
replicates. Only Al and S values in River Mustionjoki rep-
licates were flagged as not significantly different (KW
1.07 p=0.43 for Al; KW 0.1 p=0.37 for S). The differences
between replicates are clearly shown in line scan analysis
curves. (Online Resource 9). In all shells except R2, there
were shell damages which are visible in line scan analy-
sis as low Ca values accompanied by higher values of, for
example, Fe and Mn (Fig. 3; Online Resource 9). In River
Pinsion-Matalusjoki samples, the elevated Zr and Sr val-
ues occur in 1950s. However, peaks and troughs in the
elemental profiles can rarely be matched between repli-
cate line scan tracks. Moreover, in P3, M3 and R2, the Ca
values show low values in multiple sections despite the
lack of visible cracks in shell. Line scan analysis tracks are
denoted in Online Resource 1. Even though our dating is
only approximate due to lack of intra-annual microgrowth
pattern analysis and replicate cross-dating (Schéne et al.
2007), the line scan analysis shows that our hypotheses
regarding elevated Fe in River Mustionjoki mussels in
1970s were not supported.

4 Discussion

The similar condition of mussel shells suggests that the
mussels had died at approximately same time [24]. The
age-length relationship was in good agreement with
Swedish results [9], and interestingly, the three largest
mussels were among the four youngest individuals sug-
gesting fast growth rate in River Ruonanjoki. Temperature
has been detected to be positively correlated with FPM
growth speed, but the local hydrochemistry may have sig-
nificant effect on growth (e.g., [1, 9, 28]. Because River Ruo-
nanjoki is considerably colder (13.6 °C) when compared
with River Mustionjoki (17.3 °C), the temperature does not
explain fast growth in River Ruonanjoki. Eutrophication [1]
and elevated ammonium concentration are noted to be
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harmful to FPM [5], and the beneficial conditions at River
Ruonanjoki (lowest ammonium, N, bacterial, EC and tur-
bidity values between the study rivers) may explain the
higher growth speed despite colder water.

The general elemental composition and the result that
Fe was responsible for high elemental variation among our
samples agrees with Bolotov et al. [3], but due to meth-
odological differences (ICP-MS whole shell in [3] some light
elements, e.g., Na, Mg, P are not detectable in our results.
However, the observations regarding the elemental dis-
tribution in thin sections are in accordance with earlier
mussel studies. For example, the high concentration of S
[40] and Mn and Fe in the periostracum layer is very well-
known phenomenon [39]. Further, Mn has been noted to
show higher values in annual growth increments in con-
trast to winter lines [26], which is thus in agreement with
results. The elevated values of Fe below the periostracum
have been reported before [41] but the reason for this is
unclear.

The low Ca counts corresponding with elevated Mn, Fe
and S could result from inclusion of detrital matter into
the shell at points of shell damage (many such imperfec-
tions are visible in Ca maps, e.g., Fig. 4). The uneven surface
thus created also introduces analytical artifacts in the XRF
data [8]. It is likely that both of these factors contribute to
extreme values where the line scans cross points of shell
damage (Online Resource 9). Zr and Sr exhibited peaks in
River Pinsion-Matalusjoki samples which dated to 1950s.
High concentrations of Zr in stream water are usually
related to the occurrence peat lands, whereas Sr is easily
mobilized by weathering and is strongly incorporated in
clay minerals and fixed by organic matter [35]. As such,
both elements may reflect the magnitude of erosion and
these peaks could be related to drying of the upstream
lakes. However, similar variation in shells retrieved from
other rivers with no known cases of such changes in
upstream suggests that other factors contribute to the Sr
and Zr variation in mussel shells. Further, high Sr and Zr
were, in many cases, occurring simultaneously with low
Cavalues; thus, the Sr and Zr peaks may be related to shell
damage.

Despite the fact that average values for many ele-
ments are relatively similar among replicates, the high
variation between prismatic layer line scan results ham-
pers the applicability of FPM as chronological recorders
of environmental histories when u-XRF is used. Thus, dis-
tinct trends in shell chemistry which could have been
linked to different conditions or environmental histories
are not visible in the samples. For example, the results
do not show any elemental enrichment dating to agri-
cultural boom of late 1940s [22], which could be related
to the extensive application of industrial fertilizers (e.g.,
[25]. The reason for poor correspondence between water
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chemistry and shell chemistry could be related to physi-
ological controls [11, 12, 18], because the biomineraliza-
tion of the shell is complicated process and regulated
by many physiological and biochemical activities [42].

The observations with interesting potential for shell
chemistry studies relate to the thin crusts of Fe and Mn
on the periostracum (Fig. 3). These were observed in two
out of three River Ruonanjoki replicates and one out of
three Pinsionjoki-Matalusjoki replicates. The variable
occurrence and thickness of these crusts suggests that
the chemical milieu of the (micro-)habitats in which the
FPM grow may impact on the periostracum chemistry.
Most likely, the reason for such phenomenon is related
to the quality of the river bed. The river bed sections with
high abundance of silt exhibit low redox potential in the
interstitial subsequently mobilizing Fe and Mn followed
by re-precipitation at the interface of oxygenated open
water [13].

Various sclerochronology -methods have been used
for decades in efforts to study the past environmental
changes using skeletal parts of biota (e.g., corals, mollusks,
fish otoliths) as historical records [15]. Naiad shells have
also been used in many studies [28] but there are still chal-
lenges in schlerochemical research [43]. In our study, the
variation in the elemental concentrations in samples was
very high, which hampers the possibilities to track envi-
ronmental histories of rivers using FPM shell chemistry.
The phenomenon of contrasting trends between repli-
cates (e.g., [12] and low correspondence between water
and shell concentrations [11] has been reported earlier in
mussel shell research. There are also cases where mussel
soft tissues have been analyzed for pollutants and the vari-
ation between organs and replicates has been high (e.g.,
[16, 24, 34] highlighting the difficulties in mussel pollu-
tion research where mussels are used as pollution loggers.
Further, new challenges, such as inclusion of detrital mate-
rial and leaching of metals which may disturb any type
of point analysis with FPM, were found. However, such
phenomena are clearly visible in p-XRF 2D maps; thus,
the method can be used as prescreening method prior
to any point analysis. Another problem which is more dif-
ficult to tackle is that, as shown in high variation between
replicates, (micro-)habitat environmental characteristics
or physiological differences affect the shell chemistry.
We conclude that to further develop mussel shell prox-
ies, more field studies with larger sample sizes and pre-
cise dating are needed. Further, the actual ability of shells
to record water chemistry changes could be tested in
controlled environment in laboratory settings. However,
because the current status of FPM is highly threatened,
laboratory assays should be conducted either with indi-
viduals from non-threatened FPM populations or with
different species.
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