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6.1 Abstract

Mussel shells have been used in a number of palacoecological and environmental studies. The
interpretation of stable carbon isotopic composition of shell material is still controversial. The
carbon for shell carbonate precipitation can either be derived from ambient dissolved
inorganic carbon (DIC), with shells recording environmental signals, or from metabolic CO;,
with the potential to disguise environmental signals. In order to gain ingight into this question,
we investigated four nearly 100-year long-term records of aragonite shells from an extant
freshwater bivalve species, the endangered freshwater pearl mussel (Margaritifera
margaritifera L.). Single growth increments of the outer prismatic and the inner nacreous
zones were successfully and easily separated with a simple heat treatment for chronological
analyses of 8"°C in single layers of each zone. Autocorrelation and semivariance statistical
methods reveal that mussels show distinct individual signal patterns, which extend up to 25
years. Signal patterns are reliably reproduced with replicate samples from defined layers
within one shell and show similar patierns with a slight offset for inner nacreous and outer
prismatic layers for individual animals. Mussels exposed to the same environmental
conditions exhibit distinct and contradictory signature patterns, which do not match between
individuals. This observation can only be explained by strong metabolic influences on shell
precipitation. Environmental changes in pH, temperature, electric conductivity and
atmospheric carbon signature had no or little (<5%) influence, whereas body tissue protein
and body tissue 8°C signatures negatively correlated with the youngest produced shel} 3"°C
signatures, indicating that respiration causes a preferential loss of light isotopes from body
mass and an inverse enrichment in shell aragonite. Hence, the shells of the freshwater pearl
mussel yield a long-term record of metabolic activity, whereas the use of 5C in these shells
as recorder for environmental signals is questionable. This may also be true for shells from

other species, for which metabolic carbon incorporation has been acknowledged.
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6.2 Introduction

Mussel shelis have been used in a number of palaecoecological and environmental studies.
While stable oxygen isotopic signatures in mussel shells have proved to be reliable recorders
of environmental parameters (e.g. Epstein ef al., 1953; Tripati et al., 2001), the inferpretation
of stable carbon isotopic composition of shell material remains contentious. Some isotopic
studies on shells have shown that the stable isotopic composition (8°C) of the shell carbonate
is governed by the 8"°C of dissolved inorganic carbon (DIC) and therefore records changes in
environmental variables such as pH, temperature, and salinity {e.g. Craig, 1953; Keith ¢ al.,
1964; Mook, 1971; Fritz & Poplawski, 1974; Donner & Nord, 1986). Under ideal conditions,
shell carbonate would be precipitated in equilibrium, resulting in calcite which is +1%
enriched in comparison with bicarbonate, and aragonite that is +2.7%o enriched (Romanek et
al., 1992). On the other hand, shell carbonates were often found not to reflect the predicted
equilibrium fractionation, being in general less enriched than predicted in °C (e.g. Kicin ef
al., 1996; McConnaughey et al., 1997; Kaandorp et «i., 2003; McConnaughey, 2003). Most
authors explain this offset by a contribution of metabolic carbon (Tanaka er al., 1986; Klein et
al., 1996; Veinott & Cormnett, 1998; Vander Putten ef al, 2000). Thus, researchers have
indirectly acknowledged an influence of the food source, which is reflected in a certain
percentage of metabolic derived carbon within the carbonate. Despite this, it is often stated
that the total contribution of metabolic CO; in aquatic invertebrates is generally low to
insignificant, suggesting that kinetic effects can explain non-equilibrium fractionations
(McConnaughey et al., 1997; McConnaughey, 2003). In contrast, Dettman ef al. (1999) found
3°C values of aragonite-forming freshwater bivalves with a highly variable offset to
equilibrium values, suggesting a significant and variable incorporation of metabolic carbon
into shell carbonate. Despite the observed isotopic disequilibrium of carbonate formation,

shell records are frequently compared to or assumed to reflect changes in ambient 8" Cpc.

The freshwater pearl mussel (Margaritifera margaritifera L.) is a long-lived species which is
sessile or relative immobile during its adult phase. It produces a shell of well-defined material
with annual increments. This combination offers a great potential for chronological analyses
of shell 8°°C signatures to reveal changes within its environment. Freshwater peari mussels
are widely distributed in the holarctic range. They attain individual ages of more than 100
years (Bauer, 1992). The species is nowadays critically endangered and analyses of

biochronological records in shell material may help to find reasons for the species” low and
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decreasing vitality during the last decades. Like other mussels from cold and temperate
climates, M. margaritifera shells have annual growth increments (Figure 6.1), analogous to
tree rings, with shell formation during summer and a reduced or ceased carbonate deposition
at low temperatures during winter {e.g. Siegele er o/, 2001). The inorganic carbon in M.
margaritifera shells is carbonate in the form of aragonite (Carell er a/., 1987, Nystrém er al.,
1995). Visible opaque, organic scleroprotein-rich ridges are produced during winter and
separate the aragonite increments of maximum growth from summer seasons. These layers
allow analyses of time scale series of samples. Once deposited, the carbonate is immobilized
and resistant to subsequent changes (Lindh er al, 1988). M margaritifera mussel shell
records have been studied to reveal changes in elemental composition of the shell material
and have been used as environmental indicators for eutrophication and acidification (e.g.

Carell et al., 1987, Lindh e al., 1988; Mutvei & Westermark, 2001 and references therein).

Periostracum
Prismatic layers
Nacreous layers

Eroded (oldest)
part

Fig. 6.1: Schematic of the cross-section of a Margaritifera margaritifera shell.

An evaluation of the influences on shell isotopic chemistry is important for the interpretation
of such values in the context of environmental or palasoenvironmental studies. We present a
novel and simple method to sample annual growth layers from the outer prismatic and the
inner nacreous zone of mussel shells, by removing the organic carbon, and we test the
hypothesis that shell &'°C signature is controlled by ¢nvironmental variables. If this is the

case, different individuals exposed to the same environment should exhibit similar §°C
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values and their signature should synchronously change with changing environment. Hence,
we use old animals from one species and from the same location. Over their life span of one

hundred years, changes in environmenta! conditions can be chrenicled.

6.3 Material and Methods

Sampling site

Freshwater pearl mussels typically inhabit clear streams which are low in lime and nutrients.
Four specimens originating from the same population were collected in August 2001 from a
small headwater stream from the Elbe drainage system in the Fichtel Mountains close to the
border between Germany and the Czech Republic. Specimens were labeled Z1, Z2, Z3 and
Z12. All individuals were found in close vicinity, belonged to one large mussel bank covering
an area of 5Sm by Im and were exposed to identical environmental conditions. Daily
observation of the stream and its strictly protected mussel population enabled us to sample
four pearl mussels shortly after they had died. The mussels had shell lengths of 10.8 cm (Z1),
9.5 cm (22}, 9.2 ¢m (£3) and 11.0 cm (Z12). Exact sampling location will be provided on
demand but is not published here, as illegal pear] fishing is still a threat to the endangered and

protected species.

At the sampling site, the stream is on average 1.5 m wide and 25 c¢m deep. The stream is
oligotrophic and the turbulent current results in a well-mixed water body. Oxygen
concentrations and saturations measured in the field in 14-day intervals over three years
showed an arithmetric mean of 11.1 mg/L (standard deviation, SD=1.4), equivalent to average
saturation levels of 90% (SD=2.3). Biological oxygen demand over 5 days (BODs) was
permanently low, with an average of only 1.1 mg/l. (SD=0.5). Calcium concentrations
averaged 7.0 mg/LL. with a standard deviation of 1.7 over the year. Data on pH, electrical
conductivity and water temperature were available from 1987 10 2003 (provided by the Water
Authority at Hof). Every year instantaneous measurements were taken during one day before
the onset of the growing period (mostly in February), one day during the early growing period
(mostly in April), one day in the middle of the growing period (mostly in August) and one day
at the end of the growing period (mostly in October). Additionally, 5-day averages of air
temperature measured at a meteorological station 30 km away from the brook were used to
extend the temperature data set back to 1947 (Source: German Meteorological Service) as air

and water temperature were closely linearly related (1*=0.93 for n=67). The water temperature
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ranged between 0 and 15°C and had a seasonal trend from about 2°C in January, a rise to
15°C in July and a decrease to 4°C in November. The pH mostly varied between 6 and 7, with
snowmelt runoff early in the year causing the lowest pH of around 6.3. The average pH
increased until the end of the year to 7.0. Low pH values (down to 5.5) caused by interflow
runoff during heavy rainstorms are also possible throughout the year (Anerswald, 1990). No
long-term trends in pH or temperature extending over several years were obvious from the
data (Figure 6.2). Conductivity varied between 70 and 140 ps/cm, mostly with higher values
during summer and lower values during winter and spring season, when water flow increases.
Average values of temperature, pH and conductivity were calculated for the growth periods

and compared with annual isotopic signatures, respectively.

5 7.5
¢c—o pH 1
o—ua Temp. -1 7.0
+——+t Temp., estimated ]
P -85 L
20 1 2 6.0
5} [ + ]
= 15 - T . - - 55
o L
g 100 [l
O L i H
5o [l
b= 5 - - Y ot
- ) 3 At Gqﬂc%m o
0 PR R SR N i boded s L ) b eeciian S FR' e THINEY

1940 1950 1960 1970 1980 1890 2000
Year

Fig. 6.2: Instantancous measurements of pH and temperature frem the brook water between 1987 and
2003. Water temperature was extended to 1947 by using daily averages of air temperature and a
regression between air and water temperature,
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Shell preparation

Margaritifera shells are composed of three principal zones: a moderately thick, organic
periostracum on the outside of the shell preventing dissolution, followed by two aragonite
containing zones, the outer prismatic and the inner nacreous layers (Figure 6.1). The oldest
part of the sheil is the umbo, where erosion of periostracum and aragonite occurs in older

individuals.

Sampled mussels were preserved by freezing at -20°C. Soft tissue was manually removed and
the shells cleaned and rinsed with HzO (deionised) both in- and outside. For analyses of '°C
of shell material, valves were separated by hand and from each shell, a 10 mm wide section
was cut with a saw from the umbo region to the posterior-ventral edge, representing the axis
of maximum growth and thus yielding the most detailed archival information (Siegele et al.,
2001). After drying at 50°C for 12 hours, shell sections were weighed and heated at 550°C for
2 hours in a muffle oven for complete combustion of organic components. After cooling
down, the loss of weight on ignition was determined. The loss of organic material
concentrated at the winter lines and allowed an easy separation of growth increments in both
the outer prismatic zone and the inner nacreous zone, whereas the protein-rich periostracum
simply fell apart and its remains were removed with a brush before sampling. The roofing-tile
like layers of the outer prismatic zone were chronologically sampled with a scalpel blade
starting close to the eroded part of the sheil near the umbo towards the youngest layer at the
ventral edge, which was produced in the final vear of growth. The sampling of the inner
nacreous layers was started from the inside of the shell towards the outside, representing a

chronological order from the final year of growth towards older layers.

Growth layers in both zones, outer prismatic and inner nacreous usually correspond with
years. However, growth interruptions during summer may result in overestimation of years
and thin organic layers corresponding with short and warm winters can be overseen and thus
two layers sampled as one. Both situations are rare and partly compensate each other in the
long-term trend. Although visual inspection allowed an easy identification of single layers, it
was occasionally not possible to separate them due to the high age (>80 yr) and slow growth
of peari mussels at the sampling site (maximum shell thickness before ignition: 3 mm;
average layer thickness often around 0.7 mum for prismatic layers with a decreasing tendency
towards ventral edges and more than ten times. smaller for nacreous layers). In such cases,

coherent layers were sampled together and the value was assigned to both layers. For one
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shell (Z3) inner nacreous and outer prismatic layers were sampled from both valves

independently in order to test the reliability of the method.

Stable carbon isotope analysis

Growth layers were ground to a fine powder with a carbon-free agate mortar and pestle. Three
mg subsamples (+/- 0.1mg) were then enclosed in tin cups (4x6mm) and combusted in an
clemental analyser (Carlo Erba NA 1108, Milan), interfaced (ConFlo II, Finnigan MAT,
Bremen) to an isotope ratio mass spectrometer (Delta Plus, Finnigan MAT, Bremen).
Different tissues of the soft parts of the mussels (mantle margin, mantle interior, mantle total,
adductor muscle, gills, foot and digestive gland/visceral mass) and samples of potential food
sources {alder [eaves, roots from ambient riparian vegetation, coarse detritus, fine detritus and
fine suspended particulates >30 pum) were freeze-dried, ground and ball milled before
analyses. Organic shell material was analysed after ball-milling shell material and subsequent
HCI fumigation of the moistened sample material, previously weighed mto Ag cups (Harris et
al., 2001). Nitrogen signatures were directly measured from ball-milled untreated samples.
Proteins and lipids were separately extracted from the body soft tissue of the four specimens

and analysed for 8"°C and 8"°N, according to Rossmann (2001) and Piasentier ef al. {(2003).

The data are presented as s (%o} relative to PDB standard. For possible food sources and
tissue material 3'°N (%o} was additionally measured in relation to nitrogen in air. 8"°C and
8""N were calculated as follows: 5X= [(Ruampie/Reangaca)-11%10°, where 38X is 8"°C or 8°N, and
R is the respective *C/'*C or PN/MN ratio. The working gas standards for C and N isotope
determination were calibrated against the laboratory standard, a fine ground wheat flour of
known C and N isotope composition (8°C -26.54%, and §'°N +2.61%0), which had previously
been calibrated against IAEA-CH6 and JAEA-NO3 secondary standards. The same working
standard was run regularly after every 10" sample as a control. Blank determinations were
done routinely before each batch of samples (including working standards) by ruaning empty
tin cups. The &°N data were blank-corrected. The external precision (standard deviation, SD)
was =0.2%o for 6"°C and +0.3% for "N,

A series of additional tests were carried out in order to verify the impact of the shell analyses
procedures in comparison with conventional methods. X-ray diffraction analysis was used to
investigate conversion of aragoenite to calcite. Removal effectiveness of organic components

during heating was verified by two independent experiments: firstly, removal of N in the shell



STABLE CARBON ISOTOPES IN FRESHWATER MUSSEL SHELLS 37

samples was measured by combustion with the elemental analyzer. Additionally, carbon
removal efficiency was investigated at various temperatures, using a mixture of silicate
powder and wheat flour. Accuracy of the measurements in comparison with standard
phosphoric acid digestion technique using Kiel device was tested by splitting samples and
analysing 8"°C signatures of powdered shell material (each 15 samples before and after

ignition at 550°C) in two laboratories.

Statistical analysis

Autocorrelation analysis and geostatistical analysis (semivariograms) were applied in order to
detect and determine the extent of layer overlapping signal trends in 8"°C. Experimental
semivariograms for 8"°C were computed to determine the extent and range of autocorrelation
by pooling the inner and outer layers of all shells. Semivariograms quantify the average
dissimilarity (=semivariance) of a property (e.g. the signature) depending on the distance
(=lag), which is in this case the number of layers between two samples. Spherical models
were fitted to the experimental semivariograms. The intercept on the y-axis (semivariance for
zero lag) is called the nugget effect and quantifies local variability or “noise” within the data.
With increasing lag, semivariance approaches a plateau, which is called the sill, The sill of the
semivariogram quantifics the variation in signature over distances beyond the range of the
autocorrelation. A large difference between sill and nugget effect indicates a pronounced
pattern, while no pattern exists where the sill equals the nugget effect. The range corresponds
to the lag beyond which the sill is reached. 1t quantifies the maximum distance over which
pairs of observations remain correlated. For theory and details of geostatistical analysis see
Nielsen & Wendroth (2003). Most statistical calculations were done with SAS (version §;
SAS Institute, Cary, USA).

6.4 Results and Discussion

Sampling method and reliability

Heating at 550°C indicated 7-8% (wt.) organic material (av.=7.6%, SD=0.7%) and was an
casy and effective method to remove the periostracum, separate the outer prismatic and inner
nacreous layers and sample distinct growth increments within these zones. More than 60
layers per shell could be separated. This method allowed an easy sampling of the roofing-tile

like prismatic (=outer) layers. Single “roofing tiles” from the outer prismatic zone consisted
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of one or two growth increments in 90% of ali cases, whereas separation was less effective for
the thinner inner nacreous layers where the samples mostly consisted of two growth
increments (Figure 6.3). For the two replicates of mussel Z3, similar numbers of years were

sampled (83 vs. 86 years in outer layers and 49 vs. 47 years in inner layers).
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Fig. 6.3: Number of years per sample of the outer and inner layers as estimated from visual inspection.

While the outer layers are preferable to study inter-annual variations, it has to be considered
that erosion occurs at the umbo region of old shells in freshwater pear! mussels and some
other mussel species. This will reduce the time span of the archive. Nevertheless, for mussel
Z3 more outer layers than inner layers were found, which may depend on the specific erosion

pattern in this particular shell.

Other sampling techniques for shell material, such as micro drilling and miliing of shell
material at depth intervals of 15-30 um (Dettman & Lohmann, 1993; Dettman ef af., 1999,
Wurster ef al., 1999}, are able to deliver a higher time resolution than the method described in
this paper and even allow studies on intra-annual variation. Such techniques, however, require
specific equipment and sampling may be restricted to certain areas of the shell because of
geometry requirements of the sampling technique (Dettman er al., 1999). Furthermore,

drilling techniques likely increase the danger of yielding mixtures of nacreous and prismatic
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layers or different annual layers within these zones, which may especially arise when mussels
with thin shells, high individual age and moderate growth rates are selected for investigation.
For studies on long-term trends and comparisons of average values between growth
increments (usually corresponding with years in cold and temperate climate zones), the
methodology suggested in this paper allows an easy and reliable sampling of defined layers
for both, the prismatic and inner nacreous zone, separately. However, each sampling
technique is based on the assumption that the annual growth pattern in the shell with organic-
rich layers and ceasing carbonate precipitation at lower temperatures during winter prevails,
and is susceptible to counting errors. For M. marguaritifera these errors are considered to be
small, and the tree ring analogous shell growth patterns are regularly used by field biologists
for individual age determination in the species. The difference of growth layers sampled in
both valves of Z3 was 3% for the outer prismatic and 4% for the inner nacreous layers,
respectively, which is in good agreement with an estimated counting error of -+/- 5 percent in
100 years for M. margaritifera reported by Carell et al. (1987). As freshwater pearl mussels
used in this study were comparatively old and as the species is reported to grow in
approximately asymptotic fashion (Hastie er al., 2000), the use of younger and faster growing
individuals from this species or the use of generally faster growing mussel species will
probably allow further reduction of this error. For analyses of time trends, small errors in
layer sampling will be of minor importance. In cases where more exact layer sampling is
required, the analyses of several independently sampled stripes from both valves of one shell

and subsequent comparisons of time trends will improve dating.

A series of additional tests (XRD-analysis, comparison of the method with standard
phosphoric acid digestion technique, C and N-measurements for testing complete combustion
of organic matter in the shell material during heating) proved the reliability of the methods
described in this paper. Aragonite was completely converted to calcite but the procedure
proved not to systematically change the 8°C signatures (average difference between heated
and untreated samples determined by standard phosphoric acid digestion: -0.2%0™%). The only
effect of the heating was an increase in scatter. Therefore, the identified patterns in
subsequent layers may in fact be even more pronounced. The ignition process at 550°C
removes all the organic carbon and 97% of the nitrogen and was found to be less effective at
lower temperatures. Assuming a worst case situation, the complete conversion of all
potentially remaining organic carbon to carbonate during the heating (assuming a 8°C

signature of -27%), the 8°°C signature of shell samples could only be shifted by a maximum
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of (.5%0. Even these worst case assumptions would thus neither change the ranking of

samples nor limit the comparability of patterns.

Mussels display long-term §™C patterns

Values for 8°C in M. margaritifera shells ranged from ~10%o to -15%o. Similar values were
described for Elliptio complanata, another freshwater mussel species, where maximum range
of 87C variation was -9.0%o to -14.5%o and annual variations of maximum 2% {Veinott &
Cornett, 1998). In generally faster growing zebra mussels, Fry & Allen (2003) found less
negative carbon isotopic signatures, varying between -8%e to -11%o in one river but to be quite

constant around -9%o at one [ocation, with slight seasonal variation of less than (.5%o.

Autocorrelation analyses showed that 8"°C signatures were similar in adjacent growth layers,
but dissimilarity increases with distance. Signatures of the youngest layer (2001) from
different mussels closely correfated (r*=0.96 with n=5, outer prismatic layers) with the
previous layers of the same mussel (Figure 6.4A). With increasing distance to the latest
produced layer, correlation decreased sharply. This indicated that (i} mussels show distinct
individual signatures differing by 3%, although they grew in close vicinity, and (i) that these

patterns cover several years.
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Fig. 6.4: Correlation of the $°C signature of shell carbenate from the last (1998-2000) outer layers with
the youngest (2001) shell carbonate (A} and with the organic carbon in body tissue (B).

Geostatistical analysis allowed a more rigid assessment of this phenomenon by taking all
layers of all mussels simultaneously into account. This also showed that adjacent layers were
autocorrelated and did not show independent signals. The range shows that the
autocorrelation extended up to 25 layers (Figure 6.5, Table 6.1). The resulting temporal
pattern (sill) contributed about 70% to the total variation (sill+nugget), while the nugget
eftect, which quantifics the variability within a certain layer, contributed the remaining 30%.
Hence, 70% of the signal can be interpreted as a non-random time trend and 30% of the signal

is a layer-individual (= annual) signal plus the analytical error.
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Fig. 6.5: Pooled semivariograms of 8"°C signature for the inner, outer and ail layers; parameters of the
spherical model calculated for the outer layers (line) are given in Table 6.1.

outer inner all umit

Nugget effect 032 015 (.25 %

Sill 0.67 055 065  %0?
Range 25 15 21 years
RMSE 0.035 0.063 0.035 %.?

Tab. 6.1: Parameters of spherical models fitted to the experimental semivariograms of the outer and inner
layers (RMSE is the Root Mean Squared Error between the semivariogram model and the experimental
semivartogram).

The nugget effect, sill and range were smaller for the inner nacreous layers than for the outer
prismatic layers. All three effects resulted from the higher proportion of composite samples of

the thin nacreous layers.
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Carbon sources for aragonite formation

Industrialisation linked with burning of fossil fuels has changed atmospheric CO; signature
during the last decades towards more negative 3"°C values. This atmospheric trend should
have caused an analogous increase in the part of the DIC, which may be directly derived from
the atmospheric poo! and in the signature of new primary biomass, which is a potential food
source for freshwater pearl mussels. Chronological samples of shell material should reflect
this atmospheric trend if either (i) DIC governed by atmospheric CO, signature or {ii) a high
percentage of C from metabolised fresh primary biomass is incorporated during shell
aragonite precipitation. While the overall trend in the shells was -0.0039%o yr'', the global
atmospheric trend was much stronger with about -0.0094%. yr'' between 1990 and 2000 and
-0.0295%o yr' on average after 1960 (Figure 6.6). Even if we consider that the large scatter in
shell data due to physiological influences will decrease the slope of the regression for the
sheli, the pronounced trend in air signature after 1960 was not reflected in the mussel shells.
We can exclude that temperature effects have disguised the atmospheric trend. The
equilibrium *C fractionation during aragonite precipitation relative to CO, was determined
by Romanek ef al. (1992) €axagonic-coz = 13.88 — 0.13 (°C). From this temperature-
fractionation relationship an increase in water temperature by 10.6°C would be necessary io
compensate the atmospheric change in carbon signature of 1.245%0 over 50 years. Such an
increase in water temperature is highly unlikely and can be excluded when considering air
temperature trends from the region (Figure 6.2). Hence, the independence of shell signal from
atmospheric trends can only be explained by the incorporation of old (before 1960 or even

pre-industrial) or mixed organic carbon of different age into the shell.

Unionid bivalves are semi-infaunal filter-feeders and their primary food is believed to be fine
particulate organic matter suspended in river water (Dettman et al., 1999). However, the food
source of freshwater pearl mussels is not known in detail and is still subject to speculation.
The internal productivity of this stream is fow due to the low nutrient level and shading by
trees. The main food source therefore probably originates from the terrestrial surroundings.
Isotope analysis of possible food sources showed a more or less uniform §'°C around -28.2%
with the exception of fine suspended particuiates, which are only -27.0% (Table 6.2).
Differences in signatures are even larger for 8'°N, which ranged from zero to -2.5%. for all

materials except for the fine suspended particulates, which were 5.0%o, and which were two
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trophic levels above other sources if we assume a trophic shift of 3%. per level (De Niro &
Epstein, 1981; Ponsard & Averbuch, 1999),
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Fig, 6.6: Comparison of shell signature (crosses for outer layers; open symbols for irner layers) with
atmospheric CO, signature (filled symbeis) reconstructed from annual averages from the Siple icecore
(Antarctica; Friedli ef al., 1986}, and the atmospheric measuring stations of Mauna Loa (EHawaii, Keeling
et al., 1995, Hungary, Ulan Uul (Mongolia) and Ochsenkopf (Germany,
http://'www.emdl noaa.gov/ceggfiadv/); regression lines: air with r*=0.9787 for n=42, shells with r*=0.0083
for n=345,

Potential Source Ceontent% C/N 6"N% 5°C%
Decomposing alder leaves 42.1 24.4 -2.50 -28.03
Roots 413 28.5 0.60 -28.37
Coarse detritus 257 236 -0.68 -28.02
Fine detritus 10.6 13.4 -0.76 -28.23
Fine suspended particulates > 30 um 22.0 12.9 5.00 -26.96

Tab. 6.2: Average C content, C fo N ratio and C and N signatures of potential food sources (concentration
of fine suspended particulates in brook water ~50 pg L),
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For molluscs, the trophic level shift is only 1 to 2%., presumably because they excrete
ammonium instead of urea or uric acid (Vanderklift & Ponsard, 2003). This is in agreement
with the comparison between visceral mass, which consisted mainly of partly digested food,
and the remaining body mass (Table 6.3). The trophic level shift for C in general is small,
around 1%. {(De Niro & Epstein, 1981), which is also reflected by the difference between
visceral mass and remaining body mass. Hence, the most likely food source should have had a
8N of around 5%o and a §'"°C around -27%o. Both conditions were only met by the fine
suspended particulates, which most likely contribute the main share to the mussel diet. The
high "N value in this material in comparison with primary plant biomass indicates that it has
passed considerable degrédation. and recycling. Hence, it is old and composite material of

different age. In such material the atmospheric signal should be weaker than in air or primary

biomass.
n "N SE §BC  SE
Overall average 31 6.90 0.26 -26.10 0.16
Shell organic matter 16 6.81 0.41 -26.15 0.31
Body without visceral mass 13 7.27 0.95 -26.02 0.47
Visceral mass 2 5.80 1.84 -26.29 1.66

Tab. 6.3: Average 5"C and 8N signatures of mussel tissues,

In principle, the carbon may stem from mussel respiration of organic material (food) or from
riverine DIC, which is influenced by atmospheric CO, and environmental respiration
(community respiration and input of runoff, soil water and groundwater carrying DIC derived
from old plant matter). Assuming an air 8"°C signature of -7.8%o, and a fractionation of
aragonite formation relative to CO; according to Romanek et al. (1992), then at a water
temperature of 10°C a 8°C value of +4.2%: would be expected for aragonite formed at
isotopic equilibrium. This differs considerably from the values measured in the shells.
Analogously, we can assume a food signature of —27%.. A calculation of food consumption
and respiration of the mussels indicates that for shell formation (on average: 0.09 g yr'
mussel™), less than 10% of the respired CO; is needed, which allows discrimination to take

place during aragonite formation. If this metabolically derived carbon is converted to
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aragonite, applying the fractionation factor as mentioned above, at 10°C a 8°C value of

- 15.2%0 would be expected.

The shell signature and its variation can thus be explained by a varying contribution of air and
respiratory C (mussel respiration or community respiration contributing to DIC) to the
aragonite formation, with respiratory C cc;ntributing the largest share. The high contribution
of respiratory CO,, the variation among mussels and the weak to missing correlation with
water properties over years are concordant with our perception that the variation in shell
signature is of metabolic origin. A calculation of dissolved gasses based on Henry’s law and
water properties {temperature, pH, ionic strength) indicates that about reasonable 10% of the
oxygen dissolved in the inhaled water has to be converted to CO, to balance the dissolved
carbon species (CO,, HCOy, CO5™) and thus can create a 50% metabolic signal in aragonite
precipitated from the exhaled water. The {ack of knowledge about the physiology and
metabolic activity of freshwater pearl mussels, however, allows no interpretation of the
correspondence between differences in signatures and physiological states. Investigations of
the signature of recently precipitated shell material may allow to identify organisms in

different physiological state and thus to gain better insight into this organism.

Mussels show individual signals

Both shell valves from Z3 showed a clear similarity (Figure 6.7), indicating the reliability of
the analyses. The variance between the outer layers of the two valves (0.44%0%) was close to
the nugget effect (0.36%0%). The nugget effect is estimated from the variation between
adjacent layers of one valve and therefore independent from the correspondence of absolute
years, to which the layers of both valves are assigned. The similarity of both values indicated
that only littie additional error results from assigning the layers to years. The same conclusion
can be drawn from the comparison between the prismatic and nacreous layers of individual
mussels (Figure 6.8), which exhibited similar patterns, although an off-set between prismatic

and nacreous layers extending over several years was often observed.

While the patterns of the prismatic and nacreous layers of one individual were similar, those
of different individuals did not match, even assuming errors in assignment to the time axis of
single growth increments. This is a strong indication that physiological processes exert

predominant influence on shell §°C patterns. This interpretation is supported by the strong
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negative correlation of body tissue signatures with signatures of the yvoungest shell layers
(Figure 6.4). Additionally, total protein mass in the soft tissue negatively correlated with body
signature (r*=0.76). The body mass varied by a factor of 3 (containing 0.5 — 1.5 g dry matter
of protein) despite the similar and high age of the mussels. The studied specimens covered the
whole mass range observed in freshwater pearl mussels at this site (Schreckenbach, 1995).
This ciearly indicates that they differed in metabolic state. The strong correlation with
signature suggests that low-weight mussels (e.g. due to starvation or high metabolic activity
and production of glochidia) preferentially respire the isotopically lighter amino acids,
resulting in a lower body mass, which is isotopically enriched in C. The increased use of
isotopically lighter lipids (average difference to protein in our samples: -2.8%0) falls short, as
their total amount is too low (<1% of body dry matter in all cases) in order to explain the
observed pattern. Indeed, individual differences in the gross energy and soft tissue
composition of female mussels from the same river were previously described
(Schreckenbach, 1993). This study also revealed losses of 50% in gross energy and strong
reduction of dry mass for Anodonta anatina mussels kept in tanks for 6 months without
feeding. The strong correlation between body protein 8'°C signature and total body signature
of mussels can be explained by the fact that 60-70% of the total dry mass of mussel tissue is

made up by the raw protein fraction {Schreckenbach, 1995).

-10

-11

-12

313G (%0)

-13

-14

<15
1600 1920 1940 1860 1980 2000

Year

Fig. 6.7: Variation of "°C between successive prismatic layers of both valves from mussel Z3.
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Indeed, environmental parameters averaged over the growth period explained very little to
none of the variation in annual signature with r* being 0.047, 0,001, 0.0006 and 0.0005 for
temperature, pH, conductivity and summer rainfall, respectively. Despite this low predictive
ability, the correlation to temperature was highly significant due to the large number of
samples (n=150 in each case). The slope was positive although fractionation decreases with
temperature (Romanek ef al., 1992). This indicates that the "°C of carbon source increased
during the warmer months of the year, e.g. by increasing contribution of metabolic versus
water derived CO,. From the geostatistical analysis it followed that the periods of different
metabolic activity extended up to 25 years. Factors like individual age, gender-associated
differences, fecundity and filtering activity are related to metabolic activity and may result in
varying body composition and shell carbon signatures between individuals exposed to the
same environment. Dettman et a/l. (1999) found a 4 to 5%o increase in shell 8'°C in North
American freshwater mussels in early August when changes in temperature and 5°C of DIC
were minimal. They state that this change may be associated with the hatching and brooding
of young in the marsupia. Metabolic differences between male and female mussels together
with the highly variable fecundity among female pearl mussels (Bauer, 1998) could also
explain the differences between the individuals investigated in this study. With some annual
differences, M. margaritifera broods from July to September in the population investigated,
which coincides with the period of maximum shell growth. Hence, annual growth increments
might be expected to reflect such gender- or fecundity-linked physiological differences.
Individual metabolic activity of pearl mussels may also be linked with genetic factors. Such
investigations require high resolution genetic markers, such as microsatellites, which were
recently established for the pearl mussel (Geist er al., 2003). For the marine mussel Mytilus
trossulus Klein et al. (1996) showed that shell 3'°C was influenced by the rate of mantle
metabolic activity and Wefer & Berger (1991) reviewed several studies and stated that 8°C
was recording metabolic activity and reproductive activity, which agrees with our results for

the freshwater pearl mussel,

Differing filtering activities and food uptake could also be possible explanations for
differences between individuals. Borchardt (1985) found an exponential increase of carbon
incorporation efficiency and approximately linear increasing net corporation efficiency with

decreasing food rations in the blue mussel Myrilus edulis.
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Kinetic isotope fractionation effects during carbonate precipitation appear to be more likely in
aragonites than in calcites and are expressed when calcification occurs within thin, alkaline,
Ca®* rich solutions separated from adjacent cells by CO; permeable membranes
(McConnaughey ef al., 1997). These effects could, in theory, cause considerable variation in
shell §7°C, however, this would only occur during rapid carbonate precipitation and thus could
only be expected during rapid skeletogenesis (McConnaughey, 1989). Therefore, kinetic
isotope effects are highly unlikely to play a role in shell formation for these slowly growing

pearl mussels.
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Fig. 6.8: Comparison of "*C patterus from all four mussels; thick lines are outer prismatic layers, thin
fines are inner nacreous fayers,

Theoretically, the differences between individual signals could also be explained by the
exposure of individuals to different environmental conditions, resulting from (i) mussel
migration or translocation from other sites or (ii) the existence of different microhabitats
within the brook. As the investigated population has been well monitored, migration or
translocation events can be excluded for at least 15 years and especially for the last four years
before sampiing. Different microhabitats, e.g. different pH linked with algae or submerse

vegetation, cannot be fully excluded for the past, but flow turbulences result in a well-mixed
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water body. Even assuming the occurrence of different sediment microhabitats in this stream
with differing CO4/O; ratios, the mussels would still all be exposed to the same water since
adult pearl mussels do not bury themselves into the sediments at this site but inhale and
infiltrate water from the free-flowing, well-mixed and well-aerated water body. Homogenous
water chemical conditions around the mussel bank were also supported by spatially resolved
{< 1m) measurements of temperature, conductivity and pH, which never showed significant

differences in the flowing water body during measurements over several years.

6.5 Conclusions

The shefls of freshwater pearl mussels provide a long-term stable carbon isotope archive,
extending up to 100 years for central European populations. By heating at 550°C this archive
can be easily separated into individual layers, which can then be assigned to single years. This
separation is easier for the thick outer prismatic layers than for the thin inner nacreous layers.
The outer layers are preferable for sampling in this respect, although some information from

early growth stages may be lost by erosion of the oldest layers.

Following the findings of previous-authors, shell carbonate is derived from ambient DIC and
metabolic derived CO,. The shells exhibit distinct pafterns, which are for each individual
similar for both valves and alsc for the inner nacreous and the outer prismatic layers.
Different individuals, which lived within 5 meters of each other, and have been exposed to
identical environmental conditions, have very different 3"°C patterns in their shells and soft
tissues. The negative correlation of soft tissue protein mass with body signature suggests the
preferential consumption of isotopically lighter amino acids in periods of starvation or
increased metabolic activity, in turn resulting in a totally lghter but isotopically enriched
body. The incorporation of the respired carbon in the aragonite results in a negative
correlation between 6°C signatures of the soft tissues with the youngest shell layers.
Additionally, almost no influence of atmospheric CO; signature, pH and water temperature on
8¢ patterns was detectable. Consequently, the observed distinct signature patterns of
different mussels can not be explained by environmental variables, but metabolic processes
must exert predominant influence on shell signatures. Individual signal trends extend up to 25

years and can cover one fourth of the life span of the mussel.
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