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Abstract. Human induced range expansions of invasive well as negative influence on power plant cooling systems
dreissenid bivalves are of great concern. However, the unand fish densities makes them also a socio-economic concern
derlying biological processes are only poorly understood,(Bij de Vaate et al., 2010). Problematic extant dreissenids
partly due to the lack of information on natural expansion are the zebra mussdédreissena polymorphéPallas, 1771),
events. Here we use the extinct bivalve spe8iesicongeria  and the eastern European quagga mus3edissena (Pon-
primiformisas a model organism for testing natural (i.e. pre- todreissena) rostriformis bugengidndrusov, 1897)Dreis-
Anthropocene) blooms of dreissenid species in a lacustrinesena polymorphgoriginated during the Pliocene in the Black
system of Lake Pannon during the Tortonian10.5 Myr; Sea area (Babak, 1983), but spread within the last 200 yr
late Miocene). A total of 600 samples from a consecu-throughout Europe due to artificial transcontinental water-
tive core were evaluated for the relative abundance of thisvays (Karatayev et al., 2007). Similarreissena (Ponto-
pavement-forming mollusc, which cover about eight millen- dreissena) rostriformis bugensarted to spread from its na-
nia of late Miocene time with a decadal resolution. tive range in the Don and Bug rivers (Orlova et al., 2004) and
Our data indicate that the settlement by bivalves in the off-has already arrived in western and central Europe and North
shore environment was limited mainly by bottom water oxy- America, where it starts to outcompddeeissena polymor-
genation, which follows predictable and repetitive patternsphain some areas (Zhulidov et al., 2010; McMahon, 2011;
through time. These population fluctuations might be relatecHeiler et al., 2013; Bij de Vaate et al., 2013; Matthews et al.,
to solar cycles: successful dreissenid settlement is recurrin@014). Recently, Wilke et al. (2010) documented that even
in a frequency known as the lower and upper Gleissberg cythe two endemic carino musselBréissena (Carinodreis-
cles with 50-80 and 90-120 yr periods. These cycles appeaena) presbensi&obelt, 1915, and. C. blanciWesterlund,
to control regional wind patterns, which are directly linked 1890) — originally endemic to the Balkan lakes Ohrid/Prespa
to water mixing of the lake. This is modulated by the even and Trichonis — started to invade artificial water bodies. Size
more prominent 500yr cycle, which seems to be the mostand density of recent dreissenid populations follow different
important pacemaker for Lake Pannon hydrology. trajectories (Churchill, 2013). Many populations display sta-
ble cycles of population size on sub-decadal scales (Burla
and Ribi, 1998; Strayer and Malcolm, 2006; Strayer et al.,
2011). Others are characterised by boom-and-bust patterns
1 Introduction (Stanczykowska, 1977; Casagrandi et al., 2007) and some
studies revealed irregular population behavior (Nalepa et al.,
The range expansion of dreissenid bivalves is a potentiabgog). The trigger mechanisms are complex and result from

threat to native fluvial and lacustrine ecosystems in Europen interplay of recruitment, survivorship of post-recruits and
and North America. Massive settlement within few years as
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changing environmental conditions (Strayer and Malcolm, [a ;
2006; Churchill, 2013). I |

All these range expansions and population size variations|
are happening within the Anthropocene (sensu Crutzen ang
Stoermer, 2000). The success of dreissenids is usually ati——
tributed to human influence. Furthermore, the anthropogenicf =
global warming is considered to positively affect the inva- |
siveness of dreissenids (Schindler, 2001), although the con
nection remains vague.

In this study we used the bivalve speci®mucongeria
primiformis (Papp, 1951) as a model organism for testing m 7
natural (i.e. pre-Anthropocene) blooms of dreissenid species
Specifically, we studied whether dreissenids have explosively
taken over aquatic ecosystems in the past and analyse the
connection with climate. The “natural laboratory” for this
investigation is the ancient, long-lived Lake Pannon, which
provides an excellent fossil record.

2 Material and methods Fig. 1. (A) Geological map of the Vienna Basin showing the posi-

tion of the investigated core at Hennersd@®) A dreissenid pave-
ment in the Hennersdorf pit during field work (with a fossil twig).

. . . ) ) This pavement can be followed over more than 400 m distance from
The investigated bivalve assemblages lived in Lake Pannonye outcrop area(C) Moderately dense coquina &nucongeria

which covered the Pannonian Basin complex in central ancprimiformis The shells are articulated and the sediment fill of the
south-eastern Europe during late Miocene and Pliocene timegalves is coated with pyrite indicating rather abrupt installation of
(11.6 to~ 5.5 Myr). This lake formed a several hundred me- dysoxic conditions killing off the population.
tres deep, long-lived, brackish and slightly alkaline lacustrine
system (Magyar et al., 1999; Harzhauser et al., 2004; Piller et
al., 2007; Harzhauser and Mandic, 2008). Lake Pannon is &arzhauser and Mandic (2004), excluding the presence of
textbook example for endemic evolution with spectacular ra-several precession cycles in the about 20 m thick succession
diations in many groups such as the melanopsid gastropodsf the clay pit. Based on cross-correlations with these astro-
and dreissenid bivalves (e.g. Geary, 1990; Miiller et al., 1999nomically tuned well data, Kern et al. (2012a) reinterpreted
Geary et al., 2002; Harzhauser and Mandic, 2008; Neubaueihe section and proposed a sedimentation rate of ca. 10 mm
etal., 2013). per 13-14yr. This study was performed on the same core
The studied samples derive from a drilled core in thethat provided the herein studied mollusc samples. Kern et
opencast pit Hennersdorf south of Vienna @852.6" N, al. (2012a, 2013) analysed a broad range of geophysical, geo-
16°21'15.8' E), where offshore clays of Lake Pannon are ex- chemical and biological proxies, all of which exhibit a set of
posed (Fig. 1). The mollusc fauna represents assemblageomparable cyclicities with similar frequencies.
of the regional Pannonian stage, corresponding to the mid- The ratios of the frequency peaks correspond to the ra-
dle Tortonian (Magyar et al., 1999). Magnetostratigraphy al-tios between known solar cycles, allowing a tuning of the
lowed a correlation with the normal chron C5n (Magyar et sedimentary record and a best-fit estimate of the sedimen-
al., 1999). Correlation with astronomically tuned well logs in tation rate. The proposed age model for the core results in
the Vienna Basin suggests an absolute age of 10.5-10.4 Myat resolution of roughly 13yr per centimetre and a total of
for the core (Harzhauser et al., 2004; Lirer et al., 2009).8000 yr for the whole 6 m core. Palynological data of Kern et
These clay deposits are famous for their frequently occur-al. (2012a) point to an at least warm-temperate climate with
ring dreissenid coquinas, which can be followed over largea mean annual temperature between 15.6 and°20).&ith
areas in the entire Vienna Basin pointing to major settlement cold season range of 5.0-13@and a warm season range
events (Fig. 1b). The conspicuous succession of dreissenifftom 24.7 to 27.9C. The mean annual precipitation (MAP)
coquinas was already recognised in the field by Harzhausewas varying from~ 820 mm up to~ 1530 mm, displaying a
and Mandic (2004), who tentatively assigned the cyclicity to clear seasonality with a wet phase of 204—-236 mm and a dry
Milankovitch forcing. Later, based on deep drillings in the phase of 9-24 mm per month.
Vienna Basin, Lirer et al. (2009) and Paulissen et al. (2011) The offshore environment captured by the core did not
showed that the sedimentation rates in the Vienna Basin durehange much as the shore of Lake Pannon was established
ing the late Miocene were much higher than calculated byin about a 3-5km distance at that time (Harzhauser et al.,

2.1 Geological setting
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2008; Kern et al., 2012a). Based on the relative position of3 Palaeontological analyses

the palaeo-shoreline and unpublished seismic data, a wa-

ter depth of a few tens of metres is most likely. Deposition 3-1  Preservation, autecology and life style

was below the fair-weather wave base, which is estimated

for Lake Pannon to have ranged around 10-15m by Korpés-rhe mollusc fauna of the pﬁshore areas of Lal_<e Pannon, as
Hodi (1983). Significant lake level changes during the inves-TéPresented at the clay pit Hennersdorf, consists nearly ex-
tigated time interval can be excluded based on the dinoflagel€!USively of dreissenid and cardiid bivalves; gastropods are
lates record, which is typical for “offshore” settings of Lake argely confined to nearshore environments. The inventory
Pannon with constantly high amounts bfpagidinium(ca. and spatial dlstrlbutloq of the taxa is described in detail in
20-40 %) (Kern et al., 2013). As documented in other stug-Harzhauser and Mandic (2004) and Harzhauser et al. (2008).

ies on Lake Pannon, such water table changes would be Ve?_ccordingly, the success_ion comprises several very disti_n_ct
clearly reflected by shifts in the dinoflagellate assemblageValve assemblages, which usually are nearly monospecific.

(Harzhauser et al., 2008; Kern et al. 2012b). Within the studied interval, the coquina layers are formed
mainly by the small-sized, thin-shelled dreissenid bivalve
2.2 Drilling and core handling Sinucongeria primiformigPapp, 1951). This was observed

in the field, where this core interval was exposed during
In November 2009 a 15 m-long core with a diameter of 15 cmexploration by the Wienerberger AG company, as well as
was drilled at the Wienerberger AG clay pit in Henners- during sample preparation in the laboratory. Therefore, de-
dorf. The lowermost 6 m were taken without a core break.spite the fragmentary preservation after sample processing,
This is the most uniform part with respect to lithology (dark the taxonomic assignment is reliable.
grey clay, low to absent bioturbation). Further analyses con-
centrated on this deepest segment (see Kern et al., 20128,2 Species studied

2013, for details and sampling protocol). After cutting the ) )
core into two halves, one halve was sliced, following a strict "€ genusSinucongeria (Lorenthey, 1894) belongs to the
1cm-sampling protocol. The samples were dried, weighedreissenid subfamily Dreissenomyinae (Babak, 198&)-

and treated with KO, before sieving with 125, 250 and Ucongeria primiformisis the §trat|graph|cally 'oIdest record
500 pm-mesh-size sieves. As the bivalve shells were frag®f this group and was considered a late Miocene offshoot
mented during washing, no individuals could be counted.Of Primitive Mytilopsislike Dreisseninae (Papp, 1951; Mari-
Therefore, the abundance of bivalves was evaluated by ugleScu, 1977). Indeed, its habitus as well as an integripalli-
ing semi-quantitative categories=0no fragments, 1= rare ~ at€ 10 shgh';ly sm.upalhate mantle scar comud_es with modi-
fragments, 2= frequent shell fragments, and=3dense co- ohform Dreisseninae (Harzhayser aqd Mandl_c, 2010), sug-
quina layers with numerous fragments. Statistical analyse§esting an epifaunal mode of life. During the middle Pannon-
were performed first on these semiquantitative raw data, od@" (ca. 10.5Myr) it is ubiquitous in Lake Pannon, forming

a detrended data set and on a 3 point-running-mean data sdense pavements by monospecific gregarious assemblages at
(trend removed) — all with very similar results. Detrending of Many sections (Fig. 1b) over huge areas. These have been
the data was performed with the program PAST (Hammer eponsu.jered “boom-and-bust” populatlons by Harzhauser and
al., 2001) to remove any linear trend from a data set by meandlandic (2004) as most specimens are articulated and fully
of subtraction of a linear regression line from the values.9rown.Sinucongeria primiformisnight represent an “explo-
This procedure was necessary to dampen the overall tren@V€ OPpOrtunist” sensu Levinton (1970) comparable to mod-
towards higher abundance of shells throughout the record® invasiveDreissenaspecies. Shell cavities are commonly
which would have masked the higher frequency cycles. Tdncrusted with pyrite (Fig. 1c), pointing to anoxia as a cause
detect and describe cyclicities, the software PAST (HammefOr their sudden death. Concluding, the pavements are inter-
et al., 2001) was used for Lomb—Scargle periodograms an@reted to represent aut(_)chthonous in situ census assemblages
REDFIT analysis (Schulz and Mudelsee, 2002) and the softO" “snaps_hots”_sensu Kidwell (1998). No indication for trans-
ware AnalySeries (Paillard et al., 1996) for filtering. REDFIT POrtor winnowing can be documented from the data.

is a program to remove unwanted red noise from the data

set, which is a common problem for unevenly spaced time

series (due to sampling or changes in sedimentation rate)A.' Results

The Monte Carlo method was applied to test a bias-correcteg, total, 600 samples have been evaluated to document fluc-
spectrum and only peaks above the 99% confidence interg ations in bivalve occurrence within the 6m-long record
val in the REDFIT spectrum were considered. Additionally, (Fig. 2: Supplement 1). Distribution and abundance are char-
a wavelet analysis was performed to detect potential NNy terised by an alternation of dense pavements and sam-
stationary periodicities. ples devoid of molluscs. There is a trend towards increas-
ing dreissenid abundance with time from sample 1500 on-
wards (linear correlatiom = 0.573, p <0.001). The lower
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part of the core reveals only infrequent intervals of settle- raw data 3-point running mean
ment (samples 15401510, 14801460, and 1380-1350) and core-depth M
few short settlement phases separated by long intervals of ab- 950 1
sence of any molluscs. From sample 1280 onwards, a phase zjg
of nearly continuous settlement starts, separated by short in- 980 |
tervals of population breakdowns. The longer phases of set- 990 1
tlement are also not uniform but exhibit a characteristic pat- o]
tern. This starts with the presence of single shells, passing 1020
into moderately dense shell accumulations and culminating 10301
in extremely dense coquinas, followed by a gradual or some- oy
times abrupt decline. As several prominent cyclicities have 1060 {
already been detected for various biotic and abiotic proxies 1323
in the core by Kern et al. (2012a, 2013), it might be expected 1090 4
that comparable periodicities influence the bivalve signal. 1100

Indeed, the spectral analyses of the raw data and of a ]
3 point-running-mean data set reveal several statistically sig- 1130
nificant peaks, passing the 99% confidence interval. The 1140 1
Lomb-Scargle periodogram shows a very prominent peak at 1122
32.8-35.5cm, a set of three peaks from 56.4 to 72.6 cm and 1170
a strong peak centred at 145 cm (Fig. 3a). A weaker peak ap- 1122 :
pears at 100 cm only in the 3 point-running-mean data. The 1200
REDFIT analysis reveals three additional higher frequency 12104
peaks at 5.5-5.5, 7.5 and 10.8cm (Fig. 3b). Increasing the 12201
number of segments in the REDFIT analysis reduces noise
and then also confirms the dominant peak at 35-36 cm of
the Lomb-Scargle periodogram, whilst high frequency cy-
cles become less prominent (Fig. 4 right).

The wavelet analysis (Fig. 4) confirms the presence of
the low-frequency signals especially in the upper half of the
core, whereas the high-frequency cycles revealed by RED-
FIT form discrete bundles (e.g. between sample 1280-1200,

3
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1230 4
1240
1250 4
1260
1270 4
1280
1310 4
1320
1330 4
1340 4
1120-1060). 1350 1
The frequency-ratio between the significant peaks in the 1;32
Lomb-Scargle periodogram calls for attention as the low fre- 1380 |
guency peaks might be only multiples of the prominent peak 1390 |
at 35.5 cm. Therefore, Gaussian filters were applied, centred e
and 33-36 cm explain most of the observed fluctuations of g
the record. The visual comparison of both curves suggests 1460 1
that the fit is good especially in the upper half of the core, 1;‘;2
whilst in the lower part the filter coincides with the “signal- 1490 -
bundles” observed in the wavelets. The low-frequency filter 1500
at 145-150 cm, in contrast, resolves especially the large-scale oo ]
pattern below sample 1050 but has a poor fit with the upper- 1530 {
most record. The filter spanning the triplet of peaks in the 1540
power spectra from 57 to 73cm has the lowest fit with th‘? Fig. 2. lllustration of the core and relative dreissenid abundance in-
record below sample 1050 and only a moderately good fitgicated on a semi-quantitative scale<(to shells; 1= rare debris
above. Thus, tentatively we interpret this frequency band asy single shells; 2= loose coquina; 3= dense shell bed), left: raw

1290 4
1300

at 10-11, 33-36, 57-73 and 145-150cm (Fig. 5). The fil- 1420 {

tered data document that the higher frequency filter at 10-11 1430 1

harmonic of the higher frequency signals. data, right: 3 point-running mean; core depth in cm (corresponds to

sample numbers 1540-940; i.e. 600 samples).
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ol A with values above 3.5-3.9 % (e.g. Hyland et al., 2005; Magni
1 145\ 3-point-running et al., 2008). Moreover, there is no correlation of higher val-
1 6.4.63.9.72.6 " mean ues with low coquina densities or population collapse. Sim-
30 328355 ilarly, layers with very dense coquinas do not coincide with

exceptionally low TOC values. Therefore, the suspended or-
ganic particles were not deposited in such a high amount that
gills of bivalves could be blocked.

Bioturbation is nearly absent aside from minor traces in
the lowermost part of the core. Therefore, the fine-scale fluc-
tuations of bottom water oxygenation are clearly unrelated
to bioturbation. This suggests that only the habitability of the
lake bottom was changing over time.

Kern et al. (2012a, 2013) documented comparable fre-
guency peaks in several biotic and abiotic proxies in the same
core with two discrete intervals of 4-6 and 8-9cm, repre-
senting 54.8-82.2 and 109.6-123.3yr. These values range
well within the expected ranges of the lower Gleissberg cycle
with a 50-80 yr period (Ogurtsov et al., 2002; de Jager et al.,
2010) and the upper Gleissberg cycle with a 90-120yr pe-
riod (Ogurtsov et al., 2002). As these solar cycles are quasi-
R osniols periodic, their repetition varies in time and distance, which

results in a set of peaks rather than a single peak. Inter-

] 108 /
2 N
il estingly, this periodicity is reflected more intensively in the

2 6 10 14 18 2 2% 30 ¥ 3B 4 46 50 pollen record, the gamma radiation and the carbonate con-

Fig. 3. Lomb—Scarglda) and REDFIT(b) periodograms with indi- ~ t€ntrecord. Kern et al. (2013) concluded that these repetitive
cation of the 99 % confidence interval. Longer frequencies are betchanges were more likely related to wind strengths and/or
ter revealed in the power spectra, whilst short cyclicities are bettewind direction rather than to variations in precipitation. Such
supported by the REDFIT-analysis. differences in wind regime might be important for lake water
mixing and as a consequence result in a better oxygenation
of bottom waters, supporting settlement by dreissenids.
5 Discussion As shown by the wavelet analysis, the high-frequency cy-
cles are best expressed during maxima oft5 cm cycle,
The overall pattern describes a distinct amelioration of eco-pointing to a clear modulation. This very prominent peak ap-
logical conditions for dreissenid settlement from bottom pears with a comparable bandwidth also in the magnetic sus-
to top. A similar trend is observed in the number of co- ceptibility signal (MS), where it is the most dominant cycle
occurring ostracods, which are most abundant in the uppe(Kern et al., 2012a). Kern et al. (2012a) interpreted this pat-
part of the core, whilst the lower half is characterised by tern to reflect phases of increased sulfur bacteria activity due
long-lasting and severe population collapses, punctuated bto low bottom water oxygenation, modifying the original MS
short phases of ostracod settlement (Kern et al., 2012a). Thisignal. The coincidence of favourable bottom oxygenation
large-scale trend is explained by the fact that Lake Pannormnd dreissenid settlement is especially striking when the fil-
changed from a transgressive phase into a high-stand phasered MS record of Kern et al. (2012a) is compared with the
with increasing bottom water oxygenation and a prograda-filtered dreissenid record. Both behave anticyclic with high-
tion of the coast. A few metres above the core top, thisest dreissenid densities during phases with lowest MS values
shift is documented in the clay pit by coquinas of coastal-(Fig. 5c, €).
deltaic origin, transported offshore by storms, by an increase The same cycle is also influencing the settlement by os-
of silt content, and by sediment oxygenation, reflected in atracods, suggesting it a major pacemaker of lake bottom
colour change from grey-blue towards yellow (Harzhauserecology. Based on the age model of Kern et al. (2012a),
and Mandic, 2004; Kern et al., 2012a). The influx of or- this important cycle represents the unnamed 500 yr solar cy-
ganic matter, however, was not the driving force for dreis-cle, which is also well documented from Holocen¥ @ata
senid settlement. TOC (total organic carbon)-data are avail{Solanki et al., 2004; Kern et al., 2012a). The overall increas-
able for the lower 150 cm of the core (samples 1540-1390)ngly more effective bottom water oxygenation as reflected
and were published in Kern et al. (2013). The values areby the general trend of increased settlement is thus clearly
rather low ranging between 0.56 and 1.19 %, and the fluc-modulated by this cycle, which in turn modulates the expres-
tuations are minor. These values are distinctly below those o&ion of the high frequency Gleissberg cycles.
typical stress environments over-enriched in organic loading

power

REDFIT
3-point-running
mean
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Fig. 4. Morlet wavelet power spectrum based on the 3 point-running mean data set (white line indicates significanged&:65b). The
Lomb-Scargle (left) and the REDFIT (right) periodograms illustrated previously in Fig. 3 are now drawn along a log2-scale (vertical axis)
for easier comparison of frequency peaks in the power spectra in Fig. 3 with those in the wavelet spectrum (orange and red lines represent 9t
and 99 % confidence intervals). The colour scale represents the strength (i.e. power) of the signal in the wavelet spectrum — red for the high,
blue for the low power. Horizontal scale of the wavelet analysis plot represents the core depth in centimetres.

6 Conclusions

950

1000

This is the first study documenting the waxing and wan-
ing of dreissenid bivalve populations over a continuous time
interval of approximately eight millennia of late Miocene
time with a decadal resolutiorSinucongeria primiformis
was among the most successful species settling in offshore
environments of Lake Pannon, where it formed vast pave-
ments. The tolerance for poorly oxygenated lake bottoms
close to the epilimnion/hypolimnion boundary was probably
the key adaptation to outcompete other species in this lacus-
trine offshore environment.

The position of the investigated core documents an over-
all positive shift of the ecological window suitable for dreis-
senid settlement, which is related to a long-term lake high-
stand. This trend is strongly modulated by high-frequency
§ 2 cycles, which are probably related to solar cycles. The high-
e est frequency cycles become gradually more significant when
Fig. 5. Gaussian filters have been applied to the bivalve data accordlower frequency cycles are well established as seen in the up-
ing to the dominant periods revealed by the periodograms in Figs. Jer half of the core.
and 4. These filters are centered at 10-11, 33-36, 57-73 and 145— Thus, solar forcing might have played an important role
150 cm(A-D). The two high-frequency filters explain most of the for lake hydrology, which in turn allowed population blooms
observed dateéE shows magnetic SUSCEptibi"ty data from Kern et during phases of improved eco|0gica| conditions. The re-
al. (20_12a). The Gaussian fi_Iter cz_enter_ed at36cm representsf the hbeated establishment of dysoxic conditions was lethal for
pothetical 500 yr cycle and is anticyclic compared with the bivalve 4, populations and is reflected by pyrite incrustations in
record(C). the shell cavities. The cyclicities might be expressions of the
Gleissberg cycles and the 500 yr cycle, indicating that bottom

Harzhauser and Mandic (2004, Fig. 4) showed that co-water oxygenation was strongly influenced by these solar cy-

eval (but not necessarily identical) mass-occurrence Iayergles'_ i o i
of dreissenids are documented from the entire shelf of Lake 1NiS €xample shows that dreissenid bivalves may be pi-
Pannon (e.g. Marinescu, 1985; Skerlj, 1985; StevanovicON€ers: which quickly dominate aquatic ecosystems even in

1985a, b, c). These occurrences document that explosive d(’p_re—Anthropocene records. The surprisingly strong influence
mographic expansions by dreissenid bivalves were a wide

of solar forcing on the success of the Miocene dreissenids is
spread phenomenon.

1050.

1100

1150

1200

1250

1300

1350

 centred at 36 cm

ssian fiter centred at 145-150 cm

bivalvia 1 2 3 bivalvia ! 2 3

an overlooked aspect for predicting the population dynam-
ics of extant dreissenids. To understand the success of extant
Dreissenaspecies in a larger context, analyses of Holocene
lake records would be urgently needed. Such data could
also help to identify and further quantify natural population

Biogeosciences, 10, 8428431, 2013 www.biogeosciences.net/10/8423/2013/
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short time periods and may thus not accurately differentiate Atmos. Sol-Terr. Phy., 72, 926-937, 2010.
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Moreover, historical demographic data could also help to ation of MelanopsigGastropoda: Melanopsidae), Paleobiology,

. . 16, 492-511, 1990.
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