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Abstract: A set of subfossil macroremains, consisting of 118 oak (Quercus sp.) and 61 elm (Ulmus
sp.) trees, was collected at five sites in the foothills of the Eastern Carpathians along the course of the
Suceava river. The tree-ring widths of the subfossil samples were measured. Dendrochronological
synchronization resulted in five oak chronologies, although each encompassed relatively few (2 to 4)
reliably cross-dated series. Radiocarbon analysis was performed on samples from three of the floating
chronologies and on an additional single oak sample. Double radiocarbon data from two of the float-
ing chronologies allowed for improved calibration using the wiggle-match estimate of the subfossil
oak remains. Radiocarbon evidence highlighted the fact that the subfossil material recovered from the
fluvial deposits of the Suceava river may represent a substantial part of the Holocene, from ~700 to
~7000 years ago. When temporal distribution of "“C dated sequences from the Suceava black oaks
were compared to the calibrated age ranges reported from nearby rivers (Siret, Moldova), deposition
events were observed to coincide at around 0.8-0.9 ka cal BP and ~3.7-3.6 ka cal BP. The five pre-
sented floating chronologies, and especially the first *C wiggle-matched tree-ring sequences of Ro-
manian black oaks could become key building blocks in a longer regional oak tree-ring chronology
for the Eastern Carpathian region.
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1. INTRODUCTION

Due to their predominant place in the archaeological
record and continuous use through historical times, oak
(Quercus spp.) chronologies play a central role in Euro-
pean dendrochronological research (Haneca et al., 2009).
Owing to the plethora of confirmed findings and the
tenacious work of devoted dendrochronologists in many
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tree-ring laboratories, very long oak chronologies have
been developed in Central Europe, in e.g. Germany
(Becker, 1993; Spurk et al., 2002), Bohemia and Moravia
(Kolar et al, 2012), or Poland (Kragpiec, 2001; Ggbica
and Krapiec, 2009). Subfossil wood has a great im-
portance in the extension of dendrochronological master-
series well beyond historical times. Among the character-
istic environments in which well-preserved old oak sam-
ples are regularly found are fluvial sequences, gravel
terraces for instance, where a nearby river maintains a
continuous groundwater level and buried trees are pre-
served in an anaerobic environment. Regarding the phys-
ical and mechanical properties of subfossil oak wood, it
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was found that its density is highly variable, the dimen-
sional changes are higher (c. double) and mechanical
properties (e.g. compression strength, hardness) are ap-
proximately 20—50% lower when compared to recent oak
wood (Kolat and Rybnicek, 2010). Another characteristic
alteration of these oak macrofossils is the blackish col-
ouration, owing to the reaction between tannin and dis-
solved iron from the groundwater (Krzysik, 1978).

Black oak megafossils are increasingly frequently re-
ported from the Carpathian region, and their utilization as
an aid in the reconstruction of alluvial landscape evolu-
tion has been initiated very recently in the Eastern Carpa-
thian foreland (Chiriloaei et al., 2012; Ggbica et al.,
2013; Radoane ef al., 2015). These recent studies, how-
ever, did not benefit from the added value of a dendro-
chronological input, because tree-ring width sequences
from the analysed subfossil trunks were not successfully
cross-dated.

Regarding the dated oak master chronologies from
Romanian territory, these have encompassed living
(Nechita and Popa, 2011, 2012) and historical material
(Eggertsson and Babos, 2003; Botar et al,, 2008, 2013),
but span only a couple of centuries. Though a great
chance for the development of a very long record may
exist, since a mass expansion of Quercus occurred be-
tween 10,200 and 9,500 yrs BP in Romania and the genus
has displayed a high abundance throughout the whole
Holocene in Romania (Feurdean et al., 2011).

An assessment of long European oak chronologies has
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pointed out that the southern and central-northern parts of
the continent, separated by the Alps, have represented
largely distinct tree-ring patterns over historical times
(Wazny, 2009). Bridging the core regions of these main
European oak dendro-zones was recently designated as a
crucial task for future European dendrochronology
(Wazny et al., 2014). Prospective achievements have
been reported recently from the Central Balkans in the
bridging of the oak chronologies of the wider Mediterra-
nean region and north-central Europe (Pearson et al,
2014). However, since the Carpathians, in contrast to the
Alps, seem to act as a bridge between the Northern and
Southern systems, Romania could also be a key region in
this regard (Wazny, 2009).

This paper describes a new Carpathian site, the
Suceava river, where numerous black oaks have been
collected. The aim of the study was to perform dendro-
chronological and radiocarbon analyses on the subfossil
samples and compare their age distribution to similar
findings from two nearby rivers. The presented data pro-
vided additional confirmation that these megafossils are
very likely available for the entire Holocene in Eastern
Carpathian fluvial deposits.

2. MATERIALS AND METHODS

Subfossil trunks from the riverside gravel deposit of
Suceava river

Outcropped subfossil logs have been sampled along

Fig. 1. Location of the collection points (Milisauti, Todiresti, ltcani, Udesti, and Roscani) of fossil trunks along the Suceava river. The rectangle in the
inset map shows the location of the enlarged region in Romania. The photos show typical samples: a freshly exposed embedded trunk at the

Todiresti site (top) and a sawn section from Udesti (bottom).
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the banks of the Suceava river (Fig. 1) since 2004.
A disk sample (~5-10 cm thick) was sliced from each
trunk using a chainsaw. Cross sections of the dried sam-
ples were mechanically sanded until tree-ring boundaries
and characteristic wood anatomical details became clear-
ly visible. Genus or occasionally species could be identi-
fied based on basic xylem characteristics. At the sampling
sites, oak (Quercus sp.), elm (Ulmus sp.) and, very rarely,
poplar (Populus sp.) have been observed, though oak
samples are by far the most abundant (~66%). Poplar
samples tend to deform severely after drying, so these
samples were not processed. Altogether, 179 samples
were collected: 118 oak and 61 elm. These latter, howev-
er, yielded significantly fewer tree rings (Fig. 2). There
were five locations where relative concentrations of sub-
fossil trunks were found (Fig. 1) within a relatively short
distance (1-2 km), while an additional 23 samples
(14 oaks and 9 elms) represent single findings collected
from separate sites along the river during the past
~10 years. The species composition and the oak domi-
nance are in agreement with other similar European sub-
fossil driftwood assemblages (eg. Kolaf and Rybnicek,
2011; Carozza et al, 2014; Radoane et al., 2015), alt-
hough the relative abundance of elm to oak (1:2) is higher
in this Suceava collection. Interestingly, this relative
abundance seems to be a robust characteristic of the sub-
fossil assemblages at every site (Fig. 2). As a final deci-
sion, due to their dominance and larger number of meas-
urable tree rings, oak samples remained the central focus
of the subsequent dendrochronological analysis.

Dendrochronological analysis

A LINTAB  digital-positioning  table  and
TSAP Win 4.68 software (Rinn, 2005) were used to
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Fig. 2. Age distribution histogram of subfossil oaks and elms from the
Suceava river. Pie charts show the species composition at the five
collection sites.
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measure the annual increments to a precision of 0.01 mm,
as well as for cross-dating the growth series by means of
graphical comparison to each other. For each disk, two
radii were measured and the series were checked for the
correctness of measurements within the disks. Finally, the
mean tree-ring series was determined for each disk and
used in the analysis.

Standard dendrochronological statistics, such as per-
centage of agreement (GLK%, Eckstein and Bauch,
1969) and modified ¢ value (fgp, Baillie and Pilcher,
1973) were used to evaluate the cross-dating results.

Radiocarbon measurement

Sample preparation and radiocarbon analysis were
performed in the '*C lab of the Hertelendi Laboratory of
Environmental Studies, Institute for Nuclear Research,
Hungarian Academy of Sciences, Debrecen (Molnar et
al, 2012). At an earlier stage of the research, two sub-
samples from the first successfully cross-dated doublet
were analysed by gas proportional counting, while at a
later stage four additional samples were analysed using
accelerator mass spectrometry. The radiocarbon ages
were calculated according to Stuiver and Polach (1977)
using the Libby half-life (5568 years). Long-term per-
formance of the Debrecen radiocarbon lab in international
intercomparisons proved that the both systems produced
excellent data and provided comparable results (Svingor
et al., 2016). Although GPC measurement error was
slightly greater compared to AMS, but in terms of accu-
racy, this method cannot stay away from the AMS meas-
urements.

Small blocks containing 2 to 13 tree rings were sliced
from the disks (Table 1). Radiocarbon analysis was per-
formed on the extracted a-cellulose. For technical details
on the applied a-cellulose separation method see Szanto
et al. (2007).

Gas proportional counting

Samples were combusted to CO, in a controlled oxy-
gen stream. Gaseous impurities (such as traces of NOx)
and excess O, unused during combustion were removed
by passing the produced CO, through a hot Cu-furnace.
The purified CO, was trapped in a stainless steel vessel
using liquid nitrogen and measured using the gas propor-
tional counting technique (Hertelendi et al., 1989). Cor-
rection for fractionation was achieved by measuring the
8Cppp value using a stable isotope ratio mass spectrom-
eter (Thermo Finnigan Delta™ XP) in dual-inlet mode.

Accelerator mass spectrometry

Measured targets were prepared using a sealed-tube
graphitization method (Rinyu et al., 2013). The "“C/"*C
ratio and "*C/"*C ratio were measured using accelerator
mass spectrometry (AMS), with the application of an
EnvironMICADAS 'C facility (Molnar et al, 2013a,
2013b). Measurement time and conditions were set to
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Table 1. Sample description with conventional and calibrated ages of wood samples taken from subfossil oak samples from Suceava river gravel
terraces. Unmodelled age range shows the simple calibration, while the modelled represents wiggle-matching estimates. A: individual agreement
percent of the OxCal wiggle-match model (in case of a single calibration it is not applicable).

. unmodelled modelled
Sample . japcoger O Croet  'Cage cal BP (95.4%) cal BP (95.4%) A ()
code [£0.2%] BP
from to from to
6290 6000 6300 (92.9%) 6100 1052
SV118 5 Deb-13202 241 537050 9090 (2.5%) 6060
6450 (92.8%) 60170 6250 (92.9%) 6050 746
SV133 13 Deb-13206 234 5490 + 70 6150 (21%) 6110 6040 (2.5%) 6010
6040 (0.5%) 6020
SV4/1 3 DeA4833 986 + 17 940 ((72'7‘;’)> 900 940 900 109
* 870 (22.7%) 800
SV4112 2 DeA4470 969 + 20 2‘7‘8 Eg?l;:% 388 880 840 64.5
. 0
2350 (44.9%) 2300 .
SV159 2 DeA-4471 2260 + 23 2250 (50.5%) 2150 not applicable
0,
SV191 2 DeA-4531 3390 + 34 3810 (0.2%) - 3800 not applicable

3720

(95.2%) 3560

a number of tree-rings counted in the block of sample used for radiocarbon analysis
b individual laboratory code of the Debrecen radiocarbon lab. ‘Deb-’ stands for samples measured with gas proportional counting and ‘DeA-’ for AMS

(Molnar et al., 2012)

¢ AMS measured 073C accounts for the mixed effect of natural and case-sensitive machine fractionation; these data are not therefore shown in the

table to avoid confusion

collect at least 200,000 net counts for every single target
in the case of a modern sample. The overall measurement
uncertainty for a modern sample is <3%o, including nor-
malization, background subtraction, and counting statis-
tics.

The radiocarbon ages were corrected for isotope frac-
tionation using the AMS measured 8'°C, which accounts
for both natural and machine fractionation.

Calibration

The calibration of '“C dates to calendar years was per-
formed using the OxCal v.4.2 (Bronk Ramsey, 2009)
program in conjunction with the Northern Hemisphere
IntCall3 (Reimer ef al., 2013) dataset. Calibrated ages
are reported with two standard deviations (20).

The so-called wiggle-matching technique (Bronk
Ramsey et al., 2001) was employed in the calibration of
radiocarbon results obtained from dendrochronologically
cross-dated tree-ring sequences using the D _Sequence
function of the OxCal v.4.2 (Bronk Ramsey, 2009) pro-
gram. This means that, thanks to precise a priori
knowledge provided by the dendrochronological syn-
chronization, i.e. the exact number of tree-rings between
the blocks subjected to radiocarbon measurements, the
radiocarbon counting errors are minimized, and this al-
lows for dating with considerably higher accuracy than in
case of single radiocarbon measurements (Pearson,
1986).
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3. RESULTS AND DISCUSSION

Dendrochronological synchronization

Very few (fewer than 10 samples) had bark or sap-
wood tree-rings, and these were mainly small size sam-
ples. The countable tree rings ranged from 23 to 228 with
a mean of 96 tree rings for the black oaks studied. This
range and the corresponding distribution pattern (Fig. 2)
suggest a younger population compared to the findings
usually reported in the broader region (e.g. Gebica and
Krapiec, 2009; Vitas ef al., 2014).

Five synchronized groups could be identified, encom-
passing 2 to 4 samples and spanning from 81 to 228 years
(Fig. 3). Unsurprisingly, successfully matched series
usually came from samples collected at the same locality.
Four series from the Milisauti site were matched into a
218-year long floating chronology (Fig. 3a). Three series,
including the two longest ones, were matched into a
228-year long floating chronology from the Roscani
collection (Fig. 3b). The only synchronized group con-
taining series from trunks excavated at different sites was
the one including SV153&SV159 from Milisauti and
SV310 from Itcani (Fig. 3c), representing a 185-year
floating chronology. Finally, two floating chronologies
were developed at Itcani near to the city of Suceava. The
shorter one contains three series spanning 81 years (Fig. 3d),
while a synchronized doublet covers 175 years (Fig. 3e).
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The rather low rate of cross-date success (i.e. 15
matches out of 118 samples: ~13%) is far below the
Polish standard (Krapiec, 2001), that recently reported
from a Belarusian site (Vitas et al., 2014), and from three
Croatian sites located along the Sava river and its tribu-
taries (Pearson ef al., 2014). Hardly better synchroniza-
tion success rates, however, have been reported for cer-
tain black oak assemblages from the Czech Republic
(Kolai and Rybnicek, 2011), for instance. Regarding only
the series with more than 80 tree-ring data, as Vitas ef al.
(2014) did, the rate of cross-dating success is higher
(~17.5%), although it is still far below those cited above.

It is worth mentioning that no series were successfully
synchronized from two sites, Todiresti and Udesti. The
explanation for Todiresti may be that the age composition
of the collected samples at this site was skewed toward
the young end. Only four samples were available from
Todiresti in which tree ring counts exceeded 100, and
even the longest record counted only 133 tree rings. The
lack of successful dendrochronological synchronization
has also been explained by the small number of tree rings
at certain Czech sites (Kolaf and Rybnicek, 2011). In
addition, no series were successfully synchronized repre-
senting single trunks collected from separate sites along
the river.

These experiences underline the better potential for
successful synchronization when larger set of samples
can be collected from the same stratigraphic unit, because
we can suppose that trunks from the same stratigraphic
unit represent the same deposition event, therefore the
buried trunks are more likely to be coeval and eroded
from a nearby locality.

The occurrence of multiple logs does not guarantee a
successful cross-dating, since the redeposition of trunks
in alluvia due to lateral migration of a river channel is
also well-documented (Kalicki and Krapiec, 1995). This
process can result in subfossil driftwood clusters with
very heterogeneous age distribution.

Radiocarbon calibration

Two '*C results were available from the shorter Itcani
chronology (Table 1, Fig. 3d), representing the oldest
samples so far retrieved from Suceava fluvial deposits.
The calibrated age ranges of SV118 and SV133 largely
overlap (Table 1). This provides independent evidence
confirming their close age and probably overlapping
lifespan. In other words '*C results do not contradict the
good synchronization obtained relying on dendrochrono-
logical cross-dating statistics.
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Fig. 3. Synchronized tree-ring width series of subfossil oaks collected along the Suceava river. A: Milisauti, B: Roscani, C: Milisauti & ltcani, while the
series in D and E were obtained from lfcani. Basic synchronization statistics are shown in inset tables. The lengths of the series are given with a gray
background along the diagonal, whereas percentage of agreement (GLK%, Eckstein and Bauch, 1969) and tsp (Baille and Pilcher, 1973) are shown

above and below the diagonal, respectively.
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Two "*C results were also available from the Roscani
chronology (Table 1, Fig. 3b). In this case, however, the
two blocks of tree rings were extracted from the same
sample (SV41). Interestingly, the radiocarbon dates place
this chronology in the youngest cohort so far collected
from the Suceava fluvial deposits.

In addition, the wiggle-matching procedure con-
strained the single-sample calibrated ranges to a remarka-
ble degree (Table 1). The overall series OxCal agreement
indices  (Acomp) Were 84.2% and 77.9% for
SV118&SV133 and SV41/1&2, respectively, and these
proved to be satisfactory.

There were an additional 21 and 131 countable tree
rings in the crossdated sequences after the blocks re-
moved for radiocarbon analysis in the Itcani (SV118-133-
308) and Roscani (SV05-41-42) chronologies, respective-
ly. Regarding these additional tree rings, and following
the radiocarbon dated blocks, the '*C wiggle-match esti-
mate of the last measured tree ring in the Itcani chronolo-
gy seems to be ~6230-5990 yr cal BP and in the Roscani
chronology ~749—709 yr cal BP (95.4% confidence level).

A single '*C result was available from the chronology
which included samples from Milisauti and Itcani (Table
1, Fig. 3c¢). Its calibrated 95.4% probability range is split
up into two intervals with practically equal likelihood:
2350-2300 yr cal BP or 2250-2150 yr cal BP.

The final "*C date was derived from a single sample
from Milisauti (SV191), and its calibrated 95.4% proba-
bility range overwhelmingly points to the 3720-3560 yr
cal BP period.

Regional comparisons

The radiocarbon results provided solid evidence that
subfossil oak material -and this is very likely valid for
subfossil elm material as well- can be found in the
Suceava fluvial deposits back to ~6300 years ago. In
addition, some interesting patterns were observed when
the temporal distribution of the Suceava floating oak
chronologies were compared with the radiocarbon dates
published in studies on late Holocene fluvial activity of
two nearby rivers (Chiriloaei ef al., 2012; Radoane ef al.,
2015), namely the Siret and Moldova (Fig. 4).

There are two periods, ~0.9-0.7 ka cal BP and ~3.7—
3.6 ka cal BP, when the deposition of oak megafossils
may be presumed to have taken place simultaneously in
the three river systems (Fig. 4), suggesting a region-wide
event. These are quite remarkable periods within the
Holocene population dynamics of Quercus sp. in the
region (Feurdean et al., 2011). High resolution pollen
records show abrupt changes in oak abundance around
0.8 ka. Regarding the second period, a decline has been
documented in oak pollen percentages at low elevation
Eastern Carpathian sites, while Quercus pollen accumula-
tion rates display a pronounced peak simultaneously in
NW Romania (Feurdean et al., 2011).

There are two additional periods around 2.3—
2.1 ka cal BP and 6.2-6.0 ka cal BP when shared periods
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of oak trunk deposition can be seen in both the Suceava
and Siret (Fig. 4). The first period predates an interval of
minor decline in oak pollen percentages in most of the
Eastern Carpathian records, while the second broadly
coincides with the termination of a period with sustained
high oak pollen percentages documented at most of the
low elevation sites among the Eastern Carpathian and
NW Romanian sites (Feurdean et al., 2011).

In the evaluation of the dendrochronological potential
these periods may represent the most promising target
periods for future cross-dating trials, since radiocarbon
evidence highlights the availability of coeval wood mate-
rial in the parallel river systems. With regard to its spatial
distribution, the Roscani collection seems to be a well
suited candidate, since Roscani is situated near the con-
fluence of the Suceava and Siret rivers (Fig. 1), and nu-
merous logs have been found in this section of the river
Siret at the nearby Liteni village (Radoane ef al., 2015).

The objective weakness of the preliminary floating
Suceava oak chronologies is their low replication. This
might be overcome in future investigations by increasing
the number of samples taken from sites with similar stra-
tigraphy, and the inclusion of data from nearby rivers (the
Moldova and Siret). To compensate for this, one strength
might also be mentioned, namely that the terminal tree
ring of the 228-year long floating Roscani chronology is
within ca. 150 years of the earliest tree rings of the long-
est oak master chronologies from Romania (Eggertsson
and Babos, 2003; Botar et al., 2008). This in turn raises
the prospect of the expansion of the Romanian oak master
chronologies with this subfossil oak material in the near
future.
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Fig. 4. Temporal distribution of subfossil radiocarbon dated oak mega-

fossils from three rivers from the Eastern Carpathian foothills. The thick
gray bars represent the temporal coverage of the three radiocarbon
dated floating chronologies and the single SV191 sample from the
Suceava river. The chronologies were linked to the median value of the
calibrated age range (this study). The thin bars represent the 2o cali-
brated ranges of subfossil oak samples from Siret (black) and Moldova
(gray) rivers (Data from Radoane et al., 2015). Coinciding deposition
events are marked by the shaded vertical stripes. The thick black bars
(bottom right) show the temporal coverage of the two longest oak
master chronologies available from Romania (Eggertsson and Babos,
2003; Botér et al., 2008).
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4. CONCLUSIONS

The research pointed out that subfossil oak samples
from the Suceava river gravel deposits are i) cross-
datable, and ii) spread out over time, the last ca.
6300 years, with the most recent samples lagging by only
a reasonably short time behind the early end date of the
regional oak master chronologies. This last statement is
important because it suggests good prospects for the
expansion of the Romanian oak master chronologies with
the aid of these subfossil oak materials in the near future.
So far, five floating oak chronologies have been devel-
oped from these black oak samples. These encompassed
2 to 4 samples and spanned between 81 and 228 years.
Radiocarbon analysis helped to place three of them on a
timescale. A useful, although logically expected, method-
ological experience was that synchronized series usually
originated from the same site; in future research it is
therefore recommended that special attention be paid to
localities with multiple trunks. The presented dataset, and
especially the first '*C wiggle-matched tree-ring sequenc-
es of Romanian black oaks, may turn out to be a key
building block in the construction of a longer regional
oak tree-ring chronology. It is foreseen that further sam-
ples, the careful selection the best candidates for addi-
tional radiocarbon measurements and the employment of
the wiggle-matching technique will yield the greatest
advances in this work.

The coincident deposition of oak megafossils ob-
served among the Suceava, Siret, and Moldova collec-
tions showed remarkable agreement with the reported
fluctuations of Holocene oak pollen percentages and
pollen accumulation rates from the Eastern Carpathian
and NW Romanian sites (Feurdean et al, 2011). This
suggests that megafossil material harbours a great poten-
tial for its integration with palynological evidence (i.e.
microfossil material), contributing to an improved picture
of Holocene population dynamics of Quercus sp. in the
region.

The rapidly growing subfossil datasets of the Eastern
Carpathians (Nechita et al., 2014; Radoane et al., 2015)
and the adjacent forelands (Ggbica et al., 2013) invite
joint future dendrochronological efforts in the cross cor-
relation of data from these relatively nearby sites; the
existence of a shared past climate prevailing over these
proximal watersheds may be expected to have resulted in
common growth variations in the former oak stands in a
way similar to that taking place under modern conditions
also. These records have the potential to provide an im-
portant pillar to the virtual bridge between the Central
European and Mediterranean oak dendrozones.
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