
 Annually Lam
inated Lake Sedim

ents   •   W
ojciech Tylm

ann and Bernd Zolitschka

Annually 
Laminated Lake 
Sediments

Printed Edition of the Special Issue Published in Quaternary

www.mdpi.com/journal/quaternary

Wojciech Tylmann and Bernd Zolitschka
Edited by



Annually Laminated Lake Sediments





Annually Laminated Lake Sediments

Special Issue Editors

Wojciech Tylmann

Bernd Zolitschka

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Special Issue Editors

Wojciech Tylmann

University of Gdańsk,
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Abstract: The collection of papers entitled “Annually Laminated Lake Sediments” illustrates the
recent progress made in varved sediment research and highlights the variety of methodological
approaches and research directions used. The contributions cover the monitoring of modern sediment
fluxes using sediment traps, geochronological and sedimentological analyses of varves, multi-proxy
investigations, including geochemical and biological proxies, as well as spatiotemporal analyses based
on multi-core studies supported by satellite images. The scientific issues discussed the influences of
hydroclimatological phenomena on short-term changes in sediment flux, the relationships between
biogeochemical processes in the water column and the formation of varves, the preservation of
environmental signals in varves, and possibilities of synchronizing varved records with other
high-resolution environmental archives.

Keywords: environmental monitoring; geochronology; hypoxia; pollen analysis; sediment flux;
varve microfacies

Annually laminated (varved) sediments are excellent archives of the changing Earth. They
store information with a high temporal resolution about past climate variability, natural rates of
environmental change, and anthropogenic disturbances [1]. The fundamental advantage of varves
is the possibility of establishing precise time scales along sediment cores, which provide a solid
geochronological framework and builds an essential element of paleoenvironmental reconstruction. In
addition to the calendar-year time control, another advantage of varves is the absence of bioturbation
in these natural archives enabling the application of innovative sub-millimeter-scaled scanning
techniques for the generation of high-resolution (annual, sub-annual or seasonal) proxy data series
(e.g., [2–4]). However, the lacustrine environment is prone to influences from a variety of natural and
human-related forcing factors, all of which influence lake systems directly (e.g., water temperature,
mixing regime, water column oxygenation, biological productivity) and indirectly (e.g., vegetation
cover in the catchment area, soil erosion with an influx of minerogenic particles, pollutants and
nutrients) with different intensities and at different time intervals. Complex interactions within
the lake-catchment system and their effects on the lacustrine deposition cause uncertainties in the
interpretation of reconstructions based on proxy records from lake sediments. Disentangling these
overlapping influences is one of the most difficult problems to tackle [5]. However, new findings of
lakes with varved sediments [6,7] and rapid developments in monitoring and analytical techniques
shed new light on the potential of varves for paleolimnological reconstructions.

The initiative for this Special Issue emerged from activities of the past global changes (PAGES) Varve
Working Group that was established to coordinate activities leading to methodological developments
and, at the same time, setting quality standards for varve chronologies, data management and
processing, as well as integration with other high-resolution, i.e., annually resolved environmental
archives [8]. The authors present recent progress reports for different directions in varved sediment
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research. This is illustrated by the diversity of papers involving different methods and applied
techniques, as well as different lake settings and geographical locations.

In their work, Johansson et al. [9] showed a novel technique for monitoring modern sedimentation
processes in Lake Kallavesi, eastern Finland. They track the direct influence of meteorological
and hydrological phenomena on short-term changes in sediment fluxes using the prototype of a
high-resolution online sediment trap to obtain flux-rate information with daily resolution. In addition
to typical seasonal variability, this research also provides valuable information on catchment responses
to short-term and weather-related events, e.g., influences of storm tracks that cause larger sediment
fluxes over several days. This new technique of sediment trapping combined with microstratigraphic
analyses of varved sediment archives helps in the interpretation of paleoclimatic proxy records and
improves the modeling of past weather and erosion conditions.

Salminen et al. [10] documented a multi-core investigation of spatiotemporal variations in
hypolimnetic hypoxia for the past 200 years in Lake Lehmilampi, eastern Finland. They used
spatiotemporal changes in varve distribution as an indicator for hypolimnetic hypoxia oscillations.
This approach allowed for the recognition of several periods with hypoxia primarily related to changing
climatic conditions. They conclude that more sophisticated investigations are essential for a better
understanding of climatic and anthropogenic forcing behind hypolimnetic hypoxia oscillations in
boreal lakes.

The potential of high-resolution pollen analysis in varve records from northern Germany was
presented by Theuerkauf et al. [11]. They test whether pollen analysis with annual resolution can
be used for synchronizing different varve records. The results for species that show strong annual
variations in flowering, e.g., Fagus sylvatica and Picea abies, supported their chronostratigraphic potential
and indeed allowed to synchronize these records. Moreover, peaks in pollen deposition correlate with
minima in tree-ring widths, which provides a tool for the synchronization of these records.

Thys et al. [12] investigated the potential of sediments from Kenai Lake in south-central Alaska to
archive snow avalanches. Using a precise chronology, sedimentological characteristics of varves, and
satellite images, they explain how sediments are redistributed by ice floes across the lake and compare
dropstone records with climate data. They present a direct link between historical snow avalanches
and dropstones preserved in lake sediments, which suggests that dropstones can be used for long-term
reconstructions of snow-avalanches with at least decadal resolution.

Additionally, Vegas-Vilarrúbia et al. [13] focused on the preservation of different environmental
signals in varves. They synthesize results of different modern analogue studies performed for Lake
Montcortès, Central Pyrenees (Spain), and discuss different limnological and biogeochemical processes
that reveal seasonality in the lake and indicate different potentials for preservation in the sublayers
of each varve. Advantages and limitations of such a multiproxy modern-analogue approach for
investigations of lake sediments are discussed, and guidelines for future research at Lake Montcortès
and beyond are proposed.

Finally, classical microstructural investigations of varves and their components were presented by
Żarczyński et al. [14], who compare varve microfacies and particle-size distributions in biogenic varves
of Lake Żabińskie in northeastern Poland. Although changes in particle-size distributions between
different varve types were relatively small, end-member analyses allowed recognizing variabilities
in the deposition of allochthonous and autochthonous sediment components. This suggests that
there is room for more detailed sedimentological investigations not only in clastic but also in biogenic
depositional environments. Grain size analysis of individual sediment components is suggested as a
future task to improve the interpretation of end-member analysis.

All the papers in this volume demonstrate that annually laminated (varved) lake sediments are
reliable recorders of past environmental change. However, the studies also highlight the complexity of
the information embedded in these natural archives. Further investigations are required to improve our
understanding of varves and their fascinating potential for reconstructions of natural and man-made
changes in the environment, especially in modern times of ongoing global climate change.
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14. Żarczyński, M.; Szmańda, J.; Tylmann, W. Grain-size distribution and structural characteristics of varved
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Abstract: The purpose of this study was to identify relationships between meteorological and
hydrological observations and sediment flux rate changes, in order to better understand catchment
dynamics. The meteorological and hydrological observations included local air temperature, wind
speed, water temperature, and ice cover, while the sediment flux rate was observed in the lake
basin using a modified sediment trap technique. This study demonstrates the advantages of a new
online methodology applied in conventional sediment trapping to obtain flux rate information with
daily resolution. A prototype of a high-resolution online sediment trap was tested in Savilahti Bay,
Lake Kallavesi, eastern Finland, during the period from 22 October 2017 to 6 October 2018. The
daily resolutions of meteorological, hydrological, and sediment flux rate data were analyzed using
statistical methods. The results indicate relationships between temperature, precipitation, wind
speed, and sediment flux rate, but the urban site also showed erosional changes due to anthropogenic
land use. Sediment flux ceased during winter season and spring floods were recorded as pronounced
peaks in sediment flux, while the growing season showed generally higher sediment accumulation
rates. This research also provides valuable information on the catchment response to short-term
weather events. The influence of a storm led to larger sediment flux for several days. The importance
of wind speed and frost formation on sedimentation, which has been difficult to address due to
trap deployment times of typically several months, is now supported. Used together with varved
sediment archives, online sediment trapping will facilitate the interpretation of paleoclimatic proxy
records and modeling of detailed weather and erosion conditions that are related to climate change.

Keywords: sedimentation; flux rate; catchment dynamics; ultra-high resolution; environmental
monitoring; novel technology methodology

1. Introduction

Annually laminated (varved) sediments have shown their importance in paleoclimatological and
environmental studies [1–3]. A high temporal resolution up to subannual scale allows robust dating [1]
as well as investigation of past hydroclimatic and temperature variability, even in a season-specific
manner [4–7]. Varves, formed as a consequence of seasonal cycles in sediment availability and
production [2], are highly dependent on catchment characteristics and environmental conditions [2,8].
This leads to their sensitivity in reflecting changes in climatic conditions over time in different
climatic zones [9–13] and underlines the need to understand each varve record with respect to their
individual catchment and climate characteristics [2,4]. Understanding the detailed mechanisms that
mediate hydroclimatic changes in sedimentary records is critical for paleoclimatic and environmental

Quaternary 2019, 2, 18; doi:10.3390/quat2020018 www.mdpi.com/journal/quaternary5
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interpretations [2,4,14,15]. Understanding of the process is further gained by using sediment trap
monitoring, which reveals seasonal changes in sedimentary material in detail [14–18].

Sediment trapping is a classical technique used to acquire time series of sediment flux rates and
variations in sedimentary composition in aquatic environments [14,15]. In order to investigate
the sediment flux rate with respect to meteorological and hydrological effects, high-resolution
observations from the study site are required. Using sequential sediment trap monitoring with
seasonal deployment intervals, it has been possible to gain a detailed understanding of the seasonal
controls on catchment processes, erosion, production, and sediment deposition [14–18]. However,
investigating the importance of a single short-term meteorological event in sediment deposition
using the sediment trap technique is difficult. Traditionally, sediment trap time series are collected
with a resolution of a few months. Nowadays, higher-resolution trap monitoring is desired and
datasets of monthly and biweekly resolution are typical [14,19,20]. Thus, the influences of short-term
meteorological and hydrological events on flux rate changes are not recorded, but are addressed on the
scale of weeks. Furthermore, wind and frost formation, which are obscured by the more dominant
forcing factors, have been suggested to influence sediment accumulation [4,21–23], but so far have been
addressed using indirect evidence and statistical approaches. Using seasonal trap monitoring, these
questions are difficult to answer, because other erosional events, such as spring floods or numerous
rainy days, have dominated the sedimentation. So far, according to our knowledge, no systematic
attempts have been carried out to measure the changes in sediment accumulation during, for example,
a single storm event. Therefore, a monitoring technique that can obtain ultra-high-resolution time
series from flux rates in aquatic sites is desired.

Trapping methods can be divided into two categories: passive sampling traps and traps with
sample bottles attached in an automatic revolving wheel. Passive trapping is a commonly used
method in lake studies, with deployment intervals varying from a few weeks to several months. A
revolving wheel can be used to sample with higher temporal resolution. However, due to the restricted
number of collector tubes in a revolver, sampling longer time series with daily resolution is rare due to
increased operating costs and effort required. The modern online technology applied to sediment trap
monitoring would enable longer and higher-resolution time series of flux rate variability and therefore
a more detailed understanding of the processes related to sediment accumulation with respect to
anthropogenic land use or single meteorological events.

Computer tomography methods are noninvasive and nonintrusive ways to measure and image
the interiors of objects. Typically, tomographic imaging applications are utilized in medical and
industrial fields but can be applied in other fields where there is a need to obtain images inside objects.
Computer tomographic imaging combines multiple projections of an object into a cross-sectional image.
Projections are measured by scanning the object from different angles. Tomographic results are in two
or three dimensions, depending on the measurement setup. Three-dimensional images describe the
height, length, and volume of the object.

We applied tomographic imaging to sediment traps in order to measure volume changes inside
the sediment trap collector tube and determine flux rate variations semicontinuously with daily time
resolution. This paper presents a methodology for ultra-high-resolution online sediment trapping
to investigate daily changes in sediment flux rate with respect to meteorological and hydrological
observations. This technique can be applied to understand the importance of different meteorological
and hydrological events in catchment erosion and sedimentation in detail.

2. Materials and Methods

2.1. Site Description

Lake Kallavesi is a large water body located in eastern Finland surrounding the city of Kuopio. It
is located in the boreal vegetation zone, with annual mean temperature of +3 ◦C, and mean temperature
of the coldest and warmest months is −10 ◦C (January) and +17 ◦C (July), respectively [24]. Annual
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precipitation is about 644 mm/year, of which approximately half is in the form of snow. The lake is
covered by ice for about 6 months, typically from November to April [25].

The complex Lake Kallavesi basin was formed after the Weichselian ice sheet retreated more
than 9500 years ago [26,27]. It includes several semiclosed basins detached from the main water body
by glacial deposits such as eskers, but also by bedrock shear zones and Precambrian domes. One
semiclosed basin, Savilahti Bay, was selected as the study site because it has several advantages. With
the University of Eastern Finland campus located on its shore, Savilahti Bay was an ideal place to test
the prototype of the sediment trap system because of the ease of access to the trap location in case
the online data showed interruption, disconnection, or other problems. In addition to the ease of trap
maintenance, the advantages are undisturbed sedimentation in the deepest part of the basin and, first
and foremost, the meteorological station located on the shore to enable the evaluation of the importance
of weather events in sediment accumulation. The surface area of the Savilahti Basin is 0.345 km2 and
the maximum water depth is 7 m (Figure 1). Savilahti Bay is detached from the main water body of
Lake Kallavesi by two sills, reducing the water depth to 1 m in eastern and northern parts of the basin.
Thus, the sedimentation of Savilahti Bay can be considered to mostly represent its catchment instead of
the entirety of Lake Kallavesi. There are two narrow streams discharging to Savilahti Bay from the
northeastern island and southwestern coast. The bay catchment is composed of coarse-grained material
including quaternary sand deposits and sand moraines, former lacustrine fine-grained sediments,
and bedrock outcrops. Savilahti Bay is located at 81 m a.s.l. and the northeastern side of the bay is
sheltered by a high hill slope (140 m a.s.l.). At present there are human residences, road systems, and
other infrastructure on the catchment in addition to boreal pine forests.

 

Figure 1. Location of Savilahti Bay and the online sediment trap site in the deepest part of the basin
(marked with +).

Lake Kallavesi is a dimictic brown-water lake, which is a very typical lake type in Finland. Savilahti
Bay suffers hypoxic conditions during the winter stratification. According to the measurements at
the study site in February of 2016–2018, the oxygen concentration in bottom waters was 8.1, 4.2, and
4.4 mg/L, respectively. Thus, with its size, catchment, and water characteristics, Savilahti Bay resembles
the previously reported Finnish lakes with annually laminated sediments [4,9,15,21,23].

7
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2.2. Field Work

A prototype of a high-resolution online trap (Figures 2 and 3) was installed at the deepest point
of the basin 1 m above the sediment surface, i.e., to a depth of 6 m. During the study, the sediment
accumulation and the state of the equipment were inspected on daily basis. An anchored buoy that
sends measurements over a mobile network was installed near the online trap (Figure 2a) and left
in place for the duration of the study, including the period of ice cover. The daily resolution of
meteorological and hydrological data was obtained using open data from the Finnish Meteorological
Institute [24] and Finland’s environmental administration [25]. Ice-cover information was based
on visual observation. Sediment flux rate and meteorological and hydrological observations were
collected during the period from 22 October 2017 to 6 October 2018 in Savilahti Bay of Lake Kallavesi,
Kuopio, Finland. The sediment trap was collected on 11 November 2017, 10 May 2018, 28 July 2018,
and 6 October 2018.

 
(a) 

  
(b) (c) 

Figure 2. (a) Schematic illustration showing the online trap configuration: (1) signal buoy, (2) sediment
trap, (3) trap collector tube with tomography device, (4) cable connecting tomography device with
solar panel energy supply and Internet network, (5) float providing Internet connection and energy
supply, and (6) anchors. (b) Cross-section illustration of tomographic scanning at the lower part of the
modified trap collector tube, and (c) location of optical transmitters and receiver pairs at the bottom of
the modified trap tube.
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Figure 3. Online trap in Savilahti Bay basin at a depth of 6 m under the flag sign. Anchored float
behind flag sign is the base station for the online trap, which sends measurements to the Internet over a
mobile network.

2.3. Daily Measurement of Sediment Flux

Online trapping was used to investigate daily changes of sedimentation flux rate. A conventional
sediment trap with 2 collector tubes was modified for this purpose. Computed tomography scanning
equipment was adjusted in collector tube 1, while collector tube 2 was left as a reference tube (Figure 2a).
Computed tomography, where the resulting image is a volumetric representation of structures in the
trap tube, was applied to measure the daily change in sediment volume (Figure 2b). The trap tube was
surrounded by 8 optical transmitter (infrared light) and receiver (linear camera) pairs in the inner surface
at the lower part of the tube (Figure 2c). Optical transmitters and receivers performed tomographic
scans of the trap tube interior. Computer tomography scans are based on optical measurements, which
measure light attenuation from different angles. Accumulated sediment causes light attenuation by
absorbing light energy. Water affects light transfer, but significantly less than accumulated sediment.
This attenuation is captured by imaging sensors from opposite sides as light sources. Imaging sensors
are positioned vertically to capture changes in height. Scanning was performed by turning light sources
on and off sequentially and capturing light attenuation by imaging sensors simultaneously from the
opposite side in a similar sequence. Captured light attenuation represents the light absorption profile
of accumulated sediment from the height direction, i.e., projection of accumulated sediment. Profiles
captured from 8 different angles were processed by a filtered back projection algorithm to a volumetric
image. The measurement interval was 1 h, and data were transferred as an email attachment once a day.
The operating principle and a detailed technical description of the online sediment trap methodology
are provided in [28]. The measurement range in the height direction was 0 to 8.125 mm, and with a
trap diameter of 56.5 mm, the maximum volume was about 19.9 mL. Accumulation was followed
online so that the maximum volume would not be exceeded.

The sediment trap was collected 4 times during the year in order to verify the volume of
accumulated sediment and empty the trap tube to ensure that the maximum technical volume was not
exceeded. Accumulated sediment volume was measured manually from the trap tube in a measuring
cylinder, in order to compare tomography scan volume to actual sediment volume in the tube. Sediment
collection was performed by taking the whole contents of the trap, sediment and water, to a 5 L sample
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vessel. Collected sediment and water were stored in the sample vessel for further processing. To
determine sediment volume, first the amount of water was reduced from the sample vessel to about
80 mL. Then, the sediment and remaining water were poured into a 100 mL measuring cylinder and
left to settle for about 1 day. After settling, sediment volume was determined manually.

2.4. Meteorological and Hydrological Observations

Meteorological observations of open data from the Finnish Meteorological Institute were
utilized [24]. The meteorological station is located only 200 m from the sediment trap. Meteorological
data include air temperature (◦C), air humidity (%RH), dew point (◦C), precipitation (mm), pressure
(hPa), wind speed (m/s), wind direction (◦), snow depth (cm), visibility (m), water precipitation (mm),
and snow precipitation (mm). The hydrological observations were from local measurements from
the study site and an open data service provided by Finland’s environmental administration. Local
hydrological measurements included water temperature from 1–6 m depth within 1 m intervals. Depth
is marked in meters in the results as 1–6, where 1 is near the water surface and 6 is near the lake bottom.

Hydrological data from Finland’s environmental administration consisted of the following
parameters: water surface temperature (◦C) from a depth of 1 m, water level (cm), water flow (m3/s),
and depth of ground frost (cm). Ice cover information is based on visual observations of Savilahti Bay,
recorded in the diary according to the situation in the bay. The ice cover data are interpreted as 0 for
liquid water and 1 for ice cover. Ground frost data accuracy is about 1–2 cm; this specified accuracy is
used to discriminate the ground frost variable to define 2 different situations. The ground frost variable
is used as a grouping variable: 1 if the frost is more than 1 cm in depth and 0 if less than 1 cm. Ground
frost group data are interpreted as unfrozen soil (0) and frost at least 1 cm deep (1).

Wind direction is a cyclic variable, which is transformed to vector values by Equations (1) and (2).
Equation (1) is used to transform the wind direction to the north–south vector, and Equation (2) is used
to transform the wind direction to the west–east vector:

Wind direction (north-south) =wind speed m/s × sin(wind direction degrees) (1)

Wind direction (west-east) =wind speed m/s × cos(wind direction degrees) (2)

2.5. Statistical Analysis

All data, sediment accumulation, and meteorological and hydrological observations were
combined into one dataset for statistical analysis. Statistical analysis was processed with SPSS
software version 25.0 [29]. First, data were preprocessed by setting outlier values to variables and then
calculating daily averages for continuous variables from one-hour resolution data. Discrete variables
of water and snow precipitation were also preprocessed by setting outlier values to variables but
calculating the daily sum instead of averaging. Pearson’s correlation coefficient and scatter plots were
used to measure linear dependencies of variables. The combined daily resolution dataset row count
was 350. The outlier values were set for sedimentation flux rate to values outside of 0.01 to 1.00 mL/day.
The meteorological and hydrological measurements were normally distributed, therefore no outliers
were excluded. The local water temperature dataset row count was 278 for depths of 1 to 6 m. Local
water temperature data failed to record temperatures from 27 July 2018 due hardware failure. The
rest of the rows (279 to 350) of water temperature to one-meter depth were replaced by water surface
temperature data from Finland’s environmental administration. The statistical analysis was performed
using grouping information to separate the effect of ice cover for cases where meteorological events
may affect sedimentation flux rate. As another way to study the influence of weather conditions on
sedimentation, ice cover observations were used to separate the dataset for 2 different cases. Air
temperature, snow depth, and all hydrological observations were examined for the whole dataset.
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3. Results

The monitored sediment flux rate showed great daily variation. The measured sediment
accumulation varied from 0 to 1.73 mL/day, the mean accumulation was 0.11 mL/day, and the median
was 0.10 mL/day during the one-year test period. The total accumulation for the year was 39 mL, of
which 3.65 mL accumulated during winter (November–March), 8.07 mL during spring (April–May),
18.38 mL during summer (June–August), and 8.89 mL during autumn (September–October; note that
autumn accumulation is the combined sum from 22–31 October 2017 and 1 September to 6 October 2018).

The sediment volume was measured manually in order to verify the tomographic scan volume
measurements. Sediment collection dates and sediment volumes (in mL) are shown in Table 1. The
table shows sediment volume measured by the online trap and manually; the last column of the table
shows differences between online and manually measured volume. Total accumulated sediment was
39 mL as measured by the online device and 40.8 mL by manual measurement.

Table 1. Sediment collection dates and volumes.

Sediment Collection Date Online Measurement (mL) Manual Measurement (mL) Difference (mL)

11.11.2017 3.0 2.5 0.5
10.5.2018 6.9 6.5 0.4
28.7.2018 14.7 14.0 0.7
6.10.2018 14.4 17.8 −3.4

3.1. Ultra-High-Resolution Sediment Flux Rate with Meteorological and Hydrological Observations

The sedimentation flux rate and meteorological and hydrological observations represent seasonal
variations over the investigated time period of one year. Measured variables, units, and descriptive
statistics are shown in Table 2. Time series figures represent variations and relationships between
variables: sedimentation flux rate with meteorological and hydrological observations (Figures 4–6).
Time series figures were interpreted as different seasonal situations.

Table 2. Descriptive statistics of variables used in study.

Variable Unit N Minimum Maximum Mean Median
Std.

Deviation

Sedimentation Flux rate mL/day 350 0.00 1.73 0.11 0.10 0.23
Air temperature ◦C 350 −21.10 25.37 5.02 13.27 10.87

Wind speed m/s 350 0.88 5.83 2.49 2.40 0.90
Wind gust m/s 350 1.56 11.18 4.70 4.45 1.77

Wind direction ◦ 350 58.83 350.92 199.33 191.52 70.73
Snow depth Cm 350 0.00 93.88 22.41 50.93 29.75

Water precipitation mm 350 0.00 37.00 1.11 2.10 3.58
Snow precipitation mm 350 0.00 18.50 0.62 2.00 1.99

Water temperature at depth of: ◦C
1 m 350 0.06 24.70 7.47 14.40 8.54
2 m 278 0.07 18.81 4.97 1.32 6.44
3 m 278 0.06 16.58 4.36 1.56 5.24
4 m 278 0.06 13.70 3.89 1.73 4.19
5 m 278 0.13 12.41 3.63 2.07 3.38
6 m 278 0.12 10.27 3.37 2.56 2.67

Ground frost Cm 183 0.00 5.00 1.00 1.40 1.43

Ice cover 0 (no),
1 (yes) 350 0 1 - - -

Construction 0 (no),
1 (yes) 350 0 1 - - -

Ground frost (group variable) 0 (no),
1 (yes) 350 0 1 - - -
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Figure 4. Daily sedimentation flux rate of Savilahti Bay from 22 October 2017 to 6 October 2018. Bar
diagram shows sediment flux rate in mL/day, line diagram shows snow depth in cm (red line), ground
frost depth in cm (black line), and monthly averaged ground frost depth from 1971 to 2000 in cm (dotted
gray line). Note that ground frost in cm means depth below the ground surface. Bold lines on top of
diagrams show ice cover (dark blue) and construction (green) events during the investigation period.

 
Figure 5. Daily sedimentation flux rate with respect to air temperature and basin water temperature at
depths of 1 to 6 m, with one-meter interval, in Savilahti Bay from 22 October 2017 to 6 October 2018.
Bar diagram shows sedimentation flux rate in mL/day and line diagram shows temperatures during
investigation period: air (blue transparent line), water from 1 m depth (violet line), 2 m depth (blue
line), 3 m depth (green line), 4 m depth (yellow line), 5 m depth (orange line), and 6 m depth (red
line). Sedimentation flux rate increased when air temperature was above 0 ◦C and decreased when air
temperature was below 0 ◦C. Note that water temperature from depths of 2 to 6 m are missing due
hardware failure starting on 27 July 2018.
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Figure 6. Daily sedimentation flux rate from Savilahti from 22 October 2017 to 6 October 2018. Bar
diagram shows sedimentation flux rate in mL/day and line diagram shows water precipitation in
mm/day (red line) during the investigation period.

3.2. Statistical Analysis Results

Pearson correlation coefficient was computed to assess the relationship between the sedimentation
flux rate and meteorological and hydrological observations. Statistical correlations were calculated
between every variable of the dataset, and statistically significant results where correlation coefficient
p-value was <0.05 are shown in Tables 3 and 4.

Table 3. Pearson correlation between sediment flux rate and meteorological observations.

Flux Rate
(mL/day)

Air Temperature
(◦C)

Wind Speed
(m/s)

Wind Direction
(West–East)

Precipitation
(mm Water)

r 0.31 1 0.31 2 0.20 2 0.35 1

p <0.001 0.02 0.045 0.01
N 350 54 106 54

1 Correlation is significant at the 0.01 level (2-tailed). 2 Correlation is significant at the 0.05 level (2-tailed).

Table 4. Pearson correlation between sediment flux rate and hydrological observations.

Flux Rate
(mL/day)

1 2 3 4

R 0.31 1 0.34 1 0.30 1 0.28 1

P <0.001 0.02 0.01 <0.001
N 350 278 278 278

Flux Rate
(mL/day)

5 6 Ice Cover Snow Depth (cm)

R 0.28 1 0.28 1 −0.28 1 −0.26 1

P 0.01 <0.001 <0.001 <0.001
N 278 278 350 350

1 Correlation is significant at the 0.01 level (2-tailed).
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Comparing the Pearson correlation coefficient between sedimentation flux rate and meteorological
observations (Table 3) shows a positive correlation between temperature, wind speed, wind direction,
and water precipitation. The positive correlation between sediment flux rate and air temperature
(r = 0.31, N = 350, p < 0.001) is summarized in a scatter plot (Figure 7a). Increases in sedimentation flux
rate were correlated with increases in air temperature.

 
(a) 

  
(b) (c) 

Figure 7. Linear relationship between (a) air temperature, (b) wind speed, and (c) water precipitation
and daily sedimentation flux rate.

Overall, there was a medium positive correlation between sedimentation flux rate and wind speed
(r = 0.31, N = 54, p = 0.02; Table 3, Figure 7b). Increased sediment flux was correlated with enhanced
wind speed. A weak positive correlation between flux rate and wind direction was also found (r = 0.20,
N = 106, p = 0.045), suggesting increased sedimentation during windy periods. Finally, there was a
medium positive correlation between water precipitation and flux rate (r = 0.35, N = 54, p = 0.01).
Increased sedimentation flux rate was correlated with increased water precipitation (Table 3, Figure 7c).

Positive and negative correlation coefficients between sedimentation flux rate and hydrological
observations were found (Table 4). A medium negative correlation was observed between sediment
flux rate and snow depth (r = −0.26, N = 350, p < 0.001). Increased sediment flux rate was correlated
with decreased snow depth. Flux rate and water temperature at depths of 1–6 m showed a positive
correlation (Table 4), while a medium negative correlation was found between sediment accumulation
and occurrence of ice cover (r = −0.28, N = 350, p < 0.001). Sediment flux rate was decreased during
periods of ice cover.
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The 3-day precipitation event during 10–12 June with daily precipitation of 4.1 mm, 8.1 mm, and
1.2 mm, respectively, was followed by a significant increase in daily sediment accumulation on 13 June,
which lasted up to 5 days. Single one-day storm events on 23 June, 30 June, and 15 July (see Figure 6)
caused water precipitation of 29.2, 37.0, and 20.9 mm, respectively, followed by increased sediment
accumulation on 24 June, 1 July, and 17 July with durations of 2, 4, and 4 days. It is noteworthy that
in between precipitation events, the sediment flux rate decreased to a much lower level, even under
the detection limit. The 6-day precipitation event during 10–15 November, with daily precipitation of
2.1 mm, 1.9 mm, 5.7 mm, 5.4 mm, 2.1 mm, and 0.3 mm, respectively, was followed by a minor increase
in daily sediment accumulation.

The 2-day windy event without precipitation within 9 days on 18–19 May, with daily average
wind speed (and wind gust) of 2.0 (3.9) and 3.9 (7.1) m/s in the SW and NW directions, respectively,
was followed by a significant increase in daily sediment accumulation, which lasted up to 3 days.
Another 5-day windy event without precipitation within 21 days on 27–31 May, with daily average
wind speed (and wind gust) of 3.2 (6.4), 2.8 (5.2), 1.9 (3.8), 3.6 (7.7), and 4.5 (8.4) m/s in W, NW, W, W,
and W directions, respectively, was followed by a significant increase in daily sediment accumulation,
which lasted up to 6 days.

An independent-samples t-test was conducted to compare sedimentation flux rates in non-ice
cover (group value 0) and ice cover (group value 1) conditions. There was a significant difference in
the scores for non-ice cover (mean = 0.17, SD = 0.27) and ice cover (mean = 0.04, SD = 0.12) conditions
(t34 = 5.48, p < 0.001). Our results show that when there was no ice cover, the sedimentation flux
rate increased. An independent-samples t-test was conducted to compare sediment flux rates in
non-ground frost (group value 0) and ground frost (group value 1) conditions. There was a significant
difference in the scores for non-ground frost (mean = 0.23, SD = 0.21) and ground frost (mean = 0.07,
SD = 0.06) conditions (t15 = 3.01, p = 0.002). These results suggest that the occurrence of ground frost
has a negative effect on the sedimentation flux rate.

4. Discussion

4.1. Potential and Reliability of Online Sediment Trap

Multiple high-resolution paleoclimatological studies from varved sediments have largely increased
our understanding of past climate changes and their drivers and scales. Several studies have shown
the link between lacustrine sediment accumulation and large-scale climatic patterns such as solar
activity [9,11,21,30,31] and changes in atmospheric circulation [9–12]. The detailed mechanisms by
which catchments respond to large-scale climatic variability are very case-specific [2]. Detailed
identification of the importance of specific weather and hydrological events will facilitate the
interpretation of seasonal sedimentary records and improve proxy-based paleoclimatological records.
Using online sediment traps with ultra-high (i.e., daily) resolution, it is possible to measure the variation
of sediment fluxes in detail and develop our understanding of catchment processes and ultimately
their climatic and hydrological controls.

In this study, we measured daily sediment accumulation flux rates to identify the importance of
single climatic and hydrological events to sediment accumulation. Through automatic tomographic
scanning of the sediment trap tube interior, we identified the daily changes of sediment accumulation
rates with respect to meteorological events that were recorded at the meteorological station at the
study site. The measured sediment volumes in the trap tube were very close to the manually
measured sediment volumes (approximately 5% difference; Table 1), supporting the applicability of the
tomographic scanning method for sediment flux rate studies. The deviation, however, increased up to
17% with very low sedimentation rates, which must be kept in mind if absolute values are compared.
In most of the cases, tomographic scanning gave slightly larger values for sediment accumulation than
manual measurements. However, even very low accumulation rates of less than 1 mL/day are recorded
by tomographic scanning, and the theoretical accuracy of the method is ±0.00995 mL; the smallest
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measured value above zero was 0.00007 mL/day. The larger deviation of the October collection in
the opposite direction compared to other measurements (Table 1) is very likely due to the sediment
volume approaching the theoretical maximum. It seems that the practical maximum is slightly lower
than the theoretical maximum. However, bearing these limitations in mind, we suggest that the
trends, variability, and volumes of daily sediment accumulation are accurate enough to be used for
monitoring of sediment flux variations. Large variability in the daily sediment flux data suggests
the suitability of tomographic scanning for sediment flux measurements and underlines the need for
ultra-high-resolution monitoring.

4.2. Sediment Flux Changes Controlled by Meteorological and Hydrological Events

Ultra-high-resolution observations and statistical analysis show a strong relationship between the
rate of sediment accumulation in Savilahti Bay and meteorological and hydrological variables. The
major parameters driving sediment accumulation on a seasonal scale are temperature, precipitation,
and snow accumulation.

A positive correlation between sediment flux rate and temperature indicates spring, summer, and
autumn as major seasons of sedimentation, which is in line with earlier sediment trap studies [14,15]
as well as the conceptual models of varve formation in boreal environments [15,30,32]. A drop in
sedimentation rate occurs for periods with temperatures below zero (Figure 5). This most likely
indicates decreased sediment availability due to freezing and frost, as discussed earlier [4,14,21].
The nearly simultaneous ice cover (Figure 4) shows a negative correlation with sediment flux.
Ice cover forms a physical barrier to allochthonous material transport and to wind and wave
stress, as suggested earlier [23]. The importance of the ice cover period and frost formation for
reduced sediment accumulation is supported by the t-test (Figure 8), which shows that the majority
of sediment accumulation occurred during the ice- and frost-free period. However, during the
winter (December–February), minor sediment deposition occurred under ice cover. These individual
sedimentation events are associated with periods of increased air temperature (Figure 5).

Figure 8. Boxplot of sediment flux rate with ice cover and ground frost grouping variables. Group
value 0 means no ice cover and 1 means the presence of ice cover; for ground frost, group value 0 means
no ground frost and 1 means the presence of ground frost at least in 1 cm deep. Note that the ground
frost group value 1 boxplot is missing ice cover group 0, because there were no data for this group.
Points represent outliers and asterisks represent extreme outliers.
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A negative correlation coefficient between sediment flux rate and snow depth reflects the
importance of snowmelt or loss for increased sediment accumulation, as suggested earlier [2,9,15,32].
In spring (March–May), the sedimentation flux rate started to increase on 12 April. This peak was
due to snowmelt-induced spring flooding. The peak sediment accumulation rates between 12 and
19 April occurred at a time of rapid snow cover thickness loss (Figure 4). It is noteworthy how short
and punctuated the first period of extreme sediment volumes is in spring. The snow around the lake
melted before the ice cover melted and caused solids to move under the ice. Ground frost started
to decrease on 6 March and reached 0 cm on 16 April, almost simultaneously with ice cover melt.
However, after the ice and soil melted, the sedimentation rate increased again from late May to early
June. This could be related to spring algal blooms [14,15,17]; however, the tomography method is
incapable of defining the type of accumulating material.

A positive correlation between sediment flux rate and water temperature is related to spring,
summer, and autumn with unfrozen soil, but this flux rate is also very likely influenced by autochthonous
production and enhanced accumulation of biogenic matter [2,14,15,17]. Tomographic scanning cannot
identify the type of sedimentary material, and thus the accumulation of organic matter compared to
minerogenic matter cannot be discussed based on these results.

Precipitation in general has well-documented links of sediment accumulation in boreal
zones [15,23,33]. Interestingly, during summer (June–August), intense water precipitation events
caused increased sediment influxes with durations of several days (Figure 6). The precipitation-induced
erosion along with the increased stream velocity and surface run-off likely explain the positive
correlations. The lag could be related to the catchment response linked to, e.g., hydrological connectivity
and soil retention, but also to varying settling velocity of particles with different size and density.
This highlights the importance of not only winter precipitation and consequent spring flood, but also
precipitation during the growing season, to sediment accumulation.

A positive significant correlation with wind speed reflects wind speed increases, leading to an
increase in sediment flux rate. Enhanced wind speed during summer months is often related to storms
and high precipitation rates and therefore is difficult to separate from the dominating influence of
precipitation. When air and water temperatures are positive, wind-induced waves are likely to cause
resuspension of littoral sediments, as suggested earlier [23].

During autumn (September–November), in October, the sedimentation rate decreased and air
temperature fell to negative values, the topsoil froze, and solids were no longer prone to erosion due to
precipitation. Topsoil started to freeze on 27 October and short and long precipitation periods occurred
on 5–19 November.

Unfortunately, massive construction work started on the immediate catchment of the Savilahti Bay
on 27 July 2018, and the sediment flux response to autumn conditions cannot be discussed with respect
to climatic and hydrologic data, but was most likely driven by ditching and digging. This also led to
unpredicted filling of the trap tube close to the theoretical maximum limit, leading to failure in the
measurement of total volume by tomography compared to manual measurement (Table 1). However,
the online trapping technique seems to be a very useful and valuable instrument in sediment flux
studies to facilitate our understanding of climate-catchment processes, and also for measuring and
monitoring the influence of anthropogenic activities on lake catchments. Online sediment trapping
enables the investigation of the influence of single storm events, wind speed, and frost formation on
sediment accumulation, which are discussed when interpreting varve records [2,4,15,21,23]. Such
events are suggested to influence the sediment supply and measured lamina thicknesses, but so far this
has been difficult to address. Combining the detailed analyses of sediment components and annual
varve records could lead to an even deeper understanding of the driving mechanisms of sediment
accumulation and lamina thickness. Further studies utilizing the long-term online trapping technique
from basins with annually laminated sediments and open data sources, such as meteorological and
hydrological observations, and their combination with data and statistical analysis methods will

17



Quaternary 2019, 2, 18

deepen our understanding of catchment dynamics and thus improve future interpretation based on
high-resolution sediment sequences such as varved sediment records and sediment trap datasets.

5. Conclusions

Ultra-high-resolution sedimentation flux rates combined with meteorological and hydrological
observations provide valuable information about the response of catchments to weather conditions and
facilitates the interpretation of varve records. Daily measurements allow for a better understanding
of the influence of single meteorological events such as heavy rainfall or increased wind speed on
sediment transport and accumulation. Using annually laminated sediments and sediment trapping
with deployment periods of several weeks, it is difficult to address these short-term events in detail.
The ultra-high-resolution sediment flux time series sheds light on catchment responses to seasonal
conditions and single meteorological events. Statistical analysis and time series disclose seasonal effects
on sedimentation in the semiclosed Savilahti Bay basin in eastern Finland. Evidence on the importance
of precipitation and temperature for sediment deposition is gained. Moreover, increased sediment
fluxes lasting for several days following rainstorm events and enhanced wind speed are measured.
The online trapping technique seems to be a very useful and valuable instrument for sediment flux
studies. Further studies utilizing a long-term online trap technique and open data sources, such as
meteorological and hydrological observations, and their combination with data and statistical analysis
methods are suggested in order to deepen our understanding of catchment dynamics. This will
facilitate paleoclimatic interpretations based on high-resolution sediment sequences such as varved
sediment records.
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Abstract: We investigated 34 sediment cores to reconstruct spatiotemporal variations in hypolimnetic
hypoxia for the past 200 years in Lehmilampi, a small lake in Eastern Finland. As hypoxia is essential
for varve preservation, spatiotemporal changes in varve distribution were used as an indicator for
hypolimnetic hypoxia oscillations. The hypoxic water volume was used as a variable reflecting
hypolimnetic hypoxia and determined for each year by estimating the water volume beneath the water
depth where shallowest varves were preserved. As a result, seven hypoxia periods, highlighting the
variations in hypolimnetic hypoxia, are established. These periods may be influenced by bioturbation,
lake infill, and lake level changes. Furthermore, we evaluated the relationship between hypolimnetic
hypoxia oscillations and climatic factors. Diatom assemblage changes were also analyzed to estimate
whether the hypoxia periods could be related to anthropogenic eutrophication. The diatom analyses
suggest relatively stable nutrient conditions for the past 200 years in Lake Lehmilampi. Climate, on the
other hand, seems to be an important driver of hypoxia oscillations based on correlation analysis.
The role of individual forcing factors and their interaction with hypolimnetic hypoxia would benefit
from further investigations. Understanding climatic and anthropogenic forcing behind hypolimnetic
hypoxia oscillations is essential when assessing the fate of boreal lakes in a multi-stressor world.

Keywords: varves; hypoxia; oxygen deficiency; lake sediments; eutrophication; hypolimnetic
hypoxia oscillations

1. Introduction

Eutrophication and hypoxia have become environmental challenges worldwide, causing loss
of biodiversity, fish kills, and algal blooms [1–3]. Therefore, they are also an economic problem [4].
Eutrophication in lakes is triggered by excess nutrients [5] leading to hypolimnetic hypoxia through
enhanced autochthonous production and increased oxygen consumption caused by the degradation
of biogenic material [6,7]. The nutrient overload is generally a result of anthropogenic influence,
such as sewage and runoff from agricultural fields, construction areas, and industry [8]. In addition to
anthropogenic factors, changes in climate affect hypolimnetic oxygen concentrations. For instance,
the solubility of oxygen in water corresponds negatively to increasing water temperatures [9]. Increasing
water temperature may also reduce the mixing of oxygen-rich surface waters with deeper waters [9]
and thus extend the stratification period [10]. Hence, variations in climate trigger variations in
hypolimnetic hypoxia, i.e., their depth, area, and volume. These variations in hypoxia are hereinafter
called hypolimnetic hypoxia oscillations.
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Lake sediments are natural archives suitable for investigating past climatic and anthropogenic
changes in the environment [11–13]. Their formation is mainly controlled by climate, catchment
conditions (e.g., weathering, surface run-off, groundwater flow), and anthropogenic factors [14,15].
Varves are annual laminations that represent seasonal sedimentation cycles in a lake [12,16] and
can be considered as indicators of hypolimnetic hypoxia [17,18]. High lacustrine productivity and
seasonal variability in runoff transporting eroded clastic material into a lake are essential for varve
formation [12,19]. Varve preservation, however, requires certain features [20,21] that support the
absence of sediment mixing, erosion, and re-suspension. Hypoxia (≤ 2 mg L−1) [22], the oxygen
level under which freshwater organisms cannot survive [1], is the key to further the preservation of
varves [21,23] because it results in the absence of bioturbation. It more likely occurs in stratified and
eutrophic lakes with oxygen consumption due to organic matter decay (mineralization) [7]. In contrast
to longer-term hypoxia, seasonal hypoxia might not result in varve formation, for instance, because of
uniform seasonal sedimentation or wind-induced resuspension [24].

Although the approach of using the presence of varves to study hypolimnetic hypoxia has shown
to be suitable, the number of studies using varves to establish the onset of hypoxia oscillations is
limited [17,18,25]. The present study details spatiotemporal changes in varve preservation from the
deepest point towards the shore of Lake Lehmilampi in Eastern Finland during the past 200 years.
As varve preservation is highly dependent on hypoxia, the study also relates to hypolimnetic hypoxia
oscillations. In addition, we evaluated possible forcing factors (climate variations and eutrophication)
influencing hypolimnetic hypoxia oscillations in Lake Lehmilampi.

2. Study Site

Lake Lehmilampi (Figure 1a,b) is a small headwater lake in Eastern Finland (63◦37′42 N, 29◦06′09 E,
surface area 0.17 km2) with a northern (maximum water depth: 10.8 m) and a southern basin (maximum
water depth: 11.6 m). Both basins are elongated in the northwest-southeast direction. The northern
shoreline of the northern basin and the southern shoreline of the southern basin are rather steep.
Lake Lehmilampi has two inflows, one from the southeast and another from the southwest and one
outflow to the northwest. Lake water monitoring data is available only for three dates since the 1970s
showing seasonal and annual variations in water quality (Figure 1c).

Hydrological monitoring data are unavailable for this small lake but exist for the larger and deeper
(maximum water depth: 61 m) neighboring Lake Pielinen, located ca. 9 km to the south from Lake
Lehmilampi. The freezing date varies from October 23rd to January 29th (average November 25th) in
Lake Pielinen, melting date from April 29th to June 3rd (average May 18th), and ice cover duration
from 105–212 days (average 175 days) [26,27]. Spring and autumn overturns typically take place in
May and September–October, respectively [28]. The water level in Lake Pielinen (Figure 1d) decreases
to its minimum in April, after which it increases to its maximum in June–July [29]. The average annual
difference between the minimum and maximum water levels is 118 cm [29].

Lake Lehmilampi is located in the boreal climate zone. Mean annual temperature is 3.2 ◦C, mean
spring (March, April, May) temperature 2.2 ◦C, mean summer (June, July, August) temperature 15.2 ◦C,
mean autumn (September, October, November) temperature 3.7 ◦C, and mean winter (December,
January, February) temperature −8.5 ◦C at the weather station Kuopio Maaninka [30]. This station
is located approximately 100 km southwest from Lake Lehmilampi. Mean annual precipitation is
612 mm, with approximately half as rainfall and the rest as snowfall [28]. Mean spring precipitation is
112 mm, mean summer precipitation 218 mm, mean autumn precipitation 158 mm, and mean winter
precipitation 124 mm. In Eastern Finland, wind velocities are rather low, and mean annual wind speed
varies between 2.5–3.4 m/s at Lake Lehmilampi [31]. Wind velocities are highest during autumn and
lowest during winter. Generally, the wind direction is southeast during autumn and southwest during
the rest of the year.

Land use in Eastern Finland changed into a more permanent slash-and-burn cultivation in the 16th
century [32,33], although paleolimnological analyses suggest sporadic, small-scale land use already
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during prehistoric times, i.e., prior to the 14th century [34,35]. Cultivation intensified in the 18th century
in the vicinity of Lake Lehmilampi, as evidenced by increasing cereal pollen in the lake sediments [35].
Traditional slash-and-burn agriculture continued in Eastern Finland until the late 19th century [36].
After the Second World War, agriculture, forestry, and urbanization intensified in Finland [37]. Draining
peatlands for forestry was most extensive in Eastern Finland during the 1960s–1980s [38], and a small
drained peatland also exists in the Lake Lehmilampi catchment. Currently, the catchment is mainly
forested (Figure 1e). The bedrock in the catchment area (1 km2) is composed of Archean tonalite
(a plutonic rock compositionally between granite and diorite), whereas the surface geology (Figure 1f)
is dominated by Quaternary till and silty loams [39].

The sediments at the two deepest basins of Lake Lehmilampi are varved, representing seasonal
changes in sediment accumulation [40]. The basic varve structure is composed of clastic and biogenic
laminae (Figure 2). The clasts are eroded from the catchment and transported into the lake by spring
floods following snowmelts. As a consequence, a sharp contact is typical between the dark-colored
organic lamina and the following light-colored clastic lamina, whereas the contact is gradual between
the clastic lamina and the following biogenic lamina [40]. The biogenic lamina is composed of
autochthonous and allochthonous organic matter deposited during the growing season from summer
to autumn [40,41]. The thickness of biogenic lamina depends on the primary production rate, transport
of autochthonous biogenic material, preservation, and degradation [42]. Preservation and degradation
are closely linked to hypolimnetic oxygen concentrations [43,44]. According to an earlier study [45],
varve preservation in the northern basin of Lake Lehmilampi started approximately 5100 BP when the
lake became isolated from Lake Pielinen.

3. Materials and Methods

3.1. Coring and Sample Preparation

A comprehensive sediment sampling of Lake Lehmilampi was performed in March 2014 when
the lake was frozen. Altogether, 14 long piston cores (diameter 5 cm, length 140–167 cm) and 20 short
freeze cores were recovered along two transects (Figure 1a,b, Table 1) at water depths between
6.5–10.8 m, to obtain a detailed perception of sediment characteristics throughout the lake. Piston
cores were recovered with a lightweight Livingstone piston corer and stored in a cold room at 5 ◦C.
They were spliced into two halves along their long axis with a circular saw and a wire. Sediment
surfaces were cleaned with a glass slip and covered with a thin plastic film for magnetic susceptibility
measurements. The freeze cores were recovered with an HTH sediment corer [46] applying the
ice-finger technique [47,48] with dry ice to obtain a frozen surface sample. The freeze cores were
approximately 30 cm long and represent ca. 200 years at the most. These cores were stored in a freezer
at −18 ◦C. To preserve varve structures, the freeze cores were impregnated with epoxy resin using
the water-acetone-epoxy exchange method [49,50]. The cured samples were sawn using a rock saw
and polished into 1.8 mm thin slabs for incident light microscopy analysis and X-ray radiography.
To perceive the basic Lake Lehmilampi varve structure in detail, a 30 μm thin section was prepared
using an ASTERA CUT8 diamond saw (Astera Solutions, Zürich, Switzerland, manufactured in Vaasa,
Finland) and an ASTERA GRN16 grinder (Astera Solutions, Zürich, Switzerland, manufactured in
Vaasa, Finland).
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Figure 1. Lake location, sampling transects, water quality and water level data, and drainage basin:
(a) Location of and sampling transects through Lake Lehmilampi. Dashed lines show the northwest (AB)
and the southwest transects (BC). The star denotes the sampling point in the southern basin. (b) Coring
sites and core codes along both transects are shown as a function of bathymetry. (c) Water quality
monitoring data of Lake Lehmilampi (Cond.: electrical conductivity). The lake has been frozen in April
3rd, 1975 and in February 24th, 1992. The lake has been free of ice in August 26th, 1998. (d) Water level
data of neighboring Lake Pielinen. Lake levels are expressed as height (cm) above an arbitrary zero
level at the monitoring location. (e) Land use types of the Lake Lehmilampi drainage basin [51–53].
Isobaths are expressed in meter below lake surface, and elevation contour values are expressed as
meters above sea level. (f) Superficial geology of the Lake Lehmilampi drainage basin [51,52,54].
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Figure 2. Photography of polished freeze core surface (left) and enlarged thin section microscopy image
of the varve structure (right) from Lake Lehmilampi representing the seasonal sedimentation cycle.
Light-colored clastic laminae are composed of clastic material transported into the lake during spring
snowmelt flooding. Darker-colored biogenic laminae are composed of organic matter produced during
the growing season.

Table 1. Piston cores (PC) and freeze cores (FC) recovered from Lake Lehmilampi (AB: northwest
transect, BC: southwest transect, NB: northern basin, SB: southern basin). Sediment types are
characterized as varved (a), partially varved (b), and non-varved (c).

Core
Core
Type

Sampling
Point/

Transect

Water
Depth

(m)

Sediment
Types

Core
Length

(cm)
Core

Core
Type

Sampling
Point/

Transect

Water
Depth

(m)

Sediment
Types

Core
Length

(cm)

LL1 FC NB 10.80 a 32 LL18 PC AB transect 9.90 a,b,c 140
LL2 PC NB 10.80 a 142 LL19 FC AB transect 10.30 a,b,c 29
LL3 FC AB transect 10.80 a 26 LL20 PC AB transect 10.30 a,b,c 152
LL4 PC AB transect 10.80 a 147 LL21 FC AB transect 10.60 a,b,c 32
LL5 FC AB transect 10.80 a 30 LL22 PC AB transect 10.60 a,b,c 140
LL6 PC AB transect 10.80 a 152 LL23 FC AB transect 10.75 a 27
LL7 FC AB transect 10.80 a 33 LL24 PC AB transect 10.75 a 142
LL8 PC AB transect 10.80 a 162 LL25 FC AB transect 10.75 a 37
LL9 FC AB transect 10.50 a,b 21 LL26 PC AB transect 10.75 a 166
LL10 PC AB transect 10.50 a,b 167 LL27 FC AB transect 10.75 a 32
LL11 FC AB transect 9.58 a,b,c 17 LL28 PC AB transect 10.75 a 146
LL12 PC AB transect 9.58 a,b,c 149 LL29 FC BC transect 10.40 a,b 27
LL13 FC AB transect 7.20 a,b,c 24 LL30 FC BC transect 10.30 a,b,c 33
LL14 PC AB transect 7.20 a,b,c 158 LL31 FC BC transect 9.90 a,b,c 24
LL15 FC AB transect 6.53 c 25 LL32 FC BC transect 9.10 a,b,c 30
LL16 PC AB transect 6.53 c 162 LL33 FC BC transect 8.68 a,b,c 28
LL17 FC AB transect 9.90 a,b,c 27 LLS2 FC SB 11.60 a 32

3.2. Varve Analysis

Varves were counted from each epoxy-impregnated and polished freeze core sub-sample with the
help of incident light microscopy and X-ray images. Incident light microscopy images were taken with
a Canon EOS 600D and Canon EOS Utility software coupled with a Nikon SMZ800 stereomicroscope.
X-ray radiography was performed at the University of Helsinki using the μCT scanner Nanotom 180 NF.
To establish spatiotemporal changes in varve distribution, the sediment was divided into different
sections by varve analysis. For each freeze core, varved (a), partially varved (b), and non-varved
sections (c) were identified (Figure 3, Table 1). Varve, clastic lamina and biogenic lamina thicknesses
were measured from the epoxy-impregnated sub-samples using a microscope to study variations in
sediment composition. For each freeze core, the percentage of varved sediments between the years
1815 and 2014 was calculated by measuring the thickness of varved sections and comparing it to the
entire core length. For each non-varved section, sediment accumulation rates were calculated as an
average of the section in question.

Sections are considered as varved (Figure 3a) if:

1. Varves are present in incident light microscopy images or X-ray images.
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2. Varves exhibit both a clastic spring lamina and a biogenic growing season lamina with clear
differences in color or brightness.

3. Varves have a sharp contact between preceding organic and subsequent clastic lamina.

Sections are considered as partially varved (Figure 3b) if:

1. Varve structure without a sharp contact between preceding organic and subsequent clastic lamina
is identified.

2. Laminae are disturbed or laterally discontinuous. Such sections sometimes consist of several
subsequent varves.

Sections are considered as non-varved (Figure 3c) if:

1. Sediment is massive
2. No laminated structure is identified.

 

Figure 3. Examples of different sediment types in incident light microscopy images. (a) Varved
sediment: continuous varved section (left) and one clastic-organic couplet (right; marked with a white
bar). (b) Partially varved sediment with unclear contacts and disturbed or discontinuous lamina. White
bar (left) represents partially varved sediment comprising two clastic laminae and one biogenic lamina.
(c) Non-varved massive section.

3.3. Dating and Core Correlation

Core LL1 from the deepest point of the northern basin was dated using varve counting and
considered as the master core, because of its undisturbed and continuous varve record. A similar
record has also been observed in earlier studies of the northern basin [40,45]. Radiometric dating was
performed for core LL1 to verify the accuracy of varve counting. 137Cs activities were measured with a
BrightSpec gamma spectrometer on wet sediment samples of 11–30 g with 3600 s counting time at the
Geological Survey of Finland. Each wet sediment sample integrated two varve years.

All cores, particularly the varved sections, were correlated with core LL1 using seasonal changes
in varve succession, lithological marker horizons (e.g., particularly thick clastic laminae) that represent
major changes in sediment composition, as well as magnetic susceptibility. Varve succession and
lithological markers were identified from incident light microscopy and X-ray images, the latter
showing density variations of the sediment (Figure 4). The beginning and the end of the non-varved
and partially varved sections were correlated with the master core based on the varves below and
above the non-varved and partially varved sections. Magnetic susceptibility measurements were
carried out for each piston core using the Bartington MS2 susceptibility meter connected to a Bartington
MS2E core logging sensor at 2 mm intervals on an automatic measuring track.
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Figure 4. X-ray images representing core correlation based on variations in lithological marker horizons
and the succession of varves. The arrows point at clastic laminae that were formed in 1815, 1962, and
1973 as easily discernible components of marker horizons.

3.4. Modeling the Hypoxic Water Volume

Hypoxia throughout the lake was modeled using the distribution of varves during the past
200 years (1815–2014). The annual spatial distribution of varves in the lake was determined based
on the water depth of the varve preserving sediments. The determined water depth represents the
boundary below which varves have been preserved. For each year, the spatial distribution of the varved
area and the water volume below the critical water depth corresponding to this area were determined
with the ArcGIS ArcMap 10.1 software. Modeling of the hypoxic water volume was based on the
assumption that the volume of Lake Lehmilampi has remained relatively constant during the study
period. Possible effects of lake level changes and lake infill are discussed in Section 5. The bathymetric
curves of Lake Lehmilampi were interpolated with the nearest neighbor interpolation method using
measurement data from the National Land Survey of Finland (NLS) data service [55] together with
water depth measurements taken during sampling.

We refer to the percentage of hypoxic water volume of the whole lake water volume as the hypoxia
volume. The water volume data were divided into two groups, hypoxia and baseline periods, based on
the median hypoxia volume, which was defined as the cutoff value for baseline conditions of hypoxia
in Lake Lehmilampi. Annual hypoxia volumes below this cutoff value were considered as baseline
periods, whereas hypoxia volumes at or exceeding the cutoff value were classified as hypoxia periods.

3.5. Meteorological and Diatom Data

To identify possible environmental factors triggering spatiotemporal changes in hypoxia in Lake
Lehmilampi, we acquired meteorological data from NORDKLIM (Dataset for Climate Analysis with
Data from the Nordic Region) [56] and analyzed the diatom assemblages of each hypoxia and baseline
period from core LL1. The long meterorological data of Kuopio Maaninka weather monitoring station
covers monthly data for 1890–1998. We calculated annual temperature and precipitation, seasonal
temperature and precipitation, and the number of days with snow cover (>50% covered by snow).
Moreover, monthly spring (March, April, May) temperature and precipitation as well as monthly
autumn (September, October, November) temperature and precipitation were calculated to investigate
possible effects of spring and autumn overturns.

Diatoms were analyzed because they are sensitive indicators of environmental change and widely
used for reconstructing past nutrient concentrations of lakes [57]. Each diatom sample represents one
hypoxia or baseline period, apart from the longest hypoxia periods 1 (3 samples) and 7 (2 samples),
and the shortest hypoxia period 5 (no samples). The diatom samples integrate 3–12 years, depending
on the duration of the period in question. One varve at the start and one at the end of each period
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were excluded to avoid contamination between subsequent periods. Diatom slides were prepared
using standard procedures [57]. At least 300 diatom valves were identified to species level under
an optical microscope at x1000 magnification using the taxonomical references of Krammer and
Lange-Bertalot [58–61] and updated nomenclature of Porter [62], Spaulding et al. [63], and Guiry
and Guiry [64]. Higher taxonomic level summaries were made by calculating relative abundances of
planktic large-celled Aulacoseira taxa, small-celled cyclotelloid taxa, and elongate pennate taxa, as well
as small, benthic fragilarioid taxa. The diatom stratigraphy was plotted using TILIA and TILIAGRAPH
software [65].

3.6. Statistical Analyses

Correlations of hypoxia volumes with varve parameters and meteorological data were calculated
using the software R3.4.3 [66] to identify the most significant covariates. As the volume of hypoxic water
was not normally distributed, Spearman’s correlation analysis [67] was applied. In order to take decadal
trends into account, 10-year moving averages were calculated from annual, seasonal, and monthly
meteorological data. The diatom assemblage changes were investigated with principal component
analysis (PCA) [68] using Canoco 4.5 for Windows [69]. Spearman’s correlations were calculated
between the sample scores of the first (PC1) and second (PC2) principal components, the summarized
diatom groups, and diatom-inferred total phosphorus (DI-TP). DI-TP was reconstructed for each
diatom sample using the diatom-TP transfer function of Tammelin et al. [70] and C2 software version
1.6.8 [71] to estimate possible changes in the nutrient status of Lake Lehmilampi. The transfer function
is based on central-eastern Finnish lakes and weighted averaging partial least squares regression
(WA-PLS) [72]. Its jack-knifed coefficient of determination (r2

jack) is 0.72, and its root mean squared
error of prediction (RMSEPjack) is 0.191 log μg L−1 [70].

4. Results

4.1. Varve Characteristics

The topmost 3.2 cm sediment of core LL1, representing 15 years (1999–2014), is rather
unconsolidated compared to the sediment below. Varve, biogenic lamina and clastic lamina thicknesses
decreased correspondingly downcore, except for the high clastic lamina thickness at the beginning
of the studied time period (Figure 5a). Clastic/biogenic lamina thickness ratio does not show a clear
trend, but instead, its highest values occurred at both ends of the observed time period. The average
sedimentation rate is 1.21 mm/year (range 0.4–4.8 mm/year) at the deepest point of the northern
basin and decreases along the transects towards shallower depths. At a water depth of 9.6 m, it is
0.65 mm/year in the BC transect and 0.8 mm/year in the AB transect. The varve percentages decrease
in relation to water depth from 100% at the deepest point of the basin to 0% at depths shallower
than 7.2 m (Table 2, Figure 5b). Furthermore, magnetic susceptibility shows comparable variations at
different water depths (Figure 5c).
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Figure 5. Sediment characteristics and dating: (a) Photography of core LL1 (water depth: 10.8 m),
137Cs activity measured from LL1 and variations in varve thickness, clastic (Clast) and biogenic (Biog)
lamina thicknesses, as well as clastic/biogenic lamina thickness (Clast/Biog) ratio. Hypoxia volume
from 1815–2014 and hypoxia periods (gray bars) are also provided. Hypoxia volume is displayed on a
logarithmic scale. (b) Example of sediment appearance in freeze cores along the AB transect of Lake
Lehmilampi and (c) example of variations in magnetic susceptibility (κ). Core codes and water depths
are provided. Varved sections are marked with gray bars to the left of the photographs. Note that the
depth scale is valid for all cores, while the time scale represents only the master core LL1. (d) Age
versus sediment depth curve with estimated varve counting error (dashed lines) for core LL1.
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Table 2. Percentages of varved sediments for freeze cores from different water depths.

Core Water Depth (m) Varve Percentage (%)

LL1-LL7 10.80 100
LL23-LL27 10.75 100

LL21 10.60 69
LL9 10.50 68

LL29 10.40 35
LL19 10.30 27
LL30 10.30 22
LL17 9.90 12
LL31 9.90 11
LL11 9.58 8
LL32 9.10 6
LL33 8.68 5
LL13 7.20 1
LL15 6.53 0

4.2. Dating and Core Correlation

According to the varve chronology, core LL1 from the deepest point of the northern basin
represents approximately 200 years of sedimentation (Figure 5a,d). Cumulative varve counting error is
±0.5% (199 ± 1 years) (Figure 5d). Two 137Cs peaks were present in core LL1. The major Cs activity
peak in Figure 5a represents the Chernobyl accident in 1986. The second, minor peak is rather weak,
but possibly represents atmospheric nuclear tests in 1963. The peaks are in agreement with the varve
counts of continuously varved core LL1. Therefore, we assume that its varve chronology is reliable
and hypoxic conditions and varve preservation have been continuous at the deepest point of the basin
during the observed period. Varve preservation in relation to water depth appeared similar in both
transects, and the succession of varves and lithological marker horizons are traceable between cores
allowing their correlation (Figure 4). Similarities in the magnetic susceptibility profiles of the piston
cores further support our core correlation (Figure 5c).

4.3. Changes in Varve Distribution and Hypoxic Water Volume

The area and volume of hypoxic waters fluctuated in Lake Lehmilampi during the past 200 years
according to varve-based modeling. Years 1815, 1855, 1975, and 2014 are portrayed in Figure 6 because
they represent the most and least extensive hypoxia periods displaying the variations in hypoxia.
The magnitude of hypoxia volume ranged between 0.03–5.7%. The median hypoxia volume of the
whole data, i.e., the cutoff value for the baseline conditions of hypoxia, was 0.046%. Consequently,
seven hypoxia periods were identified from 1815–2014 (Table 3, Figure 5a, and Figure 7). These periods
were rather short-lived compared to the time between them, apart from the longer hypoxia periods 1,
4, and 7 (Figure 5a). Although short-lived, the small increase in hypoxia volume during the 1940s was
considered as hypoxia period 5.

Table 3. Hypoxia periods, their durations, median hypoxia volume (m3), range of variation of hypoxia
volume (m3), and median and maximum hypoxia volume per lake volume (%).

Hypoxia
Period

Duration
(Years)

Duration
(from-to)

Median Hypoxia
Volume (m3)

Range of Variation
of Hypoxia Volume

(m3)

Median Hypoxia
Volume per Lake

Volume (%)

Maximum Hypoxia
Volume per Lake

Volume (%)

7 20 1994–2014 2255 787–34599 0.240 3.727
6 9 1971–1980 1638 1638–7648 0.180 0.823
5 1 1943 428 428–428 0.046 0.046
4 16 1905–1921 1638 1638–34599 0.180 3.727
3 11 1881–1892 428 428–787 0.046 0.085
2 5 1852–1857 787 787–787 0.084 0.085
1 27 1815–1842 1638 1638–53304 0.180 5.740
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Figure 6. First year of occurrence and volume of hypoxic waters (in m3) for (a) hypoxia period 1 in
1815, (b) hypoxia period 2 in 1855, (c) hypoxia period 6 in 1975, and (d) hypoxia period 7 in 2014.
Bathymetric cross-sections along the dashed line DE show hypoxic (darker color) and oxic conditions
(lighter color). Water depths 7–11 m in the transects are exaggerated by a factor of 25 to better visualize
the variations in hypolimnetic hypoxia.

4.4. Climate and Varve Thickness Correlations with Hypoxia Volume

Hypoxia volumes have statistically significant (p-value < 0.05) correlation coefficients (ρ) higher
than 0.3 with six climate variables (Table 4, Figure 7). Of these six variables, winter and March
temperatures correlate positively with hypoxia, whereas the correlation is negative between hypoxia
and the number of days with snow cover, November temperature, as well as autumn and October
precipitation. Winter temperature (ρ = 0.56, p-value < 0.01) and October precipitation (ρ = −0.56,
p-value < 0.01) have highest correlation coefficients. Clastic lamina thickness and hypoxic water
volume showed a weak positive correlation (ρ = 0.23, p-value < 0.01), whereas total varve thickness and
biogenic lamina thickness have no statistically significant correlations with hypoxia (p-value > 0.05).
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Table 4. Correlation between hypoxia volume and studied climate variables. From the monthly
spring and autumn temperature and precipitation variables, only those with statistically significant
correlations (p-value < 0.05) are shown. Time periods of available monitoring data, number of data
points (n), correlation coefficients (ρ), and p-values are provided. * Variables with correlation coefficients
> 0.3 and p-values < 0.05.

Variable Period n ρ p-Value

Annual temperature 1890–1997 107 0.36 0.06
Annual precipitation 1890–1997 107 −0.05 0.63
Winter temperature * 1890–1997 107 0.56 <0.01
Winter precipitation 1890–1997 107 −0.06 0.22
Days of snow cover * 1957–1997 40 −0.38 0.03
Spring temperature 1890–1997 107 0.27 <0.01

March temperature * 1890–1997 107 0.39 <0.01
Spring precipitation 1890–1997 107 −0.11 0.27

Summer temperature 1890–1997 107 −0.26 0.01
Summer precipitation 1890–1997 107 0.26 <0.01
Autumn temperature 1890–1997 107 −0.23 0.02

November temperature * 1890–1997 107 −0.47 <0.01
Autumn precipitation * 1890–1997 107 −0.36 <0.01
October precipitation * 1890–1997 107 −0.56 <0.01

 
Figure 7. Hypoxic water volume from 1815–2014 compared to variations in climate variables. Hypoxia
volume is displayed on a logarithmic scale. Climate variables with correlation coefficients > 0.3 and
p-values < 0.05 are shown. Hypoxia periods 1–7 are marked with grey bars.
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4.5. Diatom Analysis

The diatom assemblages of core LL1 changed during the past 200 years, while DI-TP remained
relatively stable (Figure 8). The diatom assemblage change is characterized by an increase in the relative
abundance of small cyclotelloid taxa and elongate pennate taxa and a decrease in large Aulacoseira
taxa and small fragilarioid taxa towards the present day. PC1, i.e., largest variation in the diatom data,
correlates negatively with large Aulacoseira taxa (ρ = −0.93, p-value < 0.01) and benthic fragilarioid
taxa (ρ = −0.55, p-value = 0.04). Small cyclotelloid taxa have a positive correlation with PC1 (ρ = 0.80,
p-value < 0.01). PC2, i.e., second largest variation in diatom data, correlates positively with elongate
pennates (ρ = 0.66, p-value = 0.01). DI-TP does not correlate (p-value > 0.05) with PC1 or PC2.

 
Figure 8. Relative abundances of most abundant diatom species and four higher-level taxonomic
groups of core LL1. The sample scores of the first two principal components (PC1 and PC2) of diatom
data and diatom-inferred total phosphorus (DI-TP), and temporal coverage of diatom samples are also
shown. Hypoxia periods 1–7 are marked with grey bars. Years shown along the age/depth scale mark
the onset of hypoxia periods.

5. Discussion

5.1. Spatiotemporal Changes in Varves and Hypolimnetic Hypoxia

The global spread of hypoxia in lakes started in the latter half of the 19th century and accelerated
after the Second World War, particularly in densely populated regions [73]. Our results from the remote
boreal Lake Lehmilampi, however, suggest spatiotemporal fluctuations in varve preservation and
hypoxia instead of an increasing trend towards the present day (Figure 5a, Table 3). Oxygen-depleted
conditions have prevailed for thousands of years in the northern basin of Lake Lehmilampi based on
its continuous varve preservation [45]. The boundary between continuous and discontinuous varve
preservation (and hypoxia) is located relatively close to the maximum depths of the basins at water
depths of 10.60–10.75 m, whereas the boundary between discontinuous and no varve preservation lies
at 6.53–7.20 m. The limited water quality data from Lake Lehmilampi (Figure 1c) suggests that hypoxia
may temporarily reach even slightly shallower depths. Certain characteristics of Lake Lehmilampi,
such as the strong seasonal contrasts in boreal climate, elongated and small but relatively deep basins,
and higher-relief bedrock outcrops sheltering the lake from winds, are favorable for the formation and
preservation of varves [19].
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We identified seven hypoxia periods for Lake Lehmilampi, from which the first (1815–1842)
was the longest and most intensive (Figure 6, Figure 7, Table 3). It presumably started earlier than
1815 and existed for more than 27 years. Longer sediment cores would be needed to confirm these
assumptions. The onset of a hypoxia period appears to be rapid and intensive (average duration:
1.5 years), whereas the return back to baseline conditions seems less pronounced (average duration:
8.1 years). These observations are in accordance with the previously reported slow responses in
hypolimnetic hypoxia to reduced external forcing [73]. Apart from highest peak values during the
onset of the three longest hypoxia periods (periods 1, 4, and 7), the overall hypoxic water volume
has remained relatively low and hypoxic bottom water conditions have been restricted to a small
area compared to the lake surface area (Figures 5a and 6, Table 3). The three most extensive peaks
in hypoxic volume (3.7–5.7% of the whole lake water volume), however, are comparable to the 8%
increase in hypoxic volume of Lake Bourget in the French Alps (CE 1930–1960) resulting from a complex
interaction of anthropogenic and natural forcing factors [24].

Bioturbation and lake infill may have led to an underestimation of some of the hypoxia periods.
The effect of lake infill increases downcore because hypoxia volume and lake volume were slightly
higher when less sediment had been accumulated to the deep basins. Bioturbation, on the other hand,
could disturb previously preserved varve structures [1,74]. Moreover, the prolonged return from
hypoxia to baseline conditions could be a result of the gradual return of bioturbation. Abundance
and distribution of lacustrine bioturbation are not yet well known and vary within as well as between
lakes [75]. The penetration depth of benthic fauna depends on oxygenation, sedimentation rate,
and grain size [76,77]. Shallow-burrowing animals are often the most abundant and have patchy
distributions [75]. Better knowledge of lacustrine bioturbation would be beneficial for reconstructing
lake histories [75], including past changes in hypolimnetic hypoxia.

5.2. Potential Forcing Factors behind Hypolimnetic Hypoxia Oscillations

Despite anthropogenic eutrophication often being the main driver of hypoxia in European
lakes [24,70], it does not seem to be a major forcing factor in Lake Lehmilampi during the past 200 years,
although humans were present in the vicinity of the lake already prior to our study interval [35].
Disentangling the effects of eutrophication and climate change can be difficult [78], but diatom
assemblages suggest relatively stable nutrient conditions in Lake Lehmilampi and are more likely
responding to climate-induced changes in the water column (Figure 8). The main variation in the diatom
data of Lake Lehmilampi (PC1), characterized by a recent increase in small cyclotelloid taxa relative to
large Aulacoseira taxa and small fragilarioids, is typical to lakes experiencing increased thermal stability
and longer periods of thermal stratification due to anthropogenic climate warming [79]. This main
variation seems unrelated to hypoxia events. Nevertheless, the relative abundance of elongate pennates
increases particularly during hypoxia events 1, 6, and 7, which could be a response to multiple stressors,
such as climate warming, eutrophication, or increasing dissolved organic matter [79,80]. Aulacoseira
subarctica (Müller) Haworth, a taxon favoring moderately nutrient-enriched and sufficiently turbulent
lakes [81], also appears to be more abundant during hypoxia periods 1, 2, and 3. Aulacoseira islandica
(Müller) Simonsen, on the contrary, does not show a similar resemblance with the hypoxia periods,
although its autecological preferences are similar to A. subarctica [82].

Strong and unambiguous relationships between hypoxia volume and varve, clastic lamina,
or biogenic lamina thicknesses were not found in Lake Lehmilampi. For instance, hypoxia period
1 coincided with increased clastic lamina thickness, and hypoxia period 7 had a simultaneous increase
in biogenic lamina thickness, whereas hypoxia period 4 did not seem to be clearly related to increases
in varve or lamina thicknesses at all. The positive correlation between clastic lamina thickness and
hypoxia volume implies that hypoxia could be associated with catchment erosion, as erosion typically
influences clastic lamina accumulation via spring floods [83–85]. Nevertheless, the correlation is weak,
suggesting partially different or more complex interactions between the forcing factors behind hypoxia
and varve/lamina thicknesses. Augustsson et al. [35] linked the highest erosion intensities of Lake
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Lehmilampi to periods of local fire and human impact. Haltia-Hovi et al. [37] found cyclic variation in
varve thickness and composition of Lake Lehmilampi during the last 2000 years and interpreted it as
reflecting changes in climate, likely driven by solar forcing.

The climate seems to be an important driver of changes in Lake Lehmilampi during the last
200 years despite human influence, because the recent diatom assemblage change is likely related
to a warming climate, and several statistically significant correlations were found between climate
variables and hypoxia volume (Table 4). These correlations reflect relationships between yearly,
seasonal, and monthly variations and do not take into account single extreme events or possible
time lags between climate forcing and responses in hypolimnetic hypoxia. Nevertheless, increased
hypoxia volumes seem to coincide at least with milder winters and drier Octobers (Table 4). Climate
controls the alternating stratification and overturn periods in boreal lakes [86], which also affect oxygen
availability. Therefore, it is not unexpected to find correlations between climate variables and hypoxia
volumes. Dry Octobers could reduce the intensity of autumn overturn via diminished runoff of
oxygen-rich water into the lake. However, the positive correlation between hypoxia volume and
winter temperature is interesting and unexpected, because cold winters typically extend ice cover,
which weakens circulation in the lake through thermal stratification and reduces oxygen availability in
bottom waters [16]. The mechanisms beyond these correlations cannot be explained using our data
and remain as topics for further investigations.

Water level monitoring data is not available for the small and remote Lake Lehmilampi. Thus,
its effect on hypolimnetic hypoxia oscillations could not be estimated and leaves the following
discussion on a speculative level. Over a century-long water level monitoring data of the notably
larger Lake Pielinen (into which Lake Lehmilampi flows through Lake Roukkajanjärvi and the River
Ylikylänjoki) shows seasonal changes in water level but not a long-term trend (Figure 1d). The water
level of Lake Lehmilampi could be sensitive to changes in precipitation because the lake is large in
relation to its catchment area [87]. In humid climates, a decrease in precipitation is more likely to
influence lake levels than an increase in precipitation because the latter leads to increased outflow
compensating increased runoff [88]. Lake Lehmilampi is a headwater lake, so it is not influenced by
upstream lakes or rivers. Groundwater flow is probably negligible because aquifers in Finland are
commonly located in areas of coarse-grained sandy and gravelly deposits [86], which do not occur in
the catchment of Lake Lehmilampi [41,54].

Understanding fully the variations in varve distribution and hypolimnetic hypoxia oscillations
requires evaluation of several natural and anthropogenic factors for pre-anthropogenic and
anthropogenic time periods. Lake Lehmilampi provides an excellent varve record spanning thousands
of years, but monitoring data is unfortunately limited, typical for small and remote boreal lakes.
Detailed future studies between relationships of lake level variations and hypoxia volumes with
distribution and intensity of bioturbation in boreal lakes would greatly improve our understanding of
hypolimnetic hypoxia oscillations. Also extending hypoxia volume modeling all the way back to the
isolation of Lake Lehmilampi or other varved boreal lakes would give interesting information on the
long-term natural and anthropogenic changes in hypolimnetic hypoxia.

6. Conclusions

Our study of 34 sediment cores along two transects in varved, boreal Lake Lehmilampi shows
spatiotemporal variations in varve preservation during the past 200 years. As varve preservation is
closely linked with oxygen-depleted conditions in the bottom waters, we use spatiotemporal variations
in varve preservation as a proxy for hypolimnetic hypoxia oscillations. Seven hypoxia periods,
exceeding the low baseline value for hypoxic water volume in Lake Lehmilampi, were established
based on changes in varve distribution. This hypoxia modeling was based on the assumption of
relatively constant lake water volume during the past 200 years, and the influence of potential lake
level changes, bioturbation, and lake infill are discussed on a speculative level. Examination of possible
environmental drivers behind these hypoxia periods suggested that hypolimnetic hypoxia oscillations
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in Lake Lehmilampi are more likely related to climatic than anthropogenic forcing. Diatom assemblage
changes indicate relatively stable nutrient conditions and several climate variables correlate with
hypolimnetic hypoxia during the past 200 years. These climate variables could have influenced
hypolimnetic hypoxia, for instance, through changes in the intensity of catchment erosion and water
mixing during overturns. Understanding the role of individual forcing factors and their complex
interaction with varve preservation and long-term hypolimnetic hypoxia oscillations would benefit
from further investigations.
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Abstract: Fossil wood and varved lake sediments allow proxy analysis with exceptionally high,
(sub-)annual resolution. Both archives provide dating through ring and layer counting, yet with
different accuracy. In wood, counting errors are small and can be eliminated through cross-dating
because tree-rings show regionally synchronous patterns. In varved sediments, counting errors are
larger and cross-dating is hampered by missing regional patterns in varve parameters. Here, we test
whether annual pollen analysis is suited to synchronize varve records. To that end, annual pollen
deposition was estimated in three short cores from two lakes in north-eastern Germany for the period
1980–2017 CE. Analysis has focused on Fagus sylvatica and Picea abies, which show the strongest
annual variations in flowering (mast). For both tree taxa, annual flowering variations recorded by
forest and pollen monitoring are well represented in varved lake sediments, hence indeed allow us to
synchronize the records. Some pollen mast events were not recognized, which may relate to sampling
uncertainties, redeposition or regional variations in flowering. In Fagus sylvatica, intense flowering
limits wood growth in the same year. Peaks in pollen deposition hence correlate with minima in
tree-ring width, which provides a link between varved lake sediments and fossil wood.

Keywords: annually laminated lake sediments; dating; mast; pollen analysis; tree-rings; varves

1. Introduction

Annually laminated (varved) lake sediments, like tree-ring records, are invaluable archives for
palaeoecological and palaeoclimatological research with annual or even seasonal resolution. They
allow the study of, for example, short-lived effects of volcanic eruptions, pathogen outbreaks, forest
fires, landscape clearing, species migration or weather extremes. Accurate dating provided, the study
of multiple sites along climate gradients and comparison with other accurately dated, high resolution
proxies from, e.g., ice cores or tree-ring studies, has the potential to explore leads and lags of climate
and environmental change.

However, such time-sensitive applications rely on accurate dating, ideally to the year, which is
commonly achieved in tree-ring but not in varve studies. In tree-ring studies, counting errors are
commonly small because ring boundaries are usually well-defined. Errors can occur when under very
harsh and unfavourable growing conditions trees have only developed very narrow or occasionally
no rings at all, the so-called missing rings [1]. On the other hand, intra-annual density fluctuations
may be mistaken for annual ring boundaries, so-called false rings [2]. Such counting errors can be
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detected/eliminated by careful cross-dating against other, overlapping tree-ring records from the region.
Cross-dating is possible because variations in tree-ring width are largely determined by weather
conditions during or before the growing season and hence are synchronous across regions, at least for
each species [3]. Tree-ring patterns may differ between species because the ecological niches, climatic
requirements and physiological strategies of tree species differ. For example, in north-central Europe
the main limiting factor for radial growth of many broadleaved species including beech (Fagus sylvatica)
is summer moisture availability whereas pine (Pinus sylvestris) growth is sensitive to late winter/spring
temperatures. Cross-dating is also used to match tree-ring sequences from living trees with sequences
from fossil wood preserved in, e.g., lakes, peatlands or buildings. With sufficient fossil wood available,
long tree-ring chronologies spanning several millennia can be constructed [4–7].

Errors in varve counting are clearly higher than errors in tree-ring counting because the seasonal
layers are usually less well defined. Furthermore, varve formation is more easily disturbed either
due to changes in seasonal sedimentation or to oxygenation of bottom waters. Seasonal deposition,
e.g., diatoms in spring and carbonates in summer, may change by orders of magnitude from year to
year due to variable weather conditions [8]. Sedimentation may also vary due to fluctuations in lake
mixing. Other than in tree-rings, sediments may be redeposited. As a result, the presence of poorly
visible, missing or wrong varves is much higher than similar problems in wood. Hence, errors in
varve counting may approach 5% even in well-preserved laminations [9], and higher errors are to be
expected with poor varve preservation. Validation with parallel cores from the same site may reduce
errors but is rarely applied because of the high work load [9]. Cross-dating between sites is hampered
because varve thickness (or other varve parameters), unlike tree-ring width, does not show regionally
synchronous variations. While the formation of seasonal layers may well be influenced by weather
conditions [8], overall sedimentation is determined by complex interactions between water circulation,
lake stratification, biomass productivity, food webs, erosion, etc. Variations in varve thickness are
hence site specific. Accurate synchronization of varve records is possible with tephra layers, yet only a
limited number of tephra layers, often less than one per millennium, is available even in well studied
areas, e.g., Europe [10–12], Japan [13] or New Zealand [14]. Furthermore, recently proof has been
provided for 10Be as a novel synchronization tool for varved lake sediments [8,15].

Here, we explore whether annual pollen analysis can improve synchronization and finally dating
of varved lake records. The idea is based on the observation that annual pollen deposition of beech in
pollen traps, which measure atmospheric pollen deposition, varies by three orders of magnitude [16,17].
The observed variations in pollen deposition relate to annual variations in flowering and seed
production (mast), which are an adaption to reduce seed predation and hence to optimize sexual
reproduction. Mast years, i.e., years with strong flowering and high seed production, are commonly
related to particular weather conditions. Among major European forest trees, such weather cues are
spatially consistent only for beech, and to a more limited extent, spruce (Picea abies) [18]. For beech,
the occurrence of mast years is related to summer temperatures in the two previous years, i.e., intense
flowering is triggered by a sequence of a cool–wet summer followed by a warm–dry summer [19–21].
Similarly, for spruce, summer temperatures in the two previous years can explain some variation in
seed production, again with a cool summer followed by a warm and dry one triggering cone production
in year three [22].

The primary question of the present study is whether the high annual variations in pollen
deposition from beech and spruce observed in pollen traps are also recognizable and hence useful in
varved lake sediments. To this end we apply annual pollen analysis in three short cores from two lakes
in north-eastern Germany. Furthermore, we compare annual pollen deposition with tree-ring records
from the same area. Intense flowering and seed production require a substantial amount of resources,
so that in mast years fewer resources are available for radial growth, and even less when mast years
coincide with summer droughts [23]. In long time series, this effect is visible as an inverse correlation
between mast years and ring-width chronologies [24]. We explore whether such a relationship is also
recognizable between annual pollen deposition and tree-ring width.
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2. Materials and Methods

The present study explores whether annual variations in flowering of beech and spruce are
represented and recognizable in varved lake sediments. To that end we study pollen deposition
in three cores from surface sediments of two lakes in north-eastern Germany. Our primary study
site is Lake Tiefer See, because here modern varve formation has been recently studied in several
research projects [8,25,26]. Lake Arendsee was selected for comparison as the nearest site with suitable
contemporary varves. The pollen records are compared with forest monitoring data of flowering and
seed production, pollen trap data and tree-ring data.

2.1. Study Sites and Coring

Lake Tiefer See, in the centre of Mecklenburg-Western Pomerania, is a deep lake in a glacial
meltwater valley (Figures 1 and 2). The lake is part of the Klocksin lake chain. In the north, it receives
inflow during wet periods from Lake Flacher See. In the south, a permanent connection exists towards
Lake Hofsee. Lake Tiefer See has a surface area of ~0.75 km2 and a maximum water depth of 62.5 m,
which makes it one of the deepest lakes in the lowlands of Northern Germany. The lake is surrounded
by a narrow fringe of trees and bushes dominated by Alnus glutinosa, Fraxinus excelsior, Quercus petraea,
Q. robur and Corylus avellana. Beyond that fringe, the lake is surrounded by arable land and open
wetlands. Forests in the vicinity of the lake are dominated by Pinus sylvestris, while both Fagus sylvatica
and Picea abies are rare within a 10 km distance. The Holocene sediments of Lake Tiefer See show
several sections with well-preserved annual laminations (=varves), which however cease during the
Medieval period around 1200 CE [26]. Varves are again recognizable in the surface sediments starting
at about the year 1924 CE. Dating and monitoring have proven that these varves are indeed annual
layers [25,26]. Modern varve formation was probably triggered by the construction of a railway-dam
that modified the inflow from Lake Flacher See, and by higher nutrient loads from artificial fertilizers.
Higher nutrient loads increase primary production of mainly diatoms and other single-celled algae in
the epilimnion of the lake. The decomposition of dead algae leads to increased oxygen consumption
and finally the formation of anoxic zones in the deepest part of the lake during summer, which is a
precondition for varve formation [8]. The modern varves in Lake Tiefer See are calcite varves with a
diatom layer deposited in spring, a calcite layer deposited in summer and an organic layer deposited
in autumn [25,26]. Due to higher biomass production, the modern varves are much thicker (~4 mm)
than varves deposited before the Medieval period (~1–2 mm).

Lake Arendsee is a karstic lake in northern Saxony-Anhalt (Figures 1 and 2). The main lake
basin formed already during the Late Glacial period, and was reshaped in further collapses in 822 CE
and 1685 CE [27]. Today, the lake has a surface area of 5.14 km2, a maximum depth of 48.7 m and
a mean depth of 29 m. The lake is mostly surrounded by arable land in the south and west and by
pine forests and wetlands in the north and east. Fagus sylvatica and Picea abies are again rare in the
vicinity of the lake. Like in Lake Tiefer See, high nutrient loads and the subsequent appearance of
bottom water anoxia has induced the formation of varves since the mid-20th century [27]. The varves
are characterized by a calcareous layer, precipitated in June to July, embedded in the algal gyttja [27].
A particular feature of the surface sediments is a massive, ~5 cm thick calcareous layer about 10 cm
below the sediment surface during coring in 2017. The layer originates from artificial dispersion of
calcareous lake marl extracted from the littoral zone across the lake in the autumn of 1995, which
aimed to reduce internal phosphorus release by capping of the sediment [28]. However, lake marl
application did not result in any significant decrease of phosphorus loads and the trophic level [29].
We counted 22 calcareous layers above this artificial layer, which indicates that each layer corresponds
to one summer between 1996 and 2017, confirming that the varves are indeed annual layers.
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Figure 1. Map of the study area, indicating Lake Tiefer See and Lake Arendsee, and position of the
pollen traps in Delmenhorst, Vilm, Eldena and Lüssow, as well as position of tree-ring study sites.
Green areas indicate forest regions, for which flowering data are recorded.

For the present study we analysed pollen deposition in three short cores, two from Lake Tiefer
See and one from Lake Arendsee. Sediment cores of 60 mm diameter were taken with a gravity corer
(UWITEC, Mondsee, Austria). The two cores from Lake Tiefer See (TSK15-K1, TSK15-K7) were taken
in the deepest lake basin at about 62.5 m water depth in 2015. The core from Arendsee (ARS17A) was
taken in the northern part of the main basin at a water depth of about 40 m in 2017.

44



Quaternary 2019, 2, 23

 

Figure 2. Detailed maps of Lake Tiefer See and Lake Arendsee.

2.2. Pollen Sampling, Preparation and Analysis

Sampling annual layers in lake sediments is difficult for common varves with less than 1 mm
thickness. The varves in our surface sediments are instead mostly 2–4 mm thick and allowed us a
simple sampling strategy.

Cores from Tiefer See remained in the field for some weeks before transport to the lab to allow
sediments to consolidate. The cores were opened and kept cool and dry for about one week before
sampling to allow further consolidation. Finally, a 1 × 1 cm longitudinal section was extracted from
both cores using a u-channel. From this strand, samples were cut off with a sharp blade directly above
the calcareous layer of each varve. In the study area, beech flowers in April and May, spruce in May
and June. The calcareous layer is deposited from April to July or longer [25]. Hence by cutting just
above the calcareous layer we aimed for samples that include the total pollen deposition of Fagus and
Picea from the respective year. In all cores, the chronology is based on layer counting during sampling,
performed by two analysts (Table 1). For core TSK15-K7, dating is supported by microscopic varve
counts on thin sections from the same core [26].
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Table 1. Lake surface sediment cores sampled for annual resolution pollen analysis.

Core Location Sample Period

TSK15-K1 Lake Tiefer See (53.59◦ N, 12.53◦ E) 1981–2015
TSK15-K7 Lake Tiefer See (53.59◦ N, 12.53◦ E) 1980–2007
ARS17A Lake Arendsee (52.8891◦ N, 11.4598◦ E) 1983–2017

Pollen sample preparation followed the standard procedure described by Fægri et al. (1989) and
includes treatment with 25% HCL, 10% KOH and 7 min acetolysis at 100 ◦C. One or two tablets with
exotic marker grains (Lycopodium clavatum spores, Batch Nr. 3862) were added to estimate pollen
accumulation. Treatment with hydrofluoric acid (HF) was only applied for samples of core TSK15-K7.
Finally, samples were washed with either ethanol or 2-propanol (isopropyl) and transferred to glycerin
(TSK15-K7) or silicon oil (TSK15-K1, ARS17A), respectively. Pollen samples were analysed at 400×
magnification with a Zeiss-Axiolab microscope. In samples from core TSK15-K7 complete pollen
spectra were analysed. Pollen percentages were calculated on the basis of an upland pollen sum.
In samples from TSK15-K1 and ARS17A only Fagus (and Picea) pollen as well as exotic marker
grains were counted until a minimum of 50 marker grains. The results are presented as annual pollen
accumulation rates. To clearly separate between data from plant observations and pollen analysis we
set names of pollen types in capital letters [30].

2.3. Identifying Pollen Mast Years

To identify mast intensity in the study area since 1980, we compiled information from three monitoring
sources: pollen trap records, flowering intensity observations and fructification observations.

Pollen trap data appear to be the best reference for pollen deposition in lakes. For beech, the longest
record available from northern Germany is the 32-year record (1982–2014) from Delmenhorst, about
200 km west of our study sites (Figure 1). Here, atmospheric pollen concentration is measured with
a Hirst volumetric trap. The record is published as an annual pollen index, which for each year is
calculated as the sum of all daily means of Fagus pollen grains per cubic metre of air [17]. In our
study area of north-eastern Germany, pollen trapping has been ongoing since 2005 at several locations.
Here, we use data from three modified Tauber traps [31] (Table 2). In addition to the original design,
a galvanized wire mesh with 1-cm grid size is added below the opening to prevent larger animals
from entering the trap. The trap in Lüssow is attached to a tree 80 cm above the ground. The traps
Eldena and Vilm are installed on the ground, with the opening 12 cm above the surface. The traps
are harvested yearly in late September/early October. Samples were sieved (1-mm mesh size) and
prepared following the above protocol. HF was applied for samples with high mineral content. Pollen
values for these traps are presented as relative values related to a sum of Pinus and Quercus.

Table 2. Location and details of the pollen trap records used in the present study.

Trap Location Site Type Sampling Period

Delmenhorst 53.05◦ N
8.63◦ E roof top in the city centre, 17.5 m above street level 1982–2014 (1992 missing)

Lüssow 53.8911◦ N
13.4781◦ E

Alder (Alnus glutinosa) carr (100 ha) in a large river
valley mire

2005–2016
(2006 and 2007 missing)

Eldena 54.0784◦ N
13.4767◦ E

old-growth forest with Fagus sylvatica, Quercus robur,
Acer spp. and Carpinus betulus 2014–2018

Vilm 54.3273◦ N
13.5396◦ E

old-growth forest with Fagus sylvatica, Quercus robur,
Acer spp. and Carpinus betulus 2015–2018

Flowering intensity of the major forest trees, including beech and spruce, has been reported for
forest regions across Germany since 1992 [32]. Flowering is classified into four categories, from 1
(no or very weak flowering) to 4 (rich flowering). To explore regional variations, here we include data
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from three forest regions in northern Germany (Figure 1), as well as mean values for northern and
southern Germany.

Finally, extensive and long observations exist for fructification, i.e., the seed production of trees.
However, fructification is not a fully accurate proxy for flowering and pollen production in the same
year because seed development may be interrupted during and after flowering by calamities, late
frosts or other weather extremes. Hence, fructification data is primarily used to fill gaps in the other
proxies. We used data compiled by federal forest monitoring from the MASTREE database [32].

2.4. Tree-Ring Chronologies

For comparison we use composite tree-ring chronologies of beech from the Müritz area, close
to Lake Tiefer See, and from Boizenburg/Schwerin, about 100 km north of Lake Arendsee (Figure 1).
The Müritz composite chronology is created from eight sites of mature closed canopy forest stands.
Sample replication is 160 trees with a minimum age of 80 years. The Boizenburg/Schwerin chronology
comprises 45 trees from two sites with a strong common signal. All chronologies were detrended
using flexible spline curves to remove the inherent age trend and possible influences of disturbances or
forest management. The resulting index chronologies are thought to best represent the inter-annual
variations in tree-growth caused by climate and allocation to reproduction (mast).

2.5. Meteorological Data

The flowering intensity of beech in one year has been attributed to summer temperatures in the
two previous years [19–21]. To validate this relationship for the study sites, we compare flowering data
with the July temperature offset (ΔtempJuly1–2), i.e., mean July temperature one year ago minus mean
July temperatures two years ago. Mean July temperatures were obtained from Deutscher Wetterdienst
(DWD) for the weather station Waren, about 10 km south-east of Lake Tiefer See.

2.6. Statistical Analyses

To compare the pollen records with monitoring data and the tree-ring chronologies we tested for
gleichläufigkeit (glk) and correlation using the R environment for statistical computing (R Core Team
2018). Gleichläufigkeit was calculated with the glk function from the ‘dplR’ package, version 1.6.6 [33–35].

3. Results

3.1. Pollen Mast Years between 1980 and 2018

In this section we compare all monitoring data to identify years with widespread intense flowering
and pollen emission. For beech, the pollen traps from Delmenhorst, Lüssow, Eldena and Vilm
show sharp, and largely synchronous variations in annual pollen deposition (Figure 3). Since 1982,
the Delmenhorst record shows seven years with very high pollen deposition (pollen index > 500:
1983, 1995, 2000, 2004, 2007, 2009, 2011), and five years with intermediate pollen deposition (pollen
index between 250 and 500: 1987, 1990, 1998, 2006 and 2014). The pollen traps from north-eastern
Germany show very high pollen deposition in 2014 and 2016, so that we overall assume nine years
with very high and four years with intermediate pollen deposition. The trap data correspond well
to monitoring data of flowering intensity across northern Germany—in all years with intermediate
to high pollen deposition since 1995, mean flowering intensity is higher than 2.5 in all sub-regions,
indicating intermediate to strong flowering (Figure 3). Flowering intensity is also high in the year
1992, which is missing from the pollen trap record, hence adding a year with presumed high pollen
deposition to the record. In only two years we do observe regional variation in the flowering data.
In 2002, only region 2 and 3 indicate intense flowering, in 2018 only region 3 indicates intense flowering.
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Figure 3. Pollen and forest monitoring data for beech (A–C), annual pollen deposition in three sediment
cores (D–F), ring width index from the Müritz and Boizenburg/Schwerin composite (G) and difference
in mean July temperature one year ago minus mean the value two years ago (H). Grey bars: reference
mast index, dark bars indicate supposed pollen mast years. The pollen index (A) for each year is the
sum of all daily means of Fagus pollen grains per cubic metre of air. Flowering and fructification index
(B,C) are assigned by forest monitoring. The reference index is calculated as a mean of pollen, flowering
and fructification index. Pollen accumulation rates (PARs) (D–F) are given in pollen grains cm−2 yr−1.
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Finally, observed fructification also corresponds well to pollen deposition and flowering: in all
years with intermediate to high pollen deposition and flowering (except 1987), the fructification index
is higher than 0.3 (Figure 3). Such a high index is also observed in 1989, with pollen index and
flowering index being low, and 2002, with pollen index and flowering index just below the threshold
for intermediate flowering. Again, the regional records are closely correlated. Only in 1998, 2006 and
particularly in 2014, the index is clearly lower in Mecklenburg-Vorpommern than in the other regions.

Overall, we observe ten years with supposedly strong, four years with intermediate and two
years with possibly also elevated flowering and hence pollen deposition. Flowering and pollen
production has been highly synchronous across northern Germany, and intense flowering in almost all
cases resulted in strong fructification. Only in 2014, fructification was low in north-eastern Germany
although strong flowering is recorded. For this year, late frost was reported, which may have hampered
fructification [36]. For further analysis we use a mean mast index composed of pollen, flowering and
fructification index as a reference. For calculation of this mean index, all indices were rescaled to the
range 0 to 1.

Comparison with mean July temperatures largely confirms the earlier observation that intense
flowering in beech is related to a positive July temperature difference in the two previous years, i.e.,
when mean July temperatures were low two years ago and high one year ago (Figure 3). However,
in 2016 intense flowering is observed although the July temperature difference was negative. This
observation may indicate that flowering intensity is influenced by further factors.

For spruce, only short pollen trap records are available. They show high pollen deposition in
2009, 2011, and 2015, and somewhat elevated values in 2013 and 2014. Monitoring of flowering
intensity started in 1995 and shows more regional variation for spruce than for beech. In several years,
intermediate to intense flowering (index > 2.5) is only recorded in one of the three regions: only in
region 4 in 2000 and 2003, only in region 3 in 2008 and only in region 2 in 2013 and 2017. In eight
years, all regional records indicate intermediate to strong flowering: 1992, 1998, 2004, 2006, 2009, 2011,
2015 and 2018. For the overlapping period, intense flowering matches high pollen deposition in the
pollen traps. However, pollen deposition was low in 2018 although intense flowering was reported.
Spring and summer of 2018 were exceptionally dry, which may have limited pollen production per
single flower. In another four years, the mean flowering index is above 2.5: 2000, 2003, 2014 and 2016.
For fructification, only a mean German record and a record from north-eastern Poland are available.
Both largely match the flowering index, with the exception that the mean German record indicates
strong fructification in 1993 and 2007, although flowering has been low. The Polish record shows
strong fructification also in 1990, which hence may have been a year with intense flowering as well.
Widespread intermediate to intense flowering is indicated in seven years, regional flowering in another
nine years. As a reference, widespread flowering years are indicated in Figure 4 with a value of 1,
regional flowering years with a value of 0.5.
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Figure 4. Pollen and forest monitoring data for spruce (A–C), annual pollen deposition in three sediment
cores (D–E). Grey bars: Long bars indicate supposed intense, short bars intermediate flowering years.

3.2. Pollen Mast Years in the Lake Records

3.2.1. Fagus

Annual pollen accumulation rates (PARs) of Fagus in the three lake pollen records show high
annual variations mostly between ~100 and ~4000 grains cm−2 year−1 (Figure 3). An exceptionally
high value of 9300 grains cm−2 year−1 is observed in TSK15-K7 for the sample of the year 2000. Also
other pollen types in that sample have exceptionally high values, which may indicate a sampling error
or an error in PAR estimation. All three lake pollen records closely correlate with the reference mast
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index, with correlation being strongest for ARS17A (Figure 5, Table 3). To compare the number of
pollen mast years detected in the lake records with those observed in the monitoring data, ad-hoc
classification was applied: A sample is classified as a pollen mast year if the PAR value in this sample
is higher than the PAR value in the sample above or below plus the median over all samples in that
record. The pollen mast years identified in this way correspond well to the monitoring data; all pollen
mast years identified in the monitoring data, except 2007, were recorded in at least one of the lake
pollen records (see Supplementary Materials). However, in each record several pollen mast years have
not been identified (false negatives): six in TSK15-K1 (1983, 1987, 2006, 2007, 2009 and 2014), four in
TSK15-K7 (1987, 1990, 1998 and 2007) and three in ARS17A (1998, 2014 and 2007). On the other hand,
only three pollen mast years have been wrongly detected (false positives), one in TSK15-K1 (1986) and
two in TSK15-K7 (1982, 2002).

 
Figure 5. Scatter plots of annual Fagus PARs over the reference mast index.

Table 3. Correlation coefficients and gleichläufigkeit between annual pollen deposition of Fagus and
Picea in three lake pollen records and the reference mast index as well as the tree-ring records.

Relationship Tested TSK15-K1 TSK15-K7 ARS17A

Fagus PARs ~ reference mast index
r = 0.73

p = 1.124 × 10−6

glk = 0.79 (33 a)

r = 0.63
p = 0.00074

glk = 0.79 (25 a)

r = 0.77
p = 6.133 × 10−8

glk = 0.90 (35 a)

Picea PARs ~ reference mast index -
r = 0.36

p = 0.1702
glk = 0.66 (15 a)

r = 0.56
p = 0.002192

glk = 0.73 (27 a)

Tree-ring index ~ Fagus PARs
r = −0.67

p = 1.129 × 10−5

1-glk = 0.65 (35 a)

r = −0.67
p = 0.00014

1-glk = 0.85 (25 a)

r = −0.44
p = 0.0082

1-glk = 0.72 (35 a)

In TSK15-K7, full pollen spectra were counted so that pollen percentages of Fagus are also available.
PARs and pollen percentages show parallel variations, and hence suggest that either data type is
suitable to recognize pollen mast years in the pollen record (Figure 3).

3.2.2. Picea

Annual pollen deposition of Picea in TSK15-K7 and ARS17A shows similarly high variations as
pollen deposition of Fagus (Figure 4). Furthermore, pollen deposition in Lake Arendsee is ~5 times higher
(maximum = 4200 grains cm−2 year−1) than in Lake Tiefer See (maximum = 700 grains cm−2 year−1).
The higher values in Llake Arendsee probably reflect the smaller distance to extended spruce forests.
Spruce is a rare forest tree in Mecklenburg-Vorpommern. Larger stands occur in Lower Saxony, about
75 km west of Lake Arendsee and 200 km south-west of Lake Tiefer See, and in the Harz Mountains,
about 150 km south of Lake Arendsee and 250 km south-west of Lake Tiefer See.

Of the seven mast years indicated by the monitoring data, five are recognizable in the pollen record
of ARS17A (1998, 2006, 2009, 2011 and 2015) while two years (1992, 2004) do not show elevated PARs.
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A similar situation with intense flowering but low pollen deposition in the pollen traps is observed
in 2018. The growing season of this year has been exceptionally dry. So, a possible explanation for
lower than expected pollen deposition is that pollen development was hampered by the drought.
Precipitation has been at average levels in 2004, so that lower than expected pollen deposition in this
year may relate to another effect. Already 2003 was a year with elevated flowering and fructification.
Due to resource depletion, spruce may not produce abundant pollen in two subsequent years, even
if flowers are present. Both effects are only speculative and need verification. On the other hand,
pollen deposition of Picea was elevated in 1993 despite low observed flowering in northern Germany.
However, high values of the mean German fructification record suggest intense mast in central and
southern Germany. Mast is also indicated in north-eastern Poland. The higher than expected pollen
deposition in Lake Arendsee may hence relate to long-distance transport of pollen from these areas.
Similarly, pollen deposition was elevated in 2017 although intense flowering was only recorded in
region 2. Finally, pollen deposition was high in 2010, although low flowering and fructification was
reported in all areas. The high PARs for Picea in 2010 may represent redeposition from 2009, which
was a strong flowering year. No redeposition is indicated for beech pollen; PARs were high in the mast
year 2009 and very low in 2010. However, redeposition may here play a larger role in spruce pollen
because this species flowers about four weeks later than beech and the pollen grains float longer. Both
effects increase chances that some pollen is deposited at the lake bottom later in the year and hence
within the detrital layer that due to the chosen sampling procedure is attributed to the next year.

Only two of the seven mast years indicated in monitoring data are detected in the Lake Tiefer
See pollen record TSK15-K7 (1992 and 2006). High deposition is also observed in three years with
regional flowering (1990, 2000 and 2003) and three years with only weak flowering (1996, 2005 and
2007). We suggest that the weak link between monitoring data and pollen deposition in Lake Tiefer
See is related to the rareness of spruce in the area. Due to the overall low pollen deposition, localized
flowering events and random, long distance transport events may strongly influence pollen deposition
in that lake.

3.3. Tree-Ring Records

The tree-ring indices from the Müritz area and Boizenburg/Schwerin are closely correlated during
the study period 1980–2017, showing very similar growth trends in both areas (Figure 3). The index
ranges from 0.4 to 1.4, with the lowest values being observed during the years with most intense
flowering and highest fructification: 1993, 1995, 2000 and 2010 (Figure 3). Correlation between
monitoring data of fructification and the Müritz tree-ring index (1991–2016) is high (r = −0.67) and
significant. Similarly we found close negative relationships between annual pollen deposition in the
three pollen records and the tree-ring indices (Figure 6, Table 3). The correlation is somewhat closer
between the two Tiefer See pollen records and the Müritz tree-ring index (r = −0.67 for both records)
than between the Arendsee pollen record and the Boizenburg/Schwerin tree-ring index (r = −0.44).
These results indicate that tree growth is depressed during years of high pollen production. Such
a negative relationship between reproduction and growth is well known for beech stands across
Europe [19,21,37]. It has been interpreted as a trade-off in resource allocation between reproduction
on the one side and radial tree growth on the other [19,37,38]. In addition, beech as a flowering
masting species [39] shows a high coherence between flowering intensity and final seed production,
i.e., the number of seeds produced is largely controlled by the flowering effort. In fruit-maturation
masting species like oak (Quercus spp.), fruit production is instead more strongly controlled by the
variable ripening of a more constant flower crop [39]. For flowering masting species, a high coherence
between pollen production and final seed crop can thus be expected, which is supported by our results.
Only in years with unfavourable spring/early summer conditions (strong drought) or in years with
late frost events massive flowering will not result in high seed crops [40,41].
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Figure 6. Scatter plots of tree-ring width in the Müritz and Boizenburg/Schwerin composite chronologies
over annual Fagus PARs.

4. Discussion

4.1. Annual Pollen Data

The close correlation between the mean masting index and annual pollen deposition in varved
lake sediment cores shows that annual variations in pollen production of beech and spruce are indeed
recognizable in annually laminated sediments, although not in all cases. For beech all the years with
strong flowering have been well identified, yet some of the years with intermediate flowering are
missing in one or several lake records, e.g., 2007 and 2014. Only in 2006 and 2007 is intermediate
flowering observed in two consecutive years. In 2007, pollen production may have been low despite a
high number of observed flowers, e.g., due to resource depletion. For spruce, a similar situation is
observed in 2003 and 2004. Alternatively, pollen production and later seed production may have been
disturbed by the exceptionally warm and dry conditions during the summer of 2003. In 2018, intense
flowering in spruce was recorded yet pollen deposition in the pollen traps remained low. In 2014,
fructification in beech was regionally low although flowering was widespread and high. In this case,
however, pollen deposition in the pollen traps was also high. Hence, seed production may have been
disturbed after flowering, at least in particular areas.

Lower than expected pollen deposition in the lakes, as in 2014, may also be related to sampling
uncertainties. The varves in the studied sections were mostly 2–4 mm thick, which allowed us a
simple slicing approach. However, particularly in the Lake Tiefer See cores, not all varves are clearly
recognizable by the naked eye, and seasonal layers tend to be undulating. Moreover, the surface
sediments in both lakes are still soft. Hence, despite the rather large varve thickness, separation of
single years may not have been fully successful in all cases. Finally, the pollen signal in lake bottom
sediments may be disturbed by redeposition of pollen. In the study area, the main pollen season
of beech and spruce occurs between April and June. We have separated samples directly above the
distinctive calcareous layer, which is observed to be deposited from April until at least July, but often
longer [25]. Hence, the pollen deposition of beech and spruce from one season is expected to be
present in the sample of that year. However, pollen initially deposited at the lake margins or in its
surroundings may be later redeposited and hence end up in sediments attributed to the following
year. In our records, pollen deposition of both trees mostly declines sharply after a year with peak
pollen deposition, suggesting that redeposition has only minor effects. Ref. [42] correspondingly found
little indication of redeposition in lakes with a large, deep basin and a small littoral zone, like our
study sites. Only in some cases, PARs remain high in the year after a mast year, e.g., for Fagus in 1991
(ARS17A) and 2005 (both cores from Tiefer See) and for Picea in 2010 (ARS17A). Redeposition thus
may be relevant in some years.
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4.2. Outlook

4.2.1. Application of Annual Pollen Records

Flowering and pollen production in beech and spruce vary sharply from year to year. These
variations are well represented in pollen traps, and also preserved and recognizable in annually
laminated lake sediments. We suggest that such annual pollen counts are potentially useful in
three ways.

1. Synchronization and Dating of Varved Sediments

As the main application, we consider annual pollen counts as useful to synchronize varved
sediment sections from sites across a region. Annually laminated lake sediments are valuable climate
and environmental archives, because they provide up to sub-annual resolution. Exploiting the full
potential of varved records requires dating to the exact year, which is potentially provided through
layer counting. In reality, however, invisible, blurred, or duplicate layers cause dating errors [9].
Furthermore, many varve records include poorly or non-varved sections, hence creating floating varve
sections. So far only tephra layers allow exact synchronization of varve sections for, e.g., transect
studies, yet only a few tephra layers are recorded in central Europe [10]. Annual pollen counts
instead may provide continuous synchronization. If a sufficient number of long records are available,
continuous pollen mast chronologies may be established. Like tree-ring chronologies, they will allow
the dating of further (floating) varve sections.

The primary question, however, is whether the pollen mast signal is indeed sufficient to synchronize
records. In northern Germany, pollen mast years have occurred regularly since 1990, often every second
year. Such a regular pattern provides limited links for synchronization. Long mast records instead show
more variation, i.e., clusters of regular flowering and long pauses well suited for synchronization [24].
Robust synchronization requires records with a minimum length. In tree-ring science, typically
overlaps of 50 years or more are considered to give reliable cross-dating results. Similar values may
apply for mast records. Longer overlap may be necessary in periods with very regular masting. On the
other hand, further marker horizons, such as tephra layers, will reduce the necessary overlap. Also
analysis of pollen mast in several taxa may reduce the necessary overlap. In addition to Fagus sylvatica
and Picea abies, Carpinus betulus and Abies alba also show higher flowering variability (Table 4). Whether
they provide a meaningful pattern in annually laminated pollen records still needs to be tested.
Quercus robur and Q. petraea—although well known for pronounced seed mast—show low variation in
flowering intensity and probably provide no robust pattern in annual pollen deposition. As mentioned
before, variable fruit production in Quercus is more strongly controlled by the variable fruit ripening
rather than by variable flowering.

Table 4. Standard deviation (SD) in the mean flowering index of major forest trees in Germany during
the period 1992–2018.

Species SD

Abies alba 0.52
Alnus glutinosa 0.39
Betula pendula 0.29

Carpinus betulus 0.62
Fagus sylvatica 0.82

Picea abies 0.81
Pinus sylvestris 0.41
Qercus petraea 0.41
Qercus robur 0.39
Tilia cordata 0.37
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Synchronization itself may be applied in different ways. Records may be either synchronized
using a binary approach, in which each annual sample is classified as mast or non-mast, e.g., in a
higher-than-neighbour approach as in the present study. Alternatively, records may be synchronized
using their gleichläufigkeit, correlation or the T-values approach. The latter method is used for
cross-dating tree-rings. Calculation is based on correlation coefficients between two records, weighted
by the length of the overlapping period. Thus, the same correlation values indicate a more reliable
match when found in longer records. Although there is no commonly agreed threshold, T-values
above 4 are often considered as reliable for cross-dating. For a 50 year overlap a T-value of 4 would
correspond to a correlation coefficient of 0.5. The T-value approach will be particularly useful when
annual variation in pollen deposition is overlaid by longer term changes in pollen deposition due
species expansion or decline.

Synchronization with annual pollen data has spatial limits defined by the area over which
trees flower simultaneously. Forest and pollen monitoring show that flowering of beech is
indeed synchronous across northern Germany and probably also northern/north-western Poland.
Over longer distances, i.e., between northern and southern Germany/Switzerland, several mast years
are synchronous (2009, 2011 and 2016), while others were limited to the north (2000, 2004, 2014) or
south (2003, 2006, 2018). Hence, both areas would probably need separate pollen mast chronologies.
Also Ref. [16], on a N-S transect from Poland to Bulgaria, shows some widely synchronous mast years
but also regional differences. Further monitoring data, e.g., those compiled for pollen forecast, will
allow defining areas with synchronous variations in flowering and pollen production/deposition.

Application of flowering chronologies will also have temporal limits. In central Europe, beech
and spruce show the most prominent variations in annual flowering among all major tree taxa and
hence are most suited for the approach. However, in the northern part, beech became an abundant tree
only ~2500 years ago while spruce is not native to the area and has only been planted over the past
150 years. To the south both taxa have been present for much longer, so that probably longer mast
chronologies covering 6000 years or more may be established. Whether strong mast years in the south
are also reflected in pollen records from northern Germany due to long distance transport of pollen
still needs to be tested. Such long-distance transport is indicated by continuous yet rare presence of
Fagus and Picea in pollen records from northern Germany since about 6000–8000 cal. BP.

Finally, the observed close link between annual pollen accumulation of beech and tree-ring width
suggests that varve sequences may be dated through direct linking with tree-ring records. The present
sequences are too short to fully validate this option. We therefore aim to extend analysis to past periods
with overlapping varve and tree-ring records. For northern Germany, the tree-ring record for beech
goes back about 1040 years until 980 CE [43]. In Lake Tiefer See, well varved sections exist before
1200 CE, hence the overlap is about 200 years [26].

2. Tree-Ring Studies

Our results confirm that radial growth in beech is strongly influenced by allocation of carbohydrates
to reproduction, i.e., flowering and fructification, which itself is triggered by weather parameters [38,44].
This interplay of climate, reproduction and tree growth implies that climate controls on tree growth
are partly indirect and delayed. At least in beech, mast can explain the often-observed influence of
weather conditions in the previous year on current year’s growth [37]. Disentangling the climatic from
the reproduction effect in the analysis of tree-ring width would enhance the quality of tree-ring-based
climate reconstructions. The relationship between annual PARs in varves and tree-ring chronologies is
therefore a mutual one: First, long tree-ring chronologies can provide a link for long annual PAR records
before the era of forest monitoring data, hence help to date varve records. Second, varve-derived
records of strong flowering events can help to “clean” tree-ring records from the mast effect—by
identifying narrow rings related to mast events—in order to strengthen the inherent climate signal.
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3. Climate Reconstruction

In several European tree species, most prominently beech and spruce, masting is highly
synchronous and has shown to be triggered by large scale weather patterns, e.g., such as that
represented by indices of the north Atlantic circulation (NAO) [45,46]. Reconstructions of mast years
may hence be an additional proxy for those indices in the past. For beech, the closest correlation exists
between mast and a high positive offset in July temperatures in the two years before mast [18,19,47].
A high mast frequency hence points at high inter-annual variations in summer temperatures while
absence of mast instead indicates low variation.

4.2.2. Practical Issues

From previous experience the main practical challenge of annual pollen analysis is sediment
sampling. Here, we sampled rather thick varves but even then, sampling was not easy because of
several not well-defined varves and soft sediments. In older, more consolidated sediments, varves are
commonly as thin as 0.5 mm or less. In this case, different sampling strategies using magnification will
be required. We sliced actual samples from a longitudinal core section of about 1.5 × 1.5 cm across, but
also smaller sections (e.g., 0.5 × 0.5 cm) would contain a sufficient number of pollen grains while at the
same time providing higher sampling accuracy. Using such narrow core sections would also simplify
parallel sampling for validation.

A second limitation derives from the large number of pollen samples. Full spectrum pollen
analysis is time consuming, and certainly limits analysis of many hundreds or thousands of annual
samples. Here, we applied simplified analysis, i.e., only Fagus pollen, Picea pollen and the exotic
marker were counted. The exotic marker counts were as high as ~500 for samples from Tiefer See but
as low as ~50 in samples from Arendsee, which appears to be sufficient for reliable PAR values because
of the high variations. Thus, analysis time was reduced to about 20 min per sample, i.e., analysis of
10–15 samples per day is feasible. These efforts will often remain too high for complete analysis of long
varve sections, but may be worth doing when the focus is on shorter time periods.

Supplementary Materials: The following is available online at http://www.mdpi.com/2571-550X/2/3/23/s1,
Figure S1: Identification of mast years in monitoring data and lake sediments.
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Abstract: Snow avalanches cause many fatalities every year and damage local economies worldwide.
The present-day climate change affects the snowpack and, thus, the properties and frequency of
snow avalanches. Reconstructing snow avalanche records can help us understand past variations
in avalanche frequency and their relationship to climate change. Previous avalanche records have
primarily been reconstructed using dendrochronology. Here, we investigate the potential of lake
sediments to record snow avalanches by studying 27 < 30-cm-long sediment cores from Kenai Lake,
south-central Alaska. We use X-ray computed tomography (CT) to image post-1964 varves and
to identify dropstones. We use two newly identified cryptotephras to update the existing varve
chronology. Satellite imagery is used to understand the redistribution of sediments by ice floes over
the lake, which helps to explain why some avalanches are not recorded. Finally, we compare the
dropstone record with climate data to show that snow avalanche activity is related to high amounts
of snowfall in periods of relatively warm or variable temperature conditions. We show, for the first
time, a direct link between historical snow avalanches and dropstones preserved in lake sediments.
Although the lacustrine varve record does not allow for the development of a complete annual
reconstruction of the snow avalanche history in the Kenai Lake valley, our results suggest that it can
be used for long-term decadal reconstructions of the snow-avalanche history, ideally in combination
with similar records from lakes elsewhere in the region.

Keywords: dropstones; snow avalanche; X-ray CT; varve

1. Introduction

Over the period 2006 to 2016, an average of 27 people died each year in the United States of
America due to snow avalanches [1]. In the European Alps, the number of fatalities is even higher,
with a yearly average of 100 casualties over the past 40 years [2]. Furthermore, snow avalanches
also have socio-economic consequences, such as road blockages, and power plant and power line
damage [3]. Ongoing climate change affects the air temperature in mountainous regions and influences
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snow conditions, which are key factors in controlling magnitude, frequency, and seasonality of snow
avalanches [4]. Snow-avalanche records provide insights into possible triggering mechanisms and
the periodicity of events. Triggering mechanisms can be both human induced and climate dependent,
and understanding these mechanisms helps to assess the hazard. The more accurate and complete the
snow avalanche record is, the better snow-avalanche hazards can be estimated and provide important
information for infrastructure development [5].

Most snow-avalanche frequency studies have been based on historic avalanche records and
avalanche records from tree rings [6–8]. Trees are often present along snow-avalanche tracks and get
impacted (e.g., damaged, inclined, loosening neighboring trees) by the avalanches. The trees react
to the changed circumstances, causing variations in the tree rings that can be used to develop an
avalanche chronology [8]. Trees along a certain avalanche track will, however, only record information
of avalanches passing this particular track and not from avalanches on other tracks. To create the
most complete avalanche chronology for a region, data from every avalanche track should, thus,
be included.

Lakes, on the other hand, have the potential to catch avalanche deposits from several tracks
in the mountains surrounding them. In 1975, Luckman [9] postulated that dirty snow avalanches
that run out on lake ice may distribute dropstones over the lake during the melt season. Since then,
several studies have shown records of such dropstones, especially in Norwegian lakes [9–11]. Sieving,
loss-on-ignition (LOI; for organic matter content) and magnetic-susceptibility (MS) measurements
were applied to distinguish the coarser, angular avalanche deposits from the lake sediment [6,7].
The destructive methods (sieving and LOI) are rather labor-intensive and time consuming. In recent
years, the interest in faster and non-destructive methods, such as X-ray computed tomography (CT)
scanning, has grown [6]. CT scans provide a 3D reconstruction of the core that can be used to obtain
qualitative and quantitative information, such as grain-size parameters and morphology [12]. Together
with precise core dating (e.g., varve chronology), X-ray CT from lake sediments can be used to record
past snow avalanche events at high temporal (annual) resolution.

In this paper, we investigate the potential of lake sediments to record snow avalanches and
to reconstruct the avalanche history. We further explore the impact of transport processes on the
significance and the completeness of the snow-avalanche record. Finally, we explore the potential
and limitations of the methods used. The study is based on X-ray CT imaging of 27 cores taken from
Kenai Lake, Alaska. This technique allows us to examine large clasts, which are hypothesized to be
snow-avalanche deposits (dropstones), and the typical varved lake sediments in which the debris was
deposited. We revise the varve chronology established by Boes et al. [13] using new absolute ages
from cryptotephras present in the varved-sediments, and we compare the annual debris record with
satellite images of Kenai Lake to assess the validity of the snow-avalanche hypothesis.

2. Setting

Kenai Lake is a proglacial lake located on the Kenai Peninsula, in south-central Alaska (Figure 1).
The Kenai Peninsula can be divided into two regions: the northwest side is the relatively flat Kenai
Lowland, and the southeast side is rugged and dominated by the Kenai Mountains where Kenai Lake is
situated. The topography of both regions was shaped by Quaternary glacial processes. The Cordilleran
Ice Sheet covered most of southcentral Alaska during the Last Glacial Maximum, including the area of
Kenai Lake [14]. Kenai Lake was formed by glacial scouring of bedrock and is surrounded by steep
mountain slopes.

Kenai Lake is a narrow and zigzag-shaped lake, which is 38 km long and covers a surface area of 56
km2. The lake is situated 132 m above sea level and has a maximum water depth of 174 m (Figure 1) [14].
The geology of the surrounding mountains was mapped and described [15] as metasedimentary rocks
of the Valdez Group (Upper Cretaceous). The mountains south of the lake are higher (1500 m a.s.l.) and
steeper (40–45◦) than those in the north (600 m a.s.l., 35–40◦) (Figure 1). The lake is hydrologically open
with the Upper Kenai River, which is the outlet situated on the northwest end of the lake. The Trail
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River and Snow River, along the east side of the lake, are the main inlets and sources of water and
sediment. A smaller inlet is situated at the north side of the lake [13].

The Kenai Peninsula is situated above the Alaska-Aleutian subduction zone, where numerous
active volcanoes are present, and earthquakes occur frequently [16]. These earthquakes and volcanic
eruptions can result in the deposition of turbidites and tephras in lakes that can then be used as
time markers. In Kenai Lake, the 1964 Great Alaska Earthquake (MW 9.2) triggered deposition of a
turbidite [17], which formed the base of the interval that is studied here. Within this interval, Boes et
al. [13] suggested that one of the peaks in the magnetic susceptibility curve, taken along a sediment
core, is related to the 1989/1990 Redoubt Volcano eruption.

Kenai Lake sediments are composed of clastic varves, representing a couplet of a coarse-grained
spring–summer lamina and a fine-grained winter lamina [13,18]. Boes et al. [13] observed internal
laminations in some varves that could be mistaken for a new varve year. These laminations were
interpreted to be related to flood events in the late summer or to spring melting of large amounts of
snow/ice in a short period.

 
Figure 1. Setting figure of Kenai Lake focussing on the surrounding topography, the bathymetry and
the coring locations: (a) Map of Alaska showing the location of the study area on Kenai Peninsula.
(b) Multibeam bathymetry of Kenai Lake on top of a lidar map of the surrounding area [19]. Coring
locations of 2012 and 2015 are marked, and villages and deltas are labelled. (c) Enlarged western part
of the central basin of Kenai Lake with a north-south transect through the central part of the basin.

3. Materials and Methods

3.1. Multibeam Data, Core Collection and Core Analysis

Multibeam bathymetry data for Kenai Lake were collected in the summer of 2015 using an ELAC
SeaBeam 1050 system (ELAC Nautik GmbH, Kiel, Germany). This sonar system has two 50 kHz
transducer arrays and a 120◦ swath angle. Roll, pitch, and heave were corrected by an IXSEA Octans
3000 motion sensor (iXBlue, Cedex, France). CTD measurements (conductivity, temperature and depth)
at the lake surface were carried out with a Valeport Modus CTD. A CastAway CTD and a Sea and
Sun Technology CTD 48M were used for sound velocity profiles, measured several times each day.
The echosounder was controlled by ELAC HydroStar software, which also served as an interface for
external sensors that acquired hydrographic information. Processing of the bathymetric data was done
with HDPedit (ELAC Nautik GmbH, Kiel, Germany)(outlier cleaning), HDPpost (ELAC Nautik GmbH,
Kiel, Germany) (correcting of sound velocity profiles) and IVS 3D Fledermaus™ (QPS B.V., Zeist,
The Netherlands) (detailed ping editing). The final high-resolution bathymetry map has a 9-m-grid
spacing and a vertical accuracy of a few decimeters.
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A total of 27 sediment cores were retrieved during the summer from Kenai Lake using a gravity
corer with hammering extension; 9 in 2012 and 18 in 2015. After shipping to Belgium, the cores
were split at Ghent University, the working halves were described macroscopically, and geophysical
parameters were logged at 0.2 cm resolution using the Geotek Multi-Sensor Core Logger (Geotek
Ltd, Northamptonshire, United Kingdom) (MSCL). The MSCL is equipped with a Cs gamma source
and detector to calculate gamma density, a Konica Minolta CM-2600d spectrophotometer (Konica
Minolta Sensing Americas Inc, Ramsey, New Jersey) to analyze colour spectra and a Bartington MS2E
point sensor (Barington Instruments Ltd, Oxon, United Kingdom) to measure magnetic susceptibility.
Photographs of the split core surfaces were acquired using the line scan camera mounted on the MSCL.

3.2. Core Scanning and Debris Detection

All cores were imaged with a medical X-ray computed tomography scanner (Siemens SOMATOM
Definition Flash (Siemens Healthineers, Erlangen, Germany) at the Ghent University Hospital.
The scanner was employed at 120 kV, an effective mAs of 200 and a pitch of 0.45. The helical scans were
reconstructed using two different protocols. A “soft tissue” reconstruction produced smoother images
that have a relatively strong contrast between sediments with low X-ray attenuation. They were used
to image the varves in the cores. The “bone” reconstruction produces sharper (but more noisy) images,
creating sharp boundaries between objects that have a highly contrasting X-ray attenuation. They were
used to image and analyse the medium to coarse sand and gravel in the muddy matrix.

The 2012 cores were split before scanning; while those collected in 2015 were scanned as whole
cores. The reconstructed DICOM (Digital Imaging and Communications in Medicine) images have
a resolution of 0.15 mm/pixel and a thickness of 0.6 mm and were stacked to create a 3D volume.
The step size between consecutive images was 0.6 mm for the 2012 cores, but 0.3 mm for the 2015
cores. Consecutive images of the latter, thus, overlap 50%. The resulting voxel volumes are ~0.014
and ~0.007 mm3 for 2012 and 2015 cores, respectively. The stacks were imported in VG Studio (2.2) for
visualisation and were converted to tiff images in ImageJ (64-bit Java 1.6.0_24; [20]). The tiff images of
each core were uploaded in Octopus Analysis (formerly known as Morpho+) [21]. This software allows
a 3D-analysis of the cores and the segmentation and isolation of groups of voxels, which represent
sand or gravel, based on their specific Hounsfield Units (HU), i.e., characteristic grey values which
are related to their specific X-ray attenuation [12,22]. A dual threshold of 2200 to 2250 HU in the 2015
cores and 2350 to 2400 HU in the 2012 cores was used to select and isolate sand or gravel. The higher
threshold values for the 2012 cores were determined by comparing the HU histograms and are the
result of the drier state of these split cores compared to the closed 2015 cores. For each isolated group
of voxels (i.e., sand or gravel grains), the equivalent spherical diameter (ESD) was calculated. The ESD
represents the diameter of an irregular shaped object calculated from a sphere with the same volume
as the aspheric particle [23]. The minimal grain diameter that theoretically can be distinguished (i.e.,
~0.24 mm) is affected by the minimal voxel volume of the CT-images (i.e., ~0.007 mm3). Following
Nesje et al. and Vasskog et al. [7,10], we refer to the particles with an ESD larger than 0.25 mm (medium
sand) as debris particles. For each core, we analyzed both the number of particles present and the ESD
of each individual isolated particle (Figure 2). The ESD of the debris particles was used to study their
average grain size. The number of particles found in each layer represents a minimum, as some grains
are too small or are located too close to the core liner, which makes it very difficult or impossible to
isolate this group of voxels. The stratigraphic position of each grain was linked to a particular varve.
Based on the CT-images and the results of the grain-size analysis of the debris, two cores (i.e., KE15-07
and KE15-08) were selected for sampling of grains of different sizes (Figure 2). These fragments were
visually examined to identify the rock type, which can help to assign a possible source region to
the debris.
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Figure 2. From left to right: Photograph of core KE15-08 with enhanced colour histogram to increase
the visibility of the varves with a superimposed record of magnetic susceptibility (MS) in purple.
Frontal cross -section of the “soft tissue” reconstructed image. X-ray computed tomography (CT)
“sum-along-ray” (equivalent to inverted radiograph) image of the “bone” reconstructed image stack of
the same core; laminated (varved) mud is shown in grey scale (intermediate HU), debris in blue (high
HU), and organic material in green (low HU). Each layer that contains debris in this core is labelled
by DL (debris lamina) and the layer number. The number of grains per equivalent spherical diameter
(ESD) class is shown on the right. Pictures of selected grains from three layers.

3.3. Core Correlation, Varve and Tephra Chronology

The cores containing debris were correlated by marker horizons and the sequences of varves
present in each core. Varves containing debris were marked as debris laminae (DL) followed by the
number of the layer, starting at the sediment–water interface and counting downwards to the top of
the turbidite deposited in response to strong shaking during the 1964 earthquake [17]. Dating of the
different debris laminae was based on the varve chronology, corroborated by tephra marker beds.
The different varves are formed in varve years (VY), which start at the beginning of the melting season
(spring) and end at the end of winter [13,18], e.g., VY2014 starts approximately in May 2014 and ends
in April 2015.

The varve chronology of the different cores is based on varve counting and chronology by Boes
et al. [13]. This original chronology is correlated to historical volcanic eruptions based on newly
acquired glass geochemistry data from two cryptotephras indicated by sharp MS peaks (Figure 2).
The uncertainty of the varve chronology between marker horizons was calculated using the presence
of uncertain varves that were retained for the chronology (a potential “erroneous” varve [17]) and
uncertain varves that were not used in the chronology (a potential “missing” varve [17]). From each
marker horizon downward, minimum and maximum ages were calculated by summing “erroneous”
and “missing” varves, respectively. From each marker horizon upward, minimum and maximum ages
were calculated by summing “missing” and “erroneous” varves, respectively. As a result, each lamina
receives two minimum and two maximum ages (i.e., one relative to both the nearest marker horizon
above and below). From those, the minimum and maximum ages representing the lowest uncertainty
were retained.

Cryptotephra samples were treated with 35% hydrogen peroxide to remove organic material and
washed through a 20 μm sieve. Glass was separated using LST (lithium heteropolytungstate) heavy
liquid at ~2.45 g/cm3 and mounted in acrylic pucks using SpeciFix-20 epoxy. All analyses were by
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wavelength-dispersive spectrometry (WDS) on a JEOL 8900 SuperProbe (JEOL USA Inc, Peabody,
Massachusetts) at the University of Alberta using 15 KeV, 6 nA current and 5 μm beam. The software
‘Probe for EPMA’ (Probe Software Inc, Eugene, Oregon) was used to apply time-dependent intensity
corrections for Na loss induced by the smaller beam size [24]. Two natural glasses, Lipari obsidian
(ID3506) and Old Crow tephra, were analyzed before and after the samples to track calibration and the
quality of analyses.

3.4. Satellite Image Analysis

Satellite images were used to visually verify the occurrence of snow avalanches in winters over
the period 2004 to 2014. The location and timing of these avalanches were compared to the ages of
debris laminae found in the lake sediments. Satellite images from Landsat 5,7,8 /Copernicus (Property
Google—DigitalGlobe 15–30 m resolution, 14 April 2004, 17 April 2011), Pleiades (0.5 m resolution,
2 April 2012), QuickBird (0.6 m resolution, 23 March 2014) and WorldView-1 (0.5 m resolution, 28 April
2008) were used to study the frozen conditions of Kenai Lake towards the end of the winter season
(March–April). For other years, we were not able to locate satellite images with sufficient resolution.

3.5. Climate Data

The Alaska Climate Research Center provided climate data for the period 1963 to 2013 (for winter
temperature and snowfall) collected at two stations located near Kenai Lake. These two stations
were Cooper Lake Project (60◦23’N, 149◦41’W, 182 m above sea level) and Cooper Landing (60◦29’N,
149◦58’W, 105 m above sea level) (Figure 1).

4. Results

4.1. Avalanches on Satellite Images

We observed snow-avalanche deposits on the five available satellite images over the period 2004
to 2014 along the south shore of the central basin of Kenai Lake (Figures 3 and 4). The majority of
these can be found between the Hydroelectric Power Station (HPS) and the Ship Creek Delta (SCD)
(Figure 1), while a few are situated east of Ship Creek Delta. We refer to these places as the western part
and the eastern part of the central basin, respectively. In the captions of Figures 3 and 4, we describe
the distribution and transport processes of observed avalanche deposits based on satellite images.

4.2. Bathymetry

The bathymetry of Kenai Lake can be characterized as a flat basin plain bordered by steep slopes
that are typically 30 to 45◦, and locally, as steep as 70◦ (Figure 1). Deltas have average slopes of 20 to
30◦. At the foot of major deltas, the hummocky mounds are probably deposits from delta failures.

4.3. Core Sedimentology

Most sediments in Kenai Lake are clastic varves (see 2. Setting; [13]). The varves have a grain-size
distribution ranging from clay to silt [13] and form the matrix in which the coarse debris was deposited.
The post-1964 sedimentary sequence thickens from the west to the east. The considerably thicker
sedimentary sequence in the central and eastern basins (21 to 30 cm) compared to the western basin
(11 to 16 cm) (Figure 5) is a result of the river inlets, which are situated in the eastern and central part of
the lake. These rivers bring sediment into the lake, which is deposited primarily near the inlets. Within
the central basin, the thickness is relatively constant, with slightly thicker (max. 5 cm) sequences on
delta-proximal locations.
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Figure 3. March 23, 2014. Top: Satellite image of the central basin of Kenai Lake. The Ship Creek
Delta (SCD) is indicated with a red star as a reference point. Two snow-avalanche deposits occurred in
the western part of the central basin with little to no debris visible. Bottom: Magnified images of the
observed snow-avalanche deposits and ice melting along the north shore. Melting was followed by the
growth of cracks in the ice and finally cracked ice pans that floated around in the lake. Such cracks
were also observed along the border of the eastern avalanche deposits.

4.3.1. Debris Laminae

Debris was found in three of the nine cores taken in 2012 (i.e., KE12-07, KE12-08, and KE12-09)
and in 11 out of 18 2015-cores (i.e., KE15-01A, KE15-01B, KE15-06, KE15-07, KE15-08, KE15-09, KE15-10,
KE15-11, KE15-13, KE15-15, and KE15-17) (Figure 5). In each core, the debris was found in, or just
above, the winter lamina of a varve (Figure 2).

Twenty-four debris laminae were identified in the 14 debris-containing cores; most of the debris
laminae were found in cores from the southern part of the western basin and in the western part of the
central basin (Figures 5 and 6). Core KE15-07, located at the western end of the central basin, records
20 of the 24 debris laminae (Figure 5). The equivalent spherical diameters (ESD) of the debris grains
range from 0.35 mm to 12.30 mm. In general, debris consists of very coarse sand to fine gravel. An
overview of the physical properties (mean, median, maximum and minimum grain size) of all the
grains found in each debris lamina is presented in Table 1.
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Figure 4. Left: Satellite images of the central basin of Kenai Lake, from 14 April 2004, 28 April 2008,
17 April 2011, and 2 April 2012. Plotted on the satellite images are the locations of cores, in which
debris was found at the top of the varve of the previous varve year. In addition, the median grain size
and the number of grains found in that varve of each core are plotted. The Ship Creek Delta (SCD) is
indicated with a red star as a reference point. Most of the avalanches (six in 2004, two in 2008, two in
2011, and four in 2012) occurred around the western part of the central basin and two (2004 and 2008)
are observed in the eastern part. Avalanches in 2004 and 2008 consist of snow and debris, while those
in 2011 and 2012 only show snow. Right: Magnified images of avalanches.
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Figure 5. Overview of all cores from Kenai Lake where snow-avalanche debris was found. For each core
there is from left to right: photograph of the core with enhanced colour histogram, frontal cross-section
of the “soft tissue” reconstructed image. X-ray CT “sum-along-ray” (equivalent to inverted radiograph)
image of the “bone” reconstructed image stack and a plot with the number of grains found per debris
lamina for different classes of equivalent spherical diameter (ESD).
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Figure 6. Overview of the 24 debris laminae (DL) located in different cores of Kenai Lake. The cores
that contain a certain debris lamina are plotted together with the minimum number of grains found in
the lamina and their median equivalent spherical diameter (EDS).

Debris was only sampled in cores KE15-07 and KE15-08. The debris in both cores generally
consists of angular, often flattened, grains with a dark gray colour and shiny surface, sometimes
accompanied by organic detritus. In debris lamina 4 from core KE15-08 (at 3.5 to 4 cm from the top of
the core) one dark grey, angular pebble, 0.6 cm long with a flattened shape and a flaky surface texture
was present, which was accompanied by smaller sand grains (<1 mm) (Figure 2). In debris lamina 5
(at 5 to 6 cm from the top) we found sand grains with a diameter up to 1 mm. Whereas most of the
grains are angular and dark grey, some grains were more rounded and vary in colour between yellow
and dark grey. Organic material, such as wood chips, was found in the matrix, together with debris
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particles. In debris lamina 16 at a depth of 14.5 to 15.5 cm from the top, sand grains similar to those in
debris lamina 4 and 5 were found. In addition to the small grains, we found a 1.2-cm-long, dark grey,
angular pebble.

Table 1. Characteristics of debris laminae in the cores, their ages and physical properties of the grains
(DL = debris lamina, ESD = equivalent spherical diameter).

Name
Varve
Year

Best
Age

(years
AD)

Min
Age

(years
AD)

Max
Age

(years
AD)

Number of
Cores in

which DL is
Present

Total
Number of
Grains in

DL

Mean
ESD
(mm)

Median
ESD
(mm)

Max
ESD
(mm)

Min
ESD
(mm)

DL1 2010 2011.3 2011.3 2010.3 1 1 1.75 1.75 1.75 1.75
DL2 2009 2010.3 2010.3 2009.3 1 1 1.50 1.50 1.50 1.50
DL3 2007 2008.3 2009.3 2007.3 1 9 1.70 1.68 3.04 0.98
DL4 2006 2007.3 2009.3 2006.3 2 24 1.49 1.17 5.00 0.74
DL5 2003 2004.3 2005.3 2003.3 4 53 1.87 1.52 4.86 0.60
DL6 2002 2003.3 2004.3 2002.3 4 5 1.55 1.57 1.81 1.21
DL7 2001 2002.3 2003.3 2001.3 5 16 2.23 2.15 7.17 0.56
DL8 1997 1998.3 1999.3 1998.3 4 9 3.00 2.51 8.33 1.29
DL9 1992 1993.3 1990.3 1993.3 3 6 2.05 1.29 5.78 0.74

DL10 1991 1992.3 1993.3 1992.3 4 21 2.05 1.69 6.03 0.89
DL11 1989 1990.3 1990.3 1990.3 3 11 2.74 1.90 7.50 0.91
DL12 1987 1988.3 1988.3 1988.3 3 11 2.52 2.06 5.00 0.78
DL13 1986 1987.3 1987.3 1987.3 4 37 1.95 1.70 7.05 0.69
DL14 1982 1983.3 1983.3 1983.3 5 25 1.95 1.61 7.70 0.35
DL15 1981 1982.3 1982.3 1982.3 1 5 2.62 2.51 4.03 1.51
DL16 1980 1981.3 1981.3 1981.3 4 73 2.15 1.51 15.50 0.65
DL17 1979 1980.3 1980.3 1980.3 3 95 1.87 1.64 7.83 0.80
DL18 1977 1978.3 1978.3 1978.3 2 8 1.47 1.49 1.98 1.00
DL19 1976 1977.3 1977.3 1977.3 6 15 2.48 1.62 7.58 0.99
DL20 1973 1974.3 1974.3 1974.3 3 4 4.20 3.60 7.93 1.68
DL21 1970 1971.3 1972.3 1970.3 2 20 2.59 2.23 5.28 1.13
DL22 1969 1970.3 1971.3 1969.3 3 17 2.89 2.64 6.26 1.01
DL23 1967 1968.3 1969.3 1968.3 2 5 2.23 1.90 2.99 1.52
DL24 1966 1967.3 1968.3 1967.3 1 1 2.23 2.23 2.23 2.23

4.3.2. Tephra Geochemistry

The two cryptotephras, which were identified by their magnetic susceptibility peaks, occur
throughout the lake (Figure 5). They were sampled in core KE12-05 at a depth of 10.0 to 10.4 cm
(UA3196) and 18.7 to 19.0 cm (UA3197). Glass geochemical analyses are shown in Table 2. Both samples
have high SiO2 values. However, sample UA3197 is characterized by relatively high CaO and FeOt,
and low K2O values compared to sample UA3196. All individual glass shard analyses, including
standards, are available as supplementary materials (Table S1).

Table 2. Averages and standard deviations (std) of major-element glass geochemistry of tephra samples.

Sample SiO2 TiO2 Al2O3 FeOt1 MnO MgO CaO Na2O K2O Cl H2Odiff2 n3

UA3196 77.58 0.27 12.30 1.12 0.06 0.20 0.99 3.85 3.52 0.12 1.27 24
std 1.42 0.06 0.63 0.33 0.02 0.11 0.34 0.31 0.23 0.04 1.26

UA3197 76.20 0.37 12.57 1.93 0.05 0.42 1.88 4.10 2.21 0.33 1.62 29
std 0.65 0.05 0.27 0.14 0.02 0.06 0.15 0.32 0.36 0.03 1.02
1 Fe is presented as total FeO (FeOt); 2 All analyses are normalized to 100% on a water-free basis; 3 n = number
of analyses.

5. Discussion

5.1. Chronology

Glass geochemical analyses show that the upper tephra (UA 3196) correlates to the 1989/90
Redoubt Volcano eruption (Figure 7). This tephra is a regional marker and present as a cryptotephra
across a large portion of Yukon and Alaska [25]. The second tephra (UA 3197) was, based on its
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stratigraphic position, presumed to be sourced from the large 1976 eruption of Augustine Volcano with
a Volcanic Explosivity Index (VEI) of 4. While we do not have access to reference material from this
particular event for comparison, existing data support this correlation. Overall, the glass geochemical
characteristics of this sample fall within the variability displayed by historic and pre-historic Augustine
tephras, with distinctive traits, such as low K2O (<2.5 wt%) and higher Cl (~0.25–0.35) contents
(e.g., [26,27]). The most similar material are several pumice analyses presented by Roman et al. [27]
from the 1986 eruption of Augustine Volcano (Figure 7). The average of their analyses plot with,
or very near, UA 3197.

 
Figure 7. Plots of glass geochemistry of unknowns and reference data. UA 3196 plots with all elements
with the reference data for the 1989/90 eruption of Redoubt [25]. Data from Roman et al. [27] of the
Augustine eruption are the average of five analyses. Unfortunately, no standard deviation or standards
are provided in the paper. However, the analyses for this population identified in the 1986 eruption
are similar to UA 3197. All analyses, including standards, are available as supplementary materials
(Table S1).

The 1976 eruption of Augustine Volcano had several phases over four months from January
until April, including a large event on January 24 where column heights reached ~14,000 m a.s.l.,
and ashfall was reported on Kenai Peninsula and as far as Anchorage (e.g., [28,29]). The Alaska
Volcano Observatory’s comprehensive database of eruptions shows that only four other volcanoes had
eruptions around this time: Shishalden, Pavlof, Akutan, and the Ukinrek Maars. It is very unlikely
that ash from Akutan, Shishalden, and Pavlof would have reached this region; the most proximal
of these three volcanoes (Pavlof) is 750 km from Kenai Peninsula, all eruptions had a VEI ≤2 with
column heights not reaching above 2500 m a.s.l., and no ash was reported beyond the immediate
region. Additionally, the eruptions appear to have been largely strombolian involving lava flows,
suggesting that products would not have been rhyolitic as erupted at Augustine. The only other large
event around this time were the eruptions of the Ukinrek Maars in 1977 (VEI 3) that ejected ash over a
wide region, reaching Kodiak Island, south of Kenai Peninsula. However, these were basaltic eruptions
(e.g., [30,31]).
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We use the two tephra ages to revise the original varve chronology of Kenai Lake by Boes et
al. [13] (Figure 8). From the top of the core until the appearance of the first tephra layer (UA3196) the
original chronology is unchanged. Only in the lower part of the studied interval, from UA3196 to
the 1964-turbidite, the original chronology underwent minor modification. The early 1976 Augustine
provenance of tephra UA3197 allows us to attribute the varve with the tephra to varve year 1975.
We also know that the position of the 1964-turbidite in the cores was triggered in March 1964 by the
Mw 9.2 Great Alaska earthquake [16]. As it likely takes several months, or even longer, to deposit the
fine-grained cap of the turbidite [32], the first varve following the turbidite would have been deposited
in varve year 1965. The original varve chronology was lacking one varve in between the two absolute
time markers (i.e., the 1964 turbidite and the 1976 Augustine tephra), and we, therefore, reinterpret as
two varves the multipulsed varve in which debris layer 23 is located (Figure 8).

 
Figure 8. From left to right: Original varve chronology (white lines) of Kenai Lake by Boes et al. [13].
Updated varve chronology based on two cryptotephra layers (lower blue lines). Age–depth model of
core KE15-09. For each debris layer (DL; green lines) (y-axis) the age can be found on the x-axis.

5.2. Evidence for Snow Avalanches as the Origin of Coarse Debris

The mountains surrounding the lake are the source area of the debris, and the angularity of the
fragments indicates that snow avalanches are likely the initial mechanism responsible for the erosion
and transport of sand and gravel onto the lake ice. The metasedimentary rocks in the catchment match
the rock type of the large clasts from cores KE15-07 and KE15-08. We infer that during spring melting
of the lake ice, sediment transported by snow avalanches is then distributed across much of the lake
by drifting ice pans.

Satellite images of the Kenai Lake area provide more evidence for snow avalanches as the primary
mechanism to bring debris to the lake. Images taken at the end of the winter season (March–April)
show snow-avalanche deposits as clearly visible on the frozen lake. However, they do not reach the
middle of the lake, where the cores were taken. We explain the deposition of debris in the middle of the
lake by the melting processes of the ice in the spring. On the 2014 satellite image (Figure 3), ice along
the north coast of the lake starts melting first, and the ice starts cracking across the lake. Cracking of
the ice results in ice floes on the lake water, which carry debris initially deposited on the ice near the
shore and deliver it to the centre of the lake [9]. The outlet of the lake, the Kenai River, is situated at
the northwest end of the lake, and in combination with the predominant easterly wind direction in the
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months April and May [33], we infer that ice floes would drift westward towards the outlet. Evidence
of this westward drift is found in core KE15-07, which contains the most debris laminae of all the cores
and is located west of the zone with most snow-avalanche deposits (Figure 5). The other cores with
debris were all taken near to, or west of, the source areas, while no debris was found in the cores east
of the source areas. Other potential transport mechanisms, such as transport by birds or floating logs,
would all be from initially fluvially transported sediment, and the grains would likely be rounded.
One would expect a more random distribution of the debris both in time and in space if such a process
was responsible for the observed debris. Turbidity currents resulting from onshore rock failure can
transport angular grains. We rule out this transport mechanism because the debris particles in the
Kenai Lake sediment cores occur typically in the muddy matrix of the varved sediments and not in
graded turbidites.

A similar process was proposed to explain the presence of debris in Norwegian [11], Canadian [9],
and French lakes [34]. Seierstad et al. [11] observed a dirty snow avalanche, indicating that a significant
amount of debris and organic material together with snow and ice was transported by avalanches onto
the frozen lake. The process was first described by Luckman [9] who observed it on Canadian lakes in
the 1970s. Later, Seierstad et al., Nesje et al., Vasskog et al., and Fouinat et al. [7,10,11,34] explained the
distribution of snow-avalanche debris across a lake by the same process. The snow-avalanche debris
gets deposited in the spring melting season, at the transition to a new varve year. The coarse particles
sink into the fine-grained top of the previous varve. This can be observed in the X-ray CT images
(Figures 2 and 5), where all debris particles are situated in the black winter lamina.

5.3. Snow Avalanche Record

5.3.1. Variable Avalanche Extent on Satellite Images

The satellite images from Kenai Lake in the month of April over several years show that snow
avalanches were deposited on the lake almost every year. However, not every varve contains debris.
In years with large snow-avalanche deposits, such as 2004, a debris deposit is present in several cores
throughout the lake, whereas smaller avalanche deposits, like in the years 2012 and 2014, are not
always represented by debris in one of the sediment cores (Figure 4). The satellite images of these
years show that the avalanche deposits are not reaching as far onto the lake ice as they do in other
years, and it is possible that during cracking of the ice along the shore, part of the deposit already
ends up near the shore [10]. As a result, these snow avalanches are not recorded in the cores taken in
the middle of the lake. The 2014 satellite image (Figure 3) shows that ice cracks form around some of
the avalanche deposits along the south shore. It is likely that these deposits will not detach from the
shoreline, resulting in deposition of the debris on the slopes. Furthermore, depending on which shore
of a lake (i.e., shady or sunny—the northern shoreline of Kenai Lake receives more sunlight every day
then the south shore, thus lake ice will melt first along the north shore) a snow avalanche is deposited,
the debris may or may not get redistributed by drifting ice across the lake.

5.3.2. Natural Factors Affecting the Lacustrine Snow-Avalanche Records

The chance that a snow avalanche is recorded in the lacustrine sediments depends on several
factors. The avalanche needs to be large enough and have a sufficiently high velocity so that it spreads
far enough onto the ice when it reaches the lake. When an avalanche is too large, it could possibly
break the ice when it hits the lake [34], even though this process was not observed on any of the satellite
images of Kenai Lake. This process is more likely to happen in the beginning or towards the end of the
freezing season as lake ice is still/already thinner and less stable. Only dirty snow avalanches, i.e.,
avalanches that contain organic material and coarse rock grains, will be recorded in the lake sediments
as we can distinguish the coarse avalanche material from the fine lake sediments [9]. In addition to
the physical characteristics of the snow avalanche, the melting processes of the lake ice also play an
important role in the recording of avalanche deposits in the lake. Depending on where the cracks in
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the ice form, on wind direction and lake currents [9], the avalanche debris will be deposited at different
places across the lake.

Apart from avalanches themselves, the physical characteristics of the lake will influence the
record. For example, Lake Lauvitel, studied by Fouinat et al. [6,34] using X-ray CT, is about 130 times
smaller than Kenai Lake, which strongly affects the redistribution of avalanche debris. In a smaller
lake, such as Lake Lauvitel, there is an increased probability that the snow-avalanche deposits will be
spread over most of the lake, thereby increasing the likelihood that a single core will contain a complete
record of past avalanches reaching the frozen lake [e.g., 34]. The larger size of Kenai Lake, however,
inhibits snow avalanches from reaching the central part of the lake and debris redistribution is, thus,
strongly affected by the pathway of drifting ice floes during the melting season. In such large lakes,
it is, thus, crucial to conduct a calibration study, such as this one, where multiple short cores are used to
map the deposits (Figure 6) and determine the optimal coring locations for a complete record (it should
be noted that the cores in this study were not targeted for a snow-avalanche reconstruction). In Kenai
Lake, this is the western part of the central basin, in front and to the west of the main avalanche
tracks. Cores KE15-07, KE12-09, and KE15-08 contain 18, 14, and 11 out of 24 debris layers, respectively,
and combined they contain all 24 recorded debris layers (Figure 5). In the eastern part of the central
basin, primarily cores close to the shores contain snow-avalanche debris (e.g., KE15-13 and KE15-15;
Figure 5). Such relatively near-shore locations may, thus, contain a more complete avalanche record
than cores in the center of the deep basin. Finally, while for a small lake it may be easier to reconstruct
a more complete snow avalanche history of a few avalanche tracks, a large lake has the advantage to
potentially record avalanches from a larger number of tracks, providing a regional avalanche record.

5.3.3. Comparison of Snow Avalanche and Climate Records

Climate variables, such as mean, maximum and minimum monthly temperature and monthly
snowfall (data from the Alaska Climate Research Center), were compared to grain-size distributions
and the number of grains from all debris laminae. Baggi et al. [35] suggested that a snowpack is
weakened by 1) gradual warming of the snowpack to 0 ◦C, 2) loss of strength by water infiltration into
the snowpack, and 3) overload of the (wet) snowpack by precipitation. These weakening factors of the
snowpack could trigger a wet-snow avalanche. In Kenai Lake, we can link the presence of a debris
lamina to a varve year where there was snow precipitation in a month with a mean temperature above
0 ◦C (Figure 9). For example, in 1980 (varve year 1979) a high amount of snow fell in months with a
mean temperature above 0 ◦C and in this varve year, DL17—the debris laminae with most grains of
the record—was deposited.

Snow avalanches, specifically slab avalanches, can also initiate from weak bonding of snow above
melt–freeze crusts. These crusts typically form during a warmer (melting) period followed by a colder
(freezing) period. When fresh snow precipitates on the crust, it will fail to bond to it and can release slab
avalanches [36–38]. Our climate data show a link between warmer temperatures in January–February
and the presence of debris laminae in that varve year. For example: in 2003 (varve year 2002), when
DL6 was deposited, the months of December and January had a mean monthly temperature of −3.4
and −3.2 ◦C, respectively. In February the mean temperature increased to 0.6 ◦C and decreased again
in March to −4.1 ◦C. In addition to a drop in temperature, March showed a high amount of snow
precipitation. The climate data indicate a melt–freeze crust formed in February-March and that, with
increased snow in March, the snowpack became unstable and triggered slab-avalanches. A similar
series of events occurred in 2004 (varve year 2003), resulting in DL5, during the year in which most
avalanche deposits were observed on the satellite imagery (Figures 3 and 4). We did not identify any
relationship among the mean annual winter temperature (Figure 9; yellow plot) or the total annual
snowfall (Figure 9; blue plot) and the appearance of debris laminae in lake cores (Figure 9; black plot).

Based on the two mechanisms for avalanche formation, it is possible to link most of the debris
laminae to the climate data. However, several other factors can play a role in the triggering of snow
avalanches, such as daily temperature and snowfall, wind strength and direction, and snowpack
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characteristics. The climate data show several years with good snow-avalanche conditions, but
during which no debris was found in the lake sediments, as well as years in which debris was found,
but weather conditions did not match with snow-avalanche conditions. This may be due to insufficient
climate data, coring location, ice conditions, or the redistribution process of the avalanche debris by
drifting ice floes.

 
Figure 9. Correlation plot between climate data from Cooper Landing and Cooper Lake Project weather
stations (Alaska Climate Research Center) and the snow-avalanche record derived from the sediment
cores of Kenai Lake. From left to right: Total annual snowfall. Plots with monthly snowfall when (i) the
mean monthly temperature is higher than 0 ◦C (pink) and (ii) winter temperatures are variable: the
mean monthly temperature is rising from November through January, or January and/or February
mean temperature is higher than December and/or March average temperature (green). Total number
of grains present in each debris lamina over all the cores, red dots indicate that no debris was found
in that year. Mean winter temperature measured from December to March. Total precipitation from
November to March, red crosses indicate incomplete records. Linear fits of the different plots are
indicated by dashed lines. A few examples are highlighted of years with both debris in the cores and
high amounts of snowfall during warm months or when the probability of melt-freeze crusts is high
due to variable temperatures.

In the 50-year period studied (1965–2015), linear fits of temperature and snow/precipitation plots
show decreasing trends. The linear fit of the number of debris laminae, and, thus, the recorded snow
avalanches in the lake, also shows a minor decreasing trend. This may be the result of fewer snow
avalanches as the amount of snowfall and precipitation decreased during this period.

6. Conclusions

- X-ray CT scans of the cores from Kenai Lake show varved lake sediments and help identify coarse
sediment laminae, which we infer as snow-avalanche debris, in a non-destructive methodology.
We identified 24 debris laminae in 14 cores, with the coarsest and highest number of grains
occurring in the western part of the lake. It is the first time that this technique was used on such a
large scale for the identification of snow-avalanche debris.
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- We made minor corrections to a previously developed varve chronology using cryptotephras
from the 1976 Augustine Volcano eruption and the 1989/90 Redoubt Volcano eruption.

- Based on the rock type of coarse debris and satellite images of avalanche extent over 10 years,
we concluded that snow avalanches emanate from the mountains around the lake, and deposit
snow and sediment debris onto the frozen lake surface. In spring, the ice breaks up, and
ice floes and pans with snow-avalanche deposits drift westward on the lake (forced by river
outflow and prevailing wind directions). When the ice melts, debris is deposited on the lake
bottom predominantly in locations westward of where the avalanches reached the lake ice.
Debris deposition in the varved sediments allows us to date snow-avalanche events with
annual resolution.

- Comparison of climate data with the debris laminae record shows that snow avalanches tend to
occur in months with a mean positive temperature and increased snow fall. Snow avalanches
also occur when there is a sudden temperature rise in winter followed by colder temperatures
and snow fall.

- Although the annual debris record is not complete enough to fully reconstruct the regional snow
avalanche history, it can be used for decadal reconstructions of past snow-avalanche activity.

- From 1966 to 2014, less snowfall has resulted in a lowering frequency of snow avalanches.
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Abstract: In Quaternary paleosciences, the rationale behind analogical inference presupposes that
former processes can be explained by causes operating now, although their intensity and rates
can vary through time. In this paper we synthesised the results of different modern analogue
studies performed in a varved lake. We discuss their potential value to obtain best results from
high resolution past records. Different biogeochemical contemporary processes revealed seasonality
and year-to-year variability, e.g., calcite precipitation, lake oxygenation, production and deposition
of pollen and phytoplankton growth. Fingerprints of the first two of these processes were clearly
evidenced in the varve-sublayers and allow understanding related to past events. Pollen studies
suggested the possibility of identifying and characterizing seasonal layers even in the absence of
varves. Marker pigments in the water column were tightly associated with phytoplankton groups
living today; most of them were identified in the sediment record as well. We observed that 50% of
these marker pigments were destroyed between deposition and permanent burying. In another study,
seasonality in the production/distribution of branched glycerol dialkyl glycerol tetraethers (brGDGTs)
and derived temperature estimates were investigated in catchment soils and particles settling in
the lake. The signatures of brGDGTs in depositional environments mainly were representative of
stable conditions of soils in the catchment that last over decades; no brGDGTs seemed to be produced
within the lake. The main contribution of this review is to show the advantages and limitations of
a multiproxy modern-analogue approach in Lake Montcortès as a case study and proposing new
working hypotheses for future research.

Keywords: endogenic varves; calcite precipitation; pollen traps; meromixis; freshwater GDGTs;
pigments; long-term ecology
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1. Introduction

Analogy is a powerful form of reasoning that allows two domains to be considered as similar,
based on their relationships [1–3]. The analogue approach permits the extension of knowledge of a
base domain to a target past domain by virtue of their expected similarity and by means of analogical
inference. This process involves reproducing structures and processes from the base to the target in
which missing information is generated. Nonetheless, constraints must be placed on what information
is to be carried over [4], in order to obtain inferences that are as realistic as possible. In Quaternary
paleosciences, the rationale behind analogue inferences is based on postulating that past natural
changes can be explained by causes operating today (principle of uniformitarianism), but that intensity
and rates at which processes take place vary through time [5]. On the other hand, reconstruction and
derived inferences for any proxy (natural recorders of variability) demand a thorough comprehension
of the spatial and temporal frame in which processes and environmental conditions leading to the
existence and persistence of each particular proxy make sense.

Examples of modern analogue studies of proxies and their applications are widespread.
In paleoecology, fossil assemblages (pollen, diatoms, pigments, ostracods etc.) are examined for
coincidences with modern assemblages, and the direction and rate at which communities vary
through space and time can be measured quantitatively by a wide array of numerical approaches and
techniques [6–8]. For instance, in the Peruvian Andes, the pollen/altitude relationship in a forest transect
was studied by means of correspondence analysis, and the good statistical correlation between altitude
and the first component allowed building a transfer function with statistical reliability to infer altitude
from pollen data [9]. In another case, a surface-sediment survey of pigments in 100 lakes (Northern
Sweden) was combined with a reconstruction of sedimentary pigments from Lake Seukokjaure. Light
regime and terrestrial supplies of 13C-depleted carbon turned out to be important controls of primary
production, whereas depth, elevation and conductivity discriminated between different phototrophic
communities. The application of these results to the sediment record demonstrated the importance of
terrestrial vegetation for the development of the lake, and of specific factors to control algal community
composition, across the Holocene [10]. The modern analogue approach can be used to build models
for climate change reconstruction. Central to these models is the development of transfer functions
that, by definition, are “empirically derived equations for calculating quantitative estimates of past
atmospheric or oceanic conditions from paleontological data” [11]. Transfer functions have been widely
applied during the last decades. For example, in Patagonia, chironomids of surface sediment of 63
lakes were used to model the atmospheric annual average temperature. The good correlation between
estimated and measured temperatures allowed applying the model to the chironomid record of Lake
Potrok Aike. The reconstructed trends of temperature were consistent with other quantitative records
of the Southern Hemisphere [12]. In the Pyrenees, present chrysophyte cysts distribution is influenced
by altitude, and a transfer function was developed to assess the local “altitude anomaly” on a lake site
throughout time. A warming trend was detected showing sub-millennial climatic variability from the
early Holocene to 4 kiloyears (kyr) before present (BP) [13]. Sometimes, finding modern analogues is
not straightforward. For example, a modern analogue study of the Otter lake helped understand why
and how siderite (FeCO3) accumulated only in varved sediments older than 1200 calibrated years, even
though limnological data did not evidence siderite precipitation. The authors combined modern data
with siderite time series, abundances of major element in sediment and experimental results on siderite
precipitation. They showed that the lake system alternated between ferruginous, meromictic phases
with intense precipitation of siderite and holomictic phases with very low siderite precipitation [14].

Temporal resolution that can be achieved with non-laminated sediment is often constrained to
more than decadal resolution. Reconstructions of environmental variability at high resolution scales
using varved sediments have provided an unprecedented level of detail that needs to be properly
extracted and interpreted [15]. This implies knowledge of fine-tuned mechanisms that need to be
observed today at the same temporal resolution as they occur in past records [16]. Lakes with varved
sediments are especially well suited for paleoecological and paleoclimatic research demanding a high
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level of detail, as it is possible to downscale to annual and seasonal resolution [15,17]. The interpretative
power of such high-resolution paleoenvironmental reconstructions depends on the availability of
suitable modern analogues with the same temporal resolution [16]. With the advent of new techniques
and proxies that allow acquiring an increased level of detail, modern analogue studies are gaining
importance, a fact we want to highlight with this paper.

We have taken advantage of the varved sediments of the Mediterranean Lake Montcortès and
conducted several independent modern analogue studies. Our aim was to document the potential of
the modern analogue approach not only by determining how similar modern and past communities
are, but also by investigating different contemporary biological and physico-chemical processes that are
expected to also have occurred in the past on annual and seasonal time scales. We also explored which
factors and relationships between modern and subfossil proxies can limit or hinder the applicability of
the modern analogue approach representing a potential source of error in analogue analysis. Such
errors should be foreseen and minimised [6]. In this context, we examined how the different modern
analogue approaches can help extract important cause-effect relationships at seasonal, annual and
subdecadal time scale. We discussed, evaluated and synthesised the published results of four modern
analogue studies carried out for Lake Montcortès:

(1) Relationships between calcite precipitation, environmental variables and primary producers and
their influences on the thickness and patterns of calcareous varve sublayers were examined as
high-resolution paleoclimate indicators [18].

(2) Seasonal pollen sedimentation was compared with local meteorological variables to determine
whether contemporary seasonal deposition is consistent with the two layers of the varve pattern
archived in the sediments [19].

(3) Contemporary shifts in dissolved O2, Fe, Mn and anaerobic phototrophic bacteria markers were
assessed, in order to investigate whether mixing and oxygenation dynamics Lake Montcortès
have been the same over the last five centuries [20].

(4) Distribution of branched glycerol dialkyl glycerol tetraethers (GDGTs) in settling particulate
matter and catchment soils was analysed in order to determine whether branched glycerol dialkyl
glycerol tetraethers (brGDGTs) are seasonally biased in environments where annual brGDGTs
production may not be constant [21].

Additionally, we provided and discussed the first results from ongoing research that aimed at
relating contemporary phytoplankton taxa in Lake Montcortès to their corresponding marker pigments,
and then to subfossil pigment records at subdecadal time scales.

2. Environmental Settings

Lake Montcortès (Figure 1) belongs to the southern flank of the Central Pyrenees (Catalonia,
Spain) at 42◦19′N, 0◦59′E and 1027 m altitude (Figure 1). This karstic lake located on carbonated and
evaporitic Mesozoic substrate is chiefly characterised by Triassic limestones, marls and evaporites,
as well as Oligocene-carbonate conglomerates [22,23]. Climatic data collected at La Pobla de Segur
meteorological station show that the annual average air temperature is 12.8 ◦C (2.9 ◦C in January to
23.2 ◦C in July). Total annual precipitation is 669 mm (33.4 mm in February and 88.4 mm in May).
Maximum and minimum annual air temperatures were 41 and −20 ◦C, respectively. The vegetation
of the catchment area is evergreen with deciduous oak forests (Quercus rotundifolia and Q. pubescens),
conifer forests (Pinus nigra), pastures and crops. The vegetation belt at the shore is dominated by
hygrophyte communities of Typha domingensis or Cladium mariscus, reed beds of Phragmites australis and
communities of Carex riparia. Rush formations and grasslands grow on occasionally flooded soils [24].
The lake surface area is 0.14 km2 and its maximum water depth 32 m [25]. Only an ephemeral inlet
exists, but water is drained by an outlet located at the northern shore. The lake’s sedimentary record
shows thin, well preserved biogenic varves formed during the Late Holocene. The varve structure
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alternates between sublayers of endogenic calcite and organic detritus with additional detrital layers
and turbidites embedded in the varve succession [22,26,27].

 

Figure 1. (A) Location of Lake Montcortès in the Pyrenean mountain range (NE Iberian Peninsula).
(B) Bathymetric map with position of the cores and the traps.

3. Materials and Methods

Here, we provided a summary of the main field and laboratory methods used. More detailed
information can be found in corresponding publications and literature therein [18–20].

3.1. Monitoring and Coring

The limnological characteristics of Lake Montcortès were assessed monthly from October 2013 to
October 2015. Detailed vertical profiles of temperature (T), dissolved oxygen (DO), electric conductivity
(EC) and pH were obtained using a [28,29] multiparametric datasonde Hydrolab DS5. Water samples
were obtained with an adapted submersible bilge pump at three depths in the epi-, meta- and
hypolimnion for alkalinity, cations, total phosphorus (TP), total nitrogen (TN), suspended solids and
molecular marker analyses (pigments and brGDGTs), and at two depths (epi- and metalimnion) for
phytoplankton microscopic examination. Between 1.5 and 3 L of water was filtered through Whatman
GF/F glass-fibre filters for pigment analysis. These filters were protected with aluminium foil and
frozen to prevent degradation until laboratory analysis.

A set of sediment traps was deployed at 20 m water depth from a floating platform located at
the deepest part of the lake, coinciding with the site where sediment coring was performed. Total
suspended solids, calcite crystals [18], pollen and spores [19], marker pigments and settling particulate
matter for brGDGT extractions [20] were collected in these traps, with monthly or quarterly (three
months) frequency depending on the variable of interest. Additionally, replicated topsoil samples from
a depth of 2–5 cm were collected monthly for brGDGT analysis at three sites within a 10 m radius in
the catchment area. These samples were combined to reduce soil heterogeneity.

Two UWITEC gravity cores (MON12-3A-1G, 78 cm length, and MON12-2A-1G, 106 cm length)
were retrieved at the deepest area of the lake basin (30 m depth) at the same location of the sediment
trap (Figure 1) [27]. The varve chronology was performed by double counting in 14 overlapping thin
sections. Only 1% of varves were interpolated due to poor varve preservation [27]. Two independent
dating methods using AMS 14C and 210Pb radiometric dating techniques were previously achieved
in the Lake Montcortès sedimentary sequence [22,26,27]. The agreement between these independent
chronologies supports the robustness of the varve chronology.

84



Quaternary 2020, 3, 1

3.2. Laboratory Analyses

The calcite saturation index (Ω) was estimated from carbonate and calcium concentrations.
Ca2+ was measured with inductively coupled plasma atomic emission spectroscopy, and CO3

2− was
calculated from alkalinity, pH and temperature with the CO2SYS_XLS v 2.1 program [28]. To confirm
the presence of calcite crystals and to assess seasonal variations of their size and shape, trapped
material from traps was analysed by scanning electron microscopy. Total suspended solids retained in
the traps were analysed for total particulate carbon (TPC) and total particulate organic carbon (POC)
with an elemental organic analyser, Thermo EA 1108.

Diatom specimens of quarterly sediment traps were prepared, identified and counted using
standard methods [29]. A minimum of 300 valves were counted per sample; identification was carried
out following Krammer and Lange-Bertalot [30,31]. Epilimnetic and metalimnetic phytoplankton was
settled using sedimentation chambers; quantification was performed applying Utermöhl’s technique
for counting combined with biovolume conversion as mm3 L−1. Analysis of samples for pollen analysis
followed standard methods [32] after addition of exotic Lycopodium spores. Pollen sum included all
pollen types except the superabundant Pinus and Quercus. See the original palynological work for more
detailed information on chemical processing, counting and plotting/statistical procedures [11]. As in
earlier studies [33–35], identification of pollen was based on our own general reference collection for
the Pyrenees, enriched after detailed floristic and vegetation studies around Lake Montcortès area [24].

Geochemical data to trace high resolution oxic/anoxic events of the hypoliminon were obtained on
core MON12-3A-1K by X-ray fluorescence (XRF) analysis (2000 A, 10–30 kV and 20–50 s measuring time)
(0.2 mm resolution) using an XRF core-scanner (Avaatech Analytical X-Ray Technology, Netherlands).
We obtained sub-annual resolution time series for Fe, Mn, Ca, Si, S, Ti and Br. The former five
elements were normalised to Ti. The Fe/Mn ratio was used as the main redox tracer, together with
marker pigments of sulphur bacteria, such as okenone (oken) and isorenieratene (isore), which gave
information at the subdecadal level.

A second core (MONT-0713-G05) was used for pigment analyses; sediment samples were obtained
at sampling intervals of 5 mm, reaching subdecadal resolution, the frozen sediment samples were
freeze dried before analysis. Pigment analyses were also performed on epi-, meta- and hypolimnetic
water samples and sediment trap material collected in Whatman GF/F glass fibre filters. Marker
pigments were extracted from frozen filters or freeze-dried sediment in 5 ml of 90% acetone. The
extract was centrifuged, filtered and analysed with ultra-high-performance-liquid-chromatography
following the method of [36] with some modifications. Pigments were identified by evaluating their
retention times and absorption spectra against a library based on algae and photosynthetic bacterial
cultures [37].

To isolate GDGTs, soil samples and filters from sediment traps were extracted monthly, evaporated
and then fractionated over an aminopropyl silica column. The fractions containing the lipids were
dried, re-dissolved and filtered. brGDGTs were analysed by high-performance liquid chromatography
coupled with mass spectrometers and detected in selected ion monitoring modes; prior to extraction, a
synthetic tetraether lipid with a structure typical of neutral archaeal membrane lipids was added to the
sample. Further analyses in soils were performed for water content and total organic carbon (TOC).

4. Results

4.1. Biogeochemical Processes Involved in Varve Formation: Where, When, and How?

Processes driving varve formation are remarkably variable and site-specific. Consequently, detailed
knowledge of the local processes that promote and modulate particle flux dynamics to the sediment
for each site becomes essential. This knowledge is a pre-requisite for proper paleoenvironmental and
paleoclimatic interpretations of the sedimentary archive [17,38] and for building reliable varve-based
chronologies. An independent absolute varve chronology was obtained from the composite sedimentary
sequence of both sediment cores extending from 2012 back to Common Era (CE) 1347 [27]. The varves
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of Lake Montcortès are formed by couplets of white calcite and brownish organic layers. The white
layer was assumed to have deposited during spring/summer and the dark layer in fall/winter [17,27].
Biogenic varve formation is highly complex as it adds physical and chemical processes to the complex
biological processes involved [15].

With this modern analogue study several goals are pursued for Lake Montcortès: (i) to identify
the main limnological and sedimentological mechanisms leading to varves formation; (ii) to establish
in which season(s) the deposition of individual calcite sub-laminae occurs and (iii) to determine if the
obtained results are coherent with the varve structure and previously proposed mechanisms of their
formation [26].

Elevated Ω values were recorded in the epi- and metalimnion Lake Montcortès from late spring to
early fall, suggesting that calcite precipitation mostly occurred during this period. The deposition rates
were highest in summer when photosynthetic organisms were most active (Figure 2A,B). Additionally,
higher POC values were observed during this period, indicating that the main origin of calcite crystals
were newly formed autochthonous CaCO3 precipitates (Figure 2C).

Figure 2. Summary of monthly water column and sediment trap monitoring. (A) Water column
temperature at 1 m resolution. (B) Total mass fluxes (TMF) of monthly sediment traps compared with
the phytoplankton biovolume of epi- and metalimnion. (C) Calcite fluxes versus organic matter (OM)
fluxes of sediment trap material. (D) Well-formed blocky and rhombohedral calcite crystals, calcite
crystals and diatom frustules and one of the small centric diatoms found in sediment trap material.
Redrawn and modified from [18].

In fact, the presence of blocky, polyhedral calcite crystals was confirmed in all sediment trap
samples and showed a clear seasonal pattern, being smaller when formed in spring and summer
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(Figure 2D). Deposition of smaller crystals was not only concurrent with Ω, but also with larger
fluxes of very tiny diatoms (~10 μm), suggesting that phytoplankton cells could be acting as calcite
condensation nuclei under enhanced calcite Ω, pH and productivity conditions. Other sources of
calcite input, such as detrital carbonates from the catchment, were unimportant for the studied period.

Other seasonal events are precipitation of calcite and OM (Figure 2C). Both variables displayed
maximum fluxes in summer to fall. However, calcite precipitation shows the lowest values from
winter to spring and was exceeded by OM deposition suggesting a match between the timing of
contemporary precipitation of calcite and OM deposition and the alternating couplets of white
calcite and brownish organic sublayers of the sediment which would correspond to summer/fall
and winter/spring, respectively. These results did not completely back previous paleolimnological
inferences that assumed that the light calcite layer was formed in spring/summer and the organic layer
was formed in fall/winter [26]. Because of the lack of local or regional modern analogue studies, the
authors relied on available literature [17] to explain the observed mechanisms of varve formation.

According to our results, the process of varve forming during the period of study would probably
match one of the varve patterns described in the sediment record of Lake Montcortès, once deposited
although this remains to be further confirmed. The seasonal calcite-crystal distribution observed in our
quarterly sediment traps would produce calcite sub-layering with coarsening upward, i.e., fine-grained
calcite crystals deposited in summer and coarse-grained calcite crystals in fall. This texture is often
observed in the sedimentary sequence from CE 1350 to 1850 [26]. Modern analogue studies of crystal
sizes in calcite sublayers may allow inferring environmental conditions at seasonal resolution, which
would be of paleoclimatic significance.

4.2. Is Contemporary Seasonal Deposition of Pollen Consistent with a Two-Layer Varve Model?

The formation of annually laminated lake sediments relies on seasonal deposition linked to climate
and on the related flux of biotic and abiotic matter of multiple autochthonous and allochthonous
sources to the sediment. Thus, pollen from the catchment and beyond arrives and is buried in
lacustrine sediments. Pollen data have been widely used to reconstruct past climate change and have
provided insights into the influence of intra-annual weather conditions to pollination patterns. We
now argue that combining pollen data from sediment traps and varved lake sediments with modern
meteorological data may produce long, high-resolution ecological time series. An example of what
can be achieved with this approach are the continuous, long-term and high-resolution climate series
obtained by associating paleoclimate data derived from tree rings and other similar proxies with
instrumental climate measurements, at annual and seasonal resolutions [39]. To empirically support
this hypothesis, this study is primarily intended to identify modern seasonal depositional patterns of
pollen in sediment traps deployed in the varved Lake Montcortès that would be useful for interpreting
subfossil pollen records from the same lake.

Pollen maxima were recorded during spring, concurrently with the flowering season of the
involved taxa, and preceded the temperature and precipitation maxima in summer by one month
(Figure 3). Total pollen influx and taxonomic composition show a strong seasonal signal for the
study period, peaking positively during spring/summer and negatively during fall/winter. The major
components of the pollen assemblages, Pinus (pine) and Quercus (oak), dominate the pollen counts and
match seasonal trends in temperature and precipitation, with Pinus almost tripling Quercus percentages
in spring/summer but falling to similar levels in fall/winter. As far as the remaining species are
concerned, most significant differences were observed in Plantago, Chenopodium, Typha/Sparganium,
Cyperaceae, Fraxinus and Juniperus/Cupressus, which prevailed in the spring/summer assemblage, and
Cannabis and Corylus, which were more abundant in the fall/winter assemblages (Figure 3). Pollen of
Cannabis (hemp) prevailed during the fall. Cannabis is a cultivated plant with pollen being present and
fairly abundant in the surroundings of Montcortès for the last 1200 years. Nonetheless, we still have
not been able to locate the exact source of that pollen [33,34].
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Figure 3. Summary of palynological results showing the relationship among the most relevant
meteorological parameters (lower panel), the pollen influx of the superabundant pollen types (middle
panel) and the percentages of selected pollen types (upper panel). Average temperature (Tm), relative
humidity (Hm) and wind velocity (W) are represented by lines, total precipitation (PTT) is represented
by bars. The predominant directions of the wind (Wd) are shown as circles (Sp: spring, Sm: summer,
Fl: fall, Wt: winter). Pollen percentages were calculated excluding the abundant Pinus and Quercus.
Taxa are ordered by their respective flowering seasons (grey bands) from bottom to top and from left to
right. The flowering season of all species of the different genera present in the Montcortès region [40]
has been considered. Trees are shown in green, shrubs are in orange and herbs are in blue. Cultivated
plants, such as Cerealia, Cannabis and families including many genera (Poaceae, Cyperaceae), are
located based on their pollen patterns due to the difficulty of establishing a definite flowering season.
Redrawn and modified form [19].

Canonical correspondence analysis (CCA) shows the first two axes accounting for 70.7% of total
variance. The strongest gradient coincides with axis 1 (56.8% of the total variance), which was highly
and positively correlated with relative humidity and atmospheric pressure and negatively correlated
with wind velocity (Figure 4). Along this gradient, pollen samples became aligned from spring (left) to
winter (right) suggesting a seasonal succession with summer and fall occupying intermediate positions.
Pollen taxa were ordered according to the same gradient. The spring/summer group was highly
correlated with temperature, precipitation and wind velocity. The fall/winter group was also highly
correlated with wind direction from WSW.
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Figure 4. Canonical correspondence analysis (CCA) biplot using the scores of the first two
axes accounting for 70.74% of the total variance. Samples are represented by red dots and
pollen taxa (for abbreviations see Figure 3) are represented by blue dots. Samples are identified
seasonally as follows: Sp—Spring, Sm—Summer, Fl—Fall, Wt—Winter. Meteorological parameters
are abbreviated as in Figure 3: Tm—average temperature, Hm—average relative humidity,
Pm—average pressure, W—average wind velocity, PPT—average precipitation, Wd—average wind
direction. Pollen types: Aln—Alnus, Art—Artemisia, Bux—Buxus, Can—Cannabis, Cer—Cerealia,
Che—Chenopodium, Cor—Corylus, Cyp—Cyperaceae (other), Fra—Fraxinus, Jun—Juniperus/Cupressus,
Ole—Olea, Poa—Poaceae (other), Pin—Pinus, Pla—Plantago, Que—Quercus, Typ—Typha. Redrawn and
modified form [19].

Specific aspects of pollen sedimentation require further attention. For example, a lag in pollen
sedimentation was observed between production and deposition throughout the year. This lag can
have several causes; for example, the influence of internal water dynamics and resuspension, or the
fact that soils can be washed into the lake along several successive months after pollen deposition.
With respect to lake internal processes, it is worth mentioning that strong thermal water column
stratification occurred from March to November 2014 coinciding with the main pollen production
period. This stable stratification could have slowed pollen sedimentation rates, whereas in winter
vertical mixing of the water disrupted the thermal stability in January and February 2015, facilitating a
release of pollen to the lake bottom several months after their production.

The similarity of sedimentation patterns between Pinus and Quercus pollen was unexpected,
because their respective pollen grains show important morphological differences that make their
capabilities for air suspension significantly distinct. However, once the pollen is submerged in the lake
water of Lake Montcortès, the settling of both types of pollen was quite similar even during summer,
when the thermal stratification was stable. This finding suggests that internal lake dynamics neutralise
the effect of such differences and that resuspension or catchment runoffmay become more important
about pollen sedimentation. In general, the seasonal pattern in pollen deposition coincided well with
the suggested two-layered varve model. In summary, pollen analysis was able to identify two well
differentiated modern assemblages, one corresponding to spring/summer and the other representing
fall/winter. This matches well to the seasonal pattern identified in sedimentological (varve) studies [41].
Thus, utilising appropriate transfer functions supports the hypothesis that the combination of pollen
data from sediment traps, varved lake sediments and modern meteorological data may produce long
and high-resolution ecological time series.
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4.3. Revisiting Meromictic Lake Montcortès: Has the Mixing Regime Changed?

Oxygenation of lake water relies on oxygen diffusion from the atmosphere, addition from
autochthonous primary production and external inputs of oxygenated water. Lake mixing is the
main mechanism, which distributes oxygen throughout the water column and is therefore central for
lake health. Mixing regimes can shift with climate changes [42] and human activities [43]. Recently,
dissolved oxygen depletion leading to hypoxia or even anoxia has become a matter of concern around
the world, and there is a high potential for deterioration under the current global warming [44].
Furthermore, it is suggested that climate change will favour cyanobacteria, which form unpleasant
blooms and produce toxins that are harmful to humans [45].

At the same time, obtaining time series of instrumental oxygen records that extend beyond
a century is problematic, thus, reducing the possibility of recording long-term changes in oxygen
variations that could be associated with climate or human influence. One seminal exception is
Lake Zürich, where 50 year long-series of temperature and oxygen profiles corroborated that the
increase in the thermal stratification period tends to favour reduction in the homeothermal brake and
consequently favours the onset of hypoxia or anoxia [46,47]. Where concurrent series of oxygen and
temperature are not available, the combination of proxies of oxic/anoxic conditions with high-resolution
paleolimnological records can result in a useful surrogate to assess long-term changes in oxic/anoxic
shifts through time.

The varved sediment of LM appears to be highly suitable to provide such high-resolution
data. Since redox processes depend on the biogeochemical conditions of lakes and the chemical
characteristics of the involved compounds, we firstly conducted a modern analogue study consisting
of a monthly survey of main redox indicators, i.e., DO, Fe, Mn and marker pigments [48–51], between
October 2013 and October 2016. The same type of marker pigments was also examined in sediments:
isorenieratene (Chlorobiaceae) as a tracer of euxinia, okenone (Chromatiaceae) as indicators of anoxia
and oscillaxanthin (Oscillatoriales) as a general marker of Cyanobacteria that often points to increased
eutrophic conditions. Furthermore, we used selected elemental ratios of the sedimentary record to
survey shifts in the oxic/anoxic conditions of the lake over the last 500 years: bromine (Br) as a tracer
of organic matter [52], the Ca/Ti and Si/Ti ratios as indicators of biologically mediated calcite and
silica production, respectively, and the S/Ti and S/Fe ratios as indicators of the presence of sulphur
compounds [53].

Lake Montcortès is reported to be meromictic for years [54]; nonetheless, we observed brief
episodes of complete mixing during the winters of 2013 and 2014 that triggered precipitation of Fe and
Mn oxides. With the onset of anoxic conditions, precipitated Mn and Fe oxides started to redissolve and
sulfur bacteria grew in the hypolimnion under anoxic conditions, when Fe and Mn reached maximum
concentrations. The oscillaxanthin was absent in the water column during the sampling period. Such
conditions endured over the year 2016, which was a non-mixing year. These results confirmed that
redox proxies were working well and provided the information required to properly interpret the
sedimentary record. Applying this knowledge to the results obtained from sediment analyses, we
were able to distinguish four prevailing situations on the basis of selected redox proxies: (A) years
with abrupt and substantial sediment input (turbidites); (B) years with mixing and oxygenation of
the water column; (C) years with strong stratification, anoxia, intense activity of sulfur bacteria and
increased biomass production; (D) years showing stratification and anoxia, but relatively low biomass
production (Figure 5). Interestingly, approximately 45.3% of the years were monomictic years, which
mostly occurred in groups of several consecutive years. Meromictic years show a similar pattern. Most
(A) years coincide with the climatic instability of CE 1850–1899. The (B) years were rather scattered but
were best represented between CE 1820–1849. Most (D) years happened from CE 1500 to 1820, when
human activities were locally most intense for the studied period. Almost all (C) years belong to the
20th century. More than 90% of the years with climatic instrumental records belonged to B and C.
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Figure 5. Graphical summary of the modern analogue study about oxygen shifts and inferred results:
current seasonal variation of mean values of Fe, Mn, O2 and phototrophic bacteria pigments okenone
(oken) and isorenieratene (isoren) in hypolimnetic waters of Lake Montcortès; varved sediments
and proxies obtained; graphic synthesis of inferences derived from Principal Component Analyses;
decadal evolution of conditions represented by the subsets A, B, C and D, since CE 1500; bars show the
percentage of years that fall within a particular decade. NHTA: Northern Hemisphere temperature
anomaly [39]. Redrawn and modified form [20].

4.4. Are GDGTs Promising Indicators of Seasonal Temperature Shifts?

Branched glycerol dialkyl tetraethers (brGDGTs) are bacteria derived and widespread lipids of
terrestrial and aquatic environments. The global distribution of brGDGTs in soils and peats has been
associated with past temperature, and they are therefore used as proxies of mean annual temperature
(MAT proxies) in such environments [55]. However, in some regional studies, brGDGTs indices
appeared to be influenced by other variables, e.g., precipitation, humidity and soil properties [56].
This proxy was originally calibrated against annual averages of environmental variables. However,
a hypothesis arose that these proxy estimates are biased towards particular seasons, because the
bioproduction of brGDGTs is enhanced under the most favourable conditions, which occur mostly
in summer.

To answer whether soil brGDGT proxy estimates are seasonally biased, the brGDGT distributions
and the brGDGT-derived MAT estimates were examined in settling particulate matter (monthly traps)
and surface soil samples from the catchment area of Lake Montcortès (MAT: −3.3 to 17.6 ◦C). No
clear-cut seasonal pattern of the brGDGT distribution has been found in soils (Figure 6a), probably
because of the slow turnover time in terrestrial environments, which is on timescales of decades
or longer. These results confirm previous findings from mid-latitude soils showing that brGDGTs’
distribution and some of the brGDGT-derived proxy measurements are relatively stable through the
year [57]. However, we found that annual shifts in abundance of brGDGTs were controlled by the
variability of specific regional factors, i.e., soil humidity and their pH [13].
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Figure 6. (A) Concentration of soil brGDGTs, (B) brGDGT flux of particles in the sediment trap at 20 m
water depth, (C) brGDGT-based temperature estimates using the MBT/CBT (methylation/cyclisation)
proxy in soils (black line, average from three soils in the catchment around the lake) and particles from
the sediment trap (blue line). (D) Fractional abundance of brGDGT distribution in soils and sediment
traps. Redrawn and modified from [21].

The results record seasonal trends in sediment flux from the catchment area. In the case of
particulate matter, heavy rain is the main factor influencing the brGDGT abundance, resulting in
seasonal variations of brGDGT flux (Figures 3 and 6b).

In terms of modern analogues, this study offers evidence that the signatures of brGDGTs in
depositional environments are representative of soils in the catchment, and that the accuracy of the
derived temperature estimates based on methylation/cyclisation (MBT/CBT) proxies in soils depends
on soil properties, that in turn depend on regional factors. Additionally, those brGDGT signatures of
soils in the catchment probably represent average environmental conditions over decades or longer,
and this observation means that any derived proxy reconstructions can be used only to infer variability
in environmental variables over the same timescales. The absence of seasonality in brGDGT proxies
from the sediment traps Lake Montcortès is due to the lack of significant “in situ” lacustrine production
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of brGDGTs (Figure 6c). The most straightforward explanation is that the main sources of brGDGTs are
catchment soils, and that their non-seasonal signals are transferred to the settling particles, which have
a distribution of brGDGTs that appear to be a weighted mean of soil signals (Figure 6c). In addition,
similar patterns of brGDGT fractional abundance in soils and sediment traps confirm soil-related
sources to the particles in sediment traps (Figure 6d). It remains unclear if downcore variability in
brGDGTs at an annual scale will also capture changes derived from in situ production, and if derived
brGDGT proxies will be suitable to build high-resolution MAT reconstructions.

4.5. From Contemporary Phytoplankton to Subfossil Pigments, What Can We Learn about Community
Changes?

In general, qualitative and quantitative relationships between modern climatic variables, aquatic
primary producers and their pigments and subfossil marker pigments of the sediment have received
little attention despite their potential to build reliable climatic proxies. To help fill this gap, we performed
a modern analogue study to determine how phytoplankton and marker pigment information compare
with the sedimentary record. For this purpose, we applied an analogue matching (AM) technique,
which is concerned about identifying contemporary sites that most closely match the species assemblage
identified in the past [7].

We assessed and compared the annual cycle of phytoplankton in the epi- and metalimnion and of
marker pigments in the epi-, meta- and hypolimnion, and also in a sediment trap deployed at 20 m
water depth. Redundancy Analysis (RDA) was applied to identify potential associations between the
phytoplankton taxa identified by microscopy. Then, we performed a similarity analysis in order to
examine expected bias between modern and subfossil samples (CE 1493–2013) in terms of presence or
absence of common pigment markers.

The total biovolume of phytoplankton depicted a regular annual cycle with growing peaks in
early spring and summer and low biomass in winter (Figure 2B). Phytoplankton biovolume of the
metalimnion was highest in summer (>6 × 106 μm3/mL). Centric Bacillariophyceae and Chlorophytes
follow one another as the dominant taxa in 2013–2014, whereas smaller centric Bacillariophyceae took
over during 2014–2015 growing periods (Figure 7).

The RDA analysis allowed to identify marker pigments more tightly associated with each
taxonomic group (Figure 8). Chlorophyta, Dinophyta, Cyanoprokaryota (Cyanobacteria and
Cyanophyta), centric Bacillariophyceae, Volvocales and Cryptophyta biovolumes explain a significant
percentage of variance in marker pigment concentration, while the percentage variance explained by the
other taxonomic groups was insignificant. Each taxonomic group was associated with specific marker
pigments. The biovolume of Chlorophyta was associated with the marker pigments neoxanthin, lutein,
chlorophyll-b and zeaxanthin, the biovolume of Dinophyta mainly with peridinin, diadinoxanthin,
fucoxanthin, Chl-c1 and c2, although Chl-c2 was also partially associated with the biovolume of
Cryptophyta. The biovolume of Cryptophyta was mainly associated with alloxanthin and a-carotene,
both partially explained by pennate Bacillariophyceae. We know from the literature that some of
the pigments associated with Dinophyta are also present in Bacillariophyceae (e.g., fucoxanthin,
diadinoxanthin, Chl-c1 and Chl-c2), which is coherent with the observed RDA biplot association.
Cyanobacteria biovolume was associated with myxoxanthophyll-like, while association with marker
pigments of phototrophic bacteria is due to co-occurrence in the samples with these groups. These
data are essential to identify pigments with a higher potential to be used as modern analogues in the
sediment record.

All this information is relevant to better identify pigments from sediment traps and use them as
modern analogues for the sediment record following taxonomic affinity criteria and preservation.
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Figure 7. Taxonomic phytoplankton groups with their biovolume and relative dominance (%) in the
epi- (upper graph) and the metalimnion (lower graph) from October 2013 to September 2015 (abscissa).

The concentration of most representative marker pigments was calculated for the entire water
sampling period (2013–2015), in order to compare their spatial variations between epi-, meta- and
hypolimnion, as well as with their deposition in the sediment trap (Figure S1, Supplementary Materials).
Marker pigments of Bacillariophyceae (fucoxanthin: Figure S1c) and Dinophyta (diadinoxanthin:
Figure S1d) were produced and deposited in higher amounts in spring and summer while Chlorophyta
marker pigments (Chl-b, lutein and zeaxanthin: Figure S1e,f,h) were produced mainly in fall, and
marker pigments of Cryptophyta (alloxanthin: Figure S1g) were produced throughout the year with
the exception of fall. Zeaxanthin is a marker pigment also indicative of Cyanobacteria and decoupled
from parent marker pigments of Chlorophyta during summer, it indicates a higher contribution of
Cyanobacteria during summer months (Figure S1). Marker pigments of photosynthetic sulphur
bacteria were only found in the hypolimnion during summer and fall (Figure S1i,j).Most marker
pigments from the water column were also identified in the sediment record. A list of the marker
pigments co-occurring in the water column and sediment record is given in Table S1 (Supplementary
Materials). Their taxonomic affinities are also shown and inform about their likely biological sources,
which are consistent with the taxonomic phytoplankton groups of the epi- and metalimnion (Figure 7).
To gauge the similarity between water column and sediment samples we applied the Sorensen index
(S) on a similarity matrix built with binary data. This very simple similarity index provides a greater
“weight” to species common to the samples than to those found in only one sample. According to S,
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epi-, meta- and hypolimnetic samples resemble at ≥80%, whereas meta and hypolimnetic samples
resemble each other relatively more (92%), likely because of lower oxidation rates during anoxic
conditions of the hypolimnion. Interestingly, when compared with sediment samples of the top of
the core (CE 2007–2013 E), S diminished abruptly to 0.5, that is, the bias was 50% (Figure 9). This
decrease was followed by a slower decrease of S, until values of 30% (circa 1850) and its posterior
stabilisation at values of 40–60% that lasted circa two centuries. A Venn diagram highlights that
past communities only have a partial modern analogue (Figure 9) [5]. These results indicate that
approximately 50% of the marker pigments in the water column were destroyed between deposition
and permanent burying in the first centimetres of the sediment record, whereas the remaining 40–60%
were accurately represented over the period of study. This pattern is roughly consistent with the three
phases of sediment loss proposed by [48]: (1) rapid oxidation, enzymatic metabolism and digestion
by herbivores through the water column (half-life T1/2 = days) would account for a breakdown of
pigments while they sink, (2) slower post-depositional loss in surface sediments would result from
structural rearrangements, release of labile compounds and further oxidation (T1/2 = years) and (3)
once buried pigment degradation would have continued at a very slow pace (T1/2 = centuries).

Figure 8. Redundancy analysis (RDA) between phytoplankton taxa (biovolume; mm3·L−1) and marker
pigments (concentration; μg·L−1). Red arrows are explanatory variables (53% of the variance in pigment
concentration was explained by phytoplankton taxa), blue arrows are response variables (pigments).
Diadin: diadinoxanthin; Fucox: fucoxanthin; Chlc2: chlorophyll-c2; Allox: alloxanthin; a-carot:
a-carotene; Ph4_6: unknown phorbin; Phytin-a1,a2: phaeophythin-a1, a2; Phytin-b: phaeophythin-b;
Car12.5: unknown carotenoid; Myxo-like: myxoxanthophyll-like; BChl-a: bacteriochlorophyll-a;
BChl-e: bacteriochlorophyll-e; Oken: okenone; Isoren: isorenieratene; Neox: neoxanthin; Lut: lutein;
Chlb: chlorophyll-b; Zeax: zeaxanthin; Bphytin-a: bacteriophaeophythin-a; Astax: astaxanthin; Diato:
diatoxanthin; Chla: chlorophyll-a; b-carot: b-carotene; EpimerA: Chl-a epimer; AllomerA: Chl-a
allomer; Violax: violaxanthin; Chlide_a: chlorophyllide-a; Chlc1: chlorophyll-c1; Perid: peridinin.

95



Quaternary 2020, 3, 1

Figure 9. Comparison of Sorensen’s similarity index (S) between modern and sediment samples.
A Venn diagram comparing modern and past pigment assemblages is shown in the upper right corner.
Epi-, meta-, hypo- refer to current in-depth layers of the water column. Abcissa: dates inform about the
age of the sediment samples, Ordinate: S values.

Finally, Table S2 (Supplementary Materials) shows which marker pigments were found to be
exclusive from present-day samples (6) and which were found only in subfossil samples (7). Some of
the unspecific chlorophyll derivatives are produced under distinct environmental conditions and by
different mechanisms with time, chiefly through losses of Mg+2, herbivory, viral attack and enzymatic
catalysis [48]. Noteworthy, however, is the presence of four Cyanobacterial markers in the subfossil
record that were not present in modern samples, suggesting either a detection limit for the identification
of these pigments in the water column or that past lake conditions were favourable to a high diversity
of Cyanobacterial groups including N2-fixing. In fact, massive blooms of filamentous Planktothrix
rubescens De Candolle ex Gomont have been reported to have flourished in Lake Montcortès in the
1970s [54]. However, based on microscopical counts and marker pigment detection, Cyanobacteria
seem to constitute only a low percentage of the phytoplankton currently thriving at Lake Montcortès
(Figure 6), an issue that needs further confirmation.

5. Discussion, Conclusions and Guidelines for Future Research

To date, most paleoenvironmental reconstructions for Lake Montcortès have been performed
using conventional methods and models, which were originally thought for lower resolution studies
and higher latitudes. They are therefore constrained to the supra-decadal level. However, it is
clear that the sublayers of varves host invaluable, high resolution information that still has to been
retrieved. Our modern analogue studies provide detailed information about fine-tuned processes
that take place at annual and sub-annual scales and show how a suite of widely used proxies
respond at the same temporal resolution. We expect that each proxy is physically deposited in
a varve sublayer in temporal correspondence with the processes it represents. Being able to put
this exact match in evidence is expected to boost the interpretative power of future high-resolution
paleoenvironmental reconstructions.

The main contribution of this review is to show the advantages and limitations of a multiproxy
modern-analogue approach in Lake Montcortès as a case study. This has not been published previously
in any other papers. There exist other studies with a similar approach, e.g., lake Zabiński (Poland) [58]
or Lake La Cruz (Spain) [59–62], but results in every case are different because sedimentary and
biogeochemical processes differ among lakes. Obviously, results of one particular lake may not be
directly applicable at other lakes. Our results demonstrate that current lacustrine processes of Lake
Montcortès involving calcite precipitation, phytoplankton and bacterial growth, oxygenation of the
water column and pollen production, have a clear seasonality and also a year-to-year variability,
depending on subtle interannual climatic variations. Therefore, it is reasonable to expect finding the
corresponding fingerprints of these processes at the varve (sublayer) levels. Interestingly, the brGDGT
production in soils is not seasonal, while the particle flux into the lake is. The similarity of brGDGT
distributions indicated the same sources of brGDGTs in soils and lakes. The brGDGT-estimated

96



Quaternary 2020, 3, 1

temperature reflected the interannual average conditions from the soil records. In order to provide
an integrated overview of the basic functioning of Lake Montcortès related to our modern analogue
studies, a synthesis of the main processes and their spatial and temporal course is presented (Figure 10).
This figure is intended to serve as a guide for high resolution paleoecological and paleoenvironmental
reconstructions and derived inferences in lake Montcortès and other similar lakes. It shows how
limnological variables and processes give raise to the proxies that will be used in these reconstructions,
the transit of the latter from present to past conditions, and where in the varve structure would these
proxies be found, according to the season where they are produced and settled down (time-lag = 0 is
assumed). In this figure, the limnological variables under study are listed (column 1); moreover, the
contemporary processes (column 4) that occur in the lake or lake catchment over the year (columns
2, 3). Columns 5 to 8 show the seasons when these processes occur (blue) and when they are more
intense (dark blue). It is also indicated which varve sublayer is representative of each season. White
and a dark sublayer correspond to summer and winter, respectively, dark-white transitions to spring
and white-dark transitions to fall. Column 9 displays degradation and diagenetic mechanism that
are expected to act upon the limnological variables inside the sediment and column 10 the derived
proxies. Column 11 suggests which varve sublayers should be targeted to retrieve these proxies for
high resolution reconstructions, accepting that one single varve contains all seasonal information
needed, i.e., in correspondence with white and dark sublayers and their transitions. We also assume
that highly precise sampling methods are available in every case. This is an especially sensitive issue in
the case of Lake Montcortès where varves are relatively thin, e.g., total mean varve thickness averages
1.3 mm between the 14th and 20th century, with calcite sublayers 0.35 mm and organic sublayers
0.34 mm [26], and probably in other lakes as well. Note for example that by now, neither diatoms
nor pollen or pigments could be extracted from a single varve and even less from a sublayer, due to
methodological limitations.
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Finally, we provide some guidelines for future research at Lake Montcortès and similar lakes.

i. Calcite: There is evidence that a temperature increase enhances the amount of calcite precipitation
and flux to the sediment. This relationship may be an important factor, when considering
the role of calcite as a sink of atmospheric CO2 in the context of global warming and needs
further examination. On the other hand, if the size of endogenic calcite crystals varies seasonally,
inferences at the sub-annual scale may be derived from calcite crystals contained in sublayers
of varves.

ii. These hypotheses encourage the execution of further modern analogue studies. Hence, three
improvements are suggested: (1) increase the frequency and duration of sampling, in order to
better document shifts in calcite precipitation as related to the current warming trend; (2) install a
meteorological station in the lake’s catchment, in order to capture local temperature and other
meteorological variables that condition water temperature; (3) perform a detailed survey of calcite
crystal features retrieved from seasonal traps and from varve sublayers to precisely determine
their origin and diagnostic characteristics.

iii. Pollen: Two advantages of pollen studies are (1) the ability of identifying and characterizing
seasonal layers even in the absence of varves and (2) the possibility of recording interannual
variability and associated meteorological drivers.

iv. Oxygen: Even though our approach cannot provide estimations of past oxygen concentrations,
it is a useful tool to connect and compare the dynamics of past and present oxic and anoxic
events with annual resolution. However, if past oxygen concentrations are to be inferred, a more
specific modern analogue study is required. Perhaps monthly and multiannual monitoring of the
evolution of hypolimnetic oxygen concentrations and a concurrently examination of the content
of Fe and Mn oxides in surface sediment samples, catches mixing and meromictic years. It should
then be possible to establish appropriate transfer functions to estimate dissolved oxygen from
most related proxies. If successful, truly long-term oxygen time series linking estimated and
instrumental data could be established.

v. Cyanoprokariota assemblages lack a modern analogue, since they are nearly absent today,
whereas they were abundant, diverse and pervasive until, at least, the 1970s [54]. This observation
is surprising because, to our knowledge, there have been few changes in land use or lake
exploitation that could have affected Lake Montcortès’ trophic conditions. In contrast, we expect
Cyanoprokariota to play a prominent role during the coming warmer years, when Lake Montcortès
becomes more intensely stratified. Cyanobacteria marker pigments (myxoxanthophyll and
zeaxanthin) have been detected in the water column during monitoring, the lack of correspondence
with microscopical counts may be due to the low cell size of species involved, but this will need
further studies. Therefore, considering the known deleterious effects of Cyanobacteria on aquatic
ecosystems and human health, it would be advisable to continue present-day monitoring. The
results would aid in obtaining a long-term picture of cyanobacterial successions and importance
and allow deriving future scenarios, in the context of global warming.

vi. brGDGT production in the soils of the lake catchment show no seasonality. However, in sediment
trap particles, the brGDGT flux presents a clear seasonality. The seasonal variations of flux rates
confirm transport variations from the catchment rather than in situ production of brGDGT in the
lacustrine environment. The MBT/CBT temperature estimates indicate that brGDGT signatures
in the sediment traps show a mixed signature and originate from surrounding soils. These results
suggest that any inferences made from the high-resolution record must be made with caution.

vii. From a methodological point of view, cylindrical traps with seasonal or quarterly recovery
yield coherent results in all cases, i.e., total suspended solids, calcite crystals, pollen and spores
and particles for brGDGT extractions. However, it is recommended that additional samples
of surface sediments at the end of sampling years should be taken, to assess post-depositional
transformations of these proxies. In our case, surface sediment samples would have provided
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complementary information, such as total fluxes to the sediment and subsequent accumulation,
interactions at the sediment-water interface and early diagenesis. For example, in the case of
calcite precipitation as related to varve formation, initial data of organic matter content may be
needed to estimate the degree of sediment compaction with time [63] and for a full understanding
of structure and thickness of varve sublayers at any depth. In the end, all this information allows
a better connection and comparison between contemporary proxies and their modified version
after being buried in the sediment, making the modern analogue technique more powerful.

viii. Sometimes, modern analogue studies performed at a seasonal or annual frequency cannot be
fully exploited for the interpretation of sedimentary records, because of a mismatch in resolution
between present-day and past samples. This mismatch occurs when a relatively large weight or
volume of sediment is needed to extract enough material for proxy analyses, because contiguous
varves are too thin and/or must be joined into one sample. In doing so, the resolution of the
samples decreases. With time and targeted effort, this disadvantage will hopefully be overcome
with the advent of new technologies. In the field of marker pigments, hyperspectral image
spectroscopy is progressing quickly and offers a non-destructive and inexpensive approach that
permits high resolution. Hyperspectral image spectroscopy is being used in lake sediments,
e.g., for concentrations of sedimentary bacteriopheophytin “a”, based upon diagnostic spectral
properties with high spatial and temporal resolution [64]. A good match of the resolutions of
modern and past studies is indispensable to successfully connect both and to better understand
the evolution of ecosystems with time.

Supplementary Materials: The Supplementary Materials is available online at http://www.mdpi.com/2571-550X/
3/1/1/s1. Figure S1: Comparison of most representative modern marker pigments from the epi-, meta- and
hypolimnion as well as their deposition in the sediment trap, on the basis of annual values of the period 2013–2015;
Table S1: Marker pigments co-occurring in the water column and sediment record and their taxonomic affinities
for lake Montcortès; Table S2: Marker pigments and their taxonomic affinities for Lake Montcortès.
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1 Faculty of Oceanography and Geography, University of Gdansk, 80-309 Gdansk, Poland;
wojciech.tylmann@ug.edu.pl

2 Faculty of Geography and Biology, Pedagogical University of Cracow, 30-084 Krakow, Poland;
jszmanda@up.krakow.pl

* Correspondence: maurycy.zarczynski@phdstud.ug.edu.pl

Received: 29 November 2018; Accepted: 2 February 2019; Published: 4 February 2019
��������	
�������

Abstract: Typically, the description of varve microfacies is based on microscopic sedimentary
structures, while standard grain-size analysis is commonly applied with lower resolution. Studies
involving a direct comparison of varve microfacies and particle-size distributions, common
for clastic environments, are scarce for biogenic varves. In this study, we analyzed nine-year
resolution grain-size data from Lake Żabińskie (northeastern Poland) to detect differences between
varve microfacies. Six varve microfacies were differentiated using grain-size distributions and
sedimentological attributes (calcite layer thickness, dark layer thickness, mass accumulation rate).
However, changes in particle-size distributions between different varve types are relatively small and
indicate a similar source for the material deposited. Decomposition of grain-size distributions with
the end-member approach allows recognition of relative changes for the deposition of allochthonous
(mineral) and autochthonous (carbonates, (hydr)oxides) components. Grain-size data suggest that
sources of allochthonous material remained constant, while varve formation was controlled mostly
by in-lake processes.

Keywords: varves; lake sediments; grain-size; end-members

1. Introduction

Lacustrine sedimentary records are one of the most important paleoenvironmental archives [1].
Among these, records with varved sediments offer a rare opportunity for annually resolved
chronologies and analyses [2,3]. Studies based on varved sediments require careful recognition
and confirmation of the annual deposition cycle [4,5]. This is mostly achieved with microfacies
analysis, which is based on recognition of microscopic sedimentary structures forming the varves [4,6].
Careful studies of present-day in-lake processes might further confirm the annual rhythm of
sedimentation [4,7]. Most of the paleoenvironmental analyses rely either on geochemical proxies [8],
ecological indicators [9,10] or a combination of those [11]. Textural analysis, including particle-size of
the accumulated material, provides one of the fundamental characteristics for the study of sedimentary
material [12]. Grain-size analyses offer a variety of research opportunities for lacustrine settings.
Sediment texture could be used to study material provenance [13], transport [14], and processes such
as paleofloods [15,16], monsoons [17], and aeolian activity [18].

Since the inception of the varve chronology method by De Geer [19], grain-size has played an
important, diagnostic role, especially in clastic varves [2]. Textural changes in the cold climate are a
result of the freeze-thaw cycles affecting allochthonous material supply [20]. This, in turn, leads to the
formation of seasonal laminations, reflecting differences in the composition and size of the accumulated
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material [3]. Commonly, the warm season is characterized by larger particles, which originate from the
catchment, while their transport is induced by snowmelt and increased runoff. During ice-covered
seasons, accumulation of coarse particles decreases leading to dominance of smallest particles. This
closes the cycle with a fine-grained layer, often with addition of biogenic material [20–22]. Thus,
grain-size plays a fundamental role during the recognition of annual cycles. Thanks to continuous
density scans and grey-scale image analyses, grain-size data can be obtained with high, seasonal
resolution [23,24]. Therefore, this approach is not only valuable for microfacies analysis but even for
semi-automatic varve chronology development.

Contrary to clastic or clastic-biogenic varves, mineral matter plays a minor role with biogenic
varves that are dominated by material originating from biochemical processes and lacustrine
productivity [2]. This causes a lower interest in particle-size research for this type of varves. Different
approaches for sediment pretreatment lead to diverse results, due to different components being
possibly removed prior to analysis [25]. The most common procedure is to remove organic matter,
carbonates and biogenic silica before measurements [14,17,20,26]. However, this leaves possible metal
(hydr)oxides intact. This approach could be simplified, for example by removing only organic matter,
or further improved with removal of metal (hydr)oxides [25]. Ideally, removal of all non-minerogenic
components would effectively lead to the measurement of only allochthonous material of terrestrial
origin. However, there is the possibility to destroy clay minerals during subsequent pretreatment steps
further influencing the results of measurements. To achieve a full understanding of past processes
recorded within biogenic sediments, it might be helpful to measure the size of both allochthonous and
autochthonous sediment components.

The aim of this paper is to assess bulk grain-size data as a supporting tool for the discrimination
of biogenic varve microfacies. Furthermore, we test the end-member approach for tracing non-detrital
sediment components, such as carbonates, metal (hydr)oxides or diatoms. In this study, we used
grain-size data from the 2000 year-long, entirely varved sediment core from Lake Żabińskie and
compared parameters based on grain-size data with nine-year resolution and previously described
varve microfacies.

2. Materials and Methods

2.1. Study Area

Lake Żabińskie (coring site at 54◦07′54′ ′ N; 21◦59′01.1′ ′ E) is located in the Great Masurian Lakes
region (Figure 1A), a part of the Masurian Lakeland (Northeastern Poland) [27]. This postglacial
landscape lies within the extent of the Pomeranian Phase of the Vistulian glaciation (ca. 17–16 kBP) [28].
The lake is mostly surrounded by glacial tills, sands, and gravels. Finer material is deposited in
depressions and near the lake basins [29,30]. Lake Żabińskie is fed by inflows from Lake Purwin and
streams from the south passing arable land. The southernmost tributary originates in the Żabinka
village bearing considerable amounts of nutrients and mineral matter, with the latter forming a small
delta on the southern shore of the lake [31]. Lake Żabińskie drains to the much larger Lake Gołdopiwo
located to the west. The lake basin has a simple morphology with one, centrally located deepest point
of 44 m (Figure 1B). Strong seasonal thermal stratification and anoxia in the hypolimnion [4] lead to
the formation and preservation of varved lake sediments [31,32].
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Figure 1. (A) Location of Lake Żabińskie. (B) Bathymetric map with coring site.

2.2. Coring and Composite Profile

Coring took place during two field campaigns in the summers of 2011 and 2012. A UWITEC
(Mondsee, Austria) coring platform was equipped with a 90-mm diameter piston and gravity corers.
The complete sediment profile was 19.5 m long, while this study focuses only on the previously
investigated top 5.95 m covering the last 2000 years. After retrieval, cores were tightly sealed and
stored in a cold room. Later, cores were split into halves, photographed, and macroscopically described.
The composite profile was created by correlation of diagnostic horizons.

2.3. Initial Analyses

Core half B was continuously subsampled with a temporal resolution of three years per sample,
i.e., an average sample thickness of 8.9 ± 5.2 mm (± 1 SD) with range of 1.6 to 37.0 mm. Dry bulk
density was calculated by freeze-drying 1 cm3 of wet sediment and weighing the dry mass.

2.4. Chronology and Sedimentological Variables

The chronology is based on three individual varve counts and covers 2028 +34/–53 varve years,
reaching year 17 +34/–53 BCE at a depth of 5.95 m. Additional age control of this period was achieved
with 29 AMS 14C dates, 137Cs chronostratigraphic horizons, and the Askja cryptotephra of 1875 CE [33].
Details on the chronology are published by Żarczyński et al. [32]. Based on varve chronology, the mass
accumulation rate (MAR in g × cm−2 × year−1) was calculated by multiplying varve thickness (VT in
mm) by dry bulk density (DBD in g × cm–3). Additional measurements of calcite layer thickness (CT
in mm) and dark layer thickness (DT in mm) were done on scanned images of thin sections (2400 DPI),
which were previously used for varve counting. In case of multiple calcite layers within one varve, CT
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thickness includes the sum of all individual calcite layers occurring in the given year. DT represents all
remaining sublayers, and was calculated by subtracting CT from VT.

2.5. Microfacies Analysis

Microfacies analysis was carried out using Axio Imager A2 (ZEISS, Jena, Germany) and L100
(NIKON, Tokyo, Japan) microscopes, with magnifications between 20× and 500×. Thin sections were
investigated using non-polarized and polarized light. A detailed overview of the six main microfacies
and their formation processes was published with the varve chronology [32].

2.6. Grain-Size Determination

For the determination of particle-size, three parts of equal weight from three consecutive samples
were mixed to obtain samples of nine-year resolution. Organic matter was removed by combustion at
550 ◦C. Carbonates were not removed prior to grain-size measurements. Determination of particle-size
distribution was carried out with a Mastersizer 3000 (Malvern, Malvern, United Kingdom) laser
particle-size analyzer at the Faculty of Geography and Biology, Pedagogical University of Cracow.
Around 50 mg of material were used for each sample to achieve required obscuration of detector. Prior
to measurements, ultrasonic disintegration was applied for 60 s. The mean of three measurements for
each merged sample was used as the final value.

2.7. Statistics

Raw data is provided as a Supplementary Materials (S1). In a first step, annual sedimentological
data for each grain-size sample were averaged into mean values. Because grain-size data are attributed
to nine-year samples, this led to more than one varve type per sample. Therefore, the percentage share
of a given varve type was calculated for each sample. Only samples with one dominant microfacies
(≥70%) were retained for further analyses, excluding 56 (26%) samples from the original dataset of
218 samples. Finally, grain-size data were averaged for each size class to achieve a mean distribution
for each varve-microfacies type. Grain-size distribution indices following moment (phi) formulas
were calculated with GRADISTAT (version 8.0) [34]. Later, phi values were converted to micrometers.
Ternary diagrams were created with ggtern 3.0.0 [35].

Prior to multivariate analyses, variables were log-transformed, scaled and centered with base R
(version 3.5.1) [36]. A principal component analysis (PCA) was carried out to determine the relationship
between grain-size indices and sedimentological data. Clustering tendencies and differentiation
of varve types were visualized on a PCA biplot. To disentangle genetically different material
originating from diverse sedimentary processes [37], grain-size distributions were decomposed with
an end-member approach using the EMMAgeo (version 0.9.6) package for R [38].

3. Results

3.1. Microfacies

Six microfacies were distinguished for the sediments of Lake Żabińskie (Figure 2; [32]). Type I
(68 varves) occurred only at the topmost part of the record and is characterized by well-developed
calcite lamina followed by diatoms. The rest of the varve is mostly a mixture of minerogenic and
organic detritus with the addition of vivianite and pyrite. Characteristic for this microfacies is the
occurrence of additional calcite layers throughout the year. Varve type II (165 varves) characterizes the
least distinct annual cycle, with a poorly developed calcite/diatom layer marking the beginning of
varve years. Diatom frustules and chrysophyte cysts were deposited on top of the calcite layer, with
vivianite and pyrite rarely occurring. A fine-grained mineral layer formed sporadically at the end
of the year. Type III (1300 varves) is the most abundant of the record, with the simplest pattern of
deposition. The beginning of the varve year is marked by a well-developed calcite layer, followed by
deposition of mineral and organic detritus. Chrysophytes were more abundant close to the end of the

108



Quaternary 2019, 2, 8

varve year. Type IV (85 varves) is very similar to type III, with the addition of the thick diatom layer
deposited during the second half of the year. Type V (291 varves) starts with a calcite layer enriched
with iron, followed by a mix of calcite grains, diatoms, minerogenic and organic matter. Finally, an
iron-rich layer was deposited. This diagnostic layer is at times interrupted by a poorly-developed
calcite layer. Type VI (118 varves) is similar to type V, with a distinct (thick) diatom layer occurring
prior to deposition of the iron-rich layer. Development and occurrence of different microfacies is
strongly connected with land-use changes in the catchment and subsequent changes in the lake mixing
regime [39]. Varve types III and IV were deposited mostly during an 1100-year long period (ca. 520 to
1620 CE) of catchment reforestation leading to weaker wind action and meromixis (Figure 3). Types
I, II, V, and VI occurred during phases of deforestation leading to intensified lake mixing and better
oxygenation of the water column. They were influenced by redox processes (types V and VI), enhanced
catchment erosion (type II), or recent eutrophication (type I).

 
Figure 2. Top: Six varve microfacies (types I–VI) of Lake Żabińskie (thin sections scanned with
polarized light). White dots mark the beginning of each varve year. Bottom: Conceptual varve models.
Black bars indicate one year.

Figure 3. Varve microfacies with sedimentological, and grain-size variability plotted vs. time and depth.

Main patterns of sedimentological properties and grain-size indices are shown in Figure 3 with
respective varve microfacies. Overall, both sedimentological characteristics and grain-size parameters
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are divided into four main phases. The first phase between ca. 17 BCE and 520 CE is characterized by
elevated values and higher variability of all the variables except sediment sorting. From 520–1620 CE
all values drop and remain relatively stable, with less sediment sorting. Between 1620 and 1870 CE
variables rise again, reaching respective maxima with very good sediment sorting. Finally, there is a
decoupling between CT and DT, reflected also in mean grain-size with an overall drop toward the top.

After dataset reduction, the number of sediment samples corresponding to each varve type left
seven samples of type I, 17 samples of type II, 126 samples of type III, 1 sample of type IV, 8 samples
of type V, and 2 samples of type VI. For the needs of statistical analysis, types III and IV as well as V
and VI were merged. The main sedimentological properties of the reduced dataset are illustrated by
boxplots shown in Figure 4. The mean MAR exceeded 0.10 g × cm–2 × year–1 for most varve types
with a maximum of 0.15 ± 0.05 g × cm–2 × year–1 recorded for type II. The exceptions are types III
+ IV, with a mean of 0.05 ± 0.01 g × cm–2 × year–1. The lowest MAR of 0.03 g × cm–2 × year–1 is
recorded within type III + IV, while the maximum value of 0.24 g × cm–2 × year–1 occurred in type II.

Calcite layer thickness varies between varve types, with highest values recorded for type I
(1.37 ± 0.36 mm). The other types were characterized by thinner calcite layers, with type III + IV
reaching a minimum of 0.26 ± 0.10 mm on average. Type III + IV also reaches the lowest value of
0.09 mm, while a maximum of 1.84 mm is recorded within type I. Dark layer thickness shows a similar
pattern with highest mean values reached for varve type II (5.43 ± 1.48 mm), while the lowest value
occurs for type III + IV (1.88 ± 0.51 mm). Overall, varves of types I and II reach higher values for
all variables, while type II exhibited the most dispersed properties. Varves of type III + IV are most
uniform and generally at the lower end. Type V + VI shows values in between other types.

 

Figure 4. Boxplots of sedimentological properties aggregated for varve types I–VI. Boxplot hinges
represent the 25th and 75th quantiles, solid horizontal line represents the mean, notches indicate
maximum and minimum values within the 1.5 inter-quartile range and black dots represent outliers.

3.2. Grain-Size

Type II varves are dominated by relatively coarse material with a mean particle-size of
13.5–20.9 μm. Lower mean particle-size is associated with type III + IV (7.1–24.3 μm). Overall,
types I, III + IV and V + VI are characterized by a minimum mean particle-size below 10 μm. On the
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other hand, the maximum mean particle-size exceeds 20.0 μm within types II, III + IV, and V + VI.
The median particle-size, together with the 10th (P10) and 90th (P90) percentiles show the margins of
distributions and follow similar patterns like the mean particle-size (Figure 5a). The mean kurtosis
ranges from 4.01 (type III + IV) to 4.66 (type II). Mean skewness is between 0.78 (type III + IV) and 1.07
(type V + VI), with type V + VI reaching overall higher values and low dispersions.

 
Figure 5. (a) Boxplots of main grain-size indices and parameters aggregated by varve type. (b) Average
grain-size distribution aggregated by varve type (labels indicate positions of modes, respective size,
and relative share). Boxplots features as in Figure 4.
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Averaged distributions of particle-size, aggregated by type (Figure 5b), show that varve types
II and V + VI are in fact shifted towards coarser material relative to the other types. Type I shows a
similar distribution like type III + IV. However, the secondary grain-size peak is smaller than 1 μm
and better pronounced for type III + IV than for type I. While all the distributions are shifted towards
coarser grains, the secondary peak below 1 μm is also well-pronounced. Grain-size distributions of all
types are determined by a dominant silt fraction. Main shifts occur for coarser silt around 22.1 μm
(types I, III + IV, V + VI) or 26.3 μm (type II), and finer silt around 13.1 μm (all types). Mean grain-sizes
calculated for average distributions range from 11.5 μm (type III + IV) to 16.9 μm (type II), with three
to four modes (Figure 5b) appearing mostly at 22.1 μm, 13.1 μm, and 0.7 μm. Characteristic for type II
is an additional, coarse mode at 148.7 μm. The samples were mostly poorly (n = 159) or moderately
(n = 3) sorted, with either meso (n = 31) or leptokurtic (n = 131), fine (n = 159) skewed or symmetrical
(n = 3) distribution.

Overall, all varves belong either to medium silt (I and III + IV) or coarse silt (II and V + VI)
grain-size classes. The relationships between different sediment classes are shown in Figure 6. Some
degree of separation is visible between types, with type III + IV shifted slightly to the direction of clay
and sand-sized particles, with a gradual change towards silt-dominated type II. The mean clay content
varies between 1.7 ± 0.8% (type II) and 6.3 ± 3.3% (type III + IV). Silt dominates all samples with
rather high differences between types. It is least abundant in type III + IV with a mean of 91.2 ± 3.3%,
while for type II silt reaches 96.4 ± 1.1%. Sand-sized particles are most prominent in type III + IV
(2.4 ± 1.2%).

 
Figure 6. Ternary diagram of grain-size data. Larger points indicate values for mean grain-size
distributions. The smaller triangle shows the location of samples within the full ternary diagram.

3.3. Statistical Analyses

3.3.1. Principal Components Analysis

Principal components analysis (PCA) was carried out on three main sedimentological variables
(MAR, CT, DT) with the addition of parameters calculated from grain-size distributions (Figure 7).
Four principal components exceeded 5% of the total explained variance (PC1: 57.2%; PC2: 16.4%;
PC3: 11.3%; PC4: 8.6%), while only PC1 passed the broken-stick test. There are three main groups of
visible vectors: (1) sedimentological variables (CT, DT, MAR) and skewness, (2) variables describing

112



Quaternary 2019, 2, 8

distribution (P10, P90, mean, and median diameter) with kurtosis, and (3) sorting. Samples tended to
cluster to some extent: types I and II were mostly related to sedimentological variables while type III
+ IV had strong relationships with variables describing particle-size distributions (except skewness).
Samples from type V + VI were more dispersed between other types.

yp p yp

Figure 7. PCA biplot of sedimentological and grain-size data. CT—calcite layer thickness; DT—dark
layer thickness; MAR—mass accumulation rate.

3.3.2. End-Member Analysis

End-member analysis resulted in recognition of five different end-members (EM) (Figure 8a).
Coarsest end-members explain the smallest proportion of variation with only 5.4% and 5.0% for EM1
(mode at 44.0 μm) and EM2 (mode at 37.0 μm), respectively. The end-members associated with finer
material (7.8 μm to 31.0 μm) explain over 25% of variance each. EM1 was mostly visible within type
III + IV, with some observations occurring within type II and IV. EM2 was recorded only in type III + IV,
rarely dominating this type. EM3 was highly variable among the types, with highest relative values
recorded within type II and V + VI. Types I and III + IV reach overall low values, with some outliers in
type III + IV. EM4 shows a gradual decrease starting from type I until type III + IV. A slight rise within
type V + VI is also visible. EM5 is virtually absent within type II and reaches the highest values within
type III + IV.
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Figure 8. (a) End-members loadings with diagnostic plots. (b) Relative abundance of end-members vs
time and depth. (c) Profiles of selected geochemical proxies (μXRF centered log-ratios (clr) of Mn and
Ti, TIC—total inorganic carbon) with a 20-year running mean and varve types (Żarczyński et al., 2019;
modified).

4. Discussion

Biogenic varves from Lake Żabińskie show macro- and microscopic differences, mostly resulting
from variations of in-lake processes. Despite different structures, the texture of these sediments is
generally similar and, as a result of their autochthonous origin, dominated by silt-sized particles.
This can be related to calcite crystals as well as diatom frustules abundant in all sediment samples.
Sediments of Lake Żabińskie are dominated by small (approx. 4 to 50 μm), planktonic diatom
taxa (Aulacoseira, Stephanodiscus, Cyclotella). Larger (over 100 μm), benthic diatoms (Fragilaria,
Pseudostaurosira, Staurosira) are scarce. Therefore, inferences about external transport processes and
sources are limited due to minor contributions of allochthonous material associated with aeolian or
fluvial provenance. Annually resolved sedimentological data, combined with the standard grain-size
allows separation of Lake Żabińskie varve types. Differences based on mean, median, P10, and
P90 particle-sizes show similar patterns. Type II varves consistently document the highest values,
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suggesting contributions linked to relatively coarser material showing elevated erosion rates [40].
On the other hand, the remaining varve types exhibit similar patterns, mostly due to deposition of
autochthonous material. However, type III + IV varves have numerous outliers of coarser particle-size.
This is probably due to episodic deposition of aggregated autochthonous material such as calcite [41].

In terms of statistical measures such as sorting, skewness and kurtosis, all varve types exhibit
considerable similarity. Analyzed sediments are poorly sorted due to dominance of the silt fraction,
which is deposited under lower flow conditions [42,43], which do not favor sorting processes. Transport
and deposition of sediments in the lakes could be directly influenced by wind fetch and wind
stress, effectively changing sedimentation patterns over time, potentially leading to complex sorting
processes [44]. Furthermore, sediments of Lake Żabińskie are comprised of products of biogenic
(diatoms) and biochemical (carbonates, Fe and Mn (hydr)oxides) processes, which are more important
than transport and sorting. Selective sediment deposition is demonstrated by positive skewness
associated with dominance of a fraction coarser than the median [45]. On the other hand, highest
skewness values recorded within type II show a more diverse deposition setting due to the higher
influence of allochthonous material. Grain-size distributions of varve types do not differ significantly,
and fraction modes are similar, with minor changes of their relative shares (Figure 5b).

Additionally, PCA analysis of grain-size and sedimentological data from Lake Żabińskie results to
some degree in separation of different varve types. The close relationship between CT, MAR and type
I varves suggests thickness of the calcite layer as the controlling factor for the overall accumulation
of the given year—a possible response to the increasing lacustrine productivity [46] and carbonate
deposition [47]. On the other hand, type II varves are associated more with DT implying higher
importance of accumulation of detrital components rather than poorly developed calcite layers. These
varves developed in response to forest clearing in the catchment area. Mineral matter deposition
was caused by soil erosion and increased delivery of allochthonous material [40], leading to a more
prominent role of terrestrial matter in the varve structure. Additionally, at that time intensity of lake
mixing increased, which caused poor varve preservation. Varve type III + IV is related to major
grain-size characteristics, i.e., sorting or mean particle-size and kurtosis. This type is characteristic
for an over 1000 year-long period of meromixis, when catchment was densely forested reducing
wind stress on the lake [39]. Type V + VI shows no apparent tendencies, which are explained by the
complicated structure and origin, where both sedimentation and chemical processes played important
roles. Occurrence of this type is characteristic for periods of more intense lake mixing. This in turn
caused deposition of Fe and Mn (hydr)oxides forming visible sublayers in varves. These varves
co-occurred with early human impact on the lake catchment [39].

End-member analysis and distribution decomposition allows separation and recognition of
the sources and transport processes of allochthonous material. As allochthonous input is of
minor importance for Lake Żabińskie, we attempt to compare end-members with geochemical data
(Figure 8c) [11,39]. This leads to the recognition and definition of non-clastic end-members. Significance
of correlations is corrected for autocorrelation [48]. The pattern visible in EM3 resembles Mn variability
of μXRF data (r = 0.46, p < 0.05). With a mode around 31.0 μm, this indicates presence of cemented
aggregates of mineral matter or carbonates coated with these (hydr)oxides. Mn and Fe variability
in sediments of Lake Żabińskie during the last 2000 years was controlled mostly by changes in
oxygenation of the water column [39]. Higher abundance in the type V + VI seems to support this
interpretation. The high values noted also within type II varves are a sign of metal scavenging,
adsorption onto silt-sized mineral particles and coating of grains [25]. Comparing EM4 with the Ti
record (r = 0.35, p < 0.05) suggests deposition of silt-sized (mode at 13.0 μm) allochthonous mineral
matter. EM5 is probably associated with the abundance of calcite in the sediments showing a similar
pattern like TIC [39] (r = 0.67, p < 0.05). Calcite is an important component for every type, except type II,
where calcite laminas are poorly developed and of low quality [40]. EM1 and EM2 explain a relatively
small portion of the total variance and complicate interpretations. Finally, superimposed peaks of
end-member distributions might be caused by the authigenic nature of the sediments. Precipitation
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and redeposition processes could lead to a different size of accumulated material of the same origin.
Furthermore, the end-member analysis should be treated with caution, especially when run without
reference based on samples of known origin [49]. Analysis of different algorithms conducted by van
Hateren et al. [50] suggests that EMMAgeo might be prone to the occurrence of artifacts in end-member
grain-size distributions. Yet, comparison with geochemical data might act as external validation.

It should be stressed that there are multiple sources of uncertainty in our analysis. The first is
related to the inhomogeneity of samples that contain more than one varve type. In this way, signals
from two varve types are mixed, leading to a weak separation between grain-size characteristics
of different varve types. Secondly, lacustrine sedimentation in low-land lakes of the temperate
zone is dominated by in-lake production and biogeochemical processes rather than accumulation
of minerogenic matter. Due to this, typical discrimination between transport regimes and particle
deposition could not be applied. The finest material tends to aggregate when settling down the water
column, which is important for metal compounds and (hydr)oxides or carbonates [51]. Additionally,
even though not studied here, diatoms further influence grain-size determination. Diatom frustules
often are abundant and come in a variety of shapes and sizes. These factors influence the interpretation
when the range of particle-size is narrow and covers more than purely allochthonous matter.

Our results suggest that even bulk data of lower, non-annual resolution is useful for discrimination
between varve types. Comparison of structure and aggregated grain-size analyses improves and
validates previously determined varve microfacies. A step forward will be varve-by-varve sampling,
sequential extraction of sediment components and repeated grain-size measurements. If applied, this
might lead to recognition of particle-sizes associated with different components. Furthermore, it would
be helpful in assessing the relation between particle-size and their scavenging potential [52,53].

5. Conclusions

We compared bulk grain-sized data with an annually resolved record of varve properties and
microfacies and found that even with aggregated data it is possible to partially discriminate varve
microfacies. End-member analysis resulted in the attribution of end-members to specific sedimentation
styles (i.e., precipitation of carbonates, formation of metal (hydr)oxides, and deposition of clastic
particles), as well as tracing relative changes of their respective abundance over time. Therefore, we
conclude that grain-size analysis is useful for more than characterization of the mineral component
of biogenic lake sediments. Further studies with sequential extraction and separation of individual
sediment components will likely improve the interpretation of end-member analysis.
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Funding: This research was funded by National Science Centre, grant number 2014/13/B/ST10/01311.
Additionally, MZ was funded by University of Gdansk, grant number 538-G110-B576-16.

Acknowledgments: We would like to sincerely thank Anna Poraj-Górska, Dorota Chmielowska, Michał Marosz,
and Benjamin Amann for their help and contribution. We also thank three anonymous reviewers for their
comments which substantially improved this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brauer, A. Annually Laminated Lake Sediments and Their Palaeoclimatic Relevance. In The Climate in
Historical Times: Towards a Synthesis of Holocene Proxy Data and Climate Models; Fischer, H., Kumke, T.,
Lohmann, G., Flöser, G., Miller, H., von Storch, H., Negendank, J.F.W., Eds.; Springer: Berlin/Heidelberg,
Germany, 2004; Volume 18, pp. 109–127, ISBN 978-3-662-10313-5.

116



Quaternary 2019, 2, 8

2. Zolitschka, B.; Francus, P.; Ojala, A.E.K.; Schimmelmann, A. Varves in lake sediments—A review. Quat. Sci.
Rev. 2015, 117, 1–41. [CrossRef]

3. Ojala, A.E.K.; Francus, P.; Zolitschka, B.; Besonen, M.; Lamoureux, S.F. Characteristics of sedimentary varve
chronologies—A review. Quat. Sci. Rev. 2012, 43, 45–60. [CrossRef]

4. Bonk, A.; Tylmann, W.; Amann, B.; Enters, D.; Grosjean, M. Modern limnology, sediment accumulation and
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