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Abstract Hypoxia in freshwater systems is currently

spreading globally and putting water quality, biodi-

versity and other ecosystem services at risk. Such

adverse effects are of particular concern in perma-

nently stratified meromictic lakes. Yet little is known

about when and how meromixis and hypoxia became

established (or vanished) prior to anthropogenic

impacts, or how human activities such as deforesta-

tion, erosion and nutrient cycling affected the mixing

regimes of lakes. We used calibrated hyperspectral

imaging (HSI) data in the visible and near infrared

range from a fresh, varved sediment core taken in Lake

Jaczno, NE Poland, to map sedimentary pigments at

very high resolution (sub-varve scale) over the past

1700 years. HSI-inferred bacteriopheophytin a (bphe

a, produced by anoxygenic phototrophic bacteria)

serves as a proxy for meromixis, whereas HSI-inferred

green pigments (chlorophyll a and diagenetic prod-

ucts) can be used as estimators of aquatic productivity.

Meromixis was established and vanished long before

significant human disturbance in the catchment was

observed in the late eleventh century AD. Under pre-

anthropogenic conditions, however, meromixis was

interrupted frequently, and the lake mixing regime

flickered between dimixis and meromixis. During two

periods with intense deforestation and soil erosion in

the catchment, characterised by sedimentary facies

rich in clay and charcoal (AD 1070–1255 and AD

1670–1710), the lake was mostly dimictic and better

oxygenated than in periods with relative stability and a

presumably closed forest around the lake, i.e. without

human disturbances. After ca. AD 1960, meromixis

became established quasi-permanently as a result of

eutrophication. The persistent meromixis of the last

*60 years is unusual with respect to the record of the

last 1700 years.
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Introduction

The global spread of hypoxia in freshwater systems

and related adverse consequences on ecosystem

services and biodiversity is widely recognised as a

major environmental threat (Diaz 2001; Friedrich

et al. 2014; Jenny et al. 2016a). Widespread oxygen

depletion has been attributed to increased nutrient

supply and eutrophication, as well as to increased

thermal stratification caused by global warming (Fo-

ley et al. 2012). Once hypoxic conditions are estab-

lished, redox reactions at the sediment–water interface

stabilise the density stratification and eventually lead

to permanent anoxia and meromixis (Nixdorf and

Boehrer 2015). This has severe consequences for

heterotrophic benthic organisms and may remobilize

redox-sensitive metals and pollutants that had previ-

ously accumulated in the sediments (Jenny et al.

2016b).

Although recent anoxia in freshwater systems is

well documented, very little is known about how and

when hypoxia and meromixis established or disap-

peared under conditions prior to substantial human

impact. The difficulty is that few sediment proxies for

hypoxia exist (Friedrich et al. 2014). Naeher et al.

(2012), for instance, used lipid biomarkers indicative

of phototrophic sulphur bacteria. Jenny et al. (2016a)

inferred hypoxia from the onset of varved sediments,

and chironomids were also reported to be sensitive to

hypolimnetic oxygen concentration (Brodersen and

Quinlan 2006). Although often used as an indicator of

hypoxia, the Mn/Fe proxy, measured by x-ray fluo-

rescence (XRF), is not well validated and its applica-

bility might be limited to special cases (Naeher et al.

2013).

Recently, Butz et al. (2015) demonstrated that

bacteriopheophytin a (bphe a) can be detected quan-

titatively (R2 = 0.89, RMSEP *10%) in lake sedi-

ments using visual to near infrared (VNIR)

hyperspectral imaging techniques. Bphe a is a diage-

netic product of bacteriochlorophyll a), and amongst

other biomarkers, is produced by planktonic anoxy-

genic phototrophic bacteria (APB) at the chemocline

of lakes and may thus be diagnostic for prolonged

anoxia and meromixis (Rogozin et al. 2012; Schmidt

et al. 2002; Van Gemerden and Mas 1995). In contrast

to other biological proxies or biomarkers, hyperspec-

tral imaging of bphe a in lake sediments offers an

innovative and inexpensive method to assess and map

past meromixis in lakes at unprecedented, very high

resolution [70 lm pixel size; sub-varve scales; (Butz

et al. 2016)] and, potentially, over very long periods of

time.

Apart from sedimentary bphe a, VNIR hyperspec-

tral imaging may also be used to detect chlorophylls

(chl) and chlorins (Amann et al. 2014; Das et al. 2005;

Rein and Sirocko 2002; von Gunten et al. 2009; Wolfe

et al. 2006), carbonates and organic matter (Amann

et al. 2015; Balsam and Deaton 1996; Balsam et al.

1999) or iron oxides and clays (Balsam and Deaton

1991; Deaton and Balsam 1991; Jarrard and Berg

2006).

Using HSI-inferred bphe a, we present here a high-

resolution sedimentary record of meromixis from

varved Lake Jaczno (NE Poland), which spans the last

1700 years. The research was guided by three ques-

tions: (1) When and how did meromixis become

established and then vanish? (2) How was meromixis

affected by anthropogenic disturbance in the catch-

ment (deforestation, erosion, nutrient cycling)? (3) Is

the current period of meromixis unusual within the

record of the past 1700 years?

To address these questions, we present a new

calibration of hyperspectral data for sedimentary

green pigments (chl a and diagenetic products; a

proxy for productivity), use image classification

techniques to identify sedimentary facies that repre-

sent important catchment processes (erosion and forest

fires), and apply the HSI-inferred sedimentary pig-

ment calibration (chl a and bphe a, indicating

productivity and meromixis, respectively) to a

1700-year varved sediment sequence.

Site description

Lake Jaczno (Fig. 1) is a small, 26-m deep, postglacial

kettle-hole lake located in the Suwalki Lake District

(54�16026.300N; 22�52020.300E; 163 m a.s.l.), NE

Poland. Glacial and fluvial deposits of the Weichselian

glaciation and deglaciation (*15,000 BP) form the

landscape (Krzywicki 2002; Rinterknecht et al. 2006).

Lake Jaczno has a total surface area of *0.41 km2

with five distinct basins connected by shallow sills.
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Three permanent inflows are located in the N and W,

and there is an outflow in the south. The basin with the

coring site (Fig. 1) is well protected from external

influences. Lake Jaczno is currently mesotrophic

(Tylmann et al. 2013) and meromictic, with a chemo-

cline at around 7–11 m water depth (Butz et al. 2016).

The regional climate is continental. Mean annual

temperature is about 6.4� C and mean annual precip-

itation is *600 mm (Suwalki Meteorological Station,

Institute of Meteorology and Water Management,

National Research Institute, IMGW-PIB). Lakes in

this area are typically ice-covered between December

and March (Amann et al. 2014).

Materials and methods

A 250-cm-long sediment core (D = 9 cm) was recov-

ered with a UWITEC gravity corer in September 2011.

The core was split in half lengthwise and then cut at

105 cm into two sections, i.e. ‘‘Top’’ and ‘‘Bottom’’,

for analyses. Sediment description, i.e. identification

and interpretation of varves and the thin intercalated

homogenous sections with rapid sedimentation (sed-

iment focusing or slumps), follows criteria established

by Butz et al. (2016).

Core chronology is based on varve counting and

radiometric dating (210Pb, 137Cs and 14C). Varves were

Fig. 1 Lake Jaczno. Land cover map of the catchment area (left). The right panel shows the location of the lake in northeast Poland and

a bathymetric map
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counted by four people, using images from resin-

embedded, polished sediment blocks and images from

the wet sediment, following the procedure of Butz et al.

(2016) and verified by thin section analysis in the Top

section. Sections with instantaneous sedimentation and

slumps were removed (Arnaud et al. 2002) and the final

varve counting uncertainty was assessed from four

independent counts according to Bonk et al. (2015) and

adapted by Butz et al. (2016). The 210Pb age-depth

model (constant-rate-of-supply) from Butz et al. (2016)

was extended by eight accelerator mass spectrometry

(AMS) 14C dates on birch bracts and birch seeds

(Table 1). The clam 2.2 software of Blaauw (2010) was

used to calculate the age/depth model with the northern

hemisphere terrestrial 14C calibration curve (Reimer

et al. 2013). In addition, we measured 14C on nine bulk

sediment samples to assess radiocarbon reservoir

effects, i.e. the age difference between the ‘true’

(depositional) age and the ‘apparent’ 14C age (Geyh

et al. 1998) and to characterise the sources of

sedimentary organic carbon (humins) in three typical

sedimentary facies: (1) charcoal-enriched layers, (2)

clay-enriched layers and (3) pigment-enriched layers

(chlorophyll-type and bacteriopheophytin a). Bulk

samples and larger macrofossils were dated at the

Poznan Radiocarbon Laboratory (Goslar et al. 2004).

Macrofossils with extremely small mass (21–42 lg)

were dated at the mini-carbon dating system (MICA-

DAS) AMS 14C laboratory at the University of Bern,

using a gas ion source (Salazar et al. 2015).

Water content was determined by weight differ-

ence after freeze-drying of contiguous sediment

subsamples taken at 1-cm intervals (Menounos

1997). Dry bulk density (DBD) was determined from

the sample weight after freeze-drying. Loss-on-

ignition (LOI) at 550 and 950 �C was performed on

the same samples according to Heiri et al. (2001).

Corg/N ratios were determined with a Vario EL Cube

Elemental Analyser (Elementar, Germany) using

*10 mg of freeze-dried sediment. In contrast to

LOI measurements, Corg/N measurements were per-

formed on continuous 1.5-cm intervals from 0 to

55 cm, continuous 1-cm intervals from 55 to 105 cm

and at discrete 5-cm intervals from 105 to 250 cm.

Corg/N data are used here only for general qualitative

sediment description. Metrics of the variables and

formulas for calculations are listed in Electronic

Supplementary Material [ESM] Table 1.

Hyperspectral Imaging (HSI) scans were performed

on the fresh and oxidised sediment half-cores using a

Specim PFD-xx-V10E hyperspectral camera (Butz

et al. 2015). The camera was set to a spatial resolution

Table 1 Radiocarbon samples (bold samples were used in the clam model)

Laboratory

number

Sample name Material Carbon mass

(lg)

Age 14C

[BP]

Cal. date AD

(±2r)

Sampled varves

[AD]

Poz-65723 Jac11-4-AT_31–32.5 Bulk, humins [1000 1395 ± 35 591 to 677 1917–1923

Poz-71799 Jac11-4-AT_55.5–56 Bulk, humins [1000 1510 ± 30 430 to 623 1810–1814

Poz-65724 Jac11-4-AT_61–62 Bulk, humins [1000 1415 ± 35 576 to 664 1783–1788

Poz-71800 Jac11-4-AT_63–63.5 Bulk, humins [1000 1465 ± 30 550 to 645 1775–1778

Poz-65645 Jac11-4-AT_74–75 Bulk, humins [1000 805 ± 30 1170 to 1272 1722–1726

Poz-66313 Jac11-4-AT_74-75BIS Bulk, humins [1000 790 ± 30 1192 to 1278 1722–1726

Poz-71801 Jac11-4-AT_82–82.5 Bulk, humins [1000 1165 ± 30 772 to 965 1697–1699

Poz-65646 Jac11-4-AT_91.8–92.8 Bulk, humins [1000 900 ± 30 1040 to 1209 1671–1675

Poz-71802 Jac11-4-AT_97–97.5 Bulk, humins [1000 1510 ± 30 430 to 623 1626–1633

Poz-62176 Jac11-4-AB_9.0–9.5 Birch bract 900 540 ± 30 1317 to 1436 1493–1499

Poz-62177 Jac11-4-AB_26.5–27 Birch bract 130 800 ± 50 1055 to 1286 1345–1350

3523.1.1 Jac11-4-AB_61–61.5 Birch seeds 21 1248 ± 107 609 to 993 1000–1006

3524.1.1 Jac11-4-AB_62.5–63 Birch seeds 26 1252 ± 112 601 to 1011 981–987

3525.1.1 Jac11-4-AB_103–103.5 Birch seeds 34 1614 ± 94 237 to 663 645–651

3526.1.1 Jac11-4-AB_118–118.5 Birch seeds 42 1597 ± 87 254 to 631 524–528

Poz-62173 Jac11-4-AB_137.5–138 Birch seeds 80 1890 ± 60 -37 to 310 351–355

Poz-62174 Jac11-4-AB_142.5–143 Birch seeds 30 1700 ± 170 -39 to 651 303–308
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of about 68 lm/pixel at a spectral resolution of 2.8 nm

(30 lm slit-width) sampled at 1.57-nm intervals

(400–1000 nm). Raw data from the scan were nor-

malised to a white standard (BaSO4 ceramic plate). A

dark standard was subtracted to eliminate camera

noise. A 5 9 5-pixel moving-window median filter

was used to reduce noise in the spectral reflectance

data before processing. Noisy bands (396–499 nm)

were removed before end-member determination.

Further details on the scanning procedure and data

post-processing are described in Butz et al. (2015). A

glossary of the most important terms and formula for

calculations are given in the Electronic Supplementary

Material.

Image classification for typical sediment facies (i.e.

clay layers, endogenic calcite and sediments enriched

in charcoal) was performed using image classification

tools of the ENVI software (Exelisvis, ENVI/IDL

5.01/8.2, Boulder, Colorado). Calcite layers in the

biochemical varves were mapped as pixels with a

spectral mean (mean reflectance between 500 and

1000 nm) greater than a reflectance value of 0.25 (Top

Section) and 0.24 (Bottom Section), respectively. This

value was set empirically after identification of calcite

layers in sediment thin sections and verification of the

image classification results. The clay layer identifica-

tion followed a different approach. A prominent clay

layer at 11 cm depth, identified by thin section

analysis and XRF data (Butz et al. 2016), was selected

as a training set region to identify other, similar clay

layers in the core. For this purpose we used a minimum

distance classifier (no thresholds set) of the ENVI

software, after Richards and Jia (1999), and identified

clay layers in the Top section. This training set was

also applied to the Bottom section, using a spectral

angle mapper, after Kruse et al. (1993), with a

threshold angle set to 0.04 rad. Also, the charcoal-

enriched sediment facies was classified with a training

set region at *78 cm depth, where abundant charcoal

particles were found by microscopic analysis of smear

slides. The classification was made using the spectral

angle mapper classification method (threshold angle:

0.04 rad).

Among the most powerful applications of HSI is

detection of specific substances such as sedimentary

photopigments with diagnostic absorption bands in the

VNIR spectral range. Here we used relative absorption

band depths (RABD) diagnostic for green pigments

(chlorophyll a and diagenetic products; reflectance

minimum at R673 nm) and bacteriopheophytin a (bphe

a; reflectance minimum at R845 nm) modified from

Rein and Sirocko (2002) and according to Butz et al.

(2015, 2016). Pigments were identified and quantified

using high-performance-liquid-chromatography

(HPLC) after Airs et al. (2001) and adapted by Amann

et al. (2014). RABD845 values were calibrated to bphe

aHPLC concentrations according to Butz et al. (2015);

the original calibration was performed on the same

sediment core investigated here. According to Butz

et al. (2015) and references therein, bphe a (RABD845)

is mainly produced by anoxic phototrophic bacteria

(APB) that live at the chemocline in permanently

stratified lakes, and is thus diagnostic for meromixis.

The calibration of green pigment concentrations

(RABD673) follows the same principle, whereby the

RABD673 values were calibrated to green pigment

(chlorophyll a and diagenetic products) concentrations

(Lichtenthaler and Buschmann 2001) as determined

by ultraviolet-visual (UV–VIS) absorption spectrom-

etry, using a Shimadzu UV-1800 spectrometer.

Statistical evaluation of proxy data was accom-

plished using R (R Development Core Team 2015).

Profiles for down-core pigment concentrations were

computed from the average of 28 consecutive image

columns (i.e. 28 vertical profiles along the core) of HSI

data (Butz et al. 2015). All proxy data were nor-

malised, i.e. interpolated to annual values, and a 7-year

triangular filter was applied after the method of von

Gunten et al. (2012). Mass accumulation rates (MAR)

and accumulation rates of organic matter, inorganic

carbon (LOI data) and pigments were calculated

according to Zolitschka (1998). To identify zones of

stratigraphic similarity, a stratigraphically constrained

cluster analysis (CONISS, Grimm 1987) was per-

formed on the concentration values of LOI550, LOI950,

RABD673, RABD845 and MAR. Throughout the paper,

these clusters are used as reference zones for sediment

depths and calendar years.

Results

Green pigment calibration

Comparison between RABD673 values and green

pigment concentrations (UV–VIS; Fig. 2) reveals

two groups of data with different regressions. One

includes the uppermost five calibration points from the
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top 6 cm of the sediment core (AD 1990–2011; red

points in Fig. 2). The second contains the remaining

26 calibration points and represents the rest of the

core, from 20 cm down, i.e. all data prior to AD 1950

(dark points in Fig. 2).

The calibration of the 26 RABD673 values (pre-AD

1950 samples) to bulk green pigment concentrations

shows a strong Pearson correlation (r = 0.87,

R2 = 0.74). The root mean square error of prediction

(RMSEP), calculated using tenfold, leave-one-out and

bootstrap methods yields a mean RMSEP of

*37.2 lg g-1 (*13.1%). This calibration is repre-

sentative for the sediment core between 250 and

20 cm depth. The uppermost five samples (0–6 cm)

show very high pigment concentrations at relatively

low RABD673 values. These data points display a

strong Pearson correlation of their own (r = 0.98,

R2 = 0.96). All data points together (n = 31) reveal a

correlation of r = 0.63 and R2 = 0.37.

Sediment facies

Figure 3 shows a true-colour image of the sediment

core and results of the image classification for the

major sediment facies, i.e. sections enriched in

sedimentary pigments (green pigments and bphe a),

sediments enriched in charcoal, calcite or clay. The

stratigraphically constrained cluster analysis of bphe

a, green pigments, MAR and percentages of LOI550

and LOI950 (data shown in Fig. 4) yielded five zones of

stratigraphic similarity. A larger image of the sedi-

ment core and zoomed images to selected areas in the

core that show the microstructure of the classifica-

tions, is shown in ESM Figs. 1 and 2.

Throughout the core, sediments are varved, with a

few intercalated small slumps or sections with instan-

taneous homogenous sedimentation (Fig. 3). Com-

monly, the varves are very well preserved and clearly

distinguishable. They consist of a calcite layer and a

Fig. 2 Green pigments calibration. Linear regression model of

RABD673 and UV/VIS-derived chlorophylls and diagenetic

product concentrations. The red points represent the top five

samples on a separate regression model (statistics in red). The

black points represent the remaining 26 measurements from

20 cm downward, with the model statistics in black. Dashed

lines are 95% confidence intervals for the regression function

(black) and predicted values (green). (Color figure online)
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biogenic layer composed of amorphous organic matter

and varying amounts of diatoms, and/or a clay-rich

layer. The varve composition changes slightly

between stratigraphic zones.

In Zone 1 (250–160 cm sediment depth), varves

show regular calcite and biogenic layers. The clay layer

on top is missing or very thin. The green pigment and

calcite distribution maps indicate little change in aquatic

primary productivity. The distribution of bphe a shows

mostly meromictic conditions with repeated shorter and

longer phases of reduced bphe a concentrations, indica-

tive of weakly meromictic or dimictic conditions.

The varves in Zone 2 (160–138 cm) typically

contain a calcite layer and increased amounts of clay.

Green pigments are still abundant whereas bphe a is

mainly absent (with a few exceptions), indicating a

general break in meromixis. Aquatic primary produc-

tivity remained high.

In Zone 3 (138–94 cm), varves consist of calcite and

biogenic layers. Clay layers are mostly absent. Calcite

and green pigments indicate that primary productivity

is slightly lower than in Zone 1. Throughout Zone 3,

bphe a concentrations fluctuate between very high

values (beginning and end) and absence, suggesting

repeated longer phases with onset and termination of

meromixis. At the top of this zone, eight thin, non-

varved sections with a total thickness of *4.5 cm

occur. Thin sections and spectral analyses show a

homogenous distribution of calcite, biogenic matter,

pigments and clay, with a sharp but non-erosional basal

contact, suggesting that these sediments reflect instan-

taneous sedimentation (sediment focusing or slumps),

rather than continuous non-varved deposition.

In Zone 4 (94–60 cm depth), typical varves contain

considerable amounts of charcoal and clay. Bphe a is

missing or at very low concentrations, suggesting a

long break in meromixis. Two prominent sections with

very high concentrations of charcoal are present at the

bottom of this zone (94–90 cm) and between 79 and

72 cm depth. In both cases, the charcoal concentra-

tions decrease gradually during subsequent sedimen-

tation, whereas clay increases (Fig. 3). The calcite

layers of the varves are much thinner and green

pigments are less abundant. Green pigments, however,

seem to recover quickly after the disappearance of the

second charcoal deposition.

Zone 5 (60–0 cm depth) starts with a peak in bphe

a concentrations, indicating re-establishment of mer-

omixis. Subsequently, bphe a concentrations flicker

between very high values and absence (repeated onset

and termination of meromixis) ending with very high

bphe a values in the top 5 cm of the sediment core.

Green pigments are at high levels throughout the

Zone. Seven thin, non-varved sections, with a total

thickness of *3.5 cm are found in this section; the

three thicker, non-varved sections with a total thick-

ness of *7.5 cm are found between 20 and 15 cm

sediment depth. The non-varved sections in Zone 1 are

similar to those in Zone 3 and interpreted as rapid

sedimentation (sediment focusing or slumps).

Chronology

Varve counting revealed 1738 varve years with an

uncertainty of ?30/-40 varve years (uncertainty of

?1.7/-2.7%) for the 250-cm-long core (Fig. 5).

According to the varve chronology, the sedimentation

rate is fairly constant, but somewhat higher in the

upper part, after AD 1666 (Zones 4 and 5) and slightly

lower in the lower part. The varve chronology is

consistent with the eight 14C dates on macrofossils

(Fig. 5; Table 1): five of the eight calibrated 14C dates

(±2r range) overlap with the varve chronology and

the counting uncertainty. Three 14C dates are system-

atically ca. 50–70 varve years too old. Compared with

the varve chronology, there is no systematic difference

between the ages of larger macrofossils dated with

AMS 14C after graphitization and the ages of very

small (21–42 lg) macrofossils dated with the gas ion

source (red samples in Fig. 5).

The nine 14C ages of bulk sediment samples show

reservoir effects on the order of 500–1300 years, and

thus reflect admixtures of aged carbon. The reservoir

effect in the charcoal-rich layers (*500 years, 75 and

92 cm depth) is substantially smaller than in sedi-

ments with high clay contents indicative of catchment

erosion after forest clearance (*800 years; 82 cm

depth), and in bulk sediment enriched in pigments

without charcoal or clay (reservoir effects up to

*1100–1300 years).

The multi-proxy data set

Figure 4 shows the data after calibration of the

hyperspectral data for green pigments and bphe

a. All data are normalised to annual resolution based

on the varve chronology (Fig. 5) and reported as

accumulation rates, except for Corg/N, which is
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reported as a ratio. In general, organic matter (LOI550),

carbonate precipitation (LOI950) and lithogenic accu-

mulation rates are strongly positively correlated,

whereas bphe a always disappears with pulses of

lithogenic influx (e.g. Zones 2 and 4). The correlation

matrix of all variables is shown in ESM Fig. 3.

Sediment facies with charcoal (two phases in Zone 4)

show high Corg/N ratios and are generally dark, with

minima in total brightness RMean.

In the deepest sediments (AD 285–1070; Zone 1),

most proxies show small variability. Bphe a flux is

generally high except for 4–5 minima of a few years to

Fig. 3 Hyperspectral

imaging. The figure shows a

contrast-enhanced true

colour image of the

sediment core, the spectral

indices RABD845 and

RABD673, and the

classification results for

calcite, charcoal and clay-

rich layers. Stratigraphic

zones are based on

constrained cluster analysis

of selected proxies from

Fig. 5. Symbols are depth

locations of 14C samples.

The red sections show the

locations of the non-

laminated sections (slumps).

Close-up sections are shown

in ESM Figs. 1 and 2. (Color

figure online)
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Fig. 4 Regularised proxy

data. Combined dataset of

proxies from destructive and

non-destructive procedures

regularised to annual values

based on the varve

chronology. Red vertical

bars are constrained cluster

boundaries. The dashed grey

vertical bar shows the

location where the core was

split. Coloured lines in

green pigment flux represent

the fluxes calculated from

extrapolated pigment

concentration values outside

the upper (blue, RABD

values[*1.22) and lower

(green, RABD values

\*1.06) threshold of the

pigment calibration model.

(Color figure online)
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a decade, suggesting that prevailing meromixis was

interrupted only occasionally, ca. AD 400, 550, 700,

930 and 1000). Productivity was high and input of

lithogenic material low.

From AD 1071 to 1255 (Zone 2), bphe a flux

reached minimum values, suggesting that meromixis

ceased and seasonal mixing of the lake occurred until

ca. AD 1200. During that time, MAR, organic matter,

carbonate and lithogenic inputs increased signifi-

cantly. The presence of clay layers in Zone 2

(Fig. 3) suggests erosion in the catchment.

During the interval AD 1256–1665 (Zone 3), bphe

a flux recovered again and peaks around AD 1270 and

AD 1618 indicate generally strong meromixis. With

regard to the proxies for productivity and erosion,

conditions similar to those between *AD 800 and

1000 became established again.

The period AD 1666–1794 (Zone 4) was charac-

terised by two abrupt charcoal layers that started in AD

1662 and AD 1707 (Fig. 3). Both are coincident with

abrupt increases in MAR, organic matter, calcite, and

lithogenic inputs (erosion). Although green pigment

flux did not seem to change, bphe a disappeared

almost completely. Maxima of Corg/N point to inputs

of terrestrial organic matter (charcoal).

Most of the variables remain rather stable between

AD 1795 and the present, except for the last

*60 years, i.e. since AD 1950, when a pulse in

MAR, organic matter and calcite (LOI550,950) values is

recorded. Bphe a flux is high around AD 1850 and low

around AD 1900. During the twentieth century, bphe

a flux mostly increases, except during periods after the

occurrence of slumps.

Discussion

Hyperspectral imaging and sediment classification

Although visual spectrometric methods with single-

point measurements have been widely applied to

marine and lacustrine sediments (Balsam et al. 1998;

Deaton and Balsam 1991; Michelutti et al. 2010;

Mix et al. 1992; Rein and Sirocko 2002; Trachsel

Fig. 5 Chronology. The

figure shows the clam 2.2

model (Blaauw 2010) of the

constant rate of supply

(CRS) 210Pb model

[turquoise; (Butz et al.

2016)] and selected 14C

samples: Bulk 14C samples

(green), gas ion source

samples (light red), and 14C

dates of macrofossils (blue).

The red bars under the 14C

histograms indicate that the

sample was not used for the

age/depth model; samples

with blue bars were used.

The lengths of the bars

indicate the 95% probability

range (±2r). The light grey

shaded area is the ±2r
range of the clam 2.2 model.

The varve counting is

indicated by the red line and

shows the counting

uncertainty as a dark grey

shaded area. The dashed

grey lines indicate

constrained cluster

boundaries. (Color

figure online)
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et al. 2010; von Gunten et al. 2009; Wolfe et al.

2006), applications of VNIR hyperspectral imaging

HSI techniques at the lm-scale open new avenues

for research (Croudace and Rothwell 2015). Our

results show that HSI was successful for the classi-

fication of calcite-rich sections, clay-rich sections

and charcoal-rich sections (Fig. 3); all of the three

sediment facies are related to key processes in the

catchment and the lake (erosion, fire history and

carbonate precipitation). Moreover, HSI-derived

indices provide unique and novel high-resolution

(lm-scale) insights into physical and biogeochem-

ical properties of lakes such as meromixis (indicator:

bphe a measured by RABD845) or primary produc-

tivity (indicator: total green pigments measured by

RABD673).

The strength of this method is that all results are

based on visual information. The distribution of a

sedimentary facies or component can be mapped on

the core and, therefore, can be easily verified with

established analytical methods, e.g. LOI, thin section

analysis, lXRF, HPLC, among others. Once a sub-

stance is identified by its spectral property and verified

by analytical methods, HSI data can greatly enhance

the degree of detail in the spatial distribution and/or

the temporal resolution of the environmental proxy.

Particularly interesting is the combination of HSI

techniques with other high-resolution scanning meth-

ods such as lXRF (Butz et al. 2016).

It is, however, important to note that HSI requires

verification by analytical methods that are more

specific in the material identification. Reflectance in

the VNIR spectrum is rather unspecific for most

materials and mixed pixels may limit the potential for

proper and accurate detection. Therefore, image

classifications of VNIR data need to be customised

and verified for each individual case.

Calibration of HSI data to green pigments

Calibration of visual absorption spectra to sedimen-

tary pigment concentrations and lithogenic com-

pounds has been tested successfully in many studies

(Amann et al. 2014, 2015; Butz et al. 2015; Das et al.

2005; Rein et al. 2005; Rein and Sirocko 2002; Wolfe

et al. 2006). In particular, chlorophylls, carotenoids,

bacteriopheophytins, clay minerals and carbonates

have been under investigation. Here, the calibration of

RABD673 to green pigments (chlorophyll a and

diagenetic products) shows a strong correlation of

r = 0.87 with an RMSEP of *13.1%. These calibra-

tion statistics are comparable to previous studies. The

topmost five samples (red data in Fig. 2), however,

seem to follow a different regression, which is offset

from the rest of the samples. The reasons for the

unusual behaviour in the top sediments are currently

not known. We consider as possible explanations the

appearance of other (unknown) pigments some time

after ca. AD 1950, which mask the RABD673 of

chlorins, and/or the influence of increased water

content in the top sediments, and matrix or diagenetic

effects such as degradation of organic matter (Gälman

et al. 2008), including pigments. Unusual algal

community composition, associated with blooms of

cyanobacteria as a result of eutrophication after AD

1950, has been reported for another lake in the region

(Amann et al. 2014). This is in line with our finding

that the top five samples follow a different regression

line. The calibration model for the rest of the sediment

core (250–20 cm depth), however, seems robust.

Accuracy of the chronology

Butz et al. (2016) provided a detailed description of

the microstructure of varves of the last *100 years in

the southern basin of Lake Jaczno and identified them

as the biogenic, calcareous type (Ojala et al. 2012;

Zolitschka et al. 2015). Down-core analysis shows that

this varve type prevails for the majority of varves in

the entire sediment record. Minor differences are

found in varves of zones 2 and 4, which were

influenced by catchment processes erosion (clay-rich

layers) and forest fires (charcoal layers).

The counting uncertainty for the full record (1738

varve years ?1.7/-2.7%) is low and on the order of

expected uncertainties (Bonk et al. 2015; Ojala et al.

2012). According to the sedimentological analysis and

the similarity with the non-laminated sections in the

topmost part (Butz et al. 2016), we interpreted the non-

varved sections as rapid sedimentation intervals,

caused by sediment focusing or small slumps. The

alternative interpretation, i.e. regular non-varved sed-

imentation with an average MAR would add a

maximum of 70 years to the chronology. Although

this interpretation would yield a better fit with the 14C

chronology, it is not supported by sedimentological

evidence.
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The 14C dates of macrofossils are largely consis-

tent with the varve chronology. For five out of eight

dates, the ±2r uncertainty range falls within the

uncertainty range of the varve chronology. The other

samples are a few decades too old, which is not

unusual. Bonk et al. (2015) documented depositional

lags between modern samples and sedimentary

terrestrial macrofossils in Lake _Zabińskie (NE

Poland). In their study, 35–50% of the sedimentary

terrestrial macrofossils were a few decades older than

the varve ages. Similar differences have also been

documented elsewhere (Brauer et al. 2000; Hajdas

et al. 1998). We found larger differences for birch

bracts, whereas birch seeds performed better.

Radiocarbon measurements on bulk sediments

yielded, as expected (Geyh et al. 1998), reservoir

effects on the order of 500–1300 years, suggesting

that substantial admixtures of ‘aged’ carbon are

present in the inventory of dissolved inorganic carbon

(DIC) in the lake water. Consequently, assimilation of

‘aged’ DIC in aquatic organic matter and carbonates

results in too-old apparent ages. Therefore, we used
14C analysis of bulk samples to investigate the sources

of organic carbon in the different sedimentary facies.

Sediments with prominent charcoal layers (Fig. 3)

contain major admixtures of terrestrial carbon released

by forest fires, show peaking Corg/N ratios and smaller

reservoir effects, whereas sediments deposited under

calm (minimal erosion) and meromictic conditions,

with mostly aquatic organic matter, show large

reservoir ages.

Moreover, our data show that AMS 14C measure-

ments performed after graphitization (Goslar et al.

2004) and miniature samples measured directly with

the gas ion source (Salazar et al. 2015) yielded

consistent ages, although the uncertainty is larger for

gas ion source measurements. This suggests that very

small macrofossils with 21–42 lg sample weight, i.e.

1–2 orders of magnitude smaller than typical AMS 14C

samples, can yield reliable dates and be used for

routine dating. Thus, gas ion source measurements

offer novel avenues for 14C dating of lake sediments.

The history of meromixis

The sediment record of Lake Jaczno (Figs. 3, 4) shows

that meromictic conditions, as recorded in the sedi-

mentary bphe a, were established and vanished

repeatedly during the past 1700 years. In most

instances prior to AD 1000 (Zone 1), these changes

occurred within a few varve years, suggesting flick-

ering around a delicate threshold between meromictic

and dimictic conditions. Because human disturbance

was minimal at that time (Wacnik et al. 2016),

changing meteorological conditions (wind, summer

temperature) were the most likely causes for high-

frequency changes in the mixing regime. Unfortu-

nately, no paleoclimate information is available to test

this hypothesis.

In the second millennium, major changes, with

prolonged phase-locks between the two mixing

regimes, are observed. One pattern that stands out is

the interruption of meromixis as a result of pulses of

clay and charcoal input and increasing MAR, all

indicative of catchment disturbance processes such as

deforestation and erosion. Transport of lithogenic

material to the centre of the lake suggests currents,

which may have affected the density stratification and

chemocline in the lake. Moreover, clays and charcoal

may also affect the light availability at the chemocline,

which limits the growth of phototrophic bacteria

(Parkin and Brock 1980).

The first major change is observed during Zone 2

(AD 1071–1255) with increased input of clay and

typical clay caps in the varves. At the same time,

calcite precipitation and MAR reach peak values,

whereas bphe a, indicative of a chemocline, disap-

pears. Lake productivity, as approximated by green

pigments, remains high. Together, these indicate

enhanced soil erosion in the catchment and prolonged

dimictic conditions in the lake, which could be

attributed to initial forest clearance by early settlers

of Prussian tribes (Gałka et al. 2014). Forest clearance

would also increase wind fetch on the lake surface and

support water mixing in small lakes.

The second phase with strong catchment processes

occurred around AD 1666 and *AD 1707, at the

beginning of Zone 4, when massive charcoal layers

were deposited. In the varves following both events,

the charcoal content decreased gradually, whereas

carbonates and MAR increased, clays became promi-

nent and meromixis (bphe a) disappeared. In lakes

with small catchments, sudden increases of MAR after

forest clearance or vegetation changes are well

documented (Davis 1976; Dearing et al. 2006). In

NE Poland, large-scale deforestation in the seven-
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teenth century is well documented and progressed

from SW to NE (Wacnik et al. 2016). This explains the

relatively late deforestation around Lake Jaczno (ca.

AD 1670) compared with other sites (Wacnik et al.

2016). In AD 1620, Blaskowizna, a small village close

to Lake Jaczno was founded, and many other villages

around Suwalki followed in the second half of the

seventeenth century (Gałka et al. 2014). This process

culminated with the arrival of Russian settlers in AD

1720.

After this period of anthropogenic disturbance,

calcite precipitation, clay deposition and MAR

decreased to almost baseline levels and meromixis

was established again after ca. AD 1800. Similar to

earlier periods, meromixis was not permanent, but

rather flickered around a threshold between meromic-

tic and dimictic regimes. In the twentieth century,

meromixis was interrupted by very cold summers and,

repeatedly, by small and large events of sediment

focusing or slumps (Butz et al. 2016). The mecha-

nisms that triggered the rapid sediment deposition are

currently not known.

Hypoxia in freshwater systems is a major ecolog-

ical concern and has increased globally over the past

300 years as a result of anthropogenic activity (Jenny

et al. 2016a). Our data show that, in Lake Jaczno,

meromixis also occurred naturally and became estab-

lished, although for shorter periods, long before

substantial human intervention was observed. Inter-

estingly, the major human disturbances, i.e. deforesta-

tion and soil erosion during AD 1071–1255 and AD

1666–1794, enhanced mixing and oxygenation of the

lake water column. At those times meromixis was

mostly absent, in contrast to the twentieth century,

when human impact was mostly related to enhanced

nutrient influx (Amann et al. 2014). In Lake Jaczno,

meromixis became established almost permanently

after AD 1950 and has persisted from AD 1990 to the

present. This recent *60-year period of quasi-perma-

nent meromixis is unusual in light of the conditions

over the past 1700 years.

Conclusions

We explored several applications of hyperspectral

imaging techniques, a novel method for high-resolu-

tion analysis of lake sediments. Well-calibrated

hyperspectral data were used, in combination with

other proxies, to establish phases of human interven-

tion and the dynamics of meromixis in freshwater

Lake Jaczno, NE Poland, for the past 1700 years.

We conclude from our case study that hyperspectral

imaging is a very powerful tool for the classification,

identification and mapping of key sedimentary facies.

Using standard image classification tools we were able

to distinguish and map at very high resolution (lm),

sediment sections that are enriched in charcoal,

carbonates, clay, green pigments (chl a and diagenetic

products) and bacteriopheophytin (bphe a). These

sediment facies indicate human disturbance regimes in

the catchment such as forest fires and erosion, as well

as lake productivity and the presence of anoxia. All of

these indicators are important for assessing the

dynamics of catchment-lake systems. This type of

classification is objective, very rapid and cost-effec-

tive. As for other remote sensing applications, how-

ever, verification by comparison between spectral data

and analytical data is required.

We showed that hyperspectral indices can be

calibrated for green pigments (chlorophyll a and

diagenetic products) and bphe a, as measured with

HPLC and UV–VIS, with an error of 10–15%. Thus,

very high-resolution quantitative data sets can be

generated for sedimentary pigments for hundreds to

thousands of years. Because both pigments (chl a and

bchl a) are diagnostic for very important phenomena

in lakes (i.e. primary productivity and meromixis),

calibrated hyperspectral imaging data have the poten-

tial to evolve into a standard method for the analysis of

lacustrine and marine sediments.

We also showed that very small terrestrial macro-

fossil samples with masses as little as 21 lg, when

measured with the gas ion source, yielded reliable

AMS 14C dates for the lake sediments. Although the

uncertainty range is larger, this novel technique may

open new opportunities for dating sequences in

environments where 14C-datable material is limited.

In our case study, annual fluxes of bphe

a (RABD845) provided, in combination with proxies

for productivity (annual fluxes of green pigments),

lithogenic components, MAR, carbonates and char-

coal, detailed insights into the history of meromixis in

a small lake in NE Poland for the past 1700 years. In

Lake Jaczno, it appears that meromixis established

naturally long before human intervention was noticed.

In pre-anthropogenic times, however, meromixis was

interrupted repeatedly and the mixing regime flickered
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around a threshold between dimixis and meromixis.

Large-scale human disturbance in the catchment, first

between AD 1070 and 1255, and most importantly

between AD 1670 and 1710, mainly manifested as

deforestation, erosion and charcoal flux to the sedi-

ment. During those periods, the lake was mostly

dimictic. After ca. AD 1950, meromixis became

established quasi-permanently as a result of eutroph-

ication. These last 60 years of persistent meromixis

are unusual in light of prevailing conditions over the

last 1700 years.
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