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and wind shear driven by human-induced changes 
in catchment vegetation. The diatom assemblage of 
Odensjön’s varved sediments is dominated by plank-
tonic species, primarily Asterionella formosa, Fragi-
laria saxoplanktonica and Discostella lacuskarluki 
during periods of forest cover, while increased catch-
ment openness from the mid-1500s to the late 1800s 
led to increased abundance of Lindavia comensis. 
Long-term variations in climate and land use, medi-
ated through changing length of the ice-cover season 
and nutrient input, respectively, probably contributed 
to the observed trends, as well as to variations in the 
appearance and visibility of the varve record across 
the sampled sediment sequence. Odensjön represents 
the southernmost varved sediment record in Fennos-
candia documented to date, offering potential to study 
the effects of various types of external forcing on its 
sensitive lacustrine ecosystem since the Late Weich-
selian deglaciation. In the present study, we investi-
gated the possibility of assessing the local impacts of 
two major, historically documented volcanic events, 
Laki 1783–84 and Tambora 1815, which are known 
to have affected European societies. Although the 
mildly alkaline waters of the lake are well buffered 
and hence relatively resilient to volcanic acid deposi-
tion, a minor response to the Laki eruption may be 
recorded in the diatom stratigraphy.

Keywords  Limnology · Climate · Stratification · 
Cyclotella · Land use · Acidification

Abstract  Varved lake sediments offer valuable 
insight into past environmental conditions with high 
temporal resolution and precise chronological control. 
A combination of diatom and geochemical analyses of 
the recently deposited sediments of Odensjön, a small 
dimictic lake in southern Sweden, shows alternating 
light and dark laminae composed of greater amounts 
of biogenic silica and organic matter, respectively. As 
confirmed by independent radiometric dating and Pb 
pollution data, and supported by scanning electron 
microscopy of individual laminae, these features rep-
resent ongoing deposition of biogenic varves. Corre-
sponding diatom and geochemical data obtained from 
a 92-cm long freeze core provide evidence of substan-
tial lake-ecosystem dynamics during the last six cen-
turies, related mainly to variations in light penetration 
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Introduction

Lakes support diverse ecosystems and play an impor-
tant role in the terrestrial biosphere. Under certain 
conditions lake sediments present varves, which are 
an annual succession of layers, or laminae, composed 
of material deposited during different seasons of the 
year (Zolitschka et al. 2015). Varved sediment records 
have frequently been used to investigate changes 
in environmental conditions over time and provide 
insights into past land-use dynamics (Rey et al. 2017; 
Dubois et  al. 2018) and climate variability (Linder-
holm et al. 2018). Such records also offer advantages 
for studying abrupt events of local, regional and 
worldwide significance, such as volcanic eruptions, 
potentially revealing both direct and lagged bio-
geochemical responses of lake ecosystems and their 
catchments (Bonk et al. 2023). Varved lake sediments 
are widely documented across central and north-
ern Fennoscandia (Ojala et  al. 2000; Zillén 2003; 
Zolitschka et  al. 2015), although few such records 
have been documented in its southern regions.

The eruptions of Laki in Iceland (1783–84 CE) 
and Tambora in Indonesia (1815 CE) are two of the 
most well-documented volcanic events in recent cen-
turies, with far-reaching impacts on the environment 
and society. The eruption of Laki was associated 
with famine and crop failures in northern and cen-
tral Europe, resulting from sulphur deposition (Grat-
tan and Charman 1994). The eruption of Tambora 
resulted in worldwide cooling with impacts lasting 
multiple subsequent years (Oppenheimer 2003; Brön-
nimann and Krämer 2016). While the environmental 
impacts of Tambora 1815 generally led to changing 
hydroclimate (Brönnimann and Krämer 2016), sul-
phur deposition from Laki 1783–84 is likely to have 
reached southern Sweden as indicated by recon-
structed sulphate aerosol concentrations (Balkanski 
et al. 2018). Lake sediments deposited during recent 
centuries commonly reside within the uppermost 
parts of paleoenvironmental records, and the potential 
impacts of these eruptions are therefore often diffi-
cult to separate from other concurrent environmental 
stressors, including anthropogenic impacts.

Diatoms form a major component of the algal 
communities in freshwater ecosystems and are known 
to respond rapidly to environmental change (Dixit 
et al. 1992). Diatoms preserved in lake sediments are 
therefore widely used in paleoecology, for example 

for reconstruction of lake-water pH and surface tem-
perature (Cameron et  al. 1999; Rosén et  al. 2000), 
and highly resolved diatom records have previously 
revealed the impacts of volcanic acid deposition 
(Payne and Egan 2019).

This study first aims to document the character and 
formation processes of the previously undescribed, 
potentially varved sediment record of Lake Odensjön 
in southernmost Sweden. Second, using diatom and 
geochemical analyses, we aim to assess the ecologi-
cal and biogeochemical responses of the lake and its 
catchment to natural and anthropogenic environmen-
tal changes during recent centuries. Third, we also 
aim to evaluate the potential of this unique sediment 
record for studies of transient, externally forced envi-
ronmental perturbations, by attempting to identify 
signals of Laki (1783–84 CE) and Tambora (1815 
CE) using a sub-decadal sampling resolution.

Site description

Odensjön (56° 0′ 13.9" N, 13° 16′ 32.2" E) is a small 
lake situated in the Söderåsen National Park in south-
ernmost Sweden (Fig.  1). The lake occupies a pre-
sumably pre-Weichselian glacial cirque incised into 
the Söderåsen horst ridge (Rapp 1984). The steep 
sides of the basin, which may have been accentuated 
by nivation processes during the Late Weichselian, 
are covered by scree dominated by angular stones and 
boulders. The lake is approximately 140 m in diam-
eter and situated in a small catchment with a north-
ward-flowing outlet joining the Nackarpsdalen Val-
ley (Fig. 1). The backwall of the basin extends about 
35 m higher than the lake surface at 62 m a.s.l. The 
lake is predominantly groundwater-fed, dimictic and 
has a maximum depth of 21.4 m (Godlund 1951). The 
outlet flows initially through peat atop till. Its approx-
imately 5.5-m thick sediment sequence extends to 
the Late Weichselian, primarily consisting of clay 
gyttja (Berglund and Rapp 1988). Water sampling in 
the national monitoring program (Riksinventeringar 
av sjöar och vattendrag) in late autumn of 2012 and 
2018 yielded pH values of 7.17 and 7.27, and con-
ductivities of 14.92 and 14.60 mS m−1, respectively 
(SLU 2024). The catchment of the lake is located 
on crystalline bedrock consisting of granitic gneiss 
with abundant outcrops. The immediate surround-
ings are composed of sandy till with a clay content of 
5–15%, and a nearby glaciofluvial deposit is devoid 
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of carbonates (Ringberg 1984). A narrow curtain of 
alder, birch and other deciduous trees occurs at the 
lake margin while the talus slopes of the catchment 
are covered partly by beech trees.

Mean annual precipitation is 839  mm (of which 
58% falls during July–December) and about 500 mm 
is lost by evapotranspiration. Mean annual air temper-
ature is 8.2  °C, and mean January and July air tem-
peratures are 0.2 °C and 17.3 °C, respectively. These 
data, representing reference normals for the period of 
1991–2020, were compiled by the Swedish Meteoro-
logical and Hydrological Institute based on monitor-
ing data from Ljungbyhed (43 m a.s.l.), 8 km north-
west of the study site.

Materials and methods

Core treatment and sampling

A sediment freeze core was obtained from the cen-
tral part of the lake at 19.9 m depth in February 2017 
using the sampling device described by Renberg and 
Hansson (2010). The core was transported frozen 
to storage in a freezer room and yielded two match-
ing adjacent slabs after cleaning and cutting, Od17A 
and Od17B hereafter, each containing approximately 
92 cm of sediments.

From Od17A, samples at 2-cm contiguous inter-
vals were obtained for dating as part of a M.Sc. pro-
ject (Hertzman 2021). From Od17B, using two thirds 
of its width, a total of 46 sediment samples were 
obtained under frozen conditions at 2-cm intervals 
covering 92  cm for diatom and geochemical analy-
ses. To assess diatom-assemblage dynamics at greater 
temporal resolution at 32–56 cm depth, an additional 
24 samples were obtained at 1-cm intervals from the 
remainder of Od17B. Samples were freeze-dried and 
homogenised before collection of aliquots for various 
analyses.

To assess seasonal differences in the diatom 
assemblage, seven individual laminae from the 
uppermost part of the sediment record from Od17B 
(Fig.  3) were sampled using a scalpel under frozen 
conditions. The structure of multiple laminae from 
a sample at 18–20  cm depth remained undisturbed 
after freeze-drying and was subject to additional geo-
chemical analyses to identify relative differences in 
composition.

Chronology

A total of 17 freeze-dried samples from the top 33 cm 
were submitted to the Environmental Radiometric 
Facility, University College London, to obtain 210Pb, 
226Ra, 137Cs and 241Am activities by direct gamma 

Fig. 1   a Location of Lake Odensjön in southernmost Sweden. b its relation to major topographic features in the region. c the distri-
bution of Quaternary deposits in the catchment and adjacent areas. Contour lines in c are given at 5-m intervals
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assay using an ORTEC HPGe GWL series well-type 
coaxial low background intrinsic germanium detector. 
Sediment ages were determined using the Constant 
Rate of Supply (CRS) 210Pb model (Appleby 2001) 
and confirmed by 137Cs and 241Am data. Additionally, 
three radiocarbon dates were obtained using macro-
scopic plant remains collected at the depths of 68.7, 
76.0 and 88.5  cm (Table S1). An age model for the 
sediment sequence was established based on the com-
bination of 210Pb and 14C dates, using a polynomial 
fit with a smoothing of 0.6 in the R package CLAM 
(Blaauw et al. 2021). All dates given refer to the com-
mon era (CE).

Sediments from Od17A were imaged after a short 
exposure to room temperature to allow surface oxida-
tion, improving the visual contrast between laminae. 
Couplets of light and dark laminae, potentially rep-
resenting varves, were counted using the program 
ImageJ (Collins 2007). Counting of lamina couplets 
was performed to a depth of 82.5  cm. In some sec-
tions of the record the couplets appeared discontinu-
ous or poorly visible, which prevented counting. To 
account for this, we produced a corrected lamina cou-
plet count, applying adjustments using a linear inter-
polation of the average thickness of lamina couplets 
above and below each uncountable section, cover-
ing a distance equal to the width of the uncountable 
section.

Geochemical analyses

Scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectroscopy (EDS) were used to assess 
the elemental composition of intact laminations at 
18–20 cm depth. Qualitative analysis was performed 
using a Tescan Mira3 high-resolution Schottky FE-
SEM equipped with an Oxford EDS detector at the 
Department of Geology, Lund University. Samples 
were imaged at 2  kV and elemental mapping was 
performed at 15 kV. EDS was performed to map ele-
ments detected by surface scans. Multiple scans were 
performed to confirm consistent transitions in the 
major elemental components between neighbouring 
laminae.

Semi-quantitative XRF measurements were per-
formed to identify stratigraphic changes in elemental 
composition. A Bruker S1 Titan handheld XRF at the 
Department of Ecology and Environmental Science, 
Umeå University, was used to obtain measurements 

of ~ 200  mg freeze-dried aliquots. Trace elements 
and elements with low values and large uncertainties 
based on regular duplicates were excluded. The ele-
ments Al, Ca, Fe, K and Mn and S are shown con-
strained by the predominantly allochthonous element 
Ti. Because potassium [K] is susceptible to leach-
ing from silicate minerals, we use the K/Ti ratio as a 
proxy for weathering (Arnaud et al. 2012). Addition-
ally, we present and assess the use of the Mn/Fe ratio 
as an indicator of oxygenation (Melles et  al. 2012) 
and the Ca/Fe ratio as an indicator of pedogenic input 
(Elbert et al. 2013).

Total organic carbon (TOC) and total nitrogen 
(TN) contents were determined by elemental analysis 
using a Costech ECS4010. Approximately 5  mg of 
freeze-dried material from each sample was loaded 
into Ag capsules. The samples were decalcified using 
acid fumigation with concentrated HCl in a desiccator 
(Komada et  al. 2008). The decalcified samples were 
wrapped in Sn capsules before analyses. Elemental 
C/N ratios were converted to atomic ratios by multi-
plication with 1.167.

The content of biogenic silica (BSi) was meas-
ured following DeMaster (1981) and Conley and 
Schelske (2001). A weak base of 1% Na2CO3 was 
used for digestion at 85  °C in a shaking water bath 
and extractions were taken after 3  h, 4  h and 5  h, 
and neutralised with HCl before cooling, using fre-
quent duplicates. To quantify the dissolved silicon 
(dSi) content, ammonium molybdate was added for 
spectrophotometric measurement of molybdate-blue 
using a Smartchem 200 (AMS System) wet chemical 
analyser. BSi concentrations were determined by the 
intercept of a least-squares regression of extracted dSi 
data.

Diatom analysis

Microscope slides for diatom analysis were pro-
duced using 0.10–0.15  mg aliquots from each 
sample. Using the water bath method (Renberg 
1990), samples were treated with 37% HCl to dis-
solve trace amounts of calcium carbonate and 33% 
H2O2 to remove organic material. Treated sam-
ples were mounted to clean glass coverslips using 
Naphrax resin (refractive index 1.73). For all sam-
ples, a minimum diatom counting efficiency (DCE) 
of 92.9% was achieved (Pappas and Stoermer 
1996). At least 400 valves were counted for 2-cm 
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samples (DCE ≥ 92.9%) and individual laminae 
(DCE ≥ 94.0%). At least 350 valves were counted 
for 1-cm samples (DCE ≥ 93.2%). Diatom identifi-
cation employed modern resources (Lange-Bertalot 
et  al. 2017) and updated nomenclature including 
Nakov et  al. (2015). Small diatom species were 
inspected via SEM. Specifically, this confirmed 
the presence of Discostella lacus-karluki (Man-
guin ex Kociolek & Reviers) Potapova, Aycock & 
Bogan, which is easily confused with similar spe-
cies (Potapova et  al. 2020). Siliceous stomatocysts 
produced during the resting stage of chrysophytes 
were counted in addition to diatoms to provide com-
plementary information on ecosystem conditions 
(Smol 1985).

The species Fragilaria tenera Smith, Fragilaria 
tenera var. nanana Lange-Bertalot and Fragilaria 
saxoplanktonica Lange-Bertalot & Ulrich were iden-
tified using Lange-Bertalot et  al. (2017). Fragilaria 
tenera was differentiated from F. saxoplanktonica and 
F. tenera var. nanana by clearer striae and a wider, 
shorter valve. Furthermore, F. tenera var. nanana was 
more strongly associated with F. saxoplanktonica 
than with F. tenera, and F. tenera was by far the least 
abundant of the three throughout our record. Diffi-
culties in the identification of, and between, F. saxo-
planktonica, F. tenera var. nanana and F. tenera have 
been outlined by Kahlert et  al. (2019) and Williams 
(2019). We consider F. tenera var. nanana and F. 
saxoplanktonica collectively here as F. saxoplankton-
ica, because the predominant difference observed in 
our samples was a longer valve length and curvature 
in specimens recorded as F. saxoplanktonica, which 
is a weak criterion for differentiation.

A stratigraphically constrained incremental sum 
of squares clustering (CONISS) was performed 
(Fig.  S1) to determine diatom-community zones 
(D1-5). Shannon’s Index (H) was used as a meas-
ure of alpha diversity of the diatom assemblage. The 
proportion of planktonic relative to benthic diatoms 
was used as an indication of functional differences 
over time based on growth habits, given as percent-
ages of planktonic (and tychoplanktonic) diatoms. 
Because bloom timing and physicochemical optima 
differ between planktonic species, we also calculated 
the proportion of centric to pennate species within 
the planktonic fraction of the assemblage, presented 
as a percentage of centric diatoms relative to the 
planktonic fraction. The ratio of diatom frustules to 

chrysophyte stomatocysts in each sample is given as 
the percentage of diatom frustules relative to the sum 
of diatom frustules and chrysophyte stomatocysts.

Statistical analysis and diatom‑inferred pH 
reconstruction

To characterise potential relationships between differ-
ent geochemical data, a principal component analysis 
(PCA) was performed with Canoco 5 (Šmilauer and 
Lepš 2014) using XRF, BSi, TOC and TN data. Sam-
ples were not included in the PCA when measure-
ments for any single category of data were not avail-
able, which was the case for the uppermost sample 
(0–2 cm depth), samples at 44–46 cm and 66–68 cm, 
and the lowermost six samples (80–92 cm). The PCA 
was performed on square-root transformed data from 
37 samples at 2–80 cm depth.

A diatom-inferred pH reconstruction (DI-pH) 
was produced using weighted-averaging partial least 
squares (WA-PLS) with training-set data from the 
Surface Water Acidification Project (SWAP; Bat-
tarbee and Renberg 1990). Taxa were assigned 
‘EDDI’ codes following the European Diatom Data-
base Initiative (EDDI, Battarbee et al. 2001) for har-
monisation with the SWAP training data. The diatom 
taxa included in the pH reconstruction composed an 
average proportion of 55.7 ± 19.27% (σ) of assem-
blages across all samples.

Results

Lithostratigraphy

The sediments were divided into seven lithostrati-
graphic units (Fig. 2). Table 1 provides an overview 
of the differences between each unit and their corre-
sponding ages according to our age model (Fig.  2). 
Unit I consists of pale brown fine-detritus gyttja, in 
which thick, light laminae are sporadically present. 
Sediments in unit II are rusty brown and contain the 
thinnest laminae couplets recorded (1.0 ± 0.3  mm), 
where laminae have a patchy microstructure but 
remain visible. Unit III is the thickest unit (26.4 cm), 
where couplets remain thin, and light laminae are 
poorly discernible in some sections. Fragmented 
leaves, which are occasionally present in units I and 
II are largely absent from units III–V where couplets 
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gradually increase in thickness to 1.7 ± 0.6 mm in unit 
V. From unit IV both light and dark laminae become 
darker, with the poorest contrast in unit V. Unit VI is 
characterised by the appearance of deciduous leaves, 
which occasionally intersect multiple laminae in units 
VI and VII, resulting in a partial displacement of 
some laminae but no significant mixing of material. 
Unit VII represents the poorly compacted top sedi-
ments, which return to a lighter colour and contain 
clearly distinguishable lamina couplets.

Sediment composition and diatom seasonality

The poorly compacted top sediments are character-
ised by 2–5  mm thick individual laminae (Fig.  2). 
Based on SEM observations, the light laminae are 
composed predominantly of diatoms, while the 

intervening dark laminae consist of a matrix domi-
nated by detritus, and also proportionally smaller 
amounts of diatoms (Fig.  3). The light laminae 
appear to contain an abundance of planktonic spe-
cies including Asterionella formosa Hassal and 
different Fragilaria, with little contribution from 
centric species. Benthic species are scarce but more 
abundant in the dark laminae, which are dominated 
by centric species of Lindavia and Discostella. Both 
Lindavia radiosa Grunow and Lindavia comensis 
Grunow in Van Heurck are consistently more com-
mon in the dark than in the underlying light lami-
nae. Discostella lacuskarluki comprises almost 40% 
of the assemblage in one dark lamina and around 
25% in the underlying light lamina, whilst it is a 
minor component in most other laminae.

Fig. 2   Age-depth model (black line with uncertainty envelope 
at double standard deviation level in grey) for the studied sedi-
ment sequence from Odensjön based on 210Pb (green bars with 
uncertainty envelopes) and 14C dates (blue bars and lines rep-
resenting 68% and 95% probability envelopes, respectively). 
Lithostratigraphic units I–VII are shown next to a photograph 
of the sediments. Inset graphs show 210Pb, 137Cs and 241Am 

data used for constraining the 210Pb CRS model in addition to 
XRF-based Pb data for the uppermost 37  cm, yielding inde-
pendent support to the radiometrically based age model. Grey 
and blue lines represent ages based on cumulative counts of 
lamina couplets, where the grey line is the raw count and the 
blue line represents the adjusted lamina record
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Diatom analyses of the top seven laminae revealed 
six dominant species (Fig.  3a). Shannon’s Index 
(H) ranges between 1.41 and 2.17, indicative of low 
diversity. Planktonic species comprise over 86% of 
the diatom assemblage in the inspected laminae, with 
minor contributions of tychoplanktonic (<1.5%) and 
benthic (<12.6%) species. Within the planktonic frac-
tion, centric species comprise a significantly greater 
proportion in the dark (48–63%) as compared to the 
underlying light laminae (11–38%; t-test, p=0.02). 
While H is consistently greater in the dark laminae 
compared to the underlying light laminae, the differ-
ence in H between light and dark laminae collectively 

is insignificant (t-test, p=0.11). The proportion of A. 
formosa is significantly greater in light compared to 
dark laminae (t-test, p=0.01). Chrysophyte cysts were 
observed in five of the seven inspected laminae. The 
diatom-cyst ratio of lamina samples indicates that 
diatoms are more than 10 times as abundant as chrys-
ophyte cysts, with little variability between laminae 
(Fig. 3a).

EDS measurements (Fig.  3b) show the elemen-
tal composition of the sediment surface, with col-
our intensities representing count rates during the 
mapping (scan) period. The EDS results indicate 
highly organic-rich sediments with a minor detrital 

Fig. 3   a Dominant diatom species within each sampled lam-
ina in the uppermost part of the sediment record (0–2.9  cm 
depth), shown as the relative proportions in each sample. The 
diatom species shown each comprise at least 3% of the assem-
blage in at least one of the laminae shown. An image of the 
sampled laminae is shown to the left. Additional parameters: 
the relative proportion of Planktonic to Benthic diatoms within 
the diatom assemblage, the relative proportions of Centric to 
Pennate diatoms within the planktonic fraction of the diatom 
assemblage, Shannon’s diversity Index and the relative propor-

tions of Diatom frustules to Chrysophyte cysts. Asterisks (*) 
indicate parameters with statistically significant (t-test) differ-
ences between light and dark laminae. b SEM image of the 
boundary of a lamina couplet situated within a sample taken 
at 18–20  cm depth, showing light and dark laminae and sur-
face EDS scans of the relative concentrations of Si, O, C and 
Ca in the sediments. Differences in colour intensities within 
each map represent the respective elemental concentrations in 
a semi-quantitative manner
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component. Both light and dark laminae are predomi-
nantly composed of silicon [Si] and oxygen [O], asso-
ciated with diatom frustules (SiO2), but with higher 
concentrations in the light laminae. The dark lam-
ina contains a higher amount of carbon [C]. Minor 
amounts of calcium [Ca] are present, with slightly 
higher concentrations in the dark lamina.

Age model and counting of lamina couplets

The 210Pb record extends to 1876 (±12  years) at 
33  cm depth (Fig.  2). In good agreement with ages 
inferred from the CRS 210Pb model, the peaks in 
137Cs around 23 and 17 cm reflect maximum atmos-
pheric fallout from atomic bomb testing in 1963 
and the Chernobyl nuclear power accident in 1986, 
respectively. Additional independent support to these 
results is provided by the XRF-based Pb content 
record, which exhibits a distinct peak around 20 cm, 
most likely reflecting maximum atmospheric Pb pol-
lution from leaded petrol in the mid-1970s (Brännvall 
et al. 2001). The radiocarbon dates at 76 and 88.5 cm 
yielded identical probability distributions. Both these 
dates were included in our age model, which shows 
increasing uncertainty ranges below 76  cm depth. 
The resulting age model gives evidence of variations 
in sediment accumulation rate, decreasing gradu-
ally from around 1.7 mm yr−1 in the lowermost part 
to an apparent minimum of around 1.0  mm  yr−1 
around 35–28  cm (unit V), then systematically 
increasing again to maximum values in the range of 
5–10  mm  yr−1 in the uppermost, poorly compacted 
part of unit VII with clearly visible laminations.

Counting of lamina couplets is possible to a depth 
of 82.5  cm at the boundary between units I and II, 
below which the laminae are discontinuous. Our 
raw couplet count illustrates that some lamina cou-
plets are poorly visible in unit IV and the upper part 
of unit V (Fig. 2). The corrected couplet count is in 
solid agreement with the age model to 33 cm depth 
(around 1900) where it is constrained by 210Pb data. 
Below this depth there is a discrepancy between the 
age model and the lamina record, mostly attributed 
to poorly visible laminae at 36–51  cm depth, corre-
sponding to the modelled age interval of 1859–1719. 
The sedimentation rate tentatively indicated by our 
lamina record largely agrees with that of the radio-
metric age model at 51–70-cm depth. Below 70 cm, 
the shallow gradient of the lamina record indicates a 

lower sedimentation rate compared to the age model. 
At 77 cm depth, the corrected couplet count yields an 
age of 1574, which is within the upper uncertainty 
range of the age model. The corrected couplet count 
extends to 1514 at a depth of 82.5 cm, underestimat-
ing the radiometrically modelled age at that depth 
(1470) by 44 years and extending 38 years beyond the 
upper uncertainty margin of the model (1552).

Sediment geochemistry

The sediments are largely composed of organic 
matter with TOC contents in the range of 16–33% 
(approximately 27–54% organic matter) and BSi 
contents between 23 and 57% (Fig.  4). XRF analy-
sis revealed the main elemental components of the 
sediments, in addition to C, to be Si (19–29%), sul-
phur [S] (0.8–2.0%), calcium [Ca] (0.7–1.7%), iron 
[Fe] (0.4–1.4%) and aluminium [Al] (0.1–0.5%). BSi 
content shows a strong positive correlation with Si 
(p<0.01) and strong negative correlations (p<0.01) 
with TOC, TN, S and Ca and manganese [Mn]. Indi-
cating allochthonous minerogenic input, the propor-
tion of Titanium [Ti] increases threefold following a 
low in unit I, where it comprises around 0.01% of the 
sediments, and remains above 0.045% after a peak at 
0.074% in unit V (around 1900; Fig. 4).

In unit I, TOC content shows maximum values in 
the range 29–33%, while BSi content shows mini-
mum values in the range of 25–31%. Large changes 
in TOC and BSi contents occur from unit I to unit II, 
with a substantial reduction in TOC content to 17% 
and a twofold increase in BSi content to over 50%, 
mostly persisting to mid-unit III (late 1600s). From 
unit I to unit II, Si increases from 18 to 28%, concur-
rent with reductions in Ca (from 1.7 to 0.7%) and S 
(1.4 to 1.0%). The Fe/Ti ratio decreases by around 
50% in unit I, followed by relatively stable values. At 
the transition from unit I to unit II (late 1400s) Ca and 
S abruptly decrease by around 60% and 30%, respec-
tively, reflected by Ca/Ti and S/Ti, concurrent with an 
increase in K/Ti.

Unit III features a gradual increase in Ti to above 
0.05%, over double its maximum in unit I. Following 
a sharp decline from 11.6 in unit I, C/N ratios recover 
in unit II and peak at 11.4 in unit III (around 1630). 
Throughout unit III, TOC and Si contents and the ele-
mental ratios S/Ti, Ca/Ti and Fe/Ti show little vari-
ability and remain relatively stable.
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From unit IV (1820) TOC content abruptly 
increases and C/N ratios continue to increase through 
unit V. BSi content declines from around 48% in 
unit IV to around 35% in unit V, reflected by lower 
Si content in unit V. Sediments in units V and VI 
show similarity to those in unit I in terms of C/N 
ratios, BSi content, and several inorganic elements, 
although elevated Ti contents indicate greater alloch-
thonous input. Along with an increase in Ti in units 
V and VI, S, Fe and Al continue to increase, exceed-
ing their unit I values in unit VI (around 1950), 
where TOC content increases slightly along with C/N 
ratios, and BSi content declines to a low point. Unit 
VII (1960–2016) represents the poorly compacted 
top sediments, which are characterised by elevated 
variability in sediment composition. The C/N ratio 

continues a declining trend from unit VI to its lowest 
value of 9.1 in unit VII. From the 1970s until the pre-
sent, BSi content ranges between 32 and 48%, which 
represents a decline of around 20% compared to units 
II–IV (1480–1890).

Diatom assemblages

A total of 17 diatom species comprising at least 3% 
of the assemblage in at least one sample were iden-
tified (Fig. 5). Five diatom-community zones (D1–5) 
were defined, covering the following periods: D1 
(1414–1502), D2 (1502–1640), D3 (1640–1772), D4 
(1772–1955) and D5 (1955–2016). Planktonic spe-
cies comprise at least 85% in all samples. Through-
out the record, the diatom assemblage is characterised 

Fig. 4   Selected biogeochemical data. All variables are plot-
ted against sediment age according to the age model shown in 
Fig. 2, with sediment depth shown to the right. Laki (1783–84) 
and Tambora (1815) are indicated by broken lines labelled L 
and T next to the depth axis. Lithostratigraphic units (right) 
are indicated with representative greyscale values based on 

the averaged sediment colour of each unit. Left to right: total 
organic carbon (TOC) content, atomic C/N ratio, biogenic sil-
ica (BSi) content, XRF measurements of Si, Al, Fe, Ca, S and 
Ti, and derived elemental XRF ratios, constrained by Ti (Al, 
Ca, Fe, K and Pb) and Fe (Ca, Mn)
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by combinations of Lindavia comensis, L. radiosa, 
Fragilaria saxoplanktonica, A. formosa, Discostella 
lacus-karluki (Fig. S2) and Pseudostaurosira brevis-
triata (Grunow). Only four benthic and two tychop-
lanktonic species are dominant, of which no species 
comprises more than 5% prior to D4. The propor-
tion of diatoms to chrysophytes is generally high 
throughout the record, except in the most recent part 
(D5) where the relative proportion of chrysophytes 
increases as well as the variability.

Zone D1 consists largely of A. formosa (12–25%), 
D. lacus-karluki (up to 32%) and species of Fragi-
laria (37–45% with around two thirds consisting of F. 
saxoplanktonica). DI-pH indicates relatively neutral 
conditions throughout D1. As is the case throughout 
the record, the proportion of benthic species is low, 
remaining less than 14% in D1. In D1 the proportion 
of centric species within the plankton is low, consist-
ing mostly of D. lacus-karluki and sporadically L. 
comensis, with Lindavia radiosa appearing in the late 
1400s with a relative abundance of 10–20%.

In Zone D2 the contribution of L. comensis 
increases to over 65% in the late 1500s, over quadru-
ple its contribution of around 12% in the early 1500s. 
This is accompanied by declining contributions of 
multiple species, most notably, F. saxoplanktonica 
and D. lacuskarluki. While the entire record is domi-
nated by a few species, D2 contains the lowest contri-
bution of benthic and tychoplanktonic species.

Zone D3 retains much of the assemblage structure 
of the later part of D2, with BSi content persisting 
above 40%. Until the mid-1600s F. saxoplanktonica 
is the only dominant pennate species consistently pre-
sent. From around 1700 the proportion of tychoplank-
tonic species increases, with P. brevistriata establish-
ing a minor component among the dominant species. 
An increase in alkalinity is indicated by DI-pH from 
around 1560, accompanied by greater uncertainties, 
which mostly persist through D3. Asterionella for-
mosa contributes little to the assemblage in D3 and 
F. saxoplanktonica declines from 18 to 4% between 
1700 and 1770.

Zone D4 marks a decline in L. comensis domi-
nance, coinciding with a marked reduction in BSi 
content from ~ 50% in the mid 1800s to 30–35% 
between 1850 and 1900. In timing with the declin-
ing L. comensis dominance, other planktonic taxa (F. 
saxoplanktonica and L. radiosa) increase, collectively 
comprising a similar proportion of the assemblage 

as L. comensis by the early 1900s. Pseudostaurosira 
brevistriata is more common in D4 than in any other 
zone, comprising 5–10%.

Zone D5 aligns closely with unit VII, which rep-
resents the topmost, poorly compacted sediments. 
From the late 1950s, the assemblage transitions to a 
composition resembling D1, albeit with L. radiosa 
frequently the most dominant species, followed by 
F. saxoplanktonica. The sample resolution increases 
from 8 to 2  years between 1950 and 2015, which 
contributes to the greater variability of some species 
including L. comensis (ranging from 3 to 34%, avg. 
16%) and A. formosa (ranging from 8 to 41%, avg. 
4%).

Differences in sediment composition over time

The principal component analysis (Fig. 6) illustrates 
the relationships between biogeochemical variables 
(BSi, TOC and TN contents and other major XRF-
based element counts) and the similarity of 37 sam-
ples at 2–80  cm depth along the first two axes. The 
first four components explain 87% of the variation 
among the geochemical data, with 71% explained 
by the first two components. The first principal com-
ponent (PC1) represents the sediment composition, 
separating BSi and Si from TOC and other elements. 
The separation of Si from all other elements and its 
alignment with BSi suggests that most of the silica 
in the sediments is biogenic in origin, supported by a 
strong positive correlation between BSi and Si (Pear-
son’s Correlation Coefficient = 0.9). PC2 separates 
elements commonly associated with minerogenic 
input and weathering (Rb, Al, K, Ca, Ti) from ele-
ments associated with redox conditions, soluble com-
pounds or pedogenic processes (Cu, P, Ni, Fe, S). On 
PC2, Ca is separated from other elements commonly 
belonging to minerals of authigenic origin (Fe, S), 
aligning closely with K, Ti and Mn.

While the PCA did not involve any diatom data, 
the plot of PC1 against PC2 shows some clustering 
of the samples belonging to separate diatom zones. 
D1 is loosely associated with BSi and Si on PC1 
and away from minerogenic variables on PC2. Both 
D2 and D3 are also associated with silica variables 
on PC1, with D3 samples grouped away from typi-
cally more mobile variables on PC2. D4 and D5 lack 
strong associations with BSi and Si on PC1, with D4 
associated more with TOC and D5 associated both 
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with typically more mobile elements and with TOC 
and Pb.

Discussion

Varve formation and diatom seasonality

Our combined diatom, EDS, and SEM data show that 
the recent sediments of Odensjön contain annually 
deposited couplets of light (spring through autumn) 
and dark (late autumn through spring) laminae, form-
ing varves of a predominantly biogenic composition 
(Fig. 3). A well-defined clastic component is absent, 
mainly owing to the lack of fine-grained deposits 
in the lake catchment (Fig.  1). The components of 

biogenic varves depend on factors such as in-lake 
productivity, nutrient loading and detrital organic 
matter input (Zolitschka et al. 2015). Our EDS results 
show greater amounts of Si and O in the lighter sum-
mer laminae, largely representing diatom frustules, as 
confirmed by SEM. A greater proportion of C, mostly 
representing organic matter which falls out of sus-
pension in winter, combined with fewer diatom frus-
tules, results in the darker appearance of the winter 
laminae. Ca is a minor component of the sediments 
overall (Figs.  3b, 4) and although carbonate clasts 
are absent in the glaciofluvial deposits northeast of 
the lake (Ringberg 1984), the greater proportion of 
Ca in the dark laminae likely originates from minor 
amounts of Ca-bearing detrital mineral matter trans-
ported from the catchment during autumn and winter.

Fig. 6   Biplot of the first and second principal components of 
a PCA of geochemical data, including TOC, TN, BSi and mul-
tiple XRF-based element counts (Si, Cu, P, Ni, Fe, S, Pb, Zn, 
Mn, Ca, Ti, K, Al and Rb). Variables are indicated by arrows 
and samples by points. While no diatom data were used in 
the PCA, sample points are coloured to indicate the diatom 
zones (D1-D5; Fig. 5) from which the geochemical data were 
obtained, indicated to the top right. Eigenvalues and explained 

variations of the first four principal components are shown to 
the bottom right. A sensitivity analysis was first performed 
with and without Si and BSi to ensure that the inclusion of 
both variables did not significantly influence the principal 
components and the explained variations. The first four prin-
cipal components explain 87% of the variation among the data. 
Together, PC1 and PC2 explain 71% of the variation
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Diatom species associated with either light or 
dark laminae in the top sediments (Fig.  3a) include 
L. comensis, L. radiosa and A. formosa, which com-
monly co-exist in temperate and boreal lakes and are 
frequently associated with seasonal changes, includ-
ing turnover timing, the degree of mixing and nutri-
ent availability, and the presence and timing of winter 
ice cover (Sivarajah et al. 2016; Edlund et al. 2022). 
In the top sediments, each dark lamina contains a 
greater proportion of centric species in the plank-
tonic fraction, including L. radiosa and L. comen-
sis, with each underlying light lamina dominated by 
A. formosa. The latter is commonly associated with 
nutrient enrichment (Saros et al. 2005) and typically 
blooms when thermal stratification is poor in spring 
and autumn (Garibaldi et al. 2003; Feuchtmayr et al. 
2012) but can persist into the summer if thermal strat-
ification is poor and nutrients, particularly N, are in 
sufficient supply (Malik et al. 2018). Lindavia comen-
sis is a common member of the deep plankton in 
circumneutral to alkaline lakes (Bennion and Simp-
son 2011), frequently blooms during late summer to 
autumn in temperate climates (Reavie et  al. 2017) 
and is positively associated with elevated epilim-
netic temperatures (Malik and Saros 2016; Ossyssek 
et  al. 2020; Szczerba et  al. 2023). Lindavia radiosa 
is a largely cosmopolitan species with generally high 
light requirements (Saros et al. 2014; Malik and Saros 
2016) and is resilient under P limitation (Malik et al. 
2017). Fragilaria saxoplanktonica comprises at least 
10% and does not exhibit an affinity to either type of 
lamina. Reports of D. lacus-karluki are infrequent 
and this species is likely to have been widely reported 
as D. pseudostelligera Hustedt, D. stelligera Cleve & 
Grunow, or other small taxa, such as D. glomerata 
Bachmann (Potapova et al. 2020). Here D. lacuskar-
luki only bloomed during one of the years in the top 
sediments, presumably due to preferable conditions 
through autumn.

We propose the following annual diatom succes-
sion in Odensjön. Supported by an influx of nutrients 
during snowmelt, A. formosa dominates the spring 
assemblage and persists throughout the summer. Con-
ditions for colony suspension probably remain favour-
able during summer, in support of A. formosa, as the 
north-facing back-wall of the catchment and shading 
provided by forest cover may result in delayed warm-
ing and prolonged circulation in the epilimnion. Aste-
rionella formosa then begins to decline and fall out of 

suspension, probably together with other planktonic 
material as nutrients are depleted and surface tem-
perature rises. This results in reduced turbidity of the 
epilimnion, which benefits centric species requiring 
greater light penetration. Among these, L. comensis 
also benefits from warming of the epilimnion, and 
L. radiosa continues its growth as nutrients become 
depleted in late summer. The relative abundance of A. 
formosa and F. saxoplanktonica in the dark laminae 
suggests that nutrient availability and circulation in 
the epilimnion remains sufficient to support their per-
sistence through the colder months.

In recent decades the light laminae are domi-
nated by A. formosa and F. saxoplanktonica. While 
observations of A. formosa are common, frequently 
highlighting its increasing dominance in the North-
ern Hemisphere likely because of recent warming, 
observations of F. saxoplanktonica are less frequent, 
although it is likely that it follows the general trend of 
fragilarioid species in response to warming and nutri-
ent enrichment, including that of atmospheric nitro-
gen (Saros et al. 2005).

The surface waters of Odensjön commonly freeze 
during the winter. However, the proportion of ben-
thic diatoms appears to lack a relationship to summer 
or winter laminae (Fig. 3a), which may indicate that 
the spring ice-melt has a limited impact on mixing 
and circulation of the epilimnion. In addition, rapid-
blooming species are present in the modern assem-
blage, including F. saxoplanktonica and A. formosa. 
These species are highly competitive in early spring 
and late autumn (Wang et al. 2012) and their relative 
abundances probably obscure signs of increased ben-
thic productivity, which may occur following spring 
ice-melt and nutrient influx. The proportion of plank-
tonic to benthic diatoms is also dependent on the 
available planktonic and benthic habitat in relation to 
the coring location (Stone and Fritz 2004). Despite 
its small size, the steep bathymetry probably leads 
to underrepresentation of benthic diatom species in 
Odensjön’s deep sediments where varves are present, 
like in other small lakes (Anderson et al. 1994).

At inter-annual timescales, increased relative 
abundances of chrysophyte cysts have been associ-
ated with lowered temperatures and nutrient deple-
tion during autumn and winter (Firsova et al. 2008). 
While chrysophytes can be associated with ice-off 
timing (Agbeti and Smol 1995), the ratio of dia-
toms to chrysophytes does not show any significant 
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difference between summer and winter laminae at 
present (Fig. 3a). This could suggest more complex or 
successive chrysophyte production periods, which are 
not revealed by raw counts. In addition, the absence 
of seasonal chrysophyte dynamics may be expected, 
as chrysophytes are a more ubiquitous indicator of 
temperature and climate over longer periods (Smol 
1985).

Lake and catchment development since the early 
1400s

Our sediment record extends back to the early 1400s, 
when the landscape on the Söderåsen Horst was 
dominated by Fagus and pasture according to pollen 
records from two small peatlands nearby Skäralid, 
approximately 4  km North of Odensjön (Bergman 
2000). The previously heavily forested landscape of 
southern Sweden was affected by increased open-
ness due to human expansion from around 3000 cal. 
yrs BP. However, at the onset of our record the 
region was undergoing extensive regrowth of for-
est in peripheral areas, such as the Söderåsen Horst, 
following a marked population decline in Late Medi-
eval times related to the Black Death (Berglund et al. 
2008; Lagerås 2013).

The most abrupt shift in the diatom assemblage 
occurred from the late 1400s through to the mid-
1500s (Fig. 5) with a transition from an assemblage 
mostly dominated by pennates (A. formosa and F. 
saxoplanktonica) to one overwhelmingly dominated 
by centrics (L. comensis and L. radiosa). Emerging 
in the late 1400s, L. comensis became the dominat-
ing taxon in the mid-1500s and maintained its status 
through to the late 1800s. The reductions in TOC 
content and C/N ratio from the late 1400 s indicate a 
declining contribution of organic matter from the sur-
rounding catchment, partly explaining the concurrent 
relative increase in BSi content of the sediments. This 
is seen in the PCA (Fig. 6) in which D2 is associated 
with BSi along PC1. The importance of light availa-
bility and mixing in the epilimnion for both L. comen-
sis and L. radiosa points to a relationship with a con-
current decline in tree pollen from the mid-1500s, 
peaking in the 1800s in response to a major agrarian 
expansion (Lagerås 2013). This development is evi-
denced by pollen and macrofossil data from the same 
sediment record (Damber 2020), where Fagus macro-
fossils (buds, leaves and leaf fragments) are notably 

absent from 1750 to 1900. It is likely that reduced 
forest cover near the lake margins improved the light 
availability to the benefit of L. radiosa, and exposed 
the surface waters to wind shear, improving circula-
tion in the epilimnion to the benefit of L. comensis. 
Likewise, reduced light availability and circulation 
associated with the return of forest cover explains 
the decline of L. comensis from the late 1800s and 
the returning contribution of pennate species in the 
planktonic fraction of the assemblage.

In recent decades the diatom assemblage largely 
resembles that of the 1400s, although D. lacuskar-
luki is replaced by L. radiosa. Recent studies show 
an increasing abundance of small species of Dis-
costella in warming regions with declining periods 
of ice cover (Panizzo et  al. 2013). Small cyclotel-
loid species including Discostella and Lindavia can 
outcompete other species in well-stratified temper-
ate lakes (Rühland et  al. 2008; Saros and Anderson 
2015; Stone et al. 2016). While increases in Discos-
tella are often attributed to elevated concentrations 
of dissolved organic carbon (DOC), as observed in 
other recent lake records from southern Sweden (Bra-
gée et  al. 2015), it is probable that L. radiosa now 
fills this niche in Odensjön, because it is reported 
to have an elevated DOC optimum (Rühland et  al. 
2003). Recent decades show a decline in L. comensis, 
accompanied by increasing contributions of F. saxo-
planktonica and A. formosa as widely documented 
elsewhere in recent decades (Sivarajah et  al. 2016). 
The recent prominence of A. formosa is probably 
related to earlier ice-off timing and longer ice-free 
periods because this species commonly blooms dur-
ing the spring (Feuchtmayr et  al. 2012) and is par-
ticularly competitive in low nutrient environments 
in warming regions (Sivarajah et al. 2016). From the 
late 1700s the tychoplanktonic species P. brevistriata 
also became dominant. Observations of this species 
in cold, oligotrophic environments indicates that it 
has a circumneutral optimum (Cameron et  al. 1999; 
Rosén et  al. 2000; Bigler et  al. 2000), and it is also 
known to have a wide range of environmental toler-
ances including input of allochthonous organic matter 
(Wunsam et al. 1999; Cantonati et al. 2009). Its estab-
lishment here is likely related to increased nutrient 
availability (Cantonati et al. 2021). Similarly, the high 
frequencies of A. formosa, F. saxoplanktonica and 
P. brevistriata in recent decades, coinciding with the 
re-establishment of forest, probably reflect increased 
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supply of nutrients from leaf litter on the talus slopes 
surrounding the lake. Recent atmospheric N deposi-
tion (Bergström and Jansson 2006) is likely to also 
have benefitted both A. formosa and F. saxoplankton-
ica (Saros et al. 2005).

The catchment is presently dominated by Fagus 
sylvatica, which re-established in the late 1800s after 
having been largely absent, as indicated by macrofos-
sil data from Odensjön and tree-ring records from its 
margins (Damber 2020). The establishment of Fagus 
has been shown to result in soil acidification (Achilles 
et al. 2021), resembling the more commonly observed 
effects of Picea establishment (Augusto et al. 2002), 
although the effects of their respective establishment 
on soil nutrient and cation availability are complex 
(Diers et al. 2021). Both K/Ti and Al/Ti ratios indi-
cate relatively stable weathering conditions in the 
catchment during recent centuries (Fig. 4) and DI-pH 
shows limited variations, remaining mildly alkaline 
despite significant changes in the diatom assemblage 
since the mid-1800s (Fig. 5). As supported by recent 
pH measurements in the range of 7.1–7.3, these 
observations suggest relatively high buffering capac-
ity in the catchment, providing resilience to the poten-
tial acidifying effects of forest regrowth, although the 
slight minimum in DI-pH around 1980 may reflect 
the well-documented peak in airborne S deposition 
from fossil fuel combustion at the time (Sverdrup 
et al. 2005). More generally, the assumed increase in 
nutrient supply from forest recovery and industrialisa-
tion probably benefited the dominant diatom species.

The darkest sediments of units V and VI, which 
date to between 1870 and 1960, are the result of a 
30% decline in BSi content associated with diatom 
productivity (Fig.  4). In the early 1900s, increas-
ing allochthonous input, indicated by rising Ti con-
tent, resulted in both the Fe/Ti and S/Ti ratios partly 
obscuring the notable 100% increase in both Fe and S 
content. Despite the decline in BSi content, the loss of 
organic matter contributed by diatoms was replaced 
by a relatively larger supply of allochthonous organic 
matter from the catchment, indicated by increasing 
C/N ratios and TOC content. This is clearly corrobo-
rated by the increase in tree pollen in the 1900s and 
the abundance of leaves in units VI and VII (Fig. 2, 
Table 1). The Mn/Fe ratio, which is commonly used 
as an indicator of oxygenation of the hypolimnion 
(Melles et  al. 2012), suggests that dissolved oxygen 
concentrations declined markedly from a high in 

the late 1400 s, then increased gradually from about 
1500 to 1800, followed by an abrupt decline in the 
early 1800s and a gradual increase until the present 
(Fig.  4). Hence, the Mn/Fe ratio broadly represents 
variably favourable conditions for the preservation 
of varves, with near absence in unit I, although con-
straints on the diatom productivity and associated 
complications for counting of varves were caused by 
forest expansion and the massive occurrence of leaves 
in the uppermost units (Fig.  2, Table  1). Through-
out the record, the alignment of the Ca/Fe and Mn/
Fe ratios primarily reflects variations in Fe content. 
The Ca/Fe ratio has been associated with weathering 
of catchment soils and pedogenic input (Elbert et al. 
2013). From the early 1800s both Ca and Mn contents 
increase relative to Ti, albeit to a lesser extent than 
Fe, resulting in declining Mn/Fe and Ca/Fe ratios. 
The differential mobilisation of Ca and Mn relative 
to Fe may be related to a strengthened hypolimnetic 
oxygen deficit.

The changes in sediment delivery and aquatic 
environment related to catchment dynamics as 
described above probably contributed strongly to the 
pronounced variations in preservation and associated 
possibilities of accurate counting of varves in the sed-
iments of Odensjön (Fig. 2). Although our compari-
son of extended varve counting and radiometric dat-
ing of the sediment record indicates underestimation 
of varve-based ages below about 30 cm depth, alter-
native explanations cannot be excluded. As shown 
by for example Bonk et al. (2015), radiocarbon dates 
obtained on varved sediments may yield too old ages 
because of fluvial redeposition of terrestrial plant 
remains from catchment soils. However, given the 
very restricted catchment of Odensjön and its lack of 
well-defined inflowing streams, we consider it more 
likely that the deviating age determinations reflect 
larger amounts of missing varves in the uncountable 
sections than represented by our attempt at correcting 
the varve count based on interpolation.

Diatom‑inferred pH and the potential impacts of 
major volcanic eruptions

Despite significant shifts in diatom assemblage 
structure, DI-pH fluctuates in the range of 7.1–8.0 
throughout the record, the most significant change 
being an increase of around 1 pH unit during the 
1500 s (Fig. 5). This inferred shift towards increased 
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alkalinity probably reflects enhanced base saturation 
related to agricultural expansion (Renberg et al. 1993; 
Rosén and Hammarlund 2007), although reduced dia-
tom diversity may have contributed. At this stage, L. 
comensis, with a pH optimum of 8–9 (Ossyssek et al. 
2020) increased in dominance largely in response 
to decreasing forest cover. The relatively invariable 
DI-pH record, remaining around 7.5–8 in recent cen-
turies despite large variations in both local land use 
and regional acid deposition, indicates relatively high 
buffering capacity in the catchment as compared to 
other lakes in the region (Renberg et  al. 1993). In 
contrast to DI-pH, the effects of land-use dynamics 
around Odensjön, as well as regional environmental 
changes related to industrialization are sensitively 
recorded by variations in BSi content and centric 
to pennate diatom ratios (Fig.  5). According to our 
results and recent pH measurements, the waters of 
Odensjön remain mildly alkaline under well-buffered 
conditions at present and were therefore likely to have 
been relatively resilient to acid deposition in the past. 
Hence, the potential impact of S deposition following 
the eruption of Laki 1783–84 may have been short-
lived given the acute nature of the event (Thordarson 
and Self 2003).

Given the complications of counting varves beyond 
about 1900, any evaluation of the potential effects of 
older external forcings of known age must be partly 
speculative, although we consider this motivated for 
the targeted volcanic eruptions in the upper part of 
our highly resolved record where the uncertainty of 
the age model is relatively low (Fig.  2). The open-
ness of the catchment persisted throughout the period 
encompassing both Laki 1783–84 and Tambora 1815 
(Fig.  5). In combination with relatively invariable 
climatic conditions in southern Sweden at the time 
(Edwards et  al. 2017), we can assume largely stable 
background conditions against which the impacts of S 
deposition (Laki) and hydroclimatic extremes (Tam-
bora) may be determined. However, the dominance 
of L. comensis is problematic as it seemingly elevates 
the uncertainties of DI-pH within the period of about 
1600–1920 (Fig. 5). Nevertheless, the slight decrease 
in DI-pH recorded in the sample dated to 1780–1790, 
which ranks as the third lowest pH and the second 
lowest uncertainty within the period of large uncer-
tainties in DI-pH (1600–1920), could potentially rep-
resent a local response to the Laki acid deposition 
event. A shift towards reduced oxygen deficit in the 

hypolimnion is indicated by the elevated Mn/Fe ratio 
of the sediment sample postdating Laki, followed by 
a return to previous levels around 1820, in timing 
with the eruption of Tambora (Fig. 4). There is little 
change in the diatom community immediately follow-
ing the eruption of Tambora, and changes in the dia-
tom community in the 1800s are largely explained by 
the return of forest cover at the lake edge, which lim-
its the possibility of assessing the potential climatic 
impacts of Tambora.

Conclusions

Odensjön’s varved sediment record offers great 
potential for highly resolved paleoenvironmental 
studies based on more extended sampling than in the 
present study. Such records are also needed to assess 
the extent to which the composition of the diatom 
assemblage of the early 1400  s characterises typical 
conditions at the site prior to the following deforesta-
tion. Our oldest adjusted varve age underestimates 
the sediment age by 44 years versus the radiometri-
cally based age model, while extending 38  years 
beyond the model’s upper uncertainty margin. The 
sediments contain beds where the biogenic varves are 
poorly distinguishable, primarily from the period of 
maximum land-use intensity in the late 1800s. Varve 
counting is also complicated by the low amount of 
minerogenic matter in the sediments, which leads 
to very thin varves following compaction. Improve-
ments to the varve record should be sought in future 
studies using additional methods for varve inspection 
(e.g. thin section analysis, XRF elemental mapping 
and X-ray imaging).

Our results show that the diatom assemblage was 
relatively stable during much of the Little Ice Age 
(LIA), a period of increased epilimnetic circula-
tion and enhanced light availability associated with 
a general decline in sheltering forest cover. The dia-
tom succession appears to be heavily dependent on 
changes associated with forest cover, illustrated by 
the clear shift from a pennate- to a centric-domi-
nated planktonic fraction of the assemblage as for-
est cover declined in the 1500 s and some reversal as 
forest cover returned from the late 1800s (Fig. 5). In 
addition to these anthropogenic forcings, direct cli-
matic effects of the LIA, primarily in the form of an 
extended ice-cover season, probably contributed to 
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the observed dynamics. The diatom community was 
heavily dominated by Lindavia comensis throughout 
the period encompassing the eruptions of Laki in 
1783–84 and Tambora in 1815. Our DI-pH recon-
struction potentially indicates minor acidification of 
Odensjön immediately following the eruption of Laki. 
Changes in sediment chemistry following the timing 
of Tambora appear to be related to redox conditions 
associated with the re-establishment of forest cover, 
providing no evidence of regional climate effects of 
the eruption.

To our knowledge this is the first Scandinavian 
report of Discostella lacuskarluki amongst the domi-
nant species in an assemblage, although as high-
lighted by Potapova et al. (2020), this small taxon is 
easily overlooked and is likely to have been reported 
as similar taxa. The identification was confirmed by 
SEM (Fig. S2).
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