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Abstract Lake Pavin, a maar lake was formed 
approximately 7000 years ago by a phreatomagmatic 
explosion, leaving a deep central crater with shal-
low steep side slopes. PAV12 core, collected from 
the center of the lake, displayed two diatomite layers, 
separated by a 4-m thick unit of reworked sediments. 
Diatom diversity and zonation analyses registered six 
zones documenting the lake evolution. Asterionella 
formosa, Pantocsekiella ocellata and Discostella 

pseudostelligera (including f. diminuta) along with 
fragilariod taxa composed the basal unit (L-1, ~ 6900 
to 6570 cal a BP). With increased mineralization of 
the lake waters, Stephanodiscus taxa became the 
major species (L-2, 6190–3800  cal a BP). A tran-
sition zone was noted between Zone L-2 and L-3 
(3950–3700 BP) and related to a major change in dia-
tom composition. Asterionella formosa and Nitzschia 
paleacea dominated Zone L-3 (3760–1470 cal a BP) 
with a large decrease in Stephanodiscus taxa. This 
major change has been related to soil erosion and the 
possible development of meromixis. Stephanodiscus 
parvus and Asterionella formosa dominated the upper 
diatomite zone L-4 (640–400  cal a BP) while zone 
L-5 (290–160 cal a BP) is dominated by Aulacoseira 
subarctica (including f. recta) and may be caused by 
the Little Ice Age. Zone L-6 (subrecent) saw a return 
to similar conditions as in zone L-4. The gradual 
opening of the diversified forest and appearance of 
regional agriculture appears to be related to the devel-
opment of meromixis. Changes in the upper diatomite 
zone are related to agricultural activity, changes in 
incomplete overturn and climate. This study exam-
ines relationships between diatom changes and pollen 
and geochemical changes observed within the lake.
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Introduction

Lake classification is based on the seasonal thermal 
conditions that determine stratification and mixing 
processes. These conditions are affected by changes 
in lake morphometry such as the depth or the surface 
area that are related to the origin of the lake. Moreo-
ver, the drainage-basin morphometry and the dis-
solved and suspended solids in the waters also affect 
these conditions (Hall and Northcote 2012). Among 
the different types of lakes are maar-crater lakes that 
are formed by an explosive volcanic event creating a 
funnel-shaped basin, with a small deep circular center 
and shallow steep slope surrounding it. The created 
watershed is usually very small, often the size of 
the crater. However, some fracturing of the ground 
around the puncture hole, or former punctured lava-
flow deposits may allow local water to infiltrate into 
the maar lake (Busigny et  al. 2016), and the hydro-
logical catchment area can be larger than the topo-
graphic catchment area (Chapron et al. 2021). These 
lakes are ideal for researchers studying local climate 
change as only local precipitation will affect the lake 
environment through ground water infiltration from 
a geographically small local water basin and direct 
inflow from the crater slopes. Diatoms are generally 
well-preserved in maar-crater lakes where silica-rich 
waters are not a limiting factor in diatom production, 
thereby creating well-preserved diatomite (Battarbee 
et al. 2001). The environmental studies of many maar 
lakes from all over the world have used diatoms and/
or pollen. Indeed, diatoms provide local informa-
tion based on their ecological preferences, particu-
larly chemical and water-depth changes observed in 
the lake while pollen provide both local and regional 
information, as they depend mostly on aerial deposi-
tion. By combining the pollen and diatom analyses, 
local changes may be separated from regional effects, 
as wind-blown diatoms are rarely found in sediment 
traps because the water-surface tension protects lacus-
trine diatoms from becoming windblown (Harper and 
McKay 2010).

Diatoms have been studied from a series of maars 
located in the French Massif Central (Gasse 1969; 
Pailles 1989; Kuehlthau-Serieyssol 1993; Rioual 
2000, 2002; Stebich et  al. 2005; Pastre et  al. 2007; 
Rioual et  al. 2007) with reconstructions spanning 
from the Upper Miocene, Middle Pleistocene to pre-
sent. Among the maar lakes situated in the Massif 

Central, Lake Pavin (Fig.  1) is one of the youngest 
formed maar craters (7000 years ago). Its topographic 
catchment area includes the crater rim and the south-
ern part of the Puy de Montchal volcano, cut by the 
Pavin phreatomagmatic explosion (Chapron et  al. 
2012; Chassiot et  al. 2016b; Thouret et  al. 2021). 
It is a meromictic lake that has two layers of water 
that typically do not mix. The lake rarely undergoes 
complete overturn while in ordinary, holomictic lakes 
overturn occurs at least once a year: the surface lay-
ers and deep waters are mixed together. A meromictic 
lake occurs when “salinity or turbidity gradients set 
up concentration profiles with enough density dif-
ference to bring about stability of their lower layers” 
(Hall and Northcote 2012).

Lake Pavin has a long and extensive scientific 
history starting with the Chevalier’s Expedition in 
1770, but with the discovery of the lake’s meromixis 
(Olivier 1952; Pelletier 1963, 1968), Lake Pavin 
acquired a status as an international field laboratory 
(Meybeck 2016). The first person to look at diatoms 
from Lake Pavin was Manquin (1954). He studied 
material dredged from the deepest section of the lake 
and determined 130 species. Later, Gasse (1969) and 
then Stebich et  al. (2005) both studied short cores 
covering only the last 700  years. Over the last dec-
ades, scientific investigations of the water column 
highlighted several specific biogeochemical aspects 
of the Pavin hydrosystem (Sime-Ngando et al. 2016). 
Sedimentary archives and geophysical mapping 
allowed reconstruction of Holocene paleoenviron-
ments, water level changes (Stebich et al. 2005; Chas-
siot et al. 2018) and the assessment of natural hazards 
(Chapron et  al. 2010; Chassiot et  al. 2016a, 2016b, 
2018).

Moreover, recent studies have focused on the fluc-
tuations of Lake Pavin’s elevation in relation with 
erosional processes of the crater and regional paleo-
earthquakes (Miallier 2020; Thouret et  al. 2021; 
Chapron et  al. 2021). Miallier (2020) and Thouret 
et al. (2021) both noted two lake terraces within the 
crater: the highest one (1215 m a.s.l.) at + 18 m above 
current lake level and dated prior to the 5–7 cen-
tury CE, while a second stillstand occurred + 4.35 m 
(1201 m a.s.l.) above present lake level (1997 m a.s.l.) 
and finally the present day’s lake level which was sta-
bilized by the development of a dike between 1859 
and 1860 (Miallier 2020; Thouret et al. 2021). There 
was a gradual downcutting of the maar rim between 
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the highest terrace and the second one and more rapid 
erosion between the second stillstand to the present 
lake level. The increase in downcutting could have 
resulted from heavy rainstorms (Throuret et al. 2021). 
However, the LiDAR cover for the crater allowed 
Arricau et  al. (2020) to identify a series of terraces 
representing former lake levels at 1214, 1206, and 
1201.85 m, respectively, which reflects a total drop of 
17 m to reach the modern elevation at 1197 m a.s.l. 
(Fig.  1). Nevertheless, the 1206 terrace is poorly 
represented.

In order to get a better understanding of the com-
plete history of Lake Pavin, the longest continuous 

core so far taken from Lake Pavin was studied. Until 
now, only preliminary diatom results have been pre-
sented by Chassiot et al. (2016a). With core PAV12, 
our main objectives are (1) to reconstruct diatom 
communities from PAV12 core over 7000 years; (2) 
to give a more complete idea of the changes observed 
over the whole lake’s history by coupling diatom 
results with pollen and geochemical data, and (3) pos-
sibly determine when meromictic conditions devel-
oped within the lake. These information would aid in 
a better understanding of mountain environments and 
past agro-pastoral activities and human occupation in 
the region. As Lake Pavin is an important tourist site, 
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Fig. 1  a Slope map of the Montchal-Pavin geosystem com-
bining terrestrial LiDAR and multibeam swath bathymetry 
(Chapron et al. 2010), with topographic (TC) and hydrographic 
(HC) catchments. LP: Lake Pavin; MV: Montchal Volcano; 
EM: Estavidoux Maar. The inlet indicates the location in the 
Massif Central, France. b, c and d zoom on the crater slope 

illustrating paleoshorelines. e Elevation profile across the 
Montchal-Pavin geosystem (see a for the location) showing 
former lake levels (colored arrows), springs and outlet posi-
tions (light blue arrows). f Elevation profile showing paleo-
shoreline altitudes and estimated ages (see b for the location). 
Colors used are the same as for e)
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this study can aid in the development of management 
strategies for the lake and the region.

Material and methods

In 2012, a 14-m long core (PAV12) was taken from 
the central part of the deep maar (N 45°29′45″, E 
2°53″18″) that formed approximately 7000 years ago 
(Leyrit et  al. 2016; Juvigné and Miallier 2016) by a 
phreatomagmatic explosion (Sime-Ngando et  al. 
2016). PAV12 core sections were split for visual 
description and non-destructive analyses (Chassiot 
et  al. 2016a). Multi-proxy analyses of organic and 
minerogenic fractions, including pollen and non-pol-
len palynomorph assemblages, were then performed 
on the upper and lower diatomite units to infer terrig-
enous and autogenous signals over the last 7000 years 
(Chassiot et  al. 2018). The maar is situated in the 
Mont Dore massif of the French Massif Central 
(Fig.  1) at an elevation of 1197  m a.s.l. (Chassiot 
et al. 2018) (Fig. 1a). It has a diameter of about 750 m 
with a surface area of 0.44  km2. For more detailed 
lacustrine geomorphology and sedimentology infor-
mation refer to Chapron et al. (2010, 2012, 2016) and 
Chassiot et al. (2016a, 2016b). The rim of the crater 
is composed mainly of basaltic fragments and trachy-
andesitic pumices and covered with a forest com-
posed of beech (Fagus sylvatica) and fir (Abies alba) 
and some planted areas composed of spruce (Picea 
abies) (Chassiot et al. 2018). The meteorological sta-
tion at Besse-en-Chandesse, located 5  km from the 
lake, recorded a mean temperature near zero degrees 
in the winter (causing partial or complete freezing) 
and annual precipitation between 1600 and 1700 mm 
 a−1 (Stebich et al. 2005).

The lake topographic catchment area (0.36  km2) 
includes the crater rim and the northern part of the 
Puy de Montchal stratovolcano. Different springs are 
identified on the southern slopes of the lake (Jezequel 
et  al. 2011; Chapron et  al. 2016) and there are also 
subaquatic springs located at ca. 55  m water depth 
(Bonhomme et  al. 2016; Chassiot et  al. 2018). A 
minimum hydrographic drainage basin for Lake 
Pavin is at least ca. 4.21  km2 (Fig. 1A), including a 
small marsh land at the location of the former Esti-
vadoux Maar (Arricau 2020). LiDAR cover for the 
crater allowed Arricau (2020) to identify a series of 
terraces.

Lake Pavin is meromictic; the deep water moni-
molimnion is the lower dense layer of the lake that 
does not mix with the waters above (mixolimnion). 
It is permanently anoxic with iron-rich waters and 
high concentrations of biogenic and mantle-derived 
gases. The boundary between the monimolimnion 
and the mixolimnion is located between 53 and 
56  m water depth, caused by underwater springs 
with low oxygen and saline contents (Bonhomme 
et al. 2016) (Fig. 1e). Areas of spring water rise up 
through the water column suggesting intermittent 
discharges. The partial seasonal overturn (i.e., of 
the mixolimnion) is linked to winter meteorologi-
cal conditions and spring inflows (Bonhomme et al. 
2016). According to Rioual (2002), the actual lake 
is rich in silica (14.9  mg   L−1), total phosphorus 
(TP) of 10 µg  L−1,  NO3–N (40 µg  L−1) and has a pH 
of 6.5. The deep layers are stabilized by heat and 
increasing dissolved chemical concentration and 
only over a long period of time could react with the 
mixolimnion (Bonhomme et al 2016).

In core PAV12, two diatomite layers (upper and 
lower diatomite units) are observed separated by a 
mass wasting deposit (MWD) caused by regional 
earthquakes at ca. 600 and ca. 1300 CE (Chapron 
et al. 2010, 2021; Chassiot et al. 2016a, 2016b). It was 
distinguished by a highly disrupted diatomite lamina, 
high spectrophotometric and organic content variabil-
ity, and a reversal of age dating (Chassiot et al. 2016b). 
The stratigraphy of PAV12 can be summarized as fol-
low: (1) an upper diatomite unit (0–228 cm, 14 sam-
ples studied), a MWD (228–628  cm), a lower diato-
mite unit (628–1045  cm, 67 samples studied), and a 
basal unit (1045–1400 cm, 7 samples studied) “made 
of laminated volcanoclastic materials interbedded with 
turbidites” (Chassiot et al. 2018).

In PAV12 core, diatom and pollen samples were 
taken from the same levels (Chassiot et  al. 2018). 
Since high-resolution pollen and lesser-resolution 
diatom study already exists for the upper diatomite 
unit (Stebich et  al. 2005), efforts were focused on 
the lower unit of PAV12 found in the deep basin. 
Seventy-seven samples coming from the lower 
diatomite unit were studied with a sampling reso-
lution of approximately every 5  cm. Consequently, 
the sampling resolution was larger with only 14 
samples for the upper diatomite unit (ca. every 
8–20  cm). However, between 781 and 828  cm, 
47 cm or 8 samples are missing.
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Diatoms were cleaned using the method described 
in Serieyssol et al. (2010) using 30%  H2O2, rinsed three 
times and then mounted in Naphrax®. Identification and 
counts were made using a Leica microscope DM2700M 
or a Zeiss Axioskop 2 at 1000× magnification. Diatoms 
were identified using Krammer and Lange-Bertalot 
(1997a, b, 2000, 2004), Krammer (2002, 2003), Houk 
et  al. (2010, 2014) and Lange-Bertalot (2001). The 
names were updated using Algaebase (www. algae base. 
org). Over 400 valves were counted using two different 
slides. Data analysis was based on species occurring in 
greater abundance than 1% and in more than one sample 
to minimize the influence of rare taxa.

Detailed information on pollen-sample preparations, 
identification references and data-percentage calcu-
lations were given in Chassiot et  al (2018): an aver-
age of 500 pollen grains per sample from terrestrial 
plants were counted. Redundancy Analysis (RDA) was 
performed using PC-ORD 7.07 (McCune and Mef-
ford 2018). RDA explores the relationship between 
two different matrices and the following options were 
used: centered but not standardized, scaling 1—dis-
tance bipot, and linear combination of species (fitted 
site scores) with randomization test (999). Diatom, 
assemblage groups were determined with Psimpoll 
4.26 (Bennet 2002) using CONISS, zonation with con-
strained cluster analysis by sum-of-squares. The eco-
logical categories are largely based on Van Dam et al. 
(1994) and Denys (1991).

Diatom data were compared to Si/Ti, Fe and total 
organic carbon (TOC) data. The geochemical data used 
in this article come from previously published articles 
(Chassiot et  al. 2016b, 2018), where they discuss how 
the samples were treated. Eleven leaf samples were used 
in dating the PAV12 core. Two for the upper diatomite 
unit, one in the MDW, and eight for the lower diatomite 
unit. One leaf sample was rejected for large discrepancy 
of time in relationship to the others. The radiocarbon dat-
ing method was described in Chassiot et al. (2016a).

Results

Diatom stratigraphy

Over 187 different diatom species were observed, 
but only 27 species were found to be present with an 
abundance of at least 1% and in more than one sam-
ple. Discostella pseudostelligera was combined with 

f. diminuta, and Staurosira construens was combined 
with Staurosira binodis. Table  1 lists the 22 species 
used in the analyses and their percentage variation in 
each zone and their life form based on Denys (1991).

Six zones (Fig.  2) were determined based on the 
repartition of the major species that occurred in 
equal or greater abundance than 1% in one or more 
samples. Three zones in the lower diatomite unit 
and three in the upper diatomite unit (Fig.  2). Zone 
L-1 (1260–1021  cm; ca. 6900–6570  cal a BP) is 
dominated by A. formosa, C. ocellata, and D. pseu-
dostelligera plus f. diminuta with lesser amounts 
of fragilarioid species (Pseudostaurosira brevis-
triata, Staurosirella pinnata complex and Staurosira 
and Fragilaria taxa). Zone L-2a (1015–988  cm; ca. 
6490–6130  cal a BP) is dominated by the Stepha-
nodiscus taxa: S. alpinus, S. minutulus and S. parvus. 
The total percentage of Stephanodiscus taxa is greater 
than 80%. However, in Zone L-2b (983–977  cm; 
ca. 6070–5970  cal a BP), the three Stephanodiscus 
taxa decrease and Aulacoseira subarctica appears 
and varies between 35 and 63%. With zone L-2c 
(973–838  cm; ca. 5910–3800  cal a BP) the three 
dominant species found in zone L-2a return.

A major compositional change occurred between 
zone L-2 and L-3. In zone L-3 (835–628  cm; ca. 
3760–1470 cal a BP), A. formosa becomes dominant 
(up to 83%) along with N. paleacea (5–61%), and the 
Stephanodiscus species decrease and in certain levels 
disappear (Table 1). A large, reworked zone of sedi-
ment separates the lower diatomite unit from the upper 
diatomite unit. Three upper diatomite zones were pre-
viously investigated by Gasse (1969) and Stebich et al. 
(2005). Zone L-4 (203–153  cm; ca. 650–400  cal a 
BP) was determined by large amounts of Asterionella 
formosa and S. parvus. Pseudostaurosira brevistri-
ata is common. Aulacoseira subarctica and f. recta 
become very abundant in zone L-5 (125–78  cm; ca. 
290–160 cal a BP) with smaller amounts of Staurosira 
construens and Staurosirella lapponica along with 
decreases in A. formosa and S. parvus. In zone L-6 
(62–1  cm; sub-recent period), the abundant species 
were A. formosa and S. parvus again, along with low 
percentages of Staurosirella pinnata complex.

Redundancy analysis

From the 187 species identified, 22 diatom species 
(> 1% in more than one sample) were retained for the 

http://www.algaebase.org
http://www.algaebase.org
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statistical analyses, while 17 pollen variables were 
used (Fig.  3). Riparian woodland, coniferous wood-
land, mountain woodland, diversified oak woodland, 
hazel and other trees represented the forest commu-
nities. Anthropogenic factors were arboriculture, 
grassland, heath, agriculture, hemp, heliophilous 
herbaceous taxa, tall grass, apophyte (a plant which 
colonizes areas modified by man), tall grass, spores, 
riparian plant taxa and ruderals. Two groups were 
combined (a) nitrophilous and ruderal indicators 
and (b) ruderal and tramping indicators, as ruderals 
are the plants which colonize disturbed lands. RDA 

explained 26.9% of the variance for the first three 
axes (17.4% the first axis, 9.5% the second axis, with 
p = 0.0070 based on 999 randomizations). RDA axis 
1–2 (Fig. 3) found that the majority of the lower diat-
omite samples (zones L-2 and L-3) were positioned 
in the lower quadrants while the basal unit (zone L-1) 
and the upper diatomite units (zones L-4, 5 and 6) 
were situated in the upper quadrants. Stephanodicus 
alpinus (SA) and S. minutulus (SM) determined the 
lower right quadrant while the lower left quadrant 
is defined by Nitzschia paleacea (NPAE) and Aste-
rionella formosa (AF). The upper quadrants were 

Table 1  The list of 22 species used in determining the six observed diatom zones in core PAV12

The taxa were found in percentages equal to or greater than 1% in at least one sample. The percentage range for each species is given 
for each zone. The characteristic life form for each species is based on Denys (1991). Euplanktonic = eu, tychoplanktonic = tych, ben-
thic–epontic = b-e, undetermined = und

Species Diatom zones Upper diatomite Lower diatomite Life form

L-6 L-5 L-4 L-3 L-2 L-1

Asterionella formosa Hassel 10–49% 3–13% 24–51% 20–83% 0.2–21% 2–45% eu
Aulacoseira crenulata (Ehr.) Thwaites 0–2% 0–1% 0–1% 0–1% 0% 0–1% eu
Aulacoseira subarctica (O.F. Müller) E.Y. Haworth 1–9% 5–27% 0–2% 0–8% 0–29% 0–2% eu
Aulacoseira subarctica f. recta O. Müller Krammer 0–15% 26–67% 0% 0–2% 0% 0–0.7% eu
Stephanodiscus alpinus Hustedt in Huber-Pestalozzi 0–0.2% 0% 0–0.2% 0–2% 1–38% 0–0.2% eu
Stephanodiscus minutulus (Kützing) Cleve & Möller 0.5–11% 0.7–20% 0.4–10% 0–17% 2–54% 0–19 eu
Stephanodiscus parvus Stoermer & Håkansson 22–62% 2–40% 9–65% 0–10% 1–37% 0.3–48% eu
Pantocsekiella ocellata (Pantocsek) A. Cleve 0% 0–0.2% 0% 0.2–0.5% 0–0.2% 7–44% tych
Discostella pseudostelligera (Hustedt) Houk & Klee 0–6% 0.02–3% 0.4–15% 0–15% 0–8% 0.3–33% tych
Discostella pseudostelligera fo. diminuta tych
Fragilaria gracilis Østrup 0% 0–0.2% 0.06% 0–3% 0–15% 0–0.2% tych
Staurosira construens Ehr 0–2% 0–2% 0–1% 0% 0% 0–0.2% tych
Staurosira binodis (Ehr.) P.B. Hamilton tych
Staurosirella lapponica (Grunow) D.M. Williams & 

Round
0–0.2% 2–4% 0% 0–0.2% 0% 0% tych

Fragilaria capucina var. rumpens (Kützing) Lange-
Bertalot

0–0.7% 0–1% 0–0.7% 0% 0% 0% tych

Fragilaria capucina var. vaucheriae (Kützing) Lange-
Bertalot

0–0.4% 0% 0% 0–2% 0–2% 0–0.2% tych

Staurosira venter (Ehrenberg) Cleve & Möller 0–5% 0% 0–0.3% 0–4% 0–2% 0.4–6% tych
Gomphonema clavatum Ehr., 0% 0% 0–1% 0–1% 0–1% 0–0.2% b–e
Nitzschia paleacea (Grunow) Grunow 0–2% 0–0.7% 0–2% 5–61% 1–39% 0% b–e
Pseudostaurosira brevistriata (Grunow) D.M. Williams 

& Round
2–4% 1–3% 4–6% 0–2% 0–0.2% 0–4% b–e

Staurosirella pinnata (Ehr.) D.M.Williams & Round 
complex

0.4–1% 0.5–1% 0.2–1$ 0–5% 0–1% 0.2–2% b–e

Ulnaria ulna (Nitzsch) Compère complex 0–1% 0–1% 0–0.07% 0% 0–0.3% 0.2–6% b–e
Eolimna minima (Grunow) Lange-Bertalot 0–1% 0% 0–2% 0–1% 0–2% 0–0.4% und
Fragilaria nanana Lange-Bertalot 0% 0–0.5% 0% 0–5% 0–5% 0–2% und



J Paleolimnol 

Vol.: (0123456789)

determined by Stephanodicus parvus (SP), Aulaco-
seira subarctica (ASU) plus f. recta (ASR) and Pan-
tocsekiella ocellata (PC). For the pollen, the right 
half quadrants were determined by diversified for-
est (Quercus, Tilia, Ulmus, Acer) and hazel bushes, 
while the upper right half is influenced by coniferous 
woodland (Pinus, Juniperus). The lower left quad-
rant is determined by mountain forests (Fagus, Abies) 
while upper left quadrant corresponds to numer-
ous agricultural indicators: hemp, riparian (Alnus, 
Salix, Fraximus, Populus) and hygrophytes, agricul-
ture, arboriculture (Cerealis-type, Secale-type, Fag-
opyrum), arable weed, spores, grasslands (Poaceae), 
heliophilous herbaceous taxa, heath, apophyte, other 
herbaceous trees, and ruderals.

Figure 3 shows that most of the basal diatom unit 
L-1 (green triangles) is situated between the conifer 
forest and diversified woodland and hazel bushes. 
This most likely represents a period right after the 
explosion crater formed and vegetation is regenerat-
ing on the land. Two samples (1045 and 1033, the 
lowest samples in basal unit) are associated with 
mountain woodland. In diatom zone L-2 (green tri-
angles), there is a gradual shift in the forest compo-
sition from diversified forest with hazel towards a 
mountain forest of Fagus and Abies. The lowest sam-
ples are situated to the far right and the younger sam-
ples towards the left. Diatom zone L-3 (brown trian-
gles) is clearly affected by the mountain forest with 
the development of agriculture and by the influence 
of ruderal-tramping within the forest. A large mass-
wasting deposit separates diatom zone L-3 from L-4. 
The majority of the samples in the upper diatomite 
are situated in the upper left half of the RDA. There is 
a clear shift from the mountain forests to an agricul-
tural influenced landscape in upper diatomite zones. 
Zones L-4 and L-6 (red triangles) are more strongly 
influenced by anthropogenic activities than zone L-5. 
Diatom zone L-5 (red triangles) show an increase in 
coniferous forests in the area.

Discussion

The lower right quadrant (Fig. 3) is mainly influenced 
by higher trophic levels and pH. Stephanodiscus alpi-
nus and S. minutulus dominate samples in the lower 
right quadrant, Stephanodiscus alpinus is widespread 
in eutrophic waters (Hickel & Håkansson 1993) while 

S. minutulus is considered a hypereutrophic species 
(Van Dam et  al. 1994). Both are considered alkali-
biontic (pH = 8.07, Juggins 2001). The lower right 
quadrant represents lower trophic status with a com-
bination of N. paleacea (hypereutrophic) and A. for-
mosa (meso-eutrophic) and lower pH preference, both 
are considered alkaliphilous (Van Dam et  al. 1994). 
Axis 1 represents a pH and trophic gradient with the 
right side having higher pH values and poorer water 
quality but with higher biological productivity in the 
lake.

The upper quadrants (Fig. 3) are associated with S. 
parvus, P. ocellata, and A. subarctica along A. sub-
arctica f. recta. Aulacoseira subarctica and P. ocel-
lata tolerate very small amount of nitrogen (Van 
Dam et  al. 1994) and prefer continuously oxygen-
saturated waters (Van Dam et  al. 1994). The lower 
half quadrant is associated with N-heterotrophic taxa 
with higher nitrogen demands (Nitzschia paleacea—
obligately N-heterotrophic, elevated concentrations; 
Stephanodiscus minutulus—periodically elevated 
concentrations) along with Asterionella formosa, a 
N-autotrophic species that tolerates elevated concen-
trations (Van Dam et  al. 1994). Also, these species 
occur in waters with lower oxygen content (Van Dam 
et al. 1994), that varies from relatively high (> 75%, 
A. formosa) to low (> 30%, S. minutulus). Axis 2 rep-
resents nitrogen and oxygen content, lowest nitrogen 
content and highest oxygen content in the upper half, 
while the lower half had higher nitrogen concentra-
tion but less oxygen.

Diatom stratigraphy and coupling with pollen and 
geochemical observations

The basal unit zone L-1 (1260–1021  cm; ca. 
6900–6570 cal a BP) marks the formation of the lake 
and was identified as the basal minerogenic units 
(Chassiot et al. 2016a) and described as finely lami-
nated volcano clastic sediments thick turbidite beds 
and massive units intercalated within. Zone L-1 rep-
resents the filling-up phase of the crater. At the basis 
of the zone, brackish-freshwater taxa, typical of min-
eral springs, are present (Crenotia thermalis, Fragi-
laria famelica and Navicula cincta) (Beauger et  al. 
2020), revealing the environment before the develop-
ment of the lake. This is followed by an increase in 
planktonic species (A. formosa, Pantocsekiella ocel-
lata). These taxa belong either to the circumneutral 
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or alkaliphilous species that prefer more oxygen-
saturated water with lower nutrient content. Pantoc-
sekiella ocellata has a low Si requirement (Juggins 
2001). Discostella pseudostelligera, a littoral, pelagic 
species (Houk et  al. 2010, 2014), prefers low lev-
els of nitrate, phosphates, and silica (Rioual 2000). 
Fragilarioid species (2–12%) have been associated 
with longer ice cover and colder winter conditions 
(Smol and Douglas 2007), but are also known to be 
some of the first taxa to develop in new forming lakes 
(Saulnier-Talbot and Pienitz 2001; Saulnier-Talbot 
et al. 2015). Other ecological indicators (Figs. 4 and 
5) show that this zone had a high percentage of spe-
cies that prefer waters with lower nitrogen content, 
lower pH and trophic state.

The lower unit, zone L-2 was divided into three 
subzones, L-2a (1015–988 cm; ca. 6490–6130 cal a 
BP), L-2b (983–977  cm; ca. 6070–5970  cal a BP) 
and L-2c, (973–838  cm; ca. 5910–3800  cal a BP). 
Major changes occurred in the lake, the trophic 
state of the waters along with pH and nitrogen 
increased while oxygen concentrations decreased. 
The Stephanodiscus species (S. alpinus, S. minu-
tulus and S. parvus) are considered alkalibiontic 
(EDDI database, pH = 8.07). According to Rioual 
et  al. (2007), S. minutulus implies long and deep 
vigorous spring circulation with low Si:P condi-
tions under low but increasing light levels that 
suggest a dry winter that reduced the silicon load-
ing in the lake. Kirilova et al. (2008) found similar 
results from sediment-trap study in Sacrower See 
(Germany). The increase in nutrients in the lake 
could have been caused by the continuous input 
of catchment-soil materials and volcanic prod-
ucts (both clastic and chemical). In zone L-2b, a 
small subzone (two samples studied), a pH change 
is noted with the circumneutral taxon Aulacoseira 

subarctica. According to Rioual et al. (2007), it also 
lives in circumneutral pH waters with low conduc-
tivity, low nitrate and high silica concentrations and 
low light conditions. While Cambrun and Charles 
(2000) found it in an aerated Clear Lake with a pH 
of 7.20 and TP of 4.5 μg   L−1. Gibson et al. (2003) 
found it with slight increase in eutrophication but, 
with continues increasing eutrophication it disap-
peared from the lakes. When TP concentrations fell 
below 30 μg  L−1, A. subarctica recovered. However, 
in the EDDI combined TP dataset (Juggins 2001), 
it has a TP optimum of 32.2  μg   L−1. Aulacoseira 
subarctica has a high sinking rate and occurs only 
in the water column when there is enough turbu-
lence, often caused by windy conditions to keep it 
in suspension (Kilham et  al. 1996). When thermal 
stratification develops, A. subarctica quickly sinks 
(Lund 1954). The periodic monitoring of Lake 
Pavin’s mixolimnion has found an annual pattern 
of D. pseudostelligera and S. parvus developing 
in spring, and A. subarctica in autumn and winter. 
Asterionella formosa appears in spring and autumn, 
and Cyclotella radiosa in summer and autumn (not 
found in the sediments studied) (Devaux 1975; 
Rioual 2000; Rioual et  al. 2007). The lake water 
becomes fresher with more saturation in oxygen, 
decrease in nitrogen and increase in oligotrophic 
to oligo-mesotrophic species. This could mark a 
short period of increased wind activity (or enhanced 
spring-freshwater supply) and induced currents 
during wet periods which would increase oxygen 
saturation, a decrease in nutrients, and the develop-
ment of more oligotrophic and oligo-mesotrophic 
species. Both the upper two samples of zone L-1 
and zone L-2 correspond to diversified forest with 
wooded area within the catchment and presence 
of heliophilous trees (PAV-1 pollen zone, Chas-
siot et  al. 2018) (Figs.  4 and 5). Interestingly, the 
change from pollen zone PAV-1 to PAV-2 found at 
the end of diatom zone L-2b is marked by a peak of 
A. subarctica in the sediment. The gradual shift to 
nutrient-richer waters with lower oxygen concentra-
tion could be caused by slow development of soils 
in the developed catchment resulting from the phre-
atomagmatic explosion (Figs. 4 and 5).

The diatom zone L-2c, however, corresponds to 
two and half palynologic units (PAV-2, PAV-3 and 
PAV-4a, Figs.  4 and 5) identified by Chassiot et  al. 
(2018). The lowest pollen zone, PAV-2 (977–933 cm, 

Fig. 2  Diatom stratigraphic zonation based on 22 species was 
determined using CONISS with a content greater than 1% in 
more than one sample. Eight samples were missing between 
828  cm and 778.5  cm. The stratigraphy is summarized as a 
lower basal unit (1400–1021 cm) composed of diatom-rich 
material interbedded with laminated volcanoclastic material 
and turbidites. The lower diatomite is between (1015–628 cm) 
with a mass wasting deposit (628–205 cm) between it and the 
upper diatom unit (203–0  cm). The euplanktonic species are 
marked in yellow, the tychoplanktonic in orange and the ben-
thic–epontic species in Green. Red represents the diatomites, 
blue for the diatom layers in the basal unit, and brown the 
reworked layers

◂
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ca. 5970–5220  cal a BP) saw the extension of 
the regional and local mountain woodland, while 
PAV-3 registered a moderate opening in the forest 
with the first record of Cerealia pollen, and PAV-4a 
(880–865  cm, ca. 5150–4470  cal a BP) marked the 
regular occurrence of Cerealia. Increased opening 
of the forest would enhance erosion and soil distur-
bance. The highest pH and trophic state (Fig. 5) are 
registered in this zone. The decrease and loss of A. 
subarctica would indicate an increase in lake eutroph-
ication and an increase in Stephanodiscus taxa. Noted 
by Salmaso (2005) the complete circulation of lake 
waters would result in higher nutrient enrichment 
in comparison to circulation only in the epilimnion. 
During zone L-2, the Si curve shows the highest 
amounts of Si in the lake. The Si source comes from 
the catchment and the diatoms. One source of the Si 

is Si, enriched volcanic water that could be brought to 
the surface by complete mixing of the lake’s waters.

The slow reduction in woodlands in L-2 may 
have reached a critical state where erosion increased, 
noted by an increase in fungi in the profile (Chas-
siot et  al. 2018) and this could have caused a grad-
ual downcutting of the outlet and increased inflow 
of sediment into Lake Pavin, marked an increase in 
TOC in L-3 (Fig.  5). As the water level in the lake 
decreases, areas lacking vegetation increase, permit-
ting the increased inflow of sediment. During zone 
L-3, the euplanktonic diatoms (Stephanodiscus taxa) 
decrease from a maximum of 90% to less than 1% in 
certain samples and the tychoplanktonic-benthic dia-
toms increase from less than 1–50% in certain sam-
ples. Increase in sedimentary particles into the lake 
may have given the benthic diatoms more habitats to 
colonize, thereby causing a decrease in euplanktonic 
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diatoms as shown in Fig. 2. Taking into consideration 
the sedimentation rate in core PAV12 (Chassiot et al 
2018) and available radiocarbon ages in soils (char-
coal, peat or gytja materials) from trenches realized 
within and downstream of the Pavin crater, Thouret 
et al. (2021) determined that lake levels in Lake Pavin 
progressively dropped from 1214 m asl to 1206 m asl 
(i.e. 8 m) between 3950 and 3700 cal a BP. Accord-
ing to Wolin and Stone (2010), fewer planktonic spe-
cies and an increase in periphytic community with 
a higher percentage of tychoplanktonic and benthic 
species indicate an increase in shallower areas, more 
clastic inwash, and a decrease in water depth.

Zone L-3 (835–628 cm; ca. 3760–1470 cal a BP) 
is composed of two subzones. Nitzschia paleacea 
increases in L-3a and decreases in L-3b, Discotella 
pseudostelligera, a eutrophic species (Van Dam et al. 
1994; Denys 1991) reappears, while Asterionella for-
mosa increases through L-3a and remains very high in 
L-3b. Asterionella formosa needs high Si, moderate 
to high P and N (Rioual et al. 2007; Hausmann and 
Pienitz 2009) and blooms in the spring (Voigt et  al. 
2008). According to Voigt et al. (2008), N. paleacea 
indicates higher concentration of  NH4 and has been 
associated with warmer water temperatures during the 
summer (Stoermer and Ladewski 1976; Rioual et al. 
2007). There is also a marked increase in the total 
percentage of tychoplanktonic and benthic–epontic 
species (Fig.  2), which is usually taken to represent 
a phase of lower lake levels. There are several pos-
sibilities for periphyton increase: (1) the continuing 
lowering of lake levels could increase the periphytic 
zone with the possibility of more light reaching the 
plateau area within the crater. According to Jézéquel 
et al. (2016), the maximum limit of photosynthesis is 
10–15 m depth for Lake Pavin. (2) An increase in the 
length of ice cover on the lake. In this case, it would 
give advantage to the periphytic species over the 
euplanktonic species, which develop later in the sea-
son. Note that the euplanktonic Stephanodiscus spe-
cies are practically missing from this zone. Nitzschia 
paleacea was found in late summer and fall months 
in sediment traps in Sacrower See (Kirilova et  al. 
2008) while Bertrand et  al. (2003) found a bimodal 
pattern for A. formosa occurring in winter-spring and 
autumn, which was also observed by others (Spauld-
ing et  al. 1993; Maberly et  al. 1994). (3) Land-use 
changes within and around the crater could also affect 
conditions in the crater. A maximum development 

of A. formosa, a N-autotrophic diatom that requires 
elevated levels of nitrogen in diatom zone L-3b, sup-
ports this hypothesis. Diatom zone L-3a corresponds 
to pollen subzones PAV-4b and PAV-5a. PAV-4b saw 
the development of regional agriculture and clearance 
of breech woodland and woodland openings around 
the lake. Increased agricultural activities around the 
lake would mean increased runoff that would lead to 
increased erosion and more downcutting of the lake’s 
outlet. A peak in the Ti curve occurs at the beginning 
of zone L-3a which supports increased input from the 
crater wall. Increased TOC input into the lake corre-
sponds also to the beginning of zone L-3a. PAV-5a 
registered some renewal of woodlands with scattered 
open areas in the forest. Diatom zone L-3b is asso-
ciated with pollen subzone PAV-5b that marked the 
regression of the woodland and some cereal cultiva-
tion near the maar. Ruderal and trampling indica-
tors are also noted. A combination of cooler winters, 
decreasing lake levels and increased anthropogenic 
pressure seems to be the most likely explanations for 
these changes.

The change from Stephanodiscus taxa to A. for-
mosa and N. paleacea marks chemical changes within 
the lake. Zone L-3 could signify the development of 
the meromictic situation that exists in the lake today. 
According to Salmaso (2005), complete overturn 
causes homogenization of the water column bring-
ing up nutrient-rich water from the hypolimnion and 
mixing it with the epilimnion, but when incomplete 
overturn occurs, the epilimnion has lower concentra-
tions in nutrients as less nutrient-rich waters includ-
ing in the mixing. A decrease in trophic state and pH 
is observed in Fig. 5 for zone L-3 with axis 1 curve 
moving from negative scores to positive scores. How-
ever, under today’s meromictic condition, an iron 
wheel has developed where  Fe2+ is oxidized to aque-
ous  Fe3+ in the transition zone between the mixolim-
nion and the monimolimnion (Busigny et  al. 2016). 
The aqueous  Fe3

+ then reacts with other chemicals 
forming vivianite, pyrite or siderite which precipitates 
to the bottom of the lake. But, according to Chassiot 
et al. (2018), the iron wheel developed only with the 
formation of the upper diatomite where the Fe record 
is related to the oxidation and precipitation of Fe-rich 
porewaters in the upper unit. This was initially inter-
preted as an argument in favor of the development of 
the iron wheel in deep waters since the occurrence 
of MWDs. Nevertheless, the interpretation of redox 
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species profiles such as iron or manganese as prox-
ies for anoxia are questionable, as they may reflect 
a modern redox front migrating into the sediment. 
Therefore, it is possible that the anoxia started earlier, 
and it would explain the major chemical change regis-
tered by the diatoms, but this is not supported by geo-
chemical proxies in the lower unit (Fig. 5).

The upper unit is composed of three zones, 
zones L-4 (203–153  cm, ca. 650–400  cal a BP), 
L-5 (125–78  cm, ca. 290–160  cal a BP) and L-6 
(62–1 cm, sub-recent). Our results correlate with the 
three zones (L-4 = DZ 1, L-5 = DZ 2, and L-6 = DZ 
3) found by Stebich et al. (2005). Zone L-4 is domi-
nated by A. formosa and Stephanodiscus parvus, 
both meso-eutrophic species. The peak in S. parvus 
corresponds with increased anthropogenic influences 
(Stebich et al. 2005) and this agrees with our results. 
Stephanodiscus parvus prefers nutrient-rich waters 
(Bennion 1994; Wunsam and Schmidt 1995). Fragi-
larioid species (Pseudostaurosira brevistriata, Stau-
rosira construens complex, Staurosirella lapponica, 
S. pinnata complex) are always present throughout 
the three zones that may show an increasing influx 

Fig. 4  Comparison of diatom RDA axis scores, pollen zones, 
and redundancy analysis. The gradual change from a conifer 
forest to diversified woodland with hazel, then to a mountain 
woodland and then to an agricultural dominated landscape 
with increase influence in diatom zone L-5 of conifer forest. 
The axes curves show the changes in water chemistry through 
time. Note the increase in conifer woodland in zone 5. This 
appears to be associated with the Little Ice Age
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Fig. 5  Comparison of the diatom and pollen zones, PCA axis 
1 and 2, and the following geochemical data—Si/Ti, Fe, Ti 
and TOC (Chassiot et al. 2016a, b). Axis 1 represents pH and 

trophic state, axis 2 nitrogen and oxygen (Fig. 4). Si maximum 
was registered for diatom zone L-2, while increase in Ti was 
noted for diatom zone L-3a
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of sediment into the lake. The upper diatomite zones 
(L-4, 5 and 6) are similar to conditions observed in 
zone L-3. The trophic state decreases and oxygen 
content increases while pH decreases. This difference 
could be explained by incomplete overturn. In incom-
plete overturn, the hypolimnion would not be mixed 
with the epilimnion, thereby less nutrient enrich-
ment. The landscape is opening with grazed pastures 
and expanded agro-pastoral activities (pollen zone 
PAV-6a).

In zone L-5 (290–160  cal a BP), A. subarctica 
and f. recta became the dominant species and fragi-
larioid species increased. Aulacoseira subarctica f. 
recta is considered a northern alpine species (Kram-
mer & Lange-Bertalot 2000), prefers low water 
temperatures (Stoermer and Ladewski 1976; Rioual 
2000; Rioual et  al. 2007), and well adapted to low 
light conditions (Kilham et  al. 1996). Its heavy 
frustule requires water circulation to remain in the 
water column (Kilham et  al. 1986) as do fragilari-
oid species to put them in suspension. Fragilarioid 
taxa increase often during colder conditions. The 
increase in periphytic diatoms was also noted by 
Stebich et  al. (2005) and could indicate longer 
autumn–winter conditions. Colder climatic condi-
tions are also known to reduce the pH and here aci-
dophilous diatoms increase. Increased acidity favors 
the liberation of more silica allowing for the devel-
opment of the heavy Aulacoseira frustules. Epilim-
nion depth would also increase, bringing up more 
nutrient-rich waters from below (Salmaso 2005). 
The pH and trophic axis 1 curve (Fig.  5) shift to 
negative scores verifies increased nutient enrichment 
during this time. PAV-6b correlates to this diatom 
zone (Fig.  5), with reduced agro-pastoral activity 
and forest regeneration, and coniferous woodlands 
(Figs.  3 and 4). The above changes with extended 
ice cover could represent the Little Ice Age also sug-
gested by Stebich et al. (2005).

Zone L-6 (62–1 cm, sub-recent) marks a return to 
similar condition as observed in L-4. PAV-7 regis-
tered cyclic woodland clearance with increased agro-
pastural use of the uplands along with rye and hemp 
cultivation. With increased temperatures, the epilim-
nion shifts to oligomictic regimes with the continued 
mineralization in the hypolimnion that stabilizes the 
stratification (Lau et al. 2020), which is the situation 
observed today.

Conclusions

This multi-proxy research has provided a better 
comprehension of the evolution into the present-day 
regional mountain community and its relationship 
to changes observed within the lake. Anthropogenic 
influences have affected Lake Pavin from a relative 
very early date in its history. Combining diatom, pol-
len and geochemical data added to a possible expla-
nation as to when meromixis developed. Diatoms 
showed several environmental changes that occurred 
over the 7000-years history. Major changes in dia-
tom composition were related to changes in land use, 
development of meromixis, and geochemical and 
climate changes. The development of chemical-rich 
waters developed in zone L-2, dominated by Stepha-
nodiscus species. The Si curve registered high input 
into the lake most likely coming from Si-rich volcanic 
waters into the lake. This corresponds to diversified 
woodlands. A major change in the diatom assemblage 
occurred between zones L-2 and L-3 and is related to 
increased forest openings and mountain woodlands. 
Incomplete overturn or meromixis developed. Si 
amount decreases and Ti has a peak at the beginning 
of this zone. Another diatom compositional shift was 
noted between zones L-4 and L-5 and is linked to cli-
matic change and the depth of incomplete overturn, 
caused by the Little Ice Age. A shift from a strong 
agricultural influence in L-4 to an increased influ-
ence of coniferous woodland was noted. In zone L-6, 
there is a return to similar conditions as observed in 
zone L-4. Nevertheless, the strongest influence of 
agro-pastoral activities was registered in the upper 
diatomite.

Reported changes in Lake Pavin’s limnology 
between 3950 and 3700  cal a BP give us an esti-
mated date for the highest shoreline. A major shift 
from Stephanodiscus domination (zone L-2) to 
Asterionella formosa, Discostella pseudostelligera 
and Nitzschia paleacea assemblage (zone L-3) with 
decrease in planktonic species and increase in peri-
phytic species occurred. This event is consecutive 
to a terrigenous input resulting from the erosion of 
a newly emerged littoral zone allowing more sur-
faces for periphytic species to be colonized. The joint 
action of human impact and/or climate deterioration 
would also favor erosion in the catchment during this 
period. The result was a progressive lake-level drop 
of ca. 8  m from 1214  m asl (earliest shoreline) to 
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1206 m asl (intermediate shoreline) and then a final 
drop of ~ 4 m to 1197 m asl. Stillstands 2 and 3 were 
not observed but may have occurred during the large 
MWD layer which lasted between 1475 and 650 cal 
a BP. The intermediate and lower terraces (Stages 2 
and 3) identified on the lake shores are likely related 
to outlet incision and outburst flood events dated 
around AD 600 and AD 1280, respectively (Chassiot 
et al. 2016a; Chapron et al. 2021).
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