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Abstract  Underwater light availability and expo-
sure of ultraviolet radiation (UV) in mountain lakes 
is mainly controlled by dissolved organic matter and 
ice cover. However, both of these factors are affected 
by climate warming and other anthropogenic pres-
sures. Still, little is known of the impacts of long-
term fluctuations in underwater light conditions onto 
functional distribution of diatoms, species sensitive 
to changes in climate and UV penetration in moun-
tain lakes. Two mountain lakes in the Italian Alps 
were analysed using paleolimnological approaches 
to investigate impacts of anthropogenic pressures 
(e.g., climate warming, acidification) on underwa-
ter light availability, exposure to UV and diatom 

functional group distributions, focusing on the post-
industrial era. Contemporary diatom communities 
were collected from the main habitats in the shal-
low, high irradiance littoral zones of these lakes and 
geochemical proxies describing the development of 
lake-water transparency and carbon dynamics were 
analyzed from the sediment cores covering the time 
period from ca. 1400 CE to present. The geochemi-
cal data indicate that cultural acidification decreased 
lake-water organic carbon concentrations in both 
lakes, which suggests increased light availability and 
UV exposure during the past century. The responses 
of the studied lakes to anthropogenic pressures var-
ied, as the lake situated at a lower altitude with a 
larger catchment showed only a few biotic changes 
indicating higher resilience, whereas the lake situ-
ated at higher altitude showed distinct changes in its 
ecological status. In this alpine lake, almost 30% of 
the diatom functional groups shifted from benthic 
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to planktic during the post-industrial era. The role 
of increased light availability and UV exposure as 
a driver of diatom functional group distributions 
could not be unambiguously separated, and such dia-
tom assemblage changes have been shown in many 
regions and most closely linked to a warming climate. 
However, low guild functional groups, prevalent also 
in the contemporary samples from the shallow littoral 
zone, dominated the diatom communities throughout 
the studied period, suggesting high tolerance to UV 
radiation.

Keywords  Environmental change · Microalgae · 
UV radiation · Functional paleoecology

Introduction

In mountain lakes, underwater light conditions, con-
sisting of photosynthetically active radiation (PAR) 
and ultraviolet radiation (UV), are controlled mainly 
by lake-water dissolved organic matter (DOM; 
Sommaruga 2001; Williamson et  al. 2009). Brown 
colored, fulvic and humic acids and other high molec-
ular weight compounds, comprising primarily alloch-
thonous DOM from terrestrial sources, effectively 
absorb light, whereas autochthonous DOM from 
aquatic primary production is typically colorless with 
weaker light-absorbing capacity (McKnight et  al. 
2001; McGowan et al. 2016; Wauthy et al. 2017). The 
accelerating increase of air temperature in high alti-
tude areas (Pepin et al. 2015), such as the European 
Alps (Auer et al. 2007), drives changes in catchment 
soils and vegetation that shape DOM inflow and its 
production, transformation, and degradation in the 
water column (Laurion et al. 2000; Häder et al. 2014; 
Nevalainen et al. 2020).

In addition to a warming climate, other anthropo-
genic pressures, such as atmospheric deposition of 
sulphur (S) and nitrogen (N), can impact remotely 
located mountain lakes. Widespread lake acidifica-
tion driven by anthropogenic emissions has changed 
the biochemistry of many lakes and their catchments, 
which further impacts their biological communities. 
Several studies have observed decreases in lake-water 
total organic carbon (TOC) concentrations, particu-
larly around the mid-twentieth century, followed by 
increasing TOC trends after the mitigation of anthro-
pogenic S emission in the 1980s (Monteith al. 2007; 

Meyer-Jacob et al. 2019). These changes in lake-water 
TOC likely increase and decrease light availability 
and UV exposure in mountain lakes, respectively, 
though only a few studies have investigated associ-
ated biotic responses (Bothwell et al. 1993; Bothwell 
et al. 1994; Leavitt et al. 2003).

In addition to affecting the quality and amount 
of lake-water DOM, anthropogenic climate warm-
ing may impact underwater light availability and the 
ecology of mountain lakes through changes in the 
ice and snow cover period. Transmittance of PAR 
and UV radiation to the water column through ice 
is dependent on the thickness of the snow and ice-
cover (Bolsenga et  al. 1996). Even though in some 
conditions the ice might be rather transparent to PAR 
and UV radiation, the high albedo and light attenua-
tion capacity of even a small accumulation of snow 
reduces the amount of solar irradiance reaching the 
water column (Belzile et al. 2001). As UV radiation 
increases with elevation, and since mountain lakes 
have generally low DOM concentrations, organ-
isms inhabiting these lakes are particularly vulner-
able to changes in UV exposure (Sommaruga 2001). 
These changes can affect primary production through 
increased PAR availability but also through increased 
UV exposure (Williamson et al. 2009). Decreases in 
the ice-cover period and hence prolonged growing 
season may also affect benthic microalgae habitat 
availability and community composition (Griffiths 
et  al. 2017). Warming and thermal stratification of 
previously well-mixed lakes can further lead to shifts 
from benthic to planktic microalgae community (Sor-
vari et  al. 2002; Rühland et  al. 2008, 2015; Saros 
et al. 2016).

Tolerance of algae to UV radiation depends on the 
species, but their survival is also linked to access to 
physical refugia (Vinebrooke and Leavitt 1999) and 
photoprotective strategies such as pigmentation (Wil-
liamson et  al. 2009). Diatoms (Bacillariophyceae) 
have been shown to have trade-offs between motil-
ity and photoprotective capacity under extreme light 
conditions (Barnett et  al. 2015), which points to the 
importance of underwater light for the functional 
composition of the phototrophic community. In addi-
tion, earlier findings show UV radiation may result in 
decreased primary production in benthic algal mats 
(Vinebrooke and Leavitt 1999; Tanabe et  al. 2019) 
and UV-induced photoinhibition in diatoms (Bothwell 



59J Paleolimnol (2023) 70:57–76	

1 3
Vol.: (0123456789)

et al. 1994), which point to potentially adverse effects 
of UV on algal carbon sequestration.

Diatoms are widely used in paleoecological studies 
to reconstruct past environmental conditions and cur-
rent ecological status of aquatic environments (Dixit 
et al. 1992; Smol and Stoermer 2010). Traditionally, 
the most precise taxonomic identification of diatoms 
has been used when assessing changes in environ-
mental conditions or ecological status of waterbod-
ies (Rimet and Bouchez 2012). However, recently 
applications based on ecological traits and functional 
groups have been introduced (Tapolczai et al. 2016). 
These approaches have been applied especially in 
river and stream ecological status assessment (Passy 
2007; Berthon et al. 2011; Rimet and Bouchez 2012; 
B-Béres et al. 2016, 2017; Soininen et al. 2016) and 
are being used increasingly in lake studies (McGowan 
et al. 2018; Saros et al. 2019; Ruwer and Rodrigues 
2022; Rantala et  al. 2022) but are still underutilized 
in studies of long-term lake history. In this study we 
used functional groups in addition to diatom species 
to detect possible broader trait-based adaptations to 
UV radiation.

The diatom guild classification we use was 
described originally by Passy (2007) and consisted 
of three diatom ecological guilds (high, low, motile) 
based on diatom life-form and species’ ability to resist 
physical disturbance and to tolerate different nutrient 
levels. Later, Rimet and Bouchez (2012) modified 
the guild classification and added a separate plank-
tic guild. The eco-morphological group classification 
of B-Béres et  al. (2016) combines four ecological 
guilds and further divides diatoms within each guild 
to five size categories (1: 5–99 μm3; 2: 100–299 μm3; 
3: 300–599 μm3; 4: 600–1499 μm3; 5: ≥ 1500 μm3) 
as in Berthon et al. (2011). This combined guild and 
cell volume-based classification is a useful method 
for studying important environmental factors (for 
instance, nutrient levels, physical disturbance, light; 
B-Béres et  al. 2016, 2017). To our knowledge, eco-
morphological groups, herein referred to as diatom 
functional groups, described by B-Béres et al. (2016), 
have not been used in paleolimnological studies thus 
far.

The aim of this study was to investigate the 
impacts of anthropogenic pressures on underwater-
light availability, exposure to UV radiation, and dia-
tom functional group distributions. The study focuses 
on the post-industrial era and on baseline conditions 

before the onset of intensive anthropogenic pres-
sures. This study was carried out in two mountain 
lakes, located in the Italian Alps, with clear differ-
ences in altitude and catchment properties. The main 
hypotheses are that: (i) underwater PAR availability 
and exposure to UV radiation has changed during the 
past ~ 200 years due to increased anthropogenic pres-
sures (climate warming, acidification) that may have 
resulted in shortening of the ice-cover period and 
changes in the lakes’ carbon dynamics; and (ii) that 
these changes are reflected in the diatom functional 
group distributions.

Materials and methods

Study area

Lake Paione Superiore (LPS, N 46°10′  14″, E 
08°11′25″, 2269  m a.s.l) and Lake Paione Inferiore 
(LPI, N 46°10′14″, E 08°11′25″, 2002  m a.s.l.) are 
located in the Bognanco Valley, Central Alps in Pied-
mont, Italy (Fig. 1).

LPS and LPI are the highest and lowest lakes in 
a cascading system of three glacially formed oligo-
trophic lakes located on the southern slope of the 
Italian Alps. The main characteristics of the lakes 
are listed in Table  1. The most distinct differences 
between the Paione lakes are that LPS is located at 
a higher altitude, it has a significantly smaller catch-
ment and a history of heavy acidification compared 
to LPI. Otherwise, the lakes are relatively similar by 
their limnological properties, mean and maximum 
depths, and bowl-shaped lake basins (Cammarano 
and Manca 1997). Due to their shapes, UV irradiance 
was expected to be highest in the shallow littoral zone 
with a decreasing gradient towards the bottom of the 
lake. Water in the Paione lakes is highly transparent, 
with our coring device easily visible at the bottom of 
the lakes. The bottom of LPS is dominated by rocks; 
submerged vegetation was not recorded during sam-
pling. Meanwhile, in LPI, submerged mosses were 
growing at the bottom of the lake. Small fish were 
observed in LPI but not in LPS during the sampling.

Based on 10-year measurements (2011–2021), the 
warmest month is July (mean temperature: 11  °C) 
and the coldest month is January (mean tempera-
ture: − 5  °C; Regional Agency for Environmental 
Protection of the Piedmont Region ARPA Piemonte). 
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The Paione lakes have relatively short growing sea-
sons with the duration of ice cover usually from 
November to June (Marchetto et al. 2004). Monitored 
data of air temperature from the area collected since 
the 1930s have shown an average annual increase 
rate of + 0.011  °C and average summer tempera-
ture increase of + 0.015 °C (Rogora et al. 2004). The 
June air temperature anomaly in the Paione lakes 

in 1991–2015 compared to baseline temperature in 
1961–1990 was + 1.41 °C (Rogora et al. 2018).

Land cover in the catchments of LPS and LPI is 
mainly bare acidic rock consisting of clear banded 
orthogneiss and grey gneiss (Mosello et  al. 1999), 
with thin soil cover of 33% and 39% of the catch-
ment area, respectively (Rogora et  al. 2003). 
The acidic soil has low base saturation, and the 

Fig. 1   Map of study area and Paione lakes

Table 1   Main 
characteristics of Paione 
lakes and their catchment 
areas (Mosello et al. 1999a, 
annual measurement of 
CNR Water Research 
Institute, August 2020b)

Paione Inferiore Paione Supe-
riore

Catchment area (lake included)a km2 1.3 0.5
Drainage ratio (catchment:lake area)a 184.6 57.7
Lake surface areaa km2 0.007 0.009
Lake depth, maximuma m 13.5 11.7
Lake depth, meana m 7.4 5.1
Mean residence timea d 23 33
Lake volumea 106 m3 0.05 0.04
pHb 6.9 6.4
Total phosphorus (P)b µg P L−1 3 4
Total nitrogen (N)b µeq L−1 0.25 0.28
Lake-water TOC (total organic carbon) mg L−1 0.57 0.91
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ion-exchange complex consists mainly of hydrogen 
and aluminum ions (Rogora et al. 2001).

Vegetation in the catchment of the lakes is scarce 
and consists of alpine meadows, Carex species and 
mosses.

Paione lakes have an acidification history as a con-
sequence of heavy anthropogenic emissions in the 
region (Guilizzoni et  al. 1992, 1996; Rogora et  al. 
2013). Based on diatom, chrysophyte and pigment-
ratio reconstructions, pH in LPS started to decrease 
in the 1930s and the lake acidified by the 1960s com-
pared to baseline conditions (Guilizzoni et  al. 1992, 
1996). From LPI, previous paleolimnological records 
are not available for comparison. Monitoring data 
of the Paione lakes since 1984 show that LPS’s pH 
increased from 5.5 to 6.5 by 2021, while pH in LPI 
increased from 6.1 to 6.7 within the same time frame 
(Supplementary Fig. 1). The more pronounced acidi-
fication in LPS is related to lower buffering capacity 
compared to LPI (Mosello et al. 1999). Even though 
the catchments of the Paione lakes share multiple 
similar features, the difference of pH values, alkalin-
ity and base cation concentrations in the lakes are a 
result of LPI having small amounts of more soluble 
minerals (e.g., micaschists) in its catchment, which 
has resulted in neutralization of acidifying inputs 
(Mosello et al. 1999). SO4 emissions in the area have 
been estimated to have decreased up to 70% since the 
1980s but atmospheric deposition of nitrogen (N) 
compounds has remained relatively high between 
1990 and 2010 (Rogora et  al. 2013). Lake-water 
nitrogen and silica concentrations and pH during the 
monitoring period 1984–2020 are presented in the 
supplementary material (Supplementary Fig.  1.) In 
addition to atmospheric human perturbations, fish 
(Onchorynchus mykiss) have been introduced to LPI 
since the 1960s (Cammarano and Manca 1996).

Sample collection and preparation

Two sediment cores from LPS and LPI were col-
lected from the deepest basins in August 2020 using 
a UWITEC gravity corer (UWITEC Ltd., Austria). 
The cores were subsampled at 0.5-cm intervals for the 
first 20 cm of the core and at 1-cm intervals for the 
rest of the core. For the diatom analysis, the first 2 cm 
were analysed at 0.5-cm intervals followed by thicker 
(1 to 2  cm) intervals. In total, 21 sediment samples 
(to 37.5 cm) from LPS and 25 sediment samples (to 

46 cm) from LPI were subjected to diatom analysis. 
Percentages of carbon (C) and nitrogen (N) and sta-
ble isotopes of C and N (δ13C, δ15N) were analysed 
from bulk sediment at the NIWA Environmental and 
Ecological Stable Isotope Facility (Wellington, New 
Zealand) at the same intervals as diatoms. Spectral 
analyses of inferred lake-water total organic carbon 
(TOC), sediment chlorophyll-a (CHLa) and pigments 
of primary producers’ chlorophylls and their derivates 
(CD) were analysed at 0.5-cm intervals.

Contemporary epilithon samples were collected 
from three depths (30, 80, 130 cm) by pooling sam-
ples from five 5–15  cm diameter stones at each 
depth. The diatom community inhabiting the surface 
of the stone were scraped into a vial using a tooth-
brush. Submerged vegetation was not found in LPS 
but in LPI submerged mosses were collected from 30 
and 70  cm depths as epiphyton samples. The sedi-
ment cores and contemporary habitat samples were 
preserved in 70% ethanol and stored in darkness 
at + 5 °C.

Diatom slide preparation followed standard pro-
cedures as described by Renberg (1990) where wet 
sediment was added to hydrogen peroxide (H2O2) 
to degrade organic material. 37% hydrochloric acid 
(HCl) was added and the samples were centrifuged 
for four minutes at 4000  rpm after which the super-
natant was decanted, and the tubes were filled again 
with MilliQ water. The washing was repeated five 
times, checking for the absence of diatom valves 
in the discarded supernatant. The samples were 
mounted on microscopic slides with Naphrax (Brunel 
Microscopes Ltd). A minimum of 300 diatoms were 
identified to the species or subspecies level from 
each sample using a light microscope with 1000-
fold magnification. Identification was based mainly 
on the flora of Krammer and Lange-Bertalot (1986, 
1988, 1991a, 1991b) with nomenclature updated 
where relevant. The identified diatoms were further 
divided into eco-morphological groups as described 
in B-Béres et al. (2017).

Sediment core chronology

Radiometric dating methods were used to construct 
a temporal framework for the sediment cores. The 
analyses were carried out at the Paleoecological 
Environmental Assessment and Research Laboratory 
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(PEARL, Queen’s University, Canada). Age estimates 
were obtained from lead (210Pb) dating of the recent 
(0–17 cm LPS, 0–19 cm LPI) sediments testing three 
different models, including the constant flux constant 
sedimentation (CFCS), constant initial concentra-
tion (CIC), and constant rate of supply (CRS) mod-
els. Additionally, the activity of cesium (137C) was 
analysed.

Plant macrofossil samples at 26.5  cm (terrestrial 
leaf) and 38 cm (aquatic moss) in LPS and at 31.5 cm 
(aquatic moss) and 37.5  cm (aquatic vascular plant) 
sediment depth in LPI were used for accelerator mass 
spectrometry (AMS) radiocarbon (14C) dating car-
ried out at the Radiochronology Laboratory (Laval 
University, Canada). Terrestrial plant macrofossil 
remains were very few in the sediments, however, 
moss samples may be considered suitable for radio-
carbon dating in the studied lakes owing to their soft 
and well-mixed waters (Wolfe et  al. 2004; Oswald 
et al. 2005).

Age-depth models were built using clam version 
2.4.0 (Blaauw 2010) in R (R Development Core 
Team 2022). IntCal20 (Reimer et al. 2020) Northern 
Hemisphere terrestrial calibration curve was used for 
radiocarbon-age calibration and the age-depth mod-
els were built with smooth spline with spar (smooth 
0.7 LPS, smooth 0.6 LPI). Calculations were done at 
95% confidence ranges with 1000 iterations and with 
calendar-age-point estimates based on the weighted 
average of all age-depth curves.

Geochemical analyses

Sediment samples were analysed by visible near 
infrared (VNIR) spectroscopy at PEARL (Queen’s 
University, Canada) to infer lake-water TOC and 
sediment CHLa. The resulting data were used  
to examine the past trends in lake-water transparency 
and to track trends in aquatic primary production.  
To prevent interference caused by water or 
particle-size differences, sediment samples were 
freeze dried and sieved through 125  µm mesh prior 
to spectral analysis. The method described by 
Michelutti et al. (2010) based on CHLa absorbance at 
650–700 nm was used for the quantification of sedi-
ment CHLa; however, sediment chlorophyll-a con-
centrations were inferred using log-transformed data 
from Michelutti et  al. (2010) with the equation: 
Chlorophyll-a + derivatives = EXP(0.83784*LN(peak 

area 650–700 nm) + (− 2.48861)). VNIR scanning of the 
samples was performed by a Model 6500 series Rapid 
Content Analyzer (FOSS NIRSystems Inc., Hillerød, 
Denmark) through the base of glass vials using dif-
fuse reflectance mode. Wavelengths of 400–2500 nm 
were measured at 2 nm resolution.

Past lake-water TOC concentrations were deter-
mined using a partial least squares regression 
(PLSR) model between VNIR spectral information 
(400–2500 nm) of surface sediments and correspond-
ing surface water TOC measurements from 345 north-
ern lakes, with a TOC gradient from 0.5 to 41 mg L−1 
(Meyer-Jacob et al. 2017). Applications of the model to 
lakes located outside of the model’s geographic calibra-
tion range accurately captured trends in TOC monitor-
ing data, indicating a widespread applicability of the 
approach (Meyer-Jacob et al. 2017). TOC can be inter-
preted as nearly equivalent to DOC as DOC strongly 
dominates the TOC pool in lake water TOC calibration 
model (~ 87%; Meyer-Jacob et al. 2017).

Pigments of primary producers’ chlorophylls and 
their derivatives (CD) were extracted using the meth-
ods described by Lami et  al. (2009) to provide sup-
porting estimates of long-term trends in lake primary 
production. HPLC-grade solvents were used to extract 
pigments overnight in dark at 4  °C and afterwards 
the extracts were clarified by centrifugation. Sam-
ple aliquots were read in UV–Vis spectrophotometer 
(SAFAS, Monaco). Pigment data were expressed as 
units per g of organic carbon (Lami et al. 2009).

Data analysis

Unconstrained ordination analysis was conducted to 
investigate variation in diatom functional group distri-
bution through time. Detrended correspondence analy-
sis (DCA) showed short (< 1 SD) gradient lengths and 
therefore linear based principal component analysis 
(PCA) was selected. The analysis was conducted with 
square-root-transformed diatom functional group rela-
tive abundances. R (R Core Development Team 2022) 
with vegan (Oksanen et  al. 2022) and ggbiplot (Vu 
2011) packages were used for PCA and figures of the 
sediment cores’ diatom functional group distributions. 
Spearman correlation analysis was carried out between 
the PCA axis scores (axes 1 and 2) and geochemical 
proxies for the estimation of the main environmental 
gradients.
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Results

Age‑depth model

210Pb ages modelled with constant rate of supply 
models (CRS) were chosen for the Paione lakes’ age-
depth models (Fig. 2). Based on the age-depth model, 
the sediment core from LPS covers a time period of 
ca. 1450–2020 CE and in LPI ca. 1300–2020 CE. 
Total and supported 210Pb and 137Cs activities in 
the sediments of LPI and LPS are shown as supple-
mentary material (Supplementary Fig.  2). 14C ages 
between plant macrofossil types may give different 
age estimates (Oswald et al. 2005) and therefore the 
age estimates of each sample were compared to each 
other within and between the lakes. LPI’s 14C sample 
at 31.5 cm depth was rejected from the model as the 
result was significantly older compared to the other 
dating results. 14C results are shown as supplemen-
tary material (Supplementary Table 1).

In both lakes, cesium (137Cs) activities showed an 
increasing trend initiated at around 5  cm, with peak 
values occurring near the sediment surface (1.25 cm 
in LPS, 0.25 cm in LPI). Previously, Guilizzoni et al. 
(1996) could not detect an activity peak related to the 
1960s atomic bomb testing in LPI; however, a strong 

137Cs activity peak corresponding to the 1986 Cher-
nobyl accident was detected. In our sediment cores, 
the 137Cs results were rejected from the final age-
depth models as the peaks were too young, likely 
influenced by post-fallout deposition of 137Cs from 
the catchment soils (Klaminder et  al. 2012). Recent 
research also suggests that, in areas heavily influ-
enced by Chernobyl fallout, delayed input of hot radi-
oactive particles may result in anomalous 137Cs peaks 
in lake-sediment records (Appleby et al. 2022).

Several lines of evidence confirm that the sedi-
ment cores were not disturbed; visual examination 
in the field and the laboratory showed that the sur-
faces of the sediment cores were intact, and the cores 
further displayed irregular but frequent horizontal 
laminae that showed no signs of disturbance. In addi-
tion, 210Pb activities showed the expected consistent 
increasing trends towards topmost sediment samples 
and the geochemical proxies (in particular, CHLa, 
TOC, δ15N) displayed consistent directional changes 
near the sediment surface.

Sediment core geochemistry

Mean δ13C in the sediments of LPS was lower 
(− 26.8‰) compared to LPI (− 24.8‰). The δ13C 

Fig. 2   Age-depth model for LPI (a) and LPS (b) represent-
ing estimated ages (year common era (CE)) at different depths 
within the two studied sediment cores. Smooth splines were 
used in both lakes with a smoothing level of 0.7 in LPS and 
smoothing level of 0.6 in LPI. Age-depth models include 

constant rate of supply (CRS) modelled 210Pb ages (grey rec-
tangle) with error bars and AMS 14C ages (Supplementary 
table  1; dark grey rectangle) with error bars. The light grey 
envelope represents the 95% confidence interval, with best age 
estimates in dark grey line
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values in LPS stayed fairly stable until the 1950s and 
thereon declined toward the surface (Fig. 3). In LPI, 
δ13C values showed a small and gradual increasing 
trend over the study period. δ15N trends in LPS and 
LPI (mean 2.3‰ and 2.4‰, respectively) were some-
what similar, starting around 3‰ during ca. 1600s 
followed by a synchronous decline to values below 
0‰ from ca. 1940s onward. A peak was recorded 
around the 1940s, which was especially pronounced 
in LPS. δ15N declined in both lakes to − 1‰ in the 
topmost sample (Fig. 3).

C% in the Paione lakes was 4–5% in the beginning 
of the studied period. Around 1700 CE, C% increased 
to 7.5% followed by a decline to 4% by 1800 CE. This 
was followed in both lakes by a C% increase to 5% 
around 1900 CE, followed by a decrease to nearly 
3% in LPS and 4% in LPI in the 1940s (Fig. 3). After 

an increase to 5% in the 1960s in both lakes, C% 
increased to 6% in LPS and decreased to 4% in LPI. 
Patterns in N% were similar to those of C%.

The mean C/N atomic ratio was 12.9 in LPI and 15 
in LPS. In LPS, C/N ratios were highly variable but 
showed an overall declining trend from ratios around 
16 to ratios around 13 at the sediment surface (Fig. 3). 
In LPI, C/N ratios were relatively steady between 
12.5 and 14 over the studied period and had the low-
est C/N ratios around the mid-eighteenth century.

Sediment inferred CHLa patterns were simi-
lar between the Paione lakes but LPI had a higher 
mean concentration (0.02 mg  g−1) compared to LPS 
(0.01  mg  g−1; Fig.  3). CHLa showed few consistent 
trends in the lower sections of the sediment cores but 
a subtle increase was observed in both lakes begin-
ning around the 1940s towards the topmost samples. 

Fig. 3   Analysed geo-
chemical proxies from the 
Paione lakes’ sediment-
cores. Stable isotopes of 
carbon and nitrogen (δ13C 
and δ15N), carbon content 
(C%), UV–Vis inferred 
chlorophyll derivatives (CD 
µg/g C org−1) and VNIR 
spectroscopically inferred 
chlorophyll-a (CHLa mg 
L−1), carbon and nitrogen 
ratio (C/N atomic ratio), 
nitrogen content (N%) and 
inferred lake-water total 
organic carbon (TOC mg 
L−1)
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A steep increase near the surface could be at least 
partially related to diagenetic processes, which gen-
erally occur during the first decade after deposition 
(Rydberg et al. 2020).

Previous applications of VNIR spectroscopy to 
sediment records showed that inferred TOC trends 
closely correspond to trends of water-chemistry 
monitoring data, highlighting the ability of the tech-
nique to track long-term TOC trends (Meyer-Jacob 
et al. 2017, 2019). However, absolute concentrations 
should be interpreted with care because they are fre-
quently over/underestimated compared to measured 
data. In Paione lakes, contemporary TOC levels are 
overestimated by ~ 2 to 3  mg L−1 (Table  1; Fig.  3). 
After ca. 1700 CE, LPS showed an increase of TOC 
before starting to decline in the 1940s (Fig.  3). LPI 
showed a decline of inferred TOC around 1850 CE 
and an increase in the 1940s. After the 1940s, lake-
water TOC concentrations decreased with lowest 
value around 2000 CE. In the topmost sample, TOC 
showed a subtle increase in both lakes (Fig. 3).

Contemporary habitat samples from high irradiance 
littoral zone

In LPS, habitat samples consisted of epilithon sam-
ples from three different depths (30, 80, 130 cm). LPI 
had similar epilithon samples and additional epiphy-
ton habitat samples from 30 and 70 cm depths. The 
aim with these samples was to support the inter-
pretation of the sediment data by detecting diatom 
taxa and traits in the main habitats of the lakes that 
are likely tolerant to high UV radiation. In the epili-
thon samples of LPS, the dominant functional group 
was L2 (49–55%) followed by L3 (19–20%) and M5 
(6–13%). Other functional groups observed were 
present in smaller relative abundances (0–5%). Com-
monly observed diatom taxa were Psammothidium 
marginulatum (L2), P. helveticum (L3) and Pinnu-
laria microstauron (M5).

In the epilithon samples of LPI, dominant func-
tional groups were L1 (30–41%), L2 (14–18%), 
L3 (8–20%), H4 (8–12%) and M3 (7–13%). Other 
observed functional groups were present in small rel-
ative abundances (0–6%).

Same diatom functional groups as in epilithon-
habitat samples dominated in epiphyton samples, 
including L1 (18–23%), L2 (18–24%), L3 (6–20%), 

H4 (8–12%) and M3 (7–8%). Other observed func-
tional groups represented 0–10%.

Commonly observed diatom taxa in both LPI habi-
tat types were Brachysira vitrea (L2), Achnanthidium 
minutissimum (L1), Psammothidium microscopicum 
(L1), P. helveticum (L3) and Fragilaria arcus (H4).

Diatom functional group stratigraphy

Paione Superiore

Among the functional groups representing at least 1% 
of total taxa abundance of the identified diatoms from 
LPS, taxa of the high group (H) were represented in 
size classes 1, 2, 4 and 5, taxa of the low group (L) 
in size classes 1–4, taxa of the motile group (M) in 
size classes 2, 4 and 5, and taxa of the planktic group 
(P) in size class 2 (Fig.  4). The full list of analysed 
diatom taxa with corresponding functional group is 
provided in Supplementary Table  2 and the diatom-
species stratigraphy of LPS is provided in Supple-
mentary Fig. 3.

For the high groups (i.e., taxa with a long stature 
and more vulnerable to physical disturbance), the 
common size classes were relatively stable through-
out the studied period (H1 relative abundance 0–8%, 
H2 1–10%, H4 4–12%, H5 0–6%; Fig. 4). The most 
common high group taxa were Encyonema silesiacum 
(H4), Eunotia exigua (H1), E. intermedia (H2) and E. 
praerupta (H5).

Two of the low group (i.e., taxa tolerant to physi-
cal disturbance and low nutrient concentrations and 
tightly attached to their substrate) size classes, L1 
and L2, were represented as smaller relative abun-
dances through the core (2–9% and 0–3%, respec-
tively), whereas L2 and L3 had a higher relative share 
(5–22% and 10–31%, respectively). L2 had small 
peaks up to 10% around ca. 1600 CE and up to 17% 
ca. 1950 CE followed by a decline to 8% in the 1980s 
(Fig. 4). During the 2000s, L2 represented 20% of the 
functional groups. L3 peaked at 29% in ca. 1540 CE, 
followed by a decline to 10% around 1890 CE, and 
then increasing again to 27% in ca. 1790 CE. Around 
1890 CE, L3 declined to 12% and peaked again in the 
1970s reaching 17%. From the 1980s to the present, 
L3 declined to 16% (Fig.  4). Frequently observed 
low group species were Psammothidium helveti-
cum and its varieties (L3), P. marginulatum (L2), P. 
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microscopicum (L1), P. scoticum (L1), Encyonopsis 
cesatii (L4) and Cymbella gaeumannii (L2).

Motile groups M2 and M4 were present at rela-
tive abundances of 4–10% and 1–6% throughout the 
sediment core (Fig.  4). Group M5 was represented 
as relative abundance of 9 to 49%. The highest abun-
dance of 49% occurred around 1610 CE and was fol-
lowed by a gradual decline to 20% in ca. 1860 CE. 
In ca. 1890 CE, M5 increased to 45% and since then 
declined reaching its lowest abundance of 9% in the 
topmost sample representing present time. Common 
identified motile groups taxa were Pinnularia micro-
stauron (M5), Neidium alpinum (M2), N. ampliatum 
(M5) and N. affine (M4).

The planktic group P2 was represented from 0 to 
29% in the sediment core. Since ca. 1790 CE, P2 was 
present at 1 to 5% and after the 1970s started to rap-
idly increase reaching its highest relative abundance 
of 29% in the top most sample (Fig.  4). The most 
common species observed were Aulacoseira nivalis 
(P2), A. alpigena (P2) and A. lirata (P2).

Paione Inferiore

Among functional groups representing at least 1% of 
total taxa abundance of the identified diatoms from 
LPI, the high group (H) was present in size classes 
2–4, the low group (L) in size classes 1–3, the motile 
group (M) in size classes 1–5, and the planktic group 
(P) in size class 5 (Fig.  5). The full list of analysed 
diatom taxa and the corresponding functional group 
is provided in Supplementary Table  2 and species 
stratigraphy of LPI is provided in Supplementary 
Fig. 4.

The high group with its classes was observed 
throughout the sediment core (H2 4–12%, H3 
1–6%, H4 4–11%; Fig. 5). Common high group taxa 
observed were Fragilaria capucina and its variations 
(H2), Fragilaria arcus (H4), Gomphonema parvulum 
(H4), and Eunotia naegelii (H4).

L1 was the dominant group representing rela-
tive abundance of 19–47% in the sediment core. L1 
showed peaks of 47% in ca. 1900 CE and the 1960s. 
After this it declined to 22% in the ca. 1990s and 
then increased to 37% in ca. 2015 CE but declined 

Fig. 4   Stratigraphic diagram of relative abundances (%) of the 
most common functional diatom groups representing at least 
1% of total abundance of LPS’s sediment core as a function of 

sediment age (CE). Letter in the abbreviation stand for name of 
the group (i.e., H = high, L = low, M = motile, P = planktic) and 
number for size class (1–5) based on diatom-cell biovolume
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in the topmost sample to 19% (Fig.  5). L2 was rep-
resented in smaller amounts (3–18%) compared to 
L1 (19–47%) but followed generally similar patterns 
with the exception that L2 reached its highest abun-
dance of 18% in the topmost sample. L3 and L5 were 
represented as smaller amounts (2–10% and 1–10%, 
respectively). L3 had a peak of 10% in the ca. 1980s 
followed by a decline to 2% in the topmost sample. 
L5 was present throughout the sediment core as 2–4% 
with the exception of a peak of 10% in the topmost 
sample (Fig.  5). Commonly observed taxa were 
Achnanthidium minutissimum (L1), Psammothidium 
microscopicum (1), P. helveticum (L1), P. subato-
moides (L2), Brachysira vitrea (L2), Amphora libyca 
(L5) and Cymbella proxima (L5).

Groups M1 and M2 represented relative abun-
dances of 0–3% and 0–4%, respectively. M3, M4 and 
M5 had larger share of 5–14%, 4–11% and 3–16%, 
respectively (Fig.  5). Common observed taxa were 
Pinnularia microstauron (M5), Stauroneis neohya-
lina (M3), Navicula cryptotenella (H3), Nitzschia 
recta (H4) and N. palea (H3).

P5 was represented as 1–12% in the sediment core. 
It had peaks of 11% in ca. 1900 CE, 12% in ca. 1990 
CE and 10% in the topmost sample (Fig. 5). Common 
observed taxa were Aulacoseira valida (P5) and A. 
nivaloides (P5).

Paione Superiore PCA

Principal component 1 (PC1) explained 57.5% of 
variation of the LPS’s analysed sediment depths and 
diatom functional groups and principal component 
2 (PC2) explained 13.2% of the variation (Fig.  6). 
Sediment inferred lake-water TOC, δ15N and δ13C 
values had positive correlations with PC1 (R = 0.86; 
p < 0.001, R = 0.93; p < 0.001 and R = 0.87; p < 0.001, 
respectively) and sediment inferred CHLa had a nega-
tive correlation (R = −0.79; p < 0.001). PC2 did not 
have significant correlations with the geochemical 
proxies.

Fig. 5   Stratigraphic diagram of relative abundances (%) of 
the most common functional diatom groups representing at 
least 1% of total abundance of LPI’s sediment core as a func-
tion of sediment age (CE). Letter in the abbreviation stand 

for the name of the group (i.e., H = high, L = low, M = motile, 
P = planktic) and number for size class (1–5) based on diatom-
cell biovolume
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Paione Inferiore PCA

Principal component 1 (PC1) explained 27.9% of the 
variation of the LPI’s analysed sediment depths and 
diatom functional groups and principal component 2 
(PC2) explained 18.1% of the variation (Fig. 6).

Sediment CHLa, N%, and C% had positive corre-
lations with the main axis PC1 (R = 0.75, p < 0.001; 
R = 0.66, p < 0.001; R = 0.66, p < 0.001, respec-
tively). Sediment inferred lake-water TOC and δ15N 
had a negative correlation with PC1 axis (R = −0.62, 
p < 0.001; R = −0.73, p < 0.001). PC2 axis had signif-
icant negative correlations with CHLa, N% and C% 
(R = −0.41, p = 0.04; R = −0.43, p = 0.03; R = −0.46, 
p = 0.02, respectively).

Discussion

Impacts of anthropogenic pressures on Paione lakes’ 
underwater light availability and UV radiation

The distinct decline in lake-water TOC levels (Fig. 3) 
during the post-industrial era suggests increased UV 
exposure and underwater light availability in the 
Paione lakes during the past century, and particularly 
from the 1940s onward, confirming our hypothesis 
(i). Lake-water DOC, the main component of inferred 
lake-water TOC (Meyer-Jacob et al. 2017) is mainly 
controlling underwater light availability (Williamson 
et  al. 2009) and even a small decrease, particularly 
in the allochthonous fraction, can lead to significant 
increases in UV exposure in lake ecosystems where 
the baseline organic carbon concentrations are low 
(Schindler et al. 1996; Laurion et al. 1997). In trans-
parent, shallow alpine lakes, this may lead to a situ-
ation where UV radiation reaches even the bottom 
parts of lakes leaving aquatic organisms without a 
possibility to escape the harmful irradiance (Schin-
dler et al. 1996). The role of light in these ecosystems 
is complex, as PAR fuels life and carbon seques-
tration through photosynthesis, but especially the 
shorter wavelength UV radiation has adverse effects 
on primary production through photoinhibition (Tan-
abe et al. 2019) and it modifies lakes’ dissolved car-
bon pools by increasing carbon availability for micro-
bial degradation (Nevalainen et al. 2020).

The geochemical data indicate that the steep 
decline in TOC around the 1940s is primarily a con-
sequence of declining terrestrial carbon inputs. C/N 
ratios were generally elevated deeper in the sediment-
cores, indicative of higher contribution of terres-
trial organic carbon (Meyers 1994), compared to the 
recent period characterized by declining lake-water 
TOC. In addition, the sediment chlorophyll concen-
trations, indicative of aquatic primary production, 
showed a subtle increase in both lakes coincident with 
the declining trend in lake-water TOC (Fig. 3). Due to 
differences in optical characteristics, carbon from ter-
restrial sources absorbs light and UV radiation more 
efficiently compared to carbon from aquatic primary 
production (McKnight et al. 1997; Sommaruga et al. 
1999). A decrease in terrestrial carbon input could 
be related to acidification reducing organic carbon 
mobility in catchment soils (Evans et al. 2012).

Fig. 6   Principal component analysis (PCA) of LPS’s most 
common diatom functional groups representing at least 1% of 
total abundance and estimated sediment ages (CE). Letters in 
the abbreviation stand for the name of the group (i.e., H = high, 
L = low, M = motile, P = planktic) and number for size class 
(1–5) based on diatom-cell biovolume
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Considering the timing of the lake-water TOC 
decline in the ~ 1940s in the Paione lakes (Fig.  3), 
the pattern is likely related to acidification, which 
has caused widely observed decreases in lake-water 
DOC/TOC levels in lakes subjected to atmospheric 
acidifying inputs (Meyer-Jacob et  al. 2019). In the 
earlier reconstructions of the pH of LPS, the onset of 
acidification occurred in the ~ 1930s (Guilizzoni et al. 
1992, 1996). The PCA analysis (Figs. 6, 7) also sug-
gests a pronounced impact of anthropogenic acidi-
fication and pH decline in LPS as the time periods 
before and after the onset of the acidifying emissions 
were plotted on the opposite sides along the main 
axis. In the PCA analysis of LPI (Fig.  7), a similar 
distinct pattern was not seen. Changes in long-term 
TOC trends have been observed in other relatively 
well-buffered systems without an acidification history 
(Hruska et al. 2009; Meyer-Jacob et al. 2019). Acidic 
deposition can change soil organic matter solubility 
and thus mobility through its effects on soil acidity 
and ionic strength of the soil solution (Monteith et al. 
2007). This may explain the similar declining TOC 
trends in both Paione lakes, even though LPI has not 
undergone a pronounced pH decline as LPS.

The distinct decreasing trend in sediment δ15N 
values in the Paione lakes after the ~ 1940s could as 
well be related to industrial emissions (Fig.  3), as 
declines in δ15N have been associated with increased 

anthropogenic reactive nitrogen deposition (Enders 
et al. 2008, Holtgrieve et al. 2011). The low observed 
values of the δ15N values are consistent with recent 
findings that the area still receives relatively high con-
centrations of nitrogen input, regardless of the mitiga-
tion of industrial emissions since the 1980s (Rogora 
et  al. 2016). However, other processes likely con-
tributed to the sustained decline in δ15N particularly 
over the past couple of decades since the levels of 
nitrogen deposition measured at nearby meteorologi-
cal stations have remained relatively stable. Post-dep-
ositional alteration may be one factor as diagenetic 
processes have been shown to shape δ15N profiles in 
sediment organic matter (Gälman et al. 2009). Moreo-
ver, investigation of the lake-water TOC, which has 
not increased back to pre-industrial levels in either 
lake, suggests that the Paione lakes may not have fully 
recovered from the earlier acidifying deposition, even 
though modern measurements indicate that acidifying 
sulphur emissions in the area have decreased (Rogora 
et al. 2016).

Based on the geochemical data (Fig.  3), Paione 
lakes’ lake-water carbon pools have undergone dis-
tinct changes because of anthropogenic acidification. 
Indications of the effects of warming climate on the 
lakes’ carbon dynamics were more difficult to discern 
and could be either muted by or intertwined with the 
effects of acidification. The gradual increasing trends 
in both δ13C values and sediment CHLa and CD in 
LPI could indicate a slight increase in overall primary 
production (Meyers 2003) over the past centuries 
(Fig.  3). In LPS, the decline in δ13C values starting 
after the ~ 1940s (Fig.  3), observed with a parallel 
increase in planktic diatom life-forms (Fig.  4), may 
together point to increased pelagic primary produc-
tion that tends to yield more 13C-depleted organic 
matter compared to benthic algae with diffusion-
limited carbon uptake (Meyers 1994; Hecky and Hes-
slein 1995). In LPI, primary production has remained 
mainly benthic (Fig.  5) as suggested by the lower 
δ13C values (Fig.  3) typical of benthic primary pro-
duction mixed with terrestrial organic matter signal 
(Meyers 1994; Hecky and Hesslein 1995).

Catchment greening above the tree line related to 
increased summer temperatures has been observed 
widely in the Alps during the past decades, how-
ever, the patterns have not been uniform (Choler 
et al. 2021). The most pronounced greening has been 
observed on the northern slope of the Alps in the very 

Fig. 7   Principal component analysis (PCA) of LPI’s most 
common diatom functional groups representing at least 1% of 
total abundance and estimated sediment ages CE. Letters in 
the abbreviation stand for the name of the group (i.e., H = high, 
L = low, M = motile, P = planktic) and number for size class 
(1–5) based on diatom-cell biovolume
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scarcely vegetated areas (Choler et al. 2021), whereas 
the Paione lakes are located on the southern slope. 
The non-uniform distribution of the greening and the 
location of Paione lakes could explain why evidence 
of lake-water browning linked to catchment green-
ing were not found in the geochemical proxies, even 
though the lakes are in a sensitive ecotonal area just 
above the tree line.

Anthropogenic climate warming is projected to 
exceed a global temperature rise of 1.5–2  °C com-
pared to pre-industrial era within the twenty-first 
century, unless remarkable CO2 reductions are made 
within the upcoming few decades (IPCC 2021). 
The timberline in the greater Alpine region, cur-
rently situated at 1880 m a.s.l., is projected to move 
higher up between 2120 and 2820  m by the end of 
the twenty-first century, depending on the GHG sce-
nario used (RCP 2.6, RCP 8.5, respectively; Rubel 
et al. 2017). Based on the projections, anthropogenic 
warming will have major effects on the vegetation of 
the Alpine region in less than 100 years. In addition 
to direct impacts of climate warming on mountain 
lakes, the changes in the catchment can cascade to the 
tightly catchment-connected lakes in similar altitudes 
as the Paione lakes (LPS, 2269 m a.s.l, LPI 2002 m 
a.s.l.) For example, climate change can increase the 
terrestrial organic carbon load following warming-
induced changes in vegetation type and soil formation 
as well as by possible changes in hydrology.

UV‑tolerant diatom functional groups

Littoral zones of mountain lakes are often stressful 
environments, with diatoms inhabiting the shallow 
littoral subjected to multiple pressures in addition to 
UV exposure. Especially in LPS, intensive acid shock 
during spring snow melt (Cammarano and Manca 
1999) will likely affect diatom community composi-
tion and favor taxa tolerant to acidic conditions. The 
shallow littoral area is also characterized by high 
physical turbulence (water-level fluctuations, waves) 
and desiccation during winter (Cantonati et al. 2009; 
Leira et al. 2015).

The contemporary diatom samples from the Paione 
lakes consisted of samples of the lakes’ main habitats 
in the shallow littoral zone and were dominated by 
low guild functional group diatoms. These taxa are 
attached tightly to different substrates, often associ-
ated with the epipsammon and epilithon, and can 

tolerate physical turbulence and low nutrient condi-
tions (Passy 2007). This group has also been found to 
be indicative of earlier stages of biofilm development, 
whereas the abundance of motile and high group taxa 
have been shown to increase in well-developed bio-
films (B-Béres et al. 2016). Due to the fast regenera-
tion time of small low guild diatoms, they have the 
capacity to recover quickly after disturbances like 
water-level fluctuations (Stenger-Kovács et al. 2013). 
The motile and high group diatom taxa are more sen-
sitive to physical disturbances, but tolerant to higher 
nutrient levels compared to low group taxa (Passy 
2007). The motile group also has the competitive 
advantage of moving into more favorable positions in 
the biofilm (Passy 2007).

The same functional groups (LPS: L2, L3, M5; 
LPI: L1, L2, L3, H4, M3) dominated regardless of 
sampling depth (30–130 cm), suggesting environmen-
tal conditions being somewhat similar in this short 
depth gradient. In LPI, where epiphyton samples 
were collected in addition to epilithon samples, the 
same functional groups dominated in both habitats. 
The high guild taxa typically have long stature and 
are therefore vulnerable to turbulence, and plant sur-
faces may offer them shelter (Passy 2007). This could 
explain their occurrence in the LPI habitat samples, 
even though the observations were not limited to epi-
phyton samples. In LPS, only three functional groups 
(L2, L3, M5) and in LPI five groups (L1, L2, L3, H4, 
M3) dominated both habitat types and the rest of the 
functional groups were represented between 0 and 6% 
in all analysed habitats.

The low guild diatom taxa mainly formed the mod-
ern biofilm in the lakes with smaller proportions of 
motile and high guild taxa. Based on the community 
composition and characteristics of the observed func-
tional groups, the results suggest that physical dis-
turbance (waves, water-level changes) have impacted 
diatom community composition. In addition, low 
group taxa may be more tolerant to high solar irradi-
ance (Stenger-Kovács et  al. 2013). Even though UV 
radiation is not the only parameter limiting the occur-
rence of other diatom functional groups in the high 
irradiance littoral zone, the low guild taxa must with-
stand high UV exposure in the absence of physical 
UV refugia and given the typically limited mobility 
of low guild diatoms.
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Long‑term diatom functional group responses

Low guild diatom taxa, which showed tolerance to 
high UV radiation based on contemporary habitat 
sampling, dominated in both of study lakes across 
the past centuries. Low guild diatoms are taxa with 
short stature consisting of prostrate, adnate and erect 
diatoms typically attached to their substrate (Passy 
2007). This guild tolerates nutrient limitation in bio-
films and high physical disturbance (Passy 2007) 
and their sustained dominance in the Paione lakes is 
therefore not surprising. Diatom functional groups 
in the sediment cores mainly represented the three 
smallest size classes. Small diatom frustule size has 
been previously associated with more efficient nutri-
ent uptake and small cells may be less sensitive to 
physical disturbance (Smol et  al. 1984; Tapolczai 
et al. 2016).

Based on the diatom records (Figs.  4, 5), differ-
ences in lake resilience were apparent in the biologi-
cal communities. However, the hypothesis related to 
diatom responses to light and UV exposure (hypoth-
esis ii) could not be confirmed as the responses in 
the lakes varied despite the uniform trajectories in 
lake-water TOC. Moreover, the role of light and UV 
radiation could not be reliably distinguished from 
other drivers. Although the diatom communities of 
LPI remained almost the same throughout the studied 
period (Fig. 5), one third of the diatom community of 
LPS shifted from benthic to planktic within the past 
century (Fig. 3). The timing of this change suggests it 
is caused by anthropogenic drivers. The difference in 
responses to anthropogenic acidification in the Paione 
lakes was also evident in the PCA (Figs. 6, 7), where 
the PCA analysis of LPS showed a clear trend related 
to the onset of acidification (Fig. 6).

The most pronounced change in the Paione lakes’ 
diatom functional groups analysed from the sedi-
ment cores was the gradual increase in the plank-
tic (P2) group. A parallel and distinct decline in the 
motile group (M5) in LPS and a decline in the M2 
and M4 groups within the past decades could also be 
observed (Fig. 3). The planktic life-forms in the LPS 
sediment core were representing Aulacoseira genus, 
which has been related to turbulent and well-mixed 
water columns (Rühland et al. 2008, 2015), whereas 
motile life-forms do not tolerate turbulence well 
(Passy 2007) which could contribute to the opposite 
trends of the traits in LPS (Fig. 2). Furthermore, the 

main taxon representing the P2 group was Aulaco-
seira nivalis, which has a lower pH optimum com-
pared to the dominating taxa of the declining motile 
groups, namely Pinnularia microstauron (M5), Nei-
dium alpinum (M2) and Neidium affine (M4; Van 
Dam et al. 1994; Cameron et al. 1999). Legacy effects 
of heavy acidification in LPS could therefore be one 
of the explaining factors behind the increase of the 
P2 group. The M5 group, namely P. microstauron, 
showed an increasing trend in the early seventeenth 
century followed by a decline (Fig.  4). Therefore, it 
is possible that the decreasing trend within the past 
century is related to other environmental factors (like 
localized plant or moss growth), which were not mon-
itored in this study.

Aulacoseira taxa are tychoplanktonic and able 
to live also in benthic habitats. Since the ice cover 
melts first from the shoreline of lakes, the plasticity 
of Aulacoseira taxa may have given them competi-
tive advantage during earlier ice-offs and also cli-
mate warming-induced longer growing season, here 
inferred from the subtle increase in primary produc-
tion, could have been favorable for planktic life-form. 
Additionally, as an acidophilic taxon, Aulacoseira 
nivalis would not suffer from snow melt-induced 
acid shock during spring, which has been especially 
pronounced in LPS (Cammarano and Manca 1997). 
Even though the lake-water pH in LPS has increased 
during the past decades (Supplementary Fig.  1), the 
relative abundances of the acidophilous Aulacoseira 
taxa of the P2 group have continued to increase. Bio-
logical recovery of lakes from severe acidification is 
often slower compared to the chemical recovery, and 
biological communities may not recover in the same 
state that they were before acidification (Keller et al. 
2019). Previous diatom studies from acidified regions 
have shown that recovery to pre-disturbance assem-
blages is rarely happening (Sivarajah et al. 2017).

Shifts in diatom communities linked to limnologi-
cal changes associated with climate-warming effects 
(e.g., changes in snow regime, shortening of ice-cover 
period, increased habitat availability, changes in ther-
mal stability) are widely observed phenomena (Rüh-
land et  al. 2008, 2015; Griffiths et  al. 2017). Con-
trary to our findings, earlier lake studies have often 
found increases in small cyclotelloid diatoms concur-
rent with Aulacoseira declines as a consequence of 
warming-related strengthening of thermal stratifica-
tion in lakes (Sorvari et al. 2002; Rühland et al. 2008, 
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2015; Edlund et al. 2022). However, the Paione lakes 
are not stratified and tychoplanktonic Aulacoseira 
could be expected to benefit from habitat expansion 
due to longer open water season and increased wind 
exposure leading to well mixed water column. The 
increase in planktic Aulacoseira found in LPS may be 
therefore linked to a climate warming-driven transi-
tion from a mainly benthic community to one sustain-
ing also planktic life-forms (Smol 1988).

In seasonally snow-covered ecosystems, earlier 
snow melting and rapid flushing during spring affects 
a lake’s hydrology, as well as the nutrient and carbon 
dynamics through transportation of nutrients, acidic 
compounds and DOC (Miller and McKnight 2015; 
Sadro et al. 2018). The increase in tychoplanktic Aul-
acoseira may be expected with warming, but it could 
also be driven by a combination of increased N dep-
osition and warming (Oleksy et  al. 2020). The δ15N 
trends (Fig. 3) suggested anthropogenic N deposition 
has reached the Paione lakes during post-industrial 
era, but the concentrations of analysed lake-water 
NO3 showed no increase within the monitoring period 
1984–2020 (Supplementary Fig. 1) indicating that at 
least the recent increase of Aulacoseira from 20 to 
30% within the past two decades in LPS is not driven 
by increased overall nutrient input (Supplementary 
Fig. 1). Aulacoseira could also benefit from increased 
flushing of catchment silicates though modern meas-
urements (1984–2020) of dissolved silica provide no 
evidence of increasing trends (Supplementary Fig. 1). 
The modern measurements of NO3 and silica were 
conducted in late autumn and thus do not exclude the 
possibility of warming-induced changes in the timing 
of snow melt and related nutrient pulse with possi-
bly increasing flushing rates due to rapid snow melt, 
which also could contribute to the increase of spring 
blooming Aulacoseira. However, the gradual increase 
of Aulacoseira during the last century (Fig. 4) likely 
carries a signal of the earlier atmospheric deposi-
tion and related acidification coupled with the multi-
ple effects of the accelerating anthropogenic climate 
warming.

Conclusions

We tracked a decline in lake-water TOC over the past 
century, which was followed by a recent increasing 
trend within the past two decades. This trend is likely 

linked to anthropogenic acidification and subsequent 
recovery of the lakes following emission mitigation, 
which was supported by long-term monitoring data. 
However, the TOC levels are still low compared to 
the pre-industrial era. The results of the sedimentary 
C/N ratios and CHLa suggest that underwater light 
availability and UV radiation have increased within 
the past century driven by the decline in terrestrial 
TOC inputs.

Even though the Paione lakes can be considered 
sensitive to climate warming, the warming-induced 
changes were subtle. The results suggest that multi-
ple anthropogenic pressures (climate warming, for-
mer acidification) are driving the diatom community 
towards planktic functional groups in the lake situated 
at higher altitude (LPS), whereas the diatom commu-
nity in the lake located at lower altitude (LPI) with 
a larger catchment and better buffering capacity did 
not show remarkable changes within the study period. 
The exact role of light availability and UV exposure 
as a driver of diatom functional group distributions 
could not be distinguished, but the dominance of low 
guild diatoms in the contemporary habitats in the 
shallow littoral zone as well as in the sediment cores 
suggests that the low guild is tolerant to high UV 
radiation and the other stressors in the littoral zones 
of these lakes (physical disturbance, and acid shock 
during spring in LPS).

The study benefited from the combination of con-
temporary diatom sampling with a long-term pale-
olimnological perspective, as well as the assessment 
of diatom responses at various levels of organization 
(species, genus, functional group). The combination 
of these data with multiproxy geochemical analy-
sis helped reveal the impacts of the multiple anthro-
pogenic pressures on the lakes’ development during 
the post-industrial era. However, resolving the role of 
underwater light in driving diatom functional group 
distributions will need further studies to separate the 
tightly intertwined effects of changing availability of 
habitats and light.
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