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Abstract 16 

Increased cultural eutrophication since the 20th century, caused by phosphorus (P) 17 

enrichment, has become a major problem worldwide. In deep, stratified lakes, eutrophication-18 

induced hypolimnetic anoxia often stimulates the release of labile P from the sediment into the 19 

water column. This positive feedback, termed internal P loading, maintains or even 20 

accelerates eutrophication. However, most studies on internal P loading have focused on 21 

recent times. Little is known about whether such positive feedbacks caused by labile P release 22 

from sediments also played a role under natural conditions with little or no human impact. We 23 

investigated a high-resolution 15,000-year sediment record of paleoproduction, anoxia, and 24 
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five sedimentary P fractions from a small, deep lake, Soppensee, on the Swiss Central Plateau. 25 

We estimated long-term qualitative internal P loading by comparing the Holocene record of 26 

diatom-inferred epilimnetic total P (DI-TP) concentrations with labile P fraction (Fe-P) 27 

concentrations in sediments under changing trophic state, redox, and lake mixing regimes. 28 

Intensified P cycling from sediments into the water column (enhanced internal P loading) 29 

apparently occurred as a positive feedback to natural eutrophication with persistent bottom-30 

water anoxia during the early to mid-Holocene (~9000–6000 cal BP). However, this positive 31 

feedback was not inferred for other eutrophic phases. Fe-rich layers formed during seasonal 32 

mixing of the lake in the late Holocene (~2000–200 cal BP) and magnetite-type minerals 33 

produced by magnetotactic bacteria (MTB) internal P loading during anoxic phases in the mid- 34 

to late Holocene (~6000–2000 cal BP) appeared to prevent internal P loading. MTB presence 35 

resulted in high concentrations of potentially labile Fe-P in sediments. Our study demonstrates 36 

the potential contribution of internal P loading during long-term natural eutrophication of deep 37 

stratified lakes and has wide implications for lake management and restoration. Our results 38 

highlight the importance of the coupled geochemical cycles of P and Fe in the long-term 39 

trophic state evolution of stratified, ferruginous, low-sulfate-water lakes, conditions that have 40 

been reported to serve as analogs for the Archaean Ocean. 41 

Key words: Internal phosphorus loadings; natural eutrophication; anoxia; Late 42 

glacial/Holocene; Paleolimnology; Switzerland 43 

1. Introduction  44 

Human-induced eutrophication since the 20th century, also known as cultural eutrophication, 45 

has become a major environmental threat to freshwater ecosystems worldwide. It can create 46 

toxic algae blooms and result in deep-water hypoxia or even anoxia among other adverse 47 

effects (Paerl, 1988). In most cases, lake eutrophication is attributed to excessive phosphorus 48 

(P) inputs from either external or internal loads because P is often the limiting nutrient for lake 49 

primary production (Worsfold et al., 2016). There is increasing recognition that lake internal P 50 

loading (i.e. P released from sediments into the water column) can trigger a positive feedback 51 
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of eutrophication, delaying lake recovery after reducing external P loadings (Orihel et al., 2017). 52 

This holds particularly true for seasonally stratified, deep lakes, in which hypolimnetic anoxia 53 

caused by thermal and/or eutrophication-related biochemical stratification is expected to 54 

trigger effective P recycling from surface sediments back into the water column (Lepori and 55 

Roberts, 2017; Tu et al., 2019). Hypolimnetic anoxia or meromixis-induced sediment-P 56 

release in deep eutrophic lakes has received increasing attention (Cyr et al., 2009; Nürnberg 57 

et al., 2018). In stratified eutrophic lakes, the mineralization of organic matter (OM) tends to 58 

cause depletion of dissolved oxygen in deep waters, leading to the reductive dissolution of Fe 59 

oxyhydroxides and release of adsorbed P back into bottom waters (Steinsberger et al., 2017). 60 

Studies in two seasonally stratified eutrophic lakes in Switzerland (Tu et al., 2019; 2020) have 61 

demonstrated that enhanced internal P loading and P recycling lead to a depletion of labile P 62 

in sediments. 63 

Besides such anthropogenic drivers as residential, industrial, and agriculture discharges, 64 

natural drivers can also be responsible for lake eutrophication and hypolimnetic anoxia in deep 65 

lakes. For example, higher lake surface temperatures caused by climate warming very likely 66 

prolong the growing season for phytoplankton and thus strengthen stratification, ultimately 67 

leading to an elevated and growing risk of eutrophication and anoxia in deep lakes (Straile et 68 

al., 2003). Furthermore, temperate deep lakes in Europe have mostly been found to be 69 

naturally nutrient-rich as a consequence of their geological or geomorphological settings and 70 

ontogenesis (Kirilova et al., 2009; Makri et al., 2020; Sanchini et al. 2020).  71 

For decades, many researchers have investigated the potential of sediment-P release using 72 

different P fractions in sediments and their potential bioavailability (Gao et al., 2005; Kapanen, 73 

2008). Net burial of labile P fractions in sediments, in combination with productivity, redox, and 74 

lake mixing proxies, might shed light on P cycling and internal P loads as well as feedbacks 75 

in the past prior to human influence. However, most of the empirical and modeling research 76 

dealing with internal P loading has focused on timespans of a few decades (Katsev and Dittrich, 77 

2013) and on shallow, polymictic, well-oxygenated lakes (Søndergaard et al., 2001). There 78 
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remains a lack of long-term (i.e., Holocene and longer) records of sediment-P fraction retention, 79 

eutrophication, and anoxia history, in particular in stratified, deep lakes. This has hampered 80 

efforts to reliably test whether past internal P loading and related positive feedbacks sustaining 81 

eutrophication also operated on long time scales under natural or early-anthropogenic-impact 82 

conditions. 83 

Soppensee is an ideal site to study this question because it is a deep, eutrophic lake that 84 

possesses a sediment record with annual laminations (varves), and its sediments therefore 85 

have an exceptionally good chronology. Moreover, a record of diatom-inferred epilimnetic total 86 

P (DI-TP) concentrations is available for the entire Holocene (Lotter, 2001), which provides 87 

quantitative information about the past lake-water P concentrations.  88 

In this study, we aimed to answer three research questions: 1) How did concentrations of 89 

different P fractions in Soppensee sediments and internal P loading of the lake vary during the 90 

periods before human disturbance? 2) What was the relationship through time between 91 

concentrations of labile P forms in sediments and both diatom-inferred water-column TP (DI-92 

TP) concentrations and pigment-inferred lake primary production? 3) Did eutrophication-93 

driven hypolimnetic anoxia promote internal P loading, as reflected by concurrent low 94 

concentrations of labile P fractions in sediments and elevated DI-TP values? To answer these 95 

questions, we combined a Holocene high-resolution paleoproduction and anoxia record with 96 

a record of five sediment P fractions and DI-TP concentration data. If DI-TP is assumed to be 97 

an unbiased estimate of the epilimnetic total P, then this approach enables us to investigate 98 

the relationship between epilimnetic total P concentrations and sedimentary labile P fraction 99 

concentrations under changing primary production and lake mixing regimes throughout the 100 

Holocene. We hypothesize that differences between the DI-TP and sediment labile P records 101 

enable qualitative inferences of internal P loading that indicate a positive feedback of natural 102 

eutrophication.  103 

2. Study site  104 
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Soppensee is a small, hard-water lake situated on the Swiss Central Plateau at 596 m above 105 

sea level (47°05'30"N, 08°05'E). This kettle-hole lake was formed after the retreat of the Reuss 106 

glacier at the end of the last glaciation (Lotter, 1989). It has a small surface area (0.227 km2) 107 

relative to its maximum water depth (Zmax =27 m; the relative depth = ~5%). The lake does not 108 

have surface inflows and is mainly fed by groundwater and seasonal surface run-off with 109 

negligible detrital inputs from a small calcareous sandstone catchment of 1.6 km2. The outflow 110 

leaves the lake in the northwest (Fig. 1b). The water volume amounts to 2.9 × 106 m3 with a 111 

residence time of ~ 3.1 years (Fischer, 1996).  112 

Soppensee sediments are characterized by well-preserved varves that provide a continuous 113 

record of most of the Early-Mid Holocene and part of the Late glacial (Lotter 1989). The 114 

sediments are very well dated with varve counting paired with 14C dates (Hajdas and 115 

Michczyński, 2010) and provide an excellent archive for chironomids (Hofmann, 2001), pollen 116 

(Lotter, 1999), and diatoms (Lotter, 2001). According to the DI-TP concentrations record, 117 

Soppensee remained meso- to eutrophic throughout the Holocene (Lotter, 2001). Today, the 118 

lake is classified as eutrophic to hypertrophic with lake-water total P concentrations in the 119 

range of 50–116 μg L-1 (Müller et al., 1998). Currently, Soppensee is holomictic with strong 120 

thermal and chemical stratification and hypolimnetic anoxia in summer (Gruber et al., 2000). 121 

Mixing mostly occurs in fall and winter.  122 

The catchment area of Soppensee is farmed intensively, with arable and pastoral uses 123 

accounting for 82% of the catchment area and wooded areas representing 12% (Langenegger 124 

et al., 2019). The wooded areas are composed of mixed forest dominated by Picea abies 125 

(spruce; planted) and Fagus sylvatica (beech). A temperate and oceanic climate prevails in 126 

the region, with July (~17.6 °C) the warmest month and January (~ -0.3 °C) the coldest. 127 

3. Materials and methods 128 

3.1. Sediment sampling and chronology 129 
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In August 2008, several UWITEC piston cores with overlapping sequences were retrieved 130 

from the deepest part of the lake at a water depth of 27 m (47°05'26.6"N, 08°04'49.4"E; Fig. 131 

1a, b). After core collection, the cores were tightly sealed and stored in a cold room at 4°C 132 

before opening. In 2019, the cores were split lengthwise in two halves, A and B, and the 133 

oxidized surfaces were described according to Schnurrenberger et al. (2003). The A-half cores 134 

were used for visual correlation and non-destructive scanning techniques including x-ray 135 

fluorescence (XRF) and hyperspectral imaging (HSI). The B-half cores were subsampled for 136 

destructive geochemical analysis such as pigment analysis and P extraction. The composite 137 

core So08-3 examined in this study was assembled from three overlapping cores based on 138 

stratigraphic marker layers and XRF data correlation. The composite sequence has a total 139 

length of 571 cm, covering the past ~15,000 years (Fig. 1c). The chronology of core So08-3 140 

is based on the correlation of XRF data and sedimentary marker layers to core So08-01/2 141 

dated by Hajdas and Michczyński (2010) and van Raden (2012) using 42 tie points (see Table 142 

S1 and Fig. S1 in supplementary material).   143 

3.2. Sediment lithology 144 

Previous research (Hajdas and Michczyński, 2010; Kind et al., 2012; Gierga et al., 2016) has 145 

shown that the uppermost ~6 m sediments of Soppensee are organic-rich lacustrine deposits 146 

that are divided into six sedimentary units (A to F) based on lithological characteristics.  147 

Unit A (571–548 cm in Core So08-3; Fig. 1c) contains detrital deposits with light-grey silty 148 

clays deposited between ~15,115 and 13,800 cal BP during the deglaciation of the Swiss 149 

Plateau (see Gierga et al. 2016). In unit B (548–474 cm), sediments are dark-brownish and 150 

rich in organic matter and carbonates. As Fischer (1996) described, unit B is partly laminated 151 

with Fe-rich layers formed in the Late-glacial period. According to Gierga et al. (2016), unit B 152 

can be attributed to the Allerød interstadial (~13,800–12,700 cal BP) and the Younger Dryas 153 

(YD, ~12,700–11,500 cal BP). The Laacher See tephra (LST), dated to ~12,800 cal BP 154 

(Hajdas and Michczyński, 2010), is found within this unit prior to the onset of the YD. Unit C 155 

(474–350 cm) consists of continuous biogenic calcite varves formed during the early to mid-156 
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Holocene until ~6000 cal BP. In unit D (350–187 cm; ~6000–2000 cal BP), sediments are rich 157 

in organic matter with an overall very dark color. Vivid blue crystals (vivianite) are visible at 158 

some spots from parts of the oxidized core surface in unit D. Unit E (187–35 cm) represents 159 

the period ~2000–200 cal BP and consists of very faint laminations and organic-rich sediments 160 

with lighter color than unit D. The uppermost unit, F, (above 35 cm) consists of light brown 161 

sediments deposited during the last ~200 years.  162 

3.3. Geochemical methods 163 

The semi-quantitative elemental composition was measured on the fresh sediment surface of 164 

core So08-3 using an ITRAX XRF Core Scanner (Cox Ltd.) equipped with a Cr-Anode-Tube 165 

set to 30 kV and 50 mA at the Institute of Geological Sciences, University of Bern. 166 

Measurements were made at 5-mm contiguous intervals using an integration time of 30 s. 167 

Prior to scanning, the sediment surface was carefully cleaned and smoothed. All XRF data 168 

are given as total counts per area (cts). For the interpretation of selected XRF elements, Ti 169 

was used as an indicator of lithogenic content; Ca of endogenic calcite content; and Mn of 170 

water column redox conditions (van Raden, 2012).  171 

The HSI scans were made with a Specim Ltd. single core scanner equipped with a 172 

hyperspectral linescan camera (Specim PFD-CL-65-V10E) in the visual to near-infrared range 173 

(VNIR, 400–1000 nm) following the methodology in Butz et al. (2015). Parameters were set to 174 

a spatial resolution of ∼75 µm per pixel and a spectral sampling of 1.57 nm (binning of 2). 175 

Relative absorption band depth (RABD) indices were calculated to quantify the absorbance 176 

troughs caused by sedimentary chloropigments and bacteriopheophytins. The RABD567-769 177 

spectral index was retrieved from a local minimum of the absorption feature between 178 

wavelengths of 567 nm and 769 nm after the method in Schneider et al. (2018), as described 179 

in Fig. S2 of supplementary material. The RABD567-769 spectral index indicates total 180 

chlorophylls and diagenetic products in sediments, from which lake primary production can be 181 

inferred (Schneider et al., 2018; Makri et al., 2020). The RABD845 spectral index represents 182 

bacteriopheophytins a and b, a specific biomarker diagnostic for purple sulfur bacteria (PSB). 183 
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PSB are anoxygenic phototrophic bacteria that live at the chemoclines of stratified lakes with 184 

oxic–anoxic interfaces; thus the presence of PSB indicates seasonal hypolimnetic anoxia or 185 

meromixis in the lake with light penetration to the chemocline (Butz et al., 2016; Zander et al., 186 

2021).   187 

The pigment extraction of 32 sediment samples (1 cm slices) followed the method in Amann 188 

et al. (2014), which was applied to ~ 0.1–0.5 g freeze-dried homogenized sediments using 189 

100% acetone (HPLC grade) solution. Pigment concentrations in extracts were determined 190 

with a Shimadzu UV-1800 spectrometer. We used the molar extinction coefficients for 191 

chlorophyll-a and chlorophyll-a derivatives (here green pigments) from Jeffrey and Humphrey 192 

(1975) and for bacteriopheophytin-a (Bphe-a) from Fiedor et al. (2002). RABD567-769 and 193 

RABD845 values were calibrated to spectrophotometrically determined concentrations (μg g-1 194 

dry sediments) of green pigments and Bphe-a, respectively, using linear regression models 195 

following Butz et al. (2015). The calibration models were validated by R2 and the root mean 196 

squared errors of prediction (RMSEP) (Fig. S3). Residual analyses of the linear calibration 197 

models (Fig. S4 and S5) revealed that three samples cause a slight tailing in the normal QQ-198 

plot (Fig. S4b and S5b) and higher leverage (Fig. S4d and S5d); a weak heteroscedastic 199 

pattern is visible in Fig. S4c and S5c. However, the Shapiro-Wilk and the Kolmogorov-Smirnov 200 

tests both indicate most likely normal distributions of the residuals for the two linear regression 201 

models; thus, the inferences from the two calibration models are valid.  202 

The sediment P fractionation procedure in this study principally followed the harmonized 203 

protocol developed by the standards, measurements and testing (SMT) of the European 204 

Commission as modified in Ruban et al. (1999) and Ruban et al. (2001) based on Williams et 205 

al. (1976). The SMT protocol consists of three independent extraction procedures and defines 206 

five P fractions: non-apatite inorganic P (P bound to Fe, Al and Mn oxides and hydroxides, 207 

hereafter referred to as Fe-P), apatite P (calcium bound P, hereafter Ca-P), inorganic P, 208 

organic P, and total P. Fe-P in sediments is a labile P source under anoxic conditions and in 209 

high pH environments (Rydin, 2000), which can be considered potentially bioavailable and 210 
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may be released from the sediments into the water column, contributing to internal P loading 211 

in lakes (Zhu et al., 2013). Fe-P includes the redox-sensitive Fe bound P (NaBD-P) in Tu et 212 

al., (2019) and is considered as the labile P form in this study. Inorganic P includes Fe-P, Ca-213 

P, and other inorganic P species in sediments. Ca-P in sediments is considered relatively 214 

stable and non-bioavailable, and organic P partly bioavailable. In this study, we focus on Fe-215 

P, Ca-P, and organic P. We made slight modifications to the SMT protocol: a) In each 216 

extraction step, we used 40 mL (instead of 20 mL) extractant (i.e., NaOH and HCl) for ~0.2 g 217 

aliquots of freeze-dried homogenized sediments. The lower dry sediment weight-to-extractant 218 

volume ratio (1:200) was to avoid the saturation limit of P released from the solid phase. b) 219 

Two 1 M NaCl rinse steps (20 mL) were added after each main extraction step. The P 220 

determined in rinsing solutions was added to the corresponding P pools to maximize the 221 

extraction efficiency. Following each extraction and rinsing step, supernatant was collected 222 

after centrifugation at 4000 rpm for 15 min at room temperature.   223 

Phosphate concentrations in all unfiltered extracts were determined spectrophotometrically 224 

with the malachite green method (Ohno and Zibilske, 1991) and the absorbance measured at 225 

610 nm (Shimadzu UV-1800 spectrophotometer). The details of the colorimetrical analyses 226 

can be found in Tu et al. (2019). Certified reference sediment material (CRM) BCR-684 was 227 

used for quality control of the analytical data and efficiency of the extraction procedure. The 228 

analytical results for BCR-684 are in good agreement with the certified contents from the 229 

certification report for the SMT procedure (Table S2).  230 

3.4. Data analysis 231 

Statistical analyses were performed using R 3.4.2 (R Core Team, 2017). The packages232 

‘ggplot2’ (Wickham, 2016) and ‘corrplot’ (Wei and Simko, 2017) were used for data analyses 233 

and visualization. Pigment concentrations data were aggregated averagely to the time 234 

resolution of P data prior to statistical analyses. Some variables are non-normal distributed 235 

(using the Shapiro-Wilks test; Royston, 1995). To investigate the relationships between 236 
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variables, Spearman's correlation analysis was performed on the centered and standardized 237 

dataset.  238 

4. Results and interpretation 239 

4.1. Time series of geochemical data 240 

Fig. 2 shows that HSI-pigment, P fractions, and XRF data exhibit distinctive features across 241 

the six stratigraphic units (A to F in Fig. 1c). The long-term phase relationship between Fe-P 242 

data and lake paleoproduction history reveals an approximately coherent pattern across the 243 

units. This coherence is confirmed by a significantly positive correlation between Fe-P and 244 

green pigments (Spearman's correlation coefficient (ρ) = 0.5, p-value < 0.05; Fig. S6b). Labile 245 

P (Fe-P) is the dominant P fraction in most periods (averagely constitutes 54% of the sum of 246 

the three P fractions; Fig. S8b). The labile P fraction exhibits a pattern very similar to total P 247 

and inorganic P over time (Fig. 2). The Fe- and Mn-rich laminae (Fischer, 1996) and calcite 248 

varves (Hajdas and Michczyński, 2010) coincide with relatively high XRF Fe and Mn counts 249 

and high Ca counts, respectively (Fig. 2). Fig. 3 shows four distinct 2-cm example sections 250 

with corresponding high-resolution HSI-pigment data from the Late-glacial (Fig. 3a and b) and 251 

Holocene periods (Fig. 3c and d). Fig. 4 primarily compares sedimentary Fe-P data with the 252 

DI-TP concentration record (Lotter, 2001) and with centennial-scale records of lake 253 

paleoproduction and anoxia. DI-TP data are not available for the Late-glacial period (units A 254 

and B) because of diatom dissolution in these sediments. Instead, we compared HSI-pigment-255 

inferred lake primary production with the Fe-P stratigraphy (Fig. 4d and f).  256 

In unit A, the deglaciation period (~15,115–13,800 cal BP; Gierga et al., 2016), green pigments 257 

and Bphe-a values remain at minimal levels, indicative of low lake primary production with a 258 

poorly stratified water column. High Mn counts (Fig. 2) imply a well-mixed water column; high 259 

Ti counts (Fig. S9) imply high quantities of lithogenic sediments. The values for the Fe-P and 260 

all the other P fractions are very low.  261 
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In unit B (~13,800–11,500 cal BP), green pigments and Bphe-a values generally increase, as 262 

do concentrations of Fe-P in sediments. The very beginning of unit B (~13,800–13,600 cal BP, 263 

latest part of the Allerød interstadial; Gierga et al. 2016) exhibits the first distinct peaks of 264 

green pigments and Bphe-a concentrations. This suggests substantially enhanced lake 265 

primary production and strongly stratified and anoxic conditions; Bphe-a values are well above 266 

the limit of quantification (9.7 μg g-1 dry sediments) for more than 40 years, which in turn 267 

suggests strongly stratified and mostly anoxic, maybe even meromictic conditions (Fig. 3a). 268 

Concurrently, Fe-P concentrations in sediments remain low during the peak of the green 269 

pigments and Bphe-a. During the remainder of the Allerød interstadial (~13,600–12,700 cal 270 

BP), lake primary production is still relatively high; Bphe-a concentrations drop to substantially 271 

lower levels, yet counts of Fe and Mn are high, which suggests seasonally oxygenated bottom 272 

waters. In the same period, Fe-P and total P concentrations in sediments increase sharply but 273 

then decrease to low values at the transition to the YD cold phase at ~12,700 cal BP. During 274 

the YD, Bphe-a is largely absent or close to the detection limit for several years (Fig. 3b), 275 

indicating consistently good oxygenation of the hypolimnion. This is also confirmed by high 276 

Mn counts (Fig. 2). Lake paleoproduction in this phase was relatively low, except for a small 277 

peak at ~12,400 cal BP. Concurrently, low values of the Fe-P are found throughout this period.  278 

Unit C is characterized by relatively high Bphe-a and aquatic production, as well as overall 279 

increased values of all P fractions in the sediments (Fig. 2). At the onset of the early Holocene 280 

(~11,500–11,000 cal BP), green pigments and Bphe-a increase rapidly to a relative maximum 281 

between ~11,200 and ~11,000 cal BP, whereas the Fe-P value is still low. Subsequently 282 

(11,000–9000 cal BP), lake primary production decreases slightly, yet Fe-P values increase 283 

slightly. In the early Holocene (11,500–9000 cal BP), Bphe-a values are clearly higher, with 284 

multiple local peaks, indicating a strongly stratified water column and sustained anoxia in the 285 

hypolimnion for most of this period. This interpretation is supported by constantly declining Mn 286 

counts in this phase (Fig. 2), suggesting less frequent mixing of the bottom water. Slightly low 287 

but increasing DI-TP concentrations from ~11,500 cal BP to 9000 cal BP coincide with 288 
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moderately low values of Fe-P (Fig. 4c and d). The following early to mid-Holocene (~9000–289 

6000 cal BP) is characterized by relatively high and increasing lake primary production and 290 

constantly elevated Bphe-a concentrations. The example section from this period (Fig. 3c) 291 

shows high concentrations of Bphe-a above the detection limit for several years, which is 292 

indicative of a strongly stratified water column under mostly meromictic conditions. The 293 

persistent anoxia in the bottom water is further supported by very low Mn counts in this period 294 

(Fig. 2). In contrast to a trend of increasing lake paleoproduction (Fig. 4f) and higher DI-TP 295 

concentrations (Fig. 4c), Fe-P values decline substantially and remain at minimal levels 296 

between ~9000 and 6000 cal BP (Fig. 4d).  297 

In unit D, from the mid- to late-Holocene (~6000–2000 cal BP), aquatic production further 298 

increases and remains high (Fig. 2). High Bphe-a well above the detection limit occurs 299 

throughout most of this unit (Fig. 2), which indicates strongly stratified conditions with anoxia. 300 

This interpretation is confirmed by constantly low Mn counts in this period. Both DI-TP and, 301 

interestingly, Fe-P records exhibit considerably increased and more variable values (Fig. 4b 302 

and c).  303 

In unit E, from ~2000 to 200 cal BP, lake paleoproduction declines slowly, and Bphe-a remains 304 

at very low concentrations overall (Fig. 2). The example section from this period (Fig. 3d) 305 

displays that Bphe-a concentrations are close to the detection limit (~9.7 μg g-1 dry sediments) 306 

for several years. This indicates the absence of a stable chemocline. The Fe- and Mn-rich 307 

laminae present in this phase (Fig. 2) most likely imply seasonal mixing of the water column 308 

with strong anoxia during the summer season. Lower DI-TP concentrations are synchronous 309 

with relatively high but continuously decreasing Fe-P values (Fig. 4c and d).  310 

In the most recent 200 years (unit F), lake primary production increased considerably; Bphe-311 

a concentrations stay at sustained minimal levels (Fig. 2), indicating the general absence of a 312 

persistent chemocline. However, Mn counts are very low in this period (Fig. 2), which still 313 

suggests seasonal hypolimnetic anoxia. DI-TP concentrations reach the highest levels, 314 

whereas sedimentary Fe-P concentrations decrease to very low values. 315 
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4.2 Centennial-scale relationship between lake primary production and sediment labile 316 

P  317 

Over the past ~15,000 years and superposed on the long-term (multi)millennial trends, at the 318 

shorter-term (centennial) time scale, there is an inverse relationship between sediment Fe-P 319 

concentrations and both lake primary production and anoxia (Fig. 4d-f). In many but not all 320 

cases, relative minima (maxima) in lake paleoproduction and anoxia tend to correspond to 321 

relative maxima (minima) of Fe-P (dashed blue and red lines in Fig. 4; Fig. S10c-e). For 322 

example, during the Late-glacial period represented by unit B, enhanced lake primary 323 

production with stronger anoxia at ~13,700 cal BP and ~12,400 cal BP coincides with relatively 324 

low values of Fe-P (see dashed red lines). In contrast, lake primary production and anoxia 325 

indicators display decreased values at ~13,500 cal BP and 13,000 cal BP, which corresponds 326 

to local peaks of Fe-P (see dashed blue lines). Similar observations can be made in other 327 

units during most of the Holocene, pointing to a negative relationship between sedimentary 328 

Fe-P and both paleoproduction and anoxia at short (multidecadal to centennial) time scales. 329 

5. Discussion 330 

5.1. Late-glacial and Holocene lake trophic state evolution and anoxia history 331 

Here we present a Late-glacial and Holocene overview of aquatic production and anoxia in 332 

Soppensee reconstructed from HSI-inferred sedimentary pigments data. Diatom assemblages 333 

and pigment concentrations are two palaeolimnological indicators commonly used to infer past 334 

changes in lake trophic status (Davidson and Jeppesen, 2013). In Soppensee, DI-TP 335 

concentrations (Lotter, 2001) displayed mesotrophic to eutrophic conditions during most of the 336 

Holocene, suggesting that Soppensee is a naturally nutrient-rich lake. Our pigment-based lake 337 

primary production record generally exhibits a pattern coherent with the DI-TP record 338 

throughout the Holocene (Fig. 4c and f). For example, both records show moderately high 339 

levels from 11,500 to 9,000 cal BP, very high levels from 6000 to 2000 cal BP, and decreased 340 
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values from ~2000 to 200 cal BP. This coherence confirms that HSI-inferred green pigment 341 

data reliably capture epilimnetic aquatic production in Soppensee.  342 

The green pigments record (Fig. 2) suggests that the lake primary production was relatively 343 

low before ~13,800 cal BP and in the YD cold phase (~12,700–11,500 cal BP), but increased 344 

as a consequence of increasing nutrient enrichment during the Allerød interstadial (~13,800–345 

12,700 cal BP) and for most of the Holocene. From ~8000 to ~3000 cal BP, early human 346 

impact was very limited and there is no evidence for strong human disturbance or extensive 347 

forest clearance in the catchment (Lotter, 1999; 2001); thus, the long-term eutrophication that 348 

Soppensee underwent during that time was mostly natural. Lake primary production in 349 

Soppensee is slightly positively correlated with chironomid-inferred summer temperature from 350 

the Alpine region (Heiri, et al., 2015; Spearman's correlation coefficient (ρ) = 0.22, p-value < 351 

0.05, Fig. S7). The lake became more eutrophic (higher primary production and higher DI-TP) 352 

during warm climatic conditions in the Allerød interstadial and in the mid-Holocene after ~6000 353 

cal BP. During the Allerød interstadial, summer temperature increased in Central Europe (Fig. 354 

4a), and in the mid-Holocene, warm and humid climate conditions prevailed on the Swiss 355 

Plateau (Rey et al., 2020). These climate factors likely prolonged the growing season of lake 356 

phytoplankton and leached more nutrients from developing catchment soils into the lake, 357 

which then promoted natural eutrophication in Soppensee during these long warm phases. 358 

Between ~3000 and 200 cal BP, and especially from ~2000 to 200 cal BP, strong human 359 

impact with intense land use occurred in the Soppensee catchment (Lotter, 1999), but less 360 

eutrophic conditions prevailed in Soppensee (Fig. 4e). Decreased aquatic production during 361 

the late Holocene was also reported from Lake Łazduny and Lake Żabińskie in Poland 362 

(Sanchini et al., 2020; Zander et al., 2021). Late Holocene climate cooling, particularly in 363 

summer (Davis et al., 2003; Fig. 4a, Heiri, et al., 2015), can partly explain this phenomenon. 364 

Since the 20th century, lake primary production has increased sharply as a result of cultural 365 

eutrophication (see green pigments record; Fig. 2). We attribute this observation to 366 

anthropogenic nutrient inputs from the catchment into the lake.  367 
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Under pre-anthropogenic conditions (mainly before ~3000 cal BP), strong stratification and 368 

anoxic conditions in the hypolimnion (high Bphe-a; Fig. 2) tended to occur during times of 369 

higher lake primary production (high green pigments) and warmer summers (Fig. 4a), for 370 

instance ~13, 800–13,600 cal BP and ~8000–4000 cal BP. This interpretation is confirmed by 371 

significantly positive correlations between lake anoxia (Bphe-a) and both lake primary 372 

production (green pigments) and summer temperature (ρ = 0.51 and 0.75, respectively, p-373 

value < 0.05, Fig. S7). Similar results (higher lake production and higher summer temperatures 374 

causing stronger stratification and anoxia) have also been found in other small lakes in Europe, 375 

for example, Moossee in Switzerland (Makri et al., 2020) and Lake Jaczno (Makri et al., 2021) 376 

and Lake Żabińskie (Zander et al., 2021) in Poland. However, in all these examples closed 377 

forest cover around the small lakes was also found to be an important factor favoring 378 

prolonged seasonal stratification and stable hypolimnetic anoxia (Makri et al., 2020; Zander et 379 

al., 2021). This was also the case around Soppensee during the early to mid-Holocene 380 

(~9000–3000 cal BP), when the lake catchment was covered with dense closed forest 381 

(arboreal pollen AP > 90 %; Fig. 4b; Lotter, 1999) that provided protection from the wind and 382 

promoted stable stratification and anoxia. From ~2000 cal BP until recent centuries, weaker 383 

stratification with periods of oxygen mixing into the hypolimnion is suggested by constantly 384 

low Bphe-a concentrations (close to the detection limit; Fig. 3d) and Fe-and Mn-rich laminae 385 

(Fig. 2). Indeed, after ~2000 cal BP, better lake mixing can be seen and was likely a result of 386 

intense forest clearance during Roman times and the Middle Ages (mostly AP < 80 %; Fig. 4a; 387 

Lotter, 2001), which increased wind-induced mixing of the water column. A similar process 388 

has been well studied in several small deep lakes of Europe, e.g. Makri et al. (2020), Sanchini 389 

et al. (2020), and Zander et al. (2021). During recent times, Mn counts in sediments of 390 

Soppensee are very low (Fig. 2), suggesting hypolimnetic anoxia. This confirms Gruber et al.’s 391 

(2000) finding that in recent times Soppensee has been holomictic but has strong chemical 392 

stratification and persistent anoxia in deep waters. However, Bphe-a values are very low at 393 

this time, which is likely explained by poor light conditions at the chemocline because of high 394 
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algal productivity in the photic zone. Similar observations were made in Moossee (Makri et al., 395 

2020; Switzerland) and Lake Żabińskie (Zander et al., 2021; Poland). 396 

5.2. Estimating internal P loading in response to lake trophic state change evolution  397 

Labile Fe-P was the primary sedimentary P form for most of the Late glacial and Holocene 398 

(Fig. S8b). In principle, this suggests there was a high potential of sediment-P release back to 399 

the water column in Soppensee’s history. Tu et al.’s (2019) conceptual model implies that 400 

deep and eutrophic lakes tend to undergo bottom-water anoxia that increases internal 401 

recycling of sedimentary labile P forms (mainly Fe-P fraction), referred to as internal P loading, 402 

a positive feedback that sustains or even accelerates epilimnetic eutrophication. As a result, 403 

the labile P fraction in sediments is depleted because it is recycled back into the water column. 404 

We investigated the possibility of such positive feedback during long-term phases of natural 405 

eutrophication to evaluate whether Tu et al.’s (2019) conceptual model is valid for 406 

Soppensee’s long-term Holocene record. For these purposes, long-term qualitative internal P 407 

loading in Soppensee was inferred by comparing the record of DI-TP concentrations, a proxy 408 

for lake primary production, with sediment Fe-P data (Fig. 4c, d and f). We hypothesize that 409 

higher DI-TP but depleted sediment Fe-P demonstrates that internal P loading operated as a 410 

positive feedback to sustain eutrophication. Fig. 5 outlines four distinct phases in a conceptual 411 

model that summarizes Fe-P retention in sediments and internal P loading in response to 412 

biogeochemical P cycling coupled with Fe, primary production, and anoxia since the early 413 

Holocene.  414 

We infer that largely high internal P loading served as a positive feedback arising from high 415 

lake primary production and deep-water anoxia from the early to mid-Holocene (~9000–6000 416 

cal BP; Phase a in Fig. 5). That was a long period during which high DI-TP concentrations 417 

were associated with notably low values of Fe-P (Fig. 4c and d; Fig. S11). This pattern 418 

suggests mobilization of large amounts of labile Fe-P from the sediment (internal P loading) 419 

to sustain aquatic production in the photic zone. In Phase a (~9000–6000 cal BP; Fig. 5a), the 420 

lake had strongly stratified and anoxic conditions, as indicated by persistently high Bphe-a 421 
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(Fig. 4e). Bottom-water anoxia during times of eutrophication is expected to cause large 422 

release of Fe bound P from sediments into surface waters (Burley et al., 2001; Tu et al., 2019) 423 

and thus depleted Fe-P in sediments (Fig. 5a). This interpretation supports Tu et al.’s (2019) 424 

conceptual model. 425 

During the mid- to late Holocene period (~6000–2000 cal BP, Phase b Fig 5), both DI-TP 426 

levels and sedimentary Fe-P values are very high (Fig. 4c and d; Fig. S11), in contrast to Tu 427 

et al.’s (2019) model. Generally, we interpret this period as one of limited sediment-P release 428 

into surface waters; thus, internal P loading might not have operated as the positive feedback 429 

of eutrophication (see Phase b in Fig. 5), although Soppensee was strongly stratified and 430 

anoxic (Fig. 4e). Ferromagnetic minerals (e.g., magnetite and hematite, magnetofossils) 431 

produced by magnetotactic bacteria (MTB) were found in Soppensee sediments deposited at 432 

that time (Kind et al., 2012), which explains the high burial rates and high amounts of 433 

sedimentary Fe-P at this time (Fig. S12 and Fig. 2): Rivas-Lamelo et al. (2017) highlighted the 434 

role of MTBs in the sequestration of P in meromictic, ferruginous low-sulfate Lake Pavin. MTB 435 

live around the chemocline, and colonization in the water column is favored by persistent 436 

stratification and high epilimnetic P concentrations (Paasche et al., 2004). Such conditions 437 

persisted in Soppensee from ~6000 to 2000 cal BP as shown by high DI-TP and high Bphe 438 

levels, and MTB were shown to be preserved in the sediments of that time as pure or oxidized 439 

magnetite minerals (Kind et al., 2012). Paasche and Larsen (2010) and Rivas-Lamelo et al. 440 

(2017) revealed that Fe oxyhydroxides produced by MTBs can escape from sulfidization and 441 

progressive reductive dissolution and, ultimately, efficiently sequester P in reduced sediments. 442 

This mechanism, in the long term, reduced internal P loading by lowering P release from 443 

sedimentary Fe-P (Phase b in Fig. 5), which is different from what occurred in Phase a (Fig. 444 

5). As a result, very high amounts of Fe-P were preserved in the sediments during Phase b. 445 

However, throughout that time, the short-term (centennial-scale; dashed red and blue lines in 446 

Fig. 4d and f) inverse relationship between lake paleoproduction and sediment Fe-P records 447 

still generally held true. Apparently, the positive feedback between paleoproduction, anoxia, 448 
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and internal P loading that sustained eutrophic conditions still played a subordinate role on 449 

shorter time scales, but the long-term Fe-P trends in the sediment were largely controlled by 450 

MTB between 6000–2000 cal BP. Thus, Tu et al.’s (2019) model needs to be expanded and 451 

modified to account for the presence of MTB (Phase b; Fig. 5). This has implications for 452 

internal P loading and serves to explain suppressed recycling and highly efficient 453 

sequestration of Fe and P and the (early diagenetic) formation of siderite and vivianite in deep 454 

stratified ferruginous low-sulfate lakes. These lakes have recently been reported as analogs 455 

of the ferruginous euxinic Archaean ocean (Vuillemin et al., 2020; Boyko et al., 2021) where 456 

P trapping was efficient (Blake et al., 2010) and P recycling from the sediment was apparently 457 

weak (Hao et al., 2020). 458 

The phase of the late Holocene (~2000–200 cal BP; Phase c in Fig. 5) is notable for generally 459 

decreased DI-TP concentrations, but relatively high Fe-P values (Fig. 4c and d; Fig. S11), 460 

suggesting reduced internal P loading. Sediments of this phase are marked by the occurrence 461 

of Fe- and Mn-rich laminae (Fig. 2; Fischer, 1996). The pale-brown Fe- and Mn-rich laminae 462 

are commonly formed in holomictic temperate lakes with seasonal anoxia (Zolitschka et al., 463 

2015), in which bottom waters are seasonally oxygenated during periods of circulation (van 464 

Raden, 2012). This notion agrees well with the better mixed and less stratified water column 465 

in Soppensee at this time (Section 5.1). Previous research demonstrated that Fe-oxide layers 466 

can reduce internal P loading by hindering P release from anoxic surface sediments and favor 467 

permanent P trapping and sequestration in sediments (Zarczynski et al., 2019). Such a 468 

process very likely led to lower internal P loading between ~2000 and 200 cal BP, resulting in 469 

high amounts of Fe-P preserved in sediments (Phase c in Fig. 5). In addition, the inverse 470 

relationship between lake primary production and sediment Fe-P on centennial time scales is 471 

not clearly observable between ~2000 and 200 cal BP (Fig. 4c and e). Therefore, on both 472 

long- and short-time scales, internal P loading may not have operated as a positive feedback 473 

of eutrophication during this phase.  474 
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In the most recent 200 years (Phase d in Fig. 5), we infer high internal P loading to be the 475 

positive feedback that has sustained cultural eutrophication in Soppensee, which can be seen 476 

from high P concentrations in the water column (Fig. 4c), less frequent oxygenation of the 477 

hypolimnion (indicated by very low Mn counts; Fig. 2), and depleted Fe-P in sediments (Fig. 478 

4d). The high internal P loading in Phase d supports Tu et al.’s (2019) conceptual model. 479 

Because of a lack of preserved diatoms, DI-TP values are not available for the Late-glacial 480 

period (Allerød and YD). However, the frequent inverse correlation between both 481 

paleoproduction and anoxia with Fe-P during the Allerød and the beginning of the YD (Fig. 4c-482 

e) suggests that a mechanism of strong internal P cycling, depleted Fe-P in sediments, and 483 

sustained primary production (with related anoxia) also operated in the Allerød interstadial. By 484 

contrast, for most of the YD cold phase, better oxygenation of bottom waters, together with 485 

low aquatic production and Fe-P (Fig. 4d-f), indicates low amounts of internal P cycling into 486 

surface waters to promote aquatic production. After the transition from the YD to the Holocene 487 

(~11,500–9000 cal BP), DI-TP concentrations were comparatively low while Fe-P values were 488 

moderately low, but increased slightly compared with the YD (Fig. 4c and d). This period is 489 

characterized by Fe- and Mn-enriched layers in sediments (Fig. 2; Fischer, 1996), suggesting 490 

a seasonal mixing of the water column and very likely lower internal P loading in the long term, 491 

a pattern similar to Phase c (~2000–200 cal BP; Fig. 5) discussed above. Nonetheless, Fe-P 492 

values in this period were lower than in Phase c (Fig. 4d), which may have resulted from 493 

greater release of sediment Fe-P in response to the strongly stratified water column during 494 

most of the period from 11,500 to 9000 cal BP (higher Bphe-a values; Fig. 4d). Between 495 

~11,500 and 9000 cal BP, on centennial time scales, the inverse relationship between both 496 

paleoproduction and anoxia and Fe-P (Fig. 4d-f) demonstrates that internal P loading operated 497 

as a positive feedback. 498 

We note that our core was taken from the deepest part of the lake, where the sediment P 499 

records might not reflect P dynamics, i.e., burial rates and releases, throughout the entire lake. 500 

Spatial variability and geochemical focusing (Schaller and Wehrli, 1996) in the sediment P 501 
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concentrations and forms must be considered. Because of vertical variations of the redox front 502 

and horizontal mixing, P sedimentation, net burial rates, and cycling are likely quite different 503 

between shallower and deeper parts of the lake. Sediments from shallower parts of the lake 504 

tend to be exposed to higher oxygen concentrations  than those in the deepest parts (at least 505 

seasonally; Schaller and Wehrli, 1996), potentially causing better P trapping and less sediment 506 

P release into the photic zone. It is possible that in Soppensee, internal P loading inferred from 507 

the core at the deepest part of the lake is overestimated and could have been balanced to 508 

some extent by higher net burials in the shallower parts of the lake. Thus, if P release from 509 

sediments had been highly localized, in only the deepest part of the lake, it would not have 510 

substantially influenced P levels in the epilimnion, where planktonic diatoms live. Therefore, 511 

inferences for internal P loading derived from P in sediment cores from the deepest parts of 512 

the lake should be interpreted with caution; they might not reflect lake-wide P processes. 513 

Further work on spatial distribution patterns (geochemical focusing) of sedimentary P fractions 514 

from short cores across a water-depth gradient may provide important insights into whole-lake 515 

P dynamics and mass-balance modeling in deep lakes.  516 

6. Conclusions 517 

We propose that internal P loading has played an important role in the long-term natural 518 

eutrophication of stratified deep lakes such as Soppensee during the Late-glacial and 519 

Holocene. High internal P loading as a positive feedback of eutrophication and related anoxia 520 

were inferred in Soppensee from the early to mid-Holocene (~9000–6000 cal BP) under 521 

natural conditions and during the most recent 200 years of cultural eutrophication. However, 522 

strong recycling and depletion of labile P fractions in the sediment was not observed in other 523 

long phases of high aquatic production and anoxia. Fe-rich minerals (magnetofossils) 524 

produced by magnetotactic bacteria (MTB) and Fe-rich laminae preserved in anoxic 525 

sediments may have reduced internal P loading despite high lake primary production and 526 

anoxia between 6000 and 200 cal BP. Our study implies that the presence of (bacterially-527 

mediated) endogenous Fe minerals that restrict P recycling and bioavailability should be 528 
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considered in conceptual models of biogeochemical P cycling on long-term (multi)millennial 529 

timescales in deep stratified eutrophic lakes. Presence of MTBs may promote P removal from 530 

the water and reduce internal P loading in lakes, which has implications for present-day 531 

eutrophication management. In future studies, it will be important to explore further other 532 

microbially mediated processes that contribute to the P cycle in similar environments.   533 
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Captions: 744 

Fig. 1. (a) Map of Switzerland with the location of Soppensee. (b) Aerial image of the catchment area 745 

of Soppensee (inside the blue polygon; background map © swisstopo) and a bathymetric map of the 746 

lake with the coring site. (c) Age–depth model and lithology of Core So08-3 and, on the left, the six 747 

lithological units A-F according to Gierga et al. (2016). LST marks the Laacher See Tephra at 521–748 

521.5 cm depth.  749 

 750 

Fig. 2. Time series of HSI-inferred pigment data, five P fractions concentrations (μg g-1 dry weight; DW 751 

and selected XRF data (Fe, Mn and Ca). For the pigment data, purple and green lines show the data 752 

at highest resolution (~75 μm) and red lines are 2-cm aggregate averages (267 samples). The vertical 753 

dashed lines represent the lower and upper limits of the calibration models (refer to Fig. S3 in the 754 

supplementary material). The Bphe-a and green pigments serve as proxies of lake paleoproduction and 755 

anoxia/meromixis, respectively. The appearance of Fe- and Mn-rich laminae (with siderite) and biogenic 756 

calcite varves in sediments was taken from Fischer (1996). MTB: Magnetotactic bacteria, detected by 757 

Kind et al. (2012). The horizontal dashed grey lines separate the different units (A to F; Gierga et al. 758 

2016). Note the different scales of the x-axes. (For interpretation of the references to color in this figure 759 

legend, the reader is referred to the web version of this article.) 760 

 761 

Fig. 3. Example sections from four phases showing 2-cm sediment core sections (sediment depth of 762 

the composite core) covering approximately 40 years according to the age-depth model in Fig. 1c; 763 

variations of Bphe-a (in purple) and green pigments (in green) are shown with the spectral indices and 764 

the calibrated pigment concentrations at high resolution (~75 μm). For each image, the vertical red lines 765 

show the 2-mm-wide window used for determining the spectral-index time series for the individual core 766 

section; the three grey lines represent the mean value and standard deviations of the two spectral 767 

indices for the entire sediment core; and the vertical yellow lines represent the lower limits of the 768 

calibration models. a) close-up section from the Allerød interstadial: this is a period with high lake 769 

primary production and high Bphe-a concentrations, indicating anoxia. b) close-up section from the 770 

Younger Dryas (YD), showing decreased lake primary production and almost absent Bphe-a, 771 
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concurrent with Fe- and Mn-rich layers (Fischer, 1996), suggesting a seasonally mixed hypolimnion. c) 772 

close-up section from the mid-Holocene: showing high primary production and persistently high Bphe-773 

a concentrations, which suggests strongly stratified conditions with anoxia or even meromixis. d) close–774 

up section from the late Holocene, showing high lake production and low Bphe-a concentrations in Fe- 775 

and Mn-rich sediments, which suggests mostly a well oxygenated water column. The calibration model 776 

is valid for green pigments between 13.6 and 321.8 µg g-1 dry sediments and for Bphe-a between 9.7 777 

and 233.3 μg g-1 dry sediments (Fig. S3). (For interpretation of the references to color in this figure 778 

legend, the reader is referred to the web version of this article.) 779 

 780 

Fig. 4. Comparison of millennial- and centennial-scale variations of Soppensee trophic status with 781 

sediment Fe-P (labile P) data over the Late-glacial and Holocene. (a) Chironomid July temperatures 782 

from the Alpine region (Heiri et al., 2015). (b) Percentage of arboreal pollen (AP) including tree and 783 

shrub pollen (Lotter, 2001). (c) The diatom-inferred past epilimnetic total phosphorus (DI-TP) 784 

concentrations in Soppensee (Lotter, 2001); the dashed black line represents the mean value of the DI-785 

TP record (30 µg L-1). (d) Record of Fe-P concentrations in sediments (µg g-1 dry weight, DW); the 786 

dashed black line represents the mean value of the Fe-P record at 2267 µg/g DW. (e) The anoxia and 787 

(f) aquatic paleoproduction proxies are shown as 100-year running means. The yellow and green 788 

vertical bars at the top of the figure highlight the Late-glacial Allerød interstadial and the Younger Dryas 789 

(YD) cold period, respectively (according to Gierga et al. 2016).  Phase a to Phase d refer to Fig. 5. In 790 

(c)-(e), dashed red (blue) lines mark relative maxima (minima) in lake paleoproduction/anoxia 791 

synchronously with relative minima (maxima) of Fe-P in sediments. (For interpretation of the references 792 

to color in this figure legend, the reader is referred to the web version of this article.) 793 

 794 

Fig. 5. Conceptual model of four phases (a to d) of lake primary production, mixing regime, P cycling in 795 

a small deep eutrophic lake (like Soppensee) during the Holocene (Section 5.2). MTB: magnetotactic 796 

bacteria; PSB: purple sulfur bacteria; OM: organic matter. Note that, overall, the illustrated sizes of Fe-797 

P among different phases indicate the relative amounts of Fe-P in sediments; the bottom-water (brown-798 

green color) in (c)-(d) represents anoxia during seasonal stratifications. Parts of the symbols for this 799 

figure were taken from Symbols courtesy of the Integration and Application Network 800 
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(ian.umces.edu/symbols/). (For interpretation of the references to color in this figure legend, the reader 801 

is referred to the web version of this article.) 802 



D
e
p
th

 (
c
m

)

Age (cal BP)

0 4000 8000 12000 16000

600

500

400

300

200

100

0

Figure 1 Click here to access/download;Figure;Figure 1_R1.eps

https://www.editorialmanager.com/gloplacha/download.aspx?id=72128&guid=647d11fc-b290-4b91-8ff9-bff7b28f4606&scheme=1
https://www.editorialmanager.com/gloplacha/download.aspx?id=72128&guid=647d11fc-b290-4b91-8ff9-bff7b28f4606&scheme=1


Figure 2 Click here to access/download;Figure;Figure 2_R1.eps

https://www.editorialmanager.com/gloplacha/download.aspx?id=72129&guid=fe913643-5e56-4362-a75b-a436033bc944&scheme=1
https://www.editorialmanager.com/gloplacha/download.aspx?id=72129&guid=fe913643-5e56-4362-a75b-a436033bc944&scheme=1


357.2

358.2

359.2

9.7 167 324

D
e
p
th

 (
c
m

)

1.0 1.2 1.4 1.5

403

RABD845 index values

Bphe-a

(µg/g dry sediments)
(c) ca. 6400 cal BP

124 277 4310

Green pigments

(µg/g dry sediments)

1.05 1.15 1.25 1.35
RABD567-769 index values

Green pigments

(µg/g dry sediments)

124 2770 201

1.05 1.15 1.20 1.25

RABD567-769 index values

495.4

497.4

496.4

D
e

p
th

 (
c
m

)

Bphe-a

(µg/g dry sediments)

RABD845 index values

9.7 88 167 246

1.0 1.1 1.2 1.3
RABD567-769 index values

47 201 3540

Green pigments

(µg/g dry sediments)

(b) ca. 12,000 cal BP

1.0 1.1 1.2 1.3

545.4

547.4

546.4

D
e
p
th

(c
m

)

1.0 1.1 1.2 1.3
RABD567-769 index values

47 201 3540

Green pigments

(µg/g dry sediments)

1.0 1.1 1.2 1.3

Bphe-a

(µg/g dry sediments)

9.7 88 167 246

RABD845 index values

(a) ca. 13,700 cal BP

Figure 3 Click here to access/download;Figure;Figure 3_R1.eps

https://www.editorialmanager.com/gloplacha/download.aspx?id=72130&guid=67b1cfef-8a53-42a2-a9c8-5498fea0bab5&scheme=1
https://www.editorialmanager.com/gloplacha/download.aspx?id=72130&guid=67b1cfef-8a53-42a2-a9c8-5498fea0bab5&scheme=1


(a
)

(b
)

(c
)(d

)

(e
)

(f)

Summer temperature (°C)

Figure 4 Click here to access/download;Figure;Figure 4_R1.eps

https://www.editorialmanager.com/gloplacha/download.aspx?id=72131&guid=f8fa01c6-bf9d-486a-8f20-4beea85ac337&scheme=1
https://www.editorialmanager.com/gloplacha/download.aspx?id=72131&guid=f8fa01c6-bf9d-486a-8f20-4beea85ac337&scheme=1


Figure 5 Click here to access/download;Figure;Fig. 5_R1.eps

https://www.editorialmanager.com/gloplacha/download.aspx?id=72132&guid=1b1d4f88-123f-4d0e-bba1-0d8485a0f67f&scheme=1
https://www.editorialmanager.com/gloplacha/download.aspx?id=72132&guid=1b1d4f88-123f-4d0e-bba1-0d8485a0f67f&scheme=1


Declaration of interests 

☒ The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

☐The authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:

Conflict of Interest



  

e-Component

Click here to access/download
e-Component

4. Supplementary materials_Soppensee_R1.pdf

https://www.editorialmanager.com/gloplacha/download.aspx?id=72125&guid=69717909-bdb4-42fc-969c-bc47c4a1d190&scheme=1

	1

