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Abstract Eutrophication, prompted by anthro-

pogenic activities and climate change has led to

multiple adverse effects in freshwater systems across

the world. As instrumental measurements are typically

short, lake sediment proxies of aquatic primary

productivity (PP) are often used to extend the obser-

vational record of eutrophication back in time. Sed-

imentary pigments provide specific information on PP

and major algal communities, but the records are often

limited in the temporal resolution. Hyperspectral

imaging (HSI) data, in contrast, provide very high

seasonal (sub-varve-scale) resolution, but the pigment

speciation is limited. Here, we explore a combined

approach on varved sediments from the Ponte Tresa

basin, southern Switzerland, taking the advantages of

both methods (HSI and high performance liquid

chromatography, HPLC) with the goal to reconstruct

the recent eutrophication history at seasonal to inter-

annual resolution. We propose a modified scheme for

the calibration of HSI data (here: Relative Absorption

Band Depth between 590 and 730 nm RABD590–730)

and HPLC-inferred pigment concentrations (here:

‘green pigments’ {chlorophyll a and pheophytin a})

and present a calibration model (R2 = 0.82;

RMSEP * 12%). The calibration range covers

[ 98% of the spectral index values of all individual

pixels (68 lm 9 68 lm) in the sediment core. This

allows us to identify and quantify extreme pigment

concentrations related to individual major algal

blooms, to identify multiple algal blooms within one

season, and to assess interannual variability of PP.

Prior to the 1930s, ‘green pigment’ concentrations and

fluxes (* 50 lg g-1; * 2 lg cm-2a-1, chlorophyll

a and pheophytin a) and interannual variability was

very low. From the 1930s to 1964, chlorophyll a and

pheophytin a increased by a factor of * 4, and bb-
carotene appeared in substantial amounts

(* 0.4 lg cm-2a-1). Interannual variability

increased markedly and a first strong algal bloom

with ‘green pigment’ concentrations as high as

700 lg g-1 is observed in 1958. Peak eutrophication

(* 12 lg cm-2a-1 chlorophyll a and pheophytin a)

and very high interannual variability with extreme

algal blooms (‘green pigment’ concentrations up to
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1400 lg g-1) is observed until ca. 1990, when

eutrophication decreases slightly. Maximum PP val-

ues after 2009 are likely the result of internal nutrient

cycling related to repeated deep mixing of the lake.

Keywords Eutrophication � Global change �
Paleolimnology � Freshwater systems �Anthropocene �
Alps

Introduction

Eutrophication of freshwater systems is recognized as

one of the most relevant environmental problems and

has been observed across the world (Friedrich et al.

2014; Jenny et al. 2016). Adverse effects include,

among others, harmful algal blooms (Lee et al. 2016),

enhanced stratification (Boehrer and Schultze 2008),

anoxia in bottom waters and fish kills. These impacts

put lacustrine ecosystems, biodiversity and related

ecosystem services at risk (Mills et al. 2017). In most

systems, eutrophication emerged as a problem in the

20th century due to a combination of anthropogenic

activities, in particular nutrient loads (Battarbee et al.

2012; Jenny et al. 2016; Mills et al. 2017) and climate

change (Lee et al. 2016). In some parts of the world,

anthropogenic eutrophication started as early as at the

end of the 19th century (Smith 1998). Awareness

increased and the problem became widely recognized

in the 1960s (Battarbee et al. 2012). In the following

years, restoration measures (e.g. sewage treatment

plants or limitation of fertilizer in agriculture) were

implemented to reduce external P-loads and to

improve water quality and lake ecosystems (Aesch-

bach-Hertig et al. 2007). To evaluate the success of

lake restoration measures, to assess conditions prior

anthropogenic impact and to set reasonable manage-

ment targets, long series of observational data are

needed but often not available (Hall et al. 1997; Jenny

et al. 2016; Mills et al. 2017).

Lake sediments record the development of nutrient

cycling and productivity and, thus, provide empirical

evidence for eutrophication on long time scales (Das

et al. 2005; Battarbee et al. 2012; Mills et al. 2017).

Varved (annually laminated) sediments are particu-

larly valuable, because their formation is often indirect

evidence for eutrophication (Jenny et al. 2013) and

varves permit precise dating of changes observed in

the sediment records (Zolitschka et al. 2015). This is

important to detect eutrophication, attribute eutroph-

ication to forcing factors, and to assess the efficiency

or time lags of particular restoration measures (Blass

et al. 2007).

Several sedimentary proxies have been used to

reconstruct eutrophication such as biogenic silica

(Conley and Schelske 2002), diatom assemblages

(Hall et al. 1997), total organic carbon or C isotopes

(Meyers 1994; Dean 1999) and sedimentary pigments

(Sanger 1988; Airs et al. 2001; Korhola et al. 2002;

Leavitt and Hodgson 2002; Das et al. 2005; Reuss

et al. 2005; Guilizzoni et al. 2011; Michelutti and

Smol 2016 and others). If conditions for preservation

in the sediment are suitable (Sanger 1988), pigments

provide very specific information on major algal

groups, including those that are typically not preserved

as microfossils, and have shown to be a reliable proxy

for past eutrophication.

The analysis of sedimentary pigments (typically

with HPLC) is, however, challenging and high-

resolution long records are difficult to obtain.

Recently, important advancements have been made

with non-destructive scanning reflectance spectro-

scopic techniques which facilitated the measurement

of lutein, chlorophylls and their derivates (chlorins)

directly from fresh sediment cores at mm-scale

resolution (Rein and Sirocko 2002; Rein et al. 2005;

von Gunten et al. 2009; Saunders et al. 2012; Amann

et al. 2014). Butz et al. (2015, 2017) developed this

approach further and used spectra from a scanning

hyperspectral imaging system (HSI; pixel size: * 68

9 68 lm; spectral resolutions * 2.7 nm) to infer

‘green pigments’ {chlorophyll a and pheophytin a} as

well as bacteriopheophytin a at subvarve-scale reso-

lution. The advantage of hyperspectral data is the very

high spatial resolution; the disadvantage is that the

speciation of the pigments is limited. Although the

potential of hyperspectral imaging has been recog-

nized (Croudace and Rothwell 2015), the method is

still in its infancy and further applications in different

sedimentary environments and for different scientific

questions are needed to establish the method.

In the present study, we explore a combined

approach using HSI and HPLC techniques to identify

sedimentary pigments and reconstruct historic

eutrophication in the Ponte Tresa basin, Lake Lugano

(southern Switzerland) at seasonal and interannual

resolution. A particular focus is placed on the question
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whether individual short-lived algal blooms can be

detected by high-resolution HSI techniques. On the

methodological side, we aimed at improving the

calibration of hyperspectral data (spectral indices)

with HPLC inferred pigment speciation and concen-

trations following a new scheme.

We have chosen the Ponte Tresa basin because the

sediments of the 20th century are varved (Züllig 1982;

Niessen 1987), the eutrophication signal is very

pronounced and the eutrophication history is already

well documented (Züllig 1982; Barbieri and Simona

2001; Lepori and Roberts 2017), thus providing an

ideal testbed for our method.

Site description

The Ponte Tresa basin (45�580N; 8�520E; Fig. 1) is the
westernmost part of Lake Lugano in the southern

Swiss Alps. It is a fluvio-glacial tectonic lake that was

shaped by the Adda and Ticino glaciers during the

Pleistocene (Simona 2003). The bedrock of the

watershed consists mostly of calcareous rocks and

outcrops of porphyry and gneiss (Salmaso et al. 2007).

The surface of the Ponte Tresa basin is* 1.1 km2 and

its direct watershed covers* 5.6 km2 (Simona 2003).

The maximum water depth is * 51 m, the volume

amounts to 0.03 km3, and the mean water residence

time is * 0.04 years (Simona 2003). The Osgood

Index (OI = Zmean/A
0.5) of 31.5 suggests that periodic

meromixis is likely (Huser et al. 2016). The most

recent sediments are anoxic and varved (Züllig 1982;

Niessen 1987). Lake Lugano is the main tributary of

water and nutrients to the Ponte Tresa basin (Fig. 1a)

and the Tresa River is the only outflow (annual

discharge of * 0.75 km3; Simona 2003). Mild win-

ters, and warm and humid summers, characterize the

regional climate (Niessen 1987). The steep slopes in

the watershed are mostly covered by mixed deciduous

forest, while dense settlements and industry dominate

land cover in the lowlands and lake shore areas.

The modern eutrophication history of Lake Lugano

is well-established (Barbieri and Simona 2001; Lepori

and Roberts 2017). Early measurements of total

phosphorus (TP) in Lake Lugano indicate the begin-

ning of eutrophication in the 1940s. Due to urban and

residential development and intensification of agri-

culture, TP concentrations in the water of the southern

basin of Lake Lugano increased drastically in the

1960s, and peaked in the early 1980s with TP

concentrations around 140 lg L-1. The first of several

sewage plants was built in 1969, and in 1986,

phosphorus was banned from detergents. From 1995

onwards, phosphorus was trapped in sewage treatment

plants and lake water TP concentrations in the

southern basin of Lake Lugano decreased to about

40 lg L-1 today (BAFU 2016).

However, Lake Lugano is still eutrophic today

(Barbieri and Simona 2001; Lepori and Roberts 2017).

Measurements in the Ponte Tresa basin of Lake Lugano

(1972–1982) revealed that phosphate concentrations

exceeded values of 400 lg L-1 and that conditions

were mostly anoxic at the bottom of the lake (50 m)

(IST-SUPSI 2016). In the lake’s southern basin,

summertime bottom water anoxia (O2\ 0.5 mg L-1)

still persists today, which is likely also the case in the

Ponte Tresa basin (point measurements only). Veronesi

et al. (2002) report on the importance of phosphorus

with regard to aquatic primary production in the

southern basin of Lake Lugano. In particular, they

point to the role of P sedimentation, redox conditions

and seasonal or episodic mixing regimes in the lake, all

of which may lead to very efficient endogenic P

cycling. Accordingly, primary production has not

substantially decreased from peak values in the 1980s

(C-flux about 377–469 g m-2a-1) and has remained

high in recent years (C-flux around 340 g m-2a-1;

IST-SUPSI 2016).

Methods

Fieldwork and sediment analyses

In July 2015, several short sediment cores were

obtained from the depocenter of the Ponte Tresa basin

by using a UWITEC gravity corer (coring site in

Fig. 1b). Gas bubbles that formed while coring were

removed with small perforations in the core liners.

Additionally, we measured temperature, pH, specific

conductivity, and dissolved oxygen (luminescence-

sensor) with a Hydrolab MiniSonde-5 MS5 six times

(10 s-intervals) per depth in consecutive 1 m steps

across the depth profile.

Sedimentological and geochemical methods

Prior to opening, the sediment cores were scanned

with a Multi-Sensor Core Logger (MSCL, Geotek) in
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Fig. 1 Study site. a The

small box in the top left

corner shows Switzerland.

Lake Lugano is shown in

dark blue color. The red

rectangle highlights the

Ponte Tresa basin.

b Bathymetry-map of the

Ponte Tresa basin (adapted

from Nordmeyer et al.

1978). The white asterisk

indicates the coring site.

(Color figure online)
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0.5 cm increments (Schultheiss and Weaver 1992).

Thereafter, the cores were split lengthwise and the

oxidized surfaces were described (Schnurrenberger

et al. 2003). Firstly, we performed the non-destructive

micro-x-ray fluorescence (lXRF) and hyperspectral

imaging (HSI) techniques. Afterwards, one quarter of

the sediment core was subsampled contiguously at

1-cm steps for geochemical analyses, and another

quarter was subsampled contiguously at 2 cm for

pigment analyses. The samples were stored in dark and

frozen (- 18 �C) conditions before freeze drying.
X-ray radiographs were taken and semiquantitative

elemental compositions were measured at 1-mm steps

on the fresh sediment with a lXRF-scanner (ITRAX,
Croudace et al. 2006) equipped with a Mo-tube

(exposure time 20 s, 45 kV and 20 mA). In order to

analyze sub-varve structures in the top sediment, a

resin-embedded and polished sediment slab was

additionally scanned at 0.2-mm resolution (Cr-tube,

20 s exposure time, 40 kV, 20 mA).

Besides visual inspection, X-ray density data and

selected lXRF elements (Si, K, Ti, Rb, Zr and Sr)

were used to diagnose the two main sedimentary

facies: (1) regular sedimentation of clastic-biogenic or

biogenic varves (Zolitschka et al. 2015), and (2) clastic

event layers (Schillereff 2015). Using R statistical

computing (R Core Team 2016), a principal compo-

nent analysis (PCA) and a k-means cluster analysis

were applied on the scaled (0–1), square-root trans-

formed dataset. We chose a ‘broken stick’ approach to

identify significant PCs (R-package ‘‘stats’’ v.3.2.5; R

Core Team 2016). Silhouette plots (R-package ‘‘fac-

toextra’’ v.1.0.4; Kassambara and Mundt 2017) sup-

ported the choice of numbers of k-means clusters

(k = 3). In Fig. 2a, the PC1 (clastic layers) was colored

according to the k-means clusters and plotted along a

photo of the sediment core.

Dry bulk density and water content were measured

according to the method of (Håkanson and Jansson

2002). Total organic carbon (TOC) and inorganic

carbon (CaCO3) were determined by loss on ignition

(LOI550�C, LOI950�C) as described in Heiri et al.

(2001). To analyze biogenic silica (bSi), we followed

the wet-alkaline method of (Ohlendorf and Sturm

2008). BSi and Al were measured by using ICP-OES

(Agilent, VISTA AX). Using the method described by

Kamatani and Oku (2000), we applied a 1:1 alumi-

nosilicate-correction for lithogenic Si. The residual

after bSi leaching was used for grain size analysis with

laser diffraction.

Hyperspectral imaging and calibration

Following the approach of Butz et al. (2015), the half

cores were scanned with the Specim Ltd. single core

scanner equipped with a visual to near infrared range

(VNIR, 400–1000 nm) hyperspectral linescan camera

(Specim PFD-CL-65-V10E). We normalized the raw

scans with a BaSO4 white reference plate and

extracted spectral end members according to the

method of Kruse et al. (1999) by using the spectral

hourglass wizard of the software ENVI 5.03 (Exelisvis

ENVI, Boulder, Colorado). Based on the spectral end

members, we calculated the relative absorption band

depths (RABD) for an absorption feature between the

reflectance at the wavelengths R590 and R730 (590–

730 nm). In contrast to Butz et al. (2015), who used a

fixed band for the trough minimum, we used here the

local minimum of the absorption feature for each

individual spectrum (i.e. each pixel individually,

spatial resolution 68 lm 9 68 lm). This approach

ensures that small spectral shifts of the trough

minimum are correctly addressed. Therefore, we used

the following formula for RABD calculation (Eq. 1):

RABD590�730¼
X � R590 þ Y � R730

Xþ Y

� �
=Rlocal trough min

ð1Þ

where RABD refers to the relative absorption band

depth and Rk to the reflectance at the wavelength (k).
X denotes the number of spectral bands between R730

and the trough minimum, and Y denotes the spectral

band number between trough minimum and R590 (e.g.

for a trough minimum at R690 X equals 51 bands and Y

equals 126).

To convert the semi-quantitative HSI-index into

absolute sedimentary ‘green pigment’ concentrations

(here: chlorophyll a ? pheophytin a), we followed a

modified calibration method from Butz et al. (2017).

Based on the assumption that the depth of the

absorption feature at R590–730 under the sensor field

is related to the abundance of sedimentary (green)

pigments, we used the image of the RABD590–730

index values to determine the optimal regions for

sediment sampling (used afterwards for pigment

extractions and HPLC measurements for calibration).
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Fig. 2 The core of Ponte Tresa, the statistical flood-layer

discrimination and a close up of 4 varves are shown. a The RGB
contrast enhanced core picture (left), a pictograph from the

visual Facies classification (orange colors highlight the flood-

layers of Facies 2) and the PC1 (colored according to the

k-means clusters; orange cluster: clastic layers, black cluster:

mixed layers, green cluster: organic sediments mostly Facies 1).

RAD stands for v-Ray counts (the less counts, the denser the

material). The biplot b, screeplot and the loadings c of the PCA
are shown on the right. d Close up of four varve years made on a

resin-embedded sediment block. The annual varve cycles (Sp:

Spring; Su: Summer; Wi: Winter) are indicated with differently

colored lines. XRF-data plots can be found in ESM1. (Color

figure online)
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We chose the sampling regions such that the range and

distribution of sediment subsamples used for calibra-

tion covered most of the gradient of the hyperspectral

index values of the entire sediment core. In contrast to

Butz et al. (2017), who used sediment samples

encompassing several varves, the varve thickness in

Ponte Tresa basin enabled us to sample individual

seasonal sediment layers with very high pigment

concentrations and, thus, to calibrate the uppermost

range of the spectral index values. Finally, we applied

a linear regression model between RABD590-730 (HSI)

and ‘green pigment’ concentrations (HPLC).

Sedimentary pigment analysis

Sedimentary pigments were extracted from the freeze-

dried sediment as described in Amann et al. (2014).

The extracts were dissolved in methanol (1 mL), after

drying under a nitrogen stream, and 100-lL aliquots

were injected into a HPLC (Agilent, infinity series

1200) equipped with a Waters Spherisorb ODS-2

column (5 lm, 250 9 4.6 mm), a diode array detector

(190–640 nm), and a fluorescence-luminescence

detector. The solvent mixtures and the solvent gradient

followed Amann et al. (2014; modified after Airs et al.

2001). Selected major pigment species (chlorophyll a,

chlorophyll b, pheophytin a, pheophytin b and bb-
carotene) were quantified based on a calibration with

certified pigment standards. The interpretation model

of the pigment groups followed Swain (1985), Lami

et al. (2000), Leavitt and Hodgson (2002): (1)

chlorophyll a and pheophytin a (degradation product

of chlorophyll a) are used as a proxy for phototrophic

green algae. (2) Chlorophyll b and pheophytin b can

reflect lacustrine (Euglenophyta and Chlorophyta)

and/or terrestrial sources. (3) bb-carotene is inter-

preted as a proxy of total algal biomass. (4) The ratio

between total carotenoids (TC; here bb-carotene) and
chlorophyll derivates (CD; here pheophytin a) is used

as a proxy for major algal compositions: high TC/CD

ratios reflect high NPP, low oxygen-concentrations in

bottom waters and dominance of blue-green algae.

Significant changes and zones in the pigment-

stratigraphy were identified by a constrained incre-

mental sum of squares clustering (CONISS, Grimm

1987; R-package ‘‘rioja’’, Juggins 2017). The number

of clusters was determined with a broken stick model.

Pigment-fluxes (lg cm-2 year-1) were calculated by

multiplying the mass accumulation rate (g cm-2-

year-1) times the pigment concentration (lg g-1).

Chronology

Varve counting was conducted visually on high-

resolution pictures of the oxidized sediment core

surface using CooRecorder v.2.3 software (Larsson

2003). The light CaCO3 summer layers (Niessen 1987)

served as first-order counting criterion of the varves. In

addition, we used Ca peaks inferred from lXRF data.

Prominent clastic layers (PC1), previously identified

as flood layers (Niessen 1987), were used to constrain

the varve chronology (Fig. 3). Here, we used the

historically documented floods of 1951, 1960, 1983

and 2002 (Palmisano 2008). The final chronology was

composed from independent visual varve counts by

three analysts, and one count which was based only on

XRF data. The uncertainty calculation followed

Tylmann et al. (2016), whereby the counting uncer-

tainty was always reset to zero at each chronostrati-

graphic marker layer (documented flood). In contrast

to Tylmann et al. (2016), our final uncertainty counts

between the flood layers was calculated as the average

from both counting directions (top-down and bottom-

up).

The data used to prepare Figs. 4, 5 and 6, and ESM1

are archived at the University of Bern data repository

BORIS: https://boris.unibe.ch/.

Results

Sediment stratigraphy

The sediment description and the PCA discrimination

consistently revealed that the uppermost * 84 cm of

the sediments in Ponte Tresa (Fig. 2a) are composed

of two facies.

Facies 1 consists of variably thick varves

(0.2–1.2 cm). The finest laminations are found

between the core bottom at 83 cm and about 44 cm

depth. The sediment is relatively low in TOC (3–7%)

and is brighter in color varying between yellowish

gray (Munsell 2.5Y 4/1) and gray (Munsell 5Y 5/1).

Relatively low CaCO3 concentrations (3–10%) and

low water contents (68–75%) point to rather minero-

genic sediments deposited in mesotrophic lake condi-

tions (ESM1). Slightly thicker biogenic varves are
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present from 44 cm to the clastic layer at * 33 cm

depth. The colors of these organic silty clay laminae

range from yellowish-gray (Munsell 2.5Y 5/6) to dark

olive (Munsell 5Y 4/3). This section is characterized

by slightly higher TOC (around 7%), higher CaCO3

(6–16%), and higher water content (75–82%) com-

pared to the sediment below. The thickest biogenic

varves are found in the top section (33–0 cm). The

dark laminations consist of light olive brown (Munsell

2.5Y 5/4) to grayish olive (Munsell 5Y 5/3) silty clays.

Total organic carbon (TOC) averages * 8.5%,

CaCO3 is * 14% and water content is * 78.5%

(ESM1).

Facies 2 includes discrete massive clastic layers up

to 1.5 cm thick (e.g. at 32 cm sediment depth,

Fig. 2a). Compared with Facies 1, these layers are

depleted in TOC (* 3%), CaCO3 (* 4%) and show a

low water content (* 50%; ESM1). The colors of the

clastic layers are distinctly different from Facies 1 and

vary between dark grey (Munsell 2.5Y 4/1) and pale

olive (Munsell 5Y 6/3). PC1 (76.1%, Fig. 2b) reveals

that the clastic layers are all enriched in Zr, Rb, Ti, K

and Si (Fig. 2c, orange points in Fig. 2b), hence,

supporting the discrimination between Facies 1 and

Facies 2.

The close-up of the top 12 mm of the sediment

(three varve years 2012–2015; Fig. 2d) reveals a

cyclic succession of composition from bottom to top.

The cycle begins with a peak in green pigments

(RABD590–730) followed closely by a relative maxi-

mum in Ca that is finally followed by a peak in Ti. The

RABD590–730 maxima show peaks in chlorophyll

a related pigments (‘green pigments’) and are inter-

preted as the spring algal bloom. The RABD590–730

maxima coincide often with Si maxima, suggesting

that biogenic provenance of Si (diatoms) is substantial.

Fig. 3 Chronology. The figure shows the varve-chronology of

the top 45 cm of the Ponte Tresa sediments. The red dots mark

documented flood layers, the dark red line represents the age

model, the blue shades represent the estimated errors, and the

brown vertical line indicates the coring year (2015). (Color

figure online)
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Fig. 4 Calibration of

RABD590–730 with green

pigment concentrations.

a The linear regression

model is shown in red, the

black dots indicate the 31

samples, the dashed lines

show the 95% confidence

intervals for the regression

function (black) and the

predicted values (green).

Different residual plots are

shown in b residuals versus

fitted values, c standardized
residuals versus theoretical

quantiles (normal Q–Q

plot), d scale-location plot,

and e standardized residuals

versus leverage plot. (Color

figure online)
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In the absence of green pigments, Si peaks coincide

with Ti maxima (e.g. winter 2014). Ca peaks are

interpreted as authigenic CaCO3 precipitation in early

summer, which is related to epilimnetic warming and

increased primary production after spring mixing.

Finally, the Ti peaks are interpreted as winter layers at

Fig. 5 HSI-inferred pigment distribution. The figure shows an

RGB contrast enhanced sediment core picture aligned with the

distribution map of the green pigment concentrations and the

plot of the RABD590–730 index values (bottom scale) and

predicted concentrations (top scale). The black arrows indicate

the 31 samples used for the calibration. The red line shows the

2 mm wide window which was integrated for the calculation of

the time series. The blue line indicates the mean index value and

the grey dashed lines represent the standard deviations. The grey

dotted line indicates the maximum concentration included in the

calibration. The colorbar represents the concentrations of the

distribution map. (Color figure online)
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Fig. 6 Pigment stratigraphy of the Ponte Tresa sediment core.

a The pigment stratigraphy based on the measured concentra-

tions. An excerpt of the varve-chronology is shown on the left

side. ‘‘Green pigments’’ represent the HSI-inferred pigment

concentrations. The green horizontal lines separate the three

significant clusters retrieved by the CONISS analysis. The

CONISS-dendrogram is shown on the right side. Brown shades

highlight flood layers. b The MAR and pigment fluxes are

shown from 1919 to 2015. RABD590–730 represents the HSI-

inferred pigment fluxes linearly approximated to the sampling

resolution of the other pigments. The green horizontal lines

again indicate the three significant CONISS-clusters. (Color

figure online)
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times of low authigenic calcite and biomass produc-

tion and increased loads of suspended sediment

entering the lake. Secondary RABD590–730 maxima

within one ‘green pigment’—Ca–Ti cycle are inter-

preted as multiple algal blooms in the same year.

Varve chronology

Authigenic CaCO3 layers, the first-order criterion used

for varve counting, were well identifiable in the top

sediments down to a depth of 44 cm. Further down

(45–84 cm), in the less organic and more clastic part

of the sediment core, calcite layers were difficult to

identify, and layer counting was ambiguous. There-

fore, our varve chronology (Fig. 3) begins at 44 cm

sediment depth with a varve age of 1919 (? 0/- 10).

Extrapolation of the age-depth model suggests an age

of approximately 1800 at 83 cm sediment depth.

Between 1951 (i.e. the first chronostratigraphic

marker) and 1983, the age uncertainty decreases to
? 1/- 4 years. In the uppermost section (1983–2015),

counting uncertainty is ? 1/- 1 year. According to the

age-depthmodel, the sediment mass accumulation rate

MAR of Facies 1 (varved sediments) is relatively

constant at around 30 mg cm-2a-1. Sediment sections

with clastic event layers show higher MAR values

(* 40 mg cm-2a-1).

Spectral index RABD590–730, calibration

and downcore measurements

The calibration of the HSI index (RADB590–730) with

absolute green pigment concentrations (chlorophyll

a ? pheophytin a) as determined by HPLC resulted in

a Pearson correlation of r = 0.91 (p\ 0.001) and a

coefficient of determination of Radj
2 = 0.82 (p\ 0.001;

Fig. 4a). The positions of the 31 sediment samples used

for the calibration is marked in Fig. 5 (black arrows).

The root mean squared errors of prediction (RMSEP)

vary between 122.64 (k-fold) and 129.98 lg g-1

(bootstrapped), which corresponds to an uncertainty

of* 12%. The calibration covers a broad range from

minimum values (RABD590–730 = 1.05; {chlorophyll

a ? pheophytin a} = 2.80 lg g-1) to maximum val-

ues (RABD590–730 = 2.0; {chlorophyll a ? pheo-

phytin a} = 1051.9 lg g-1) thus encompassing

[ 98% of all RABD590–730 index values measured

along the core (Fig. 5). Residual analysis revealed that

the two outlier samples (outside the confidence interval

of the predictions; green dashed line, Fig. 4a) cause a

slight tailing in the normal QQ-plot (Fig. 4c). More-

over, a weak heteroscedastic pattern (Fig. 5d) can be

recognized and three samples show a big leverage

(Fig. 4e). However, the Shapiro–Wilk-test

(W = 0.946, p = 0.12) and the Kolmogorov–Smir-

nov-test (D = 0.148, p = 0.46) conducted on the

residuals show that the residuals most likely originate

from a normal population and, thus, making inferences

with the presented calibration model is valid.

The RABD590–730-inferred green pigment concen-

trations mapped on the sediment-core picture and the

time series show an increasing trend and an enhanced

seasonal and interannual variability towards the top of

the sediment core (Fig. 5). Initially, green pigment

concentrations show low values (* 100–120 lg g-1)

and small short-term fluctuations (range
?/- 25 lg g-1) from the bottom to * 38 cm (ca.

1800–1937). Thereafter, the concentrations as well as

the seasonal variability start to increase towards the

top of the core, first with a marked but short-lived peak

at 26 cm depth (ca. 1958). Maximum values that are

significantly above the mean are observed in the top

21.5 cm (1964–2015), where seasonal variations in

the green pigment concentrations are typically up to

200 lg g-1 and interannual variations may be as high

as 800–1400 lg g-1 in years with exceptional algal

blooms. A decrease is observed between * 8 and

4 cm depth (1993–2001). After the flood in 2002,

values again rapidly increase to earlier maxima

(300–530 lg g-1 or even 800 lg g-1). Green pig-

ment concentrations are typically low in clastic event

layers.

We interpret the overall trends in the HSI-inferred

green pigment concentrations as an increase in the net

primary productivity (NPP) towards present times.

NPP was generally very low from the 1800s to ca.

1937. A slight increase in NPP is observed up to the

1960s. After 1964, significant eutrophication and peak

NPP are observed, which continues up to today. A

long-term decreasing trend since the 1990s is not

found. In contrast, the decrease in the 1990s is

followed by a sharp increase in the last decade. The

highest green pigment concentrations by year are at

26 cm (1958), 17.5 cm (1973), 10.5 cm (1988), 8 cm

(1993), and 2 cm depth (2009).
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Sedimentary pigment stratigraphy and fluxes

Changes in the sedimentary pigment stratigraphy

(Fig. 6a) and fluxes (Fig. 6b) reveal information about

changes in the trophic state or the algal community,

and also serve as an independent control of the HSI

data. The CONISS-analysis resulted in three signifi-

cant (b-stick model) zones.

Zone I (70–40.3 cm, ca. 1800–1937). This zone is

characterized by low pigment concentrations overall

and by extremely low variability. This is consistent

with very low RABD590–730 values and NPP.

Zone II (40.3–21.5 cm; 1937–1964). This zone

reveals strong positive trends by a factor of 5–10 for

the indicators of aquatic NPP (bb-carotene, chloro-
phyll a and pheophytin a), and higher pigment

concentrations and fluxes overall than Zone I. The

trends are particularly strong from 1950 onwards. The

TC/CD-ratio (total carotenoids/chlorophyll derivates;

here bb-carotene vs. pheophytin a) abruptly increases

at the bottom of Zone II and stabilizes at high values

towards Zone III. As suggested by a decrease in

biogenic Si, we interpret these results as a general

increase in aquatic NPP and a shift towards more

abundant cyanobacteria at the expenses of diatoms.

The clastic event layers show low pigment

concentrations.

Zone III (21.5–0 cm; 1964–2015). This zone shows

the highest pigment concentrations and fluxes. The

high fluxes of chlorophyll b, which are not correlated

with the fluxes of chlorophyll a, are noteworthy.

Chlorophyll a, pheophytin a, and bb-carotene fluctu-

ate around high levels, decrease after 1993 until 2006,

and then steeply increase around 2009 to reach

maximum levels in the last decade. bb-carotene,
chlorophyll a and pheophytin a fluxes reach local

maxima around 1968, 1987, and the years following

2009. The TC/CD-ratios stay rather constant at high

levels, although they drop slightly after 2000 and

increase again after 2009. We characterize Zone III as

a eutrophic period with very high NPP. Although NPP

started to decrease after 1990, values rapidly increased

after 2009. The HSI-inferred green pigment concen-

trations reflect these trends and also show that, after

2009, the NPP increased again.

In general, chlorophyll a and pheophytin a dominate

the sedimentary pigment composition throughout the

sediment core, and follow a similar increasing trend.

The ratio between ‘green pigments’ and chlorophyll

derivates GP/CD ({chlorophyll a ? pheophytin a}/

pheophytin a) increases slightly and steadily towards

the top of the core (Fig. 6b). The comparison between

the HPLC-measured pigment stratigraphy and the

RABD590–730 inferred ‘green pigment’ concentrations

shows that decadal- and subdecadal trends are very

comparable. This is further supported with similar

trends seen between RABD-derived ‘green pigment’

fluxes and chlorophyll a fluxes or pheophytin a fluxes

(Fig. 6b), and Pearson-correlations of r = 0.92

(chlorophyll a and RABD, ESM1) and r = 0.96

(pheophytin a and RABD, ESM1). The highly

resolved HSI dataset uncovers seasonal and interan-

nual variability, with exceptionally intense algal

blooms and extreme NPP at short temporal intervals.

Discussion

Performance of the HSI-index calibration model

It is essential to ground-truth and verify remotely

sensed data with independent established and quanti-

tative analytical methods to properly interpret spectral

indices (Butz et al. 2015). Our case study from the

Ponte Tresa sediments shows that a calibration

between HSI-index data (here: RABD590–730), and

absolute ‘green pigment’ concentrations {chlorophyll

a ? pheophytin a} measured with HPLC, reveals

remarkable calibration statistics (R2 = 0.82;

RMSEP * 12%) and that the methodology devel-

oped by Butz et al. (2015) is applicable elsewhere in a

different limno-geological setting.

Our calibration model performed better than the

one presented in the first case study from Lake Jaczno

(Butz et al. 2017, R2 = 0.74, RMSEP * 13%). We

attribute this improvement to three modifications in

the calibration methodology: one in the RABD-

calculation, a second one in the subsampling proce-

dure and a third one in the pigment analysis. Firstly,

here we used the local minimum of the absorption

feature for each individual spectrum, instead of using a

fixed band for the trough minimum (Butz et al. 2017).

Consequently, small spectral shifts of the trough

minimum could be addressed correctly. Secondly, as

pointed out in Amann et al. (2014), Butz et al. (2015)

and Wirth et al. (2013), it is crucial to have a ‘perfect’

spatial-match (geo-referencing) between the sampling

regions for the non-destructive scanning methods (i.e.
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the spectral index values calculated thereof) and the

sampling regions for the destructive methods (pigment

extraction and HPLC), particularly in sediments with

spatially highly variable concentrations of the target

substances. This is certainly the case for varved

sediments, where bioturbation is absent and the

seasonal cycles of sediment formation is pronounced.

If the sediments are very finely varved, as was the case

in Lake Jaczno (Butz et al. 2017), mixed samples of

several consecutive varve years had to be taken. This,

in turn, resulted in a narrower range of the calibration

model as many data points with seasonal or annual

maximum pigment concentrations fell outside the

calibration range. The varves in our case study are

very thick. That enabled precise subsampling of

individual extreme seasons with very high pigment

concentrations. Thus, the range of our calibration

model included[ 98% of all HSI-index values in the

entire sediment core. Thirdly, in contrast to Butz et al.

(2017), who calculated the ‘green pigment’ concen-

trations from UV–VIS photometer data, we used

HPLC here to quantify specific sedimentary pigment

concentrations for calibration with HSI data.

Combination of HPLC- and HSI- inferred pigment

concentrations

The key for sub-varve analysis are spatially highly

resolved measurements (Wirth et al. 2013). However,

the quantitative analytical methods (e.g. HPLC) are

mostly limited in the sampling resolution and, hence,

intra-annual or inter-annual variability is smoothed

out. In contrast to the HPLC-derived sub-decadally

resolved pigment stratigraphy (Fig. 6), HSI resolves

(sub)seasonal variability and extremes of ‘green

pigment’ formation related to individual short-lived

algal blooms (Figs. 2 and 5). It should be noted that the

range and validity of the calibration model is funda-

mental to making full use of the very high spatial

resolution (up to 40 9 40 lm pixel size) provided by

the hyperspectral imaging method. This opens the

door to the analysis of sub-varve scale of NPP. That is

clearly an advantage compared with reflectance spec-

tra from point measurements with typical 2–8 mm

spatial resolution (Rein and Sirocko 2002; von Gunten

et al. 2009, 2012; Saunders et al. 2012; Amann et al.

2014; Michelutti and Smol 2016).

However, HSI is much less specific than HPLC.

This is because it measures the ‘‘bulk’’ green

pigments. Moreover, further specification of spectrally

overlapping pigments is not (yet) possible. Conse-

quently, the interpretation of HSI data remains limited.

HPLC, in contrast, enables advanced interpretations

and is very specific in terms of pigment specification

and quantification (depending on the pigment-stan-

dards availability). We advocate the combination of

both HSI and HPLC methods to enable the interpre-

tation of intra-annual fluctuations as well as the

detection of long-term trends in pigment composition

and ratios, which is necessary for eutrophication

history reconstructions.

Trophic history of the Ponte Tresa basin

Here we present an overview of the trophic develop-

ment of the Ponte Tresa basin that is based on the well-

constrained varve chronology 1919–2015. Züllig

(1982) already found that the sediment in the Ponte

Tresa basin is anoxic and organic-rich, and that

sedimentary pigments are well-preserved. This is

crucial to interpreting sedimentary pigments as prox-

ies for environmental change (Reuss et al. 2005).

Low pigment-fluxes and low TC/CD-ratios mea-

sured in Zone I reveal that the period prior to 1937

(upper boundary of Zone I) was characterized by low

NPP in an oligotrophic-mesotrophic environment

(Swain 1985). The high bSi concentrations indicate

the dominance of silicifying algae (particularly

diatoms) in Zone I, which was also found by Züllig

(1982). That compares well with the investigations of

Lotter (2001), who found evidence for oligo- to

mesotrophic conditions in Ponte Tresa basin prior to

1935 denoted in the dominance (* 70% of diatom

assemblage) of Cyclotella diatoms.

In Zone II (start * 1937–1964, Fig. 6), increasing

pigment fluxes, higher TOC values and the increased

TC/CD ratio reflect enhanced NPP and substantial

eutrophication. This increase in NPP is most likely

caused by the combination of the epilimnetic warming

that has been observed (Lepori and Roberts 2015), and

rapidly increasing external P-loads originating from

anthropogenic waste waters between 1940 and 1986

(BAFU 1995). The lower bSi concentrations, along

with the higher TC/CD ratio in the 1960s, suggest a

shift in the algal composition towards more cyanobac-

teria at the expenses of diatoms. This is also typical for

eutrophication (Swain 1985) andmay be related to less

transparency in the photic zone and more competition
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for light (Amann et al. 2014). Indeed, Lotter (2001)

found a decrease inCyclotella diatoms and an increase

in Fragilaria, Asterionella and Stephanodiscus parvus

diatoms in the Ponte Tresa basin, which he interpreted

as a change towards nutrient-enriched conditions

starting after 1940. Eutrophication and epilimnetic

warming also enhanced the precipitation of authigenic

calcite in early summer, the formation of clearly

distinguishable varves, and seasonal (or even pro-

longed) hypolimnetic anoxia. Better formation and

preservation of biogeochemical varves as a result of

progressive eutrophication has been observed globally

(Jenny et al. 2013).

Finally, Zone III (1964–2015, Fig. 6) shows the

highest sedimentary pigment fluxes and TOC concen-

trations (ESM1), which is the result of highly

eutrophic to hypertrophic conditions. This is also seen

in the dominance (* 60%) of the Stephanodiscus

parvus (typically reflecting hypertrophic conditions)

between 1970 and 2000 (Lotter 2001). The increase in

chlorophyll b can result from algae (Euglenophyta and

Chlorophyta) which would indicate eutrophic condi-

tions and/or erosion in the watershed (Leavitt and

Hodgson 2002). Seasonal or prolonged lack of oxygen

in the hypolimnion has been observed since the middle

of the 20th century (Simona 2003) and Niessen (1987)

documented the formation of sapropel. The (weak)

decrease in pigment fluxes to the sediment between ca.

1988 and 2008 reflects sewage treatment implemen-

tation (which started in the 1970s), the ban on P in

detergents (which occurred in 1986), and, is also

related to enhanced grazing activity and the food web

in the oxygenated waters (Barbieri and Simona 2001;

Lepori and Roberts 2017).

Despite the general decrease in the external P-loads

to Lake Lugano, it is interesting to note that the lake

has seen a new boost in pigment fluxes, an increase in

the TC/CD ratio and, generally, more eutrophic

conditions in the last decade (starting in * 2009).

Bottom water oxygen measurements in the southern

basin of Lake Lugano (Figino station, 90 m depth)

show that, repeated deep mixing started in 2009 and

persisted in the following years after a prolonged

period of stagnation (2006–2009) (IST-SUPSI 2016).

As pointed out by Veronesi et al. (2002) substantial

internal recycling of nutrients during periods of deep

mixing have apparently increased the PP in the Ponte

Tresa basin in recent years. This was later also shown

for the holomixis events in the northern basin of Lake

Lugano in 2005 and 2006 (Lepori and Roberts 2017).

We think that similar processes have triggered the

algal blooms in 1958, 1973, 1988 and 1993 (extremes

in the RABD590–730 values, Fig. 6a).

Conclusions

Hyperspectral imaging is a novel non-destructive,

very high-resolution and rapid technique which, in

combination with other methods and proxies, provides

information about sub-varve scale variability, trends

and extremes of ‘green pigment’ concentrations in

lake sediments. This is an important basis to assess the

historical context of lacustrine eutrophication. How-

ever, the applicability of the hyperspectral imaging

method needs to be tested in different limno-geolog-

ical settings.

From our case study in the Ponte Tresa basin, Lake

Lugano, we draw the following conclusions: The

methodological design for the calibration of the

hyperspectral data with HPLC-inferred data is funda-

mental for the performance of the calibration model.

We propose first to evaluate the spatial distribution of

the spectral index values (here the values for

RABD570–730) along the sediment core and, after-

wards, to select the regions of interest for sediment

subsampling (for subsequent HPLC analysis) accord-

ingly. Ideally, the calibration samples are taken with a

stratified sampling along the full gradient of the

spectral index values (pigment concentrations),

including the maxima and minima. Sampling of the

maxima is particularly important to quantify the

pigment concentrations for short-lived events (such

as e.g. algal blooms) from high-resolution (lm-scale)

hyperspectral data. The good performance of our

calibration model (R2 = 0.82, RMSEP * 12%,

[ 98% of all spectral index values are included in

the calibration range) and the very high spatial

resolution of the pixel size (68 lm 9 68 lm) demon-

strates the potential of hyperspectral imaging tech-

niques for the geochemical analysis of lake sediments.

Combined with specific pigment data inferred e.g.

from HPLC analysis, hyperspectral imaging data

provide information about the historical context of

eutrophication at very high seasonal and interannual

resolution (subvarve- and varve-scale resolution). In

the Ponte Tresa basin, very low levels of primary

production ({chlorophyll a ? pheophytin
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a}\ 50 lg g-1) and very small interannual variabil-

ity persisted in an oligotrophic to mesotrophic lake

between ca. 1800 and the 1930s. From the 1930s to

1964, a clear increase in pigment concentrations and

pigment fluxes, but also interannual variability was

noted, and a first extreme algal bloom was observed in

1958. Primary productivity peaked between the late

1960s and the early 1990s with very high interannual

variability and multiple prominent algal blooms, and

extreme concentrations of sedimentary green pig-

ments {chlorophyll a ? pheophytin a} of up to

1400 lg g-1 were observed. In the following years,

and as a result from restoration measures to remove

external P-loads, eutrophication levels decreased

slightly until ca. 2009. Despite ongoing reduction of

external P-loads, the last decade (2009–2015) has

again seen maximum levels of pigment fluxes to the

sediment. This is attributed to efficient internal

P-cycling related to repeated deep convection and

vertical mixing in the lake.
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Arnaud F, Dong X, Jones M, McGowan S, Massaferro J,

Moorhouse H, Perez L, Ryves DB (2017) Deciphering

long-term records of natural variability and human impact

as recorded in lake sediments: a palaeolimnological puzzle.

Wiley Interdiscip Rev Water 4:e1195. https://doi.org/10.

1002/wat2.1195

Niessen F (1987) Sedimentologische, geophysikalische und

geochemische Untersuchungen zur Entstehung und

Ablagerungsgeschichte des Luganersees (Schweiz). Mit-

teilungen aus dem geologischen Institut der eidg. Tech-

nischen Hochschule und der Universität Zürich, Institut der
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