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Paleolimnological reconstruction of the centennial
eutrophication processes in a sub-tropical South
American reservoir
S. Halac1*, L. Mengo1, L. Guerra 1,2,3, A. Lami 4, S. Musazzi 4, J.-L. Loizeau5, D. Ariztegui2, E.L.
Piovano1

Abstract
Reservoirs hold a detailed record of the changes in the input of sediments and nutrients over decades to
centuries. Paleolimnological multi-proxy analysis makes it possible to reconstruct baseline conditions to infer
early evidence of environmental change. Our study aims to reconstruct historical human impacts derived from
urban development on the San Roque reservoir (Córdoba, Argentina) related to the centennial dynamics of
sedimentary and eutrophication processes.
A paleolimnological record, dated by 210Pb and 137Cs, made it possible to identify two stages during the
environmental evolution of the San Roque reservoir. Physical processes, such as fluvial discharge and water
level variation, dominantly ruled stage 1 (Unit C) during the initial infilling of the reservoir. Nutrient load and
eutrophication processes controlled stage 2 (Units B and A). Stage 1 (77-55 cm; AD 1921 to 1965) occurred
before and after the second dam was built and while the level of water increased by ≈8 m; it displayed a high
variation in mean grain size and maximum values of magnetic susceptibility. Stage 2 (AD 1965–2017) records a
new reservoir base level and the maintenance of high water levels and comparatively more stable conditions.
Regarding the eutrophication process throughout stage 2, three sub-stages were defined: a) Sub-stage I (AD
1965–1985) is a period of incipient eutrophication; b) Sub-stage II (AD 1985–2005) is an interval of increase of
eutrophication as shown by the increase in several organic proxies related to the abundance of phytoplankton.
Echinenone, zeaxanthin and myxoxanthophyll indicate that cyanobacteria increased concentration by three-to
four-fold in comparison with the previous sub-stage. c) Sub-stage III (AD 2005–2017) shows the transition to a
hypereutrophic state. Diatomea (fuco and diato), dinophyceae (diadino), chlorophyta (lut) and cryptophyta (allo)
groups show a comparatively higher contribution.
Our results mostly highlight that during the last century the main drivers of changes in the environmental state of
the San Roque reservoir were trophic, fluvial and hydrometeorological. These results might provide tools for
anticipating future scenarios for water management plans under increasing anthropic pressure.
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1. Introduction

Paleolimnological studies in Southern South America have
focused mostly on climate reconstructions since lakes contain
high resolution records of the Last Glacial-to-interglacial tran-
sition and Holocene (see references in Piovano et al., 2014).

However, the growing concern about the pollution of aquatic
systems as a major threat to both humans and freshwater bio-
diversity (Vörösmarty et al., 2010) created a new challenge
for palaeolimnology in the study of lakes and reservoirs to
provide tools to ensure water quality. Although reservoir sed-
iments were scarcely considered as environmental archives,
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the need to track changes in water quality, before monitoring,
pinpoints the value of reservoir sedimentary records in deci-
phering anthropic-derived environmental changes (Bradbury
and Van Metre, 1997; Shotbolt et al.,2006; Tremblay et al.,
2001; Winston et al., 2014).
Aquatic systems are threatened on a world-wide scale by a va-
riety of pollutants as well as the negative impacts of land-use
or water management practices; as a consequence, eutrophica-
tion of lakes and reservoirs has become a global problem over
the last decades (Smith, 2003). Eutrophication is a natural pro-
cess that is accelerated by human activities in aquatic systems
and relates to the increased loading of key nutrients, phos-
phorus and nitrogen, from domestic, agricultural or industrial
sources. This environmental problem has caused not only the
deterioration of water quality but also major changes in the
biological community structure (Smith and Schindler, 2009).
Many studies in aquatic systems within diverse geological and
geographical settings show that climate-driven processes can
act synergistically with the anthropic influence, increasing,
for instance, lake primary productivity and therefore changes
in the system’s trophic state and water quality (O’Neil et al.,
2012; Paerl and Huisman, 2008; Paerl and Paul, 2012). Con-
sequently, a pressing need for evaluation of trends in water
quality has arisen in order to provide tools for action based on
knowledge (Bartram and Ballance, 1996).
Although reliable monitoring data are crucial for such as-
sessments, available databases are not long enough to fully
encompass the environmental evolution from pre-disturbance
levels to the present. In order to substitute the lack of his-
torical data, paleolimnological proxies provide unique infor-
mation to reconstruct changes in water quality, trophic state,
sedimentary processes and land-use, among others. Since
a complex network of interactions governs lake ecosystems,
a multi-proxy approach is necessary to better unravel past
changes (Birks and Birks, 2006; Smol, 2010). Among the
existing proxy-data to reconstruct past trophic state and pri-
mary productivity, fossil pigments can be used as indicators
of algal and bacterial community composition (Leavitt and
Hodgson, 2001; Buchaca and Catalan, 2007; Lami et al.,
2010). Biochemical remains of photosynthetic organisms
(carotenoids, chlorophylls, photoprotective compounds and
other lipid-soluble molecules) are unique indicators to infer
the temporal dynamic of phytoplankton groups (Reuss et al.,
2005). Fossil pigments provide reliable information to track
historical changes of abundance and composition of the phy-
toplankton communities and can be considered indices of
present and past lake trophic conditions and climate changes
(Coianiz et al., 2014; Huo et al., 2019). One of the most com-
mon fossil pigments preserved in the sedimentary record in all
phototrophic organisms is chlorophyll a – and its derivatives,
frequently used as indicators of total phytoplankton biomass.
Carotenoids however, comprising carotene and xanthophylls,
are preferentially preserved in the sedimentary record because
they are more stable than chlorophylls. β -carotene, which
is present in all phytoplankton taxa, has been recognized as

a biological tracer for total phototrophic quantification and
thus provides a reliable indicator of paleoproductivity (Leavitt,
1993; Romero-Viana et al., 2009).
Our study, based on a centennial multi-proxy analysis of the
San Roque reservoir (SRr, Argentina), addresses some aspects
related to the temporal dynamics of sedimentary and eutrophi-
cation processes and associated changes in the composition
of the phytoplankton community. The SRr is located in the
central semi-arid region of Argentina, which is characterized
by the presence of a high number of reservoirs due to water
scarcity. Over recent decades, the water quality of these reser-
voirs has deteriorated significantly, especially due to eutrophi-
cation (O’Farrell et al., 2019). A generalized problem is the
lack of continuous water quality monitoring surveys, which
have only started 20 years ago. Consequently, a main difficulty
in assessing the current state is the lack of knowledge of their
pre-disturbance environmental conditions during periods of
low anthropic impact and the identification of early evidence
of change. Despite the importance of reservoirs as sources of
water supply, few paleolimnological studies tackling trophic
state changes related to anthropic and natural forces have been
conducted in South America (Costa-Böddeker et al., 2012;
Fontana et al., 2014; Gangi et al., 2020).
Our reconstruction aims to infer paleolimnological conditions
of SRr, especially prior to the beginning of water quality mon-
itoring in AD 1999. The study focuses on answering some
unresolved questions: (1) How many stages can be recognized
in the history of the SRr through changes in physical, chemi-
cal and biological proxies? (2) How are these stages related
to environmental processes and eutrophication? (3) What is
the response of the phytoplankton community throughout the
environmental history of the SRr?
This study constitutes one of the first attempts to investigate
environmental changes in reservoirs in the semiarid region
of Argentina from a paleolimnological perspective and in-
tends to provide an assessment for the development of water
management tools.

2. Study site, limnology, regional climate
and land use

The SRr (31°22’ S, 64°27’ W) is a reservoir located in a semi-
arid region of Argentina at 608 m a.s.l. in the upper basin
of the Suquía River (Fig. 1). A first dam was built between
AD 1881 and 1891 with a maximum height of 29 m, which at
that moment was the largest dam in the world. A subsequent
dam of 35.3 m in height was built between AD 1939 and
1944, enlarging the capacity of the reservoir from 112 to 201
hm3 (Ballester, 1931). Nowadays the reservoir is used for
different purposes such as urban water supply, flood control,
power generation, minor irrigation, recreation and tourism.
The SRr supplies drinking water to approximately one mil-
lion people in the Córdoba city area. The drainage area is
1750 km2 while the reservoir has a surface of ≈15 km2 and
mean water depth of ≈ 13 m, resulting in a volume of 201
hm3. The maximum water-depth is 35 m and is located at
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Figure 1. A) San Roque reservoir location in South America and in central Argentina. SRr catchment land uses, main localities
and inhabitants (census 2010). B) Spatiotemporal urban growth in the San Roque reservoir catchment area based on the
multi-temporal analysis of Landsat 5 (1987) and Landsat 8 (2017) satellites images. C) Detailed map of San Roque reservoir
showing the coring site indicated as TSR-17-I. Land uses, main tributaries and the outlet river are indicated.
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the dam area. The Cosquín and San Antonio rivers and Las
Mojarras and Los Chorrillos streams are the main tributaries,
while the Suquía River is the outlet (Fig. 1B and C), (Dasso
et al., 2014; Granero et al., 2004). Today the reservoir is a
warm monomictic lake, frequently stratified during the austral
summer season (December to February). The mean residence
time of the water is 0.6 years. General features of the SRr are
presented in Table 1.
The regional climate condition is semihumid to semiarid. Mild
temperatures, summer-concentrated rainfall, and occasional
snowfall in winter are typical features. Local mean annual
temperature is 14°C witha wide monthly variation range: min-
imum mean value of 7°C and maximum mean value of 24°C
(Table 1). Rainfall regimes regulate the discharge of the tribu-
tary rivers. The mean annual precipitation is 780 mm. More
than 80% of the annual rainfall occurs between October and
April (Colladón, 2014). Interannual precipitation analysis
reports drought cycles of about 10 years, alternating with wet
periods of 10 years. This pattern changed after the 1980s,
when droughts become less severe (Díaz et al., 2016). The lat-
ter is related to a hyper-humid interval that occurred from the
mid-1970s to 2005, due to a regional hydroclimatic change
(Pasquini et al., 2006; Piovano et al., 2014; Guerra et al.,
2017).
Catchment land use (Fig. 1A) shows a high urban influ-
ence, while some areas are partially modified by managed
grassland for breeding cattle, however they are not exten-
sive activities. Intense urban development without adequate
infrastructure and planning is largely transforming the catch-
ment. Thus, the main source of pollution is represented
by human domestic waste (mainly bacteria and nutrients)
as the SRr receives untreated sewage discharges from di-
rect and diffuse sources (Halac et al., 2019). In addition,
deforestation and fire cause frequent loss of soil and vege-
tation in the watershed, increasing the eutrophication pro-
cess (Rodríguez and Ruiz, 2016). Tourism represents the
main activity within the area. Several localities are located
within the catchment but Villa Carlos Paz, sited at the lake
shore, is the largest with 6.3 x 104 permanent inhabitants
(Fig. 1A; https://datosestadistica.cba.gov.ar/dataset/censo-
2010-resultados-definitivos) and increasing to ≈30 x 104 dur-
ing the summer season (https://datosestadistica.cba.gov.ar/
dataset/sector-turismo). Satellite images show the urban ex-
pansion along the catchment from 1987 to 2017, revealing that
Villa Carlos Paz city is the area of major growth, followed by
other localities located at the north of the catchment, mainly
Cosquín and La Falda (Fig. 1B).
According to some scattered limnological studies, the first
report claiming for eutrophication of the SRr goes back to
the 1970s (Bonetto et al., 1976) whereas recently (ca. 2012),
the trophic state of the SRr was reported to have become
hypereutrophic (Rodríguez and Ruiz, 2016). During the last
decade, nutrients mean content of soluble reactive phosphorus,
total phosphorus and total inorganic nitrogen has been 24, 83
and 385 µg·L-1 respectively and mean chlorophyll a content

has been around 51 µg·L-1 (Table 1). Cyanobacteria blooms
were first signaled in 1963 (Pizzolon et al., 1999) and have
become a more frequent event since the 1980s (Quirós, 1988).
Because of increasing eutrophication, today the SRr presents
frequent hypolimnetic anoxia, dominance of cyanobacteria
(mainly Microcystis aeruginosa and Dolichospermum spp.),
and fish death events (Rodríguez and Ruiz, 2016).
Regular monitoring of reservoir water quality started only
after 1999, providing information about physical, chemical
and biological water column variables (Table 1). However,
there is an information gap regarding limnological conditions
during the first ca. 100 years of dam operation. Hence, pale-
olimnological reconstruction may be the only tool available
to reveal the dynamic of some processes that occurred at the
SRr since the first dam was built.

3. Material and Methods
3.1 Core sampling, description and methods
A 77-cm-long sediment core (TSR-17-I) was retrieved in
September 2017, using a gravity corer (IQTEC, “Bob corer
type”). The core was collected in the central area of the reser-
voir (31°22’ 35.95" S; 64°28’ 12.60" W; Fig. 1C), at a water
depth of 17 m. The core was stored at 4°C within 1-2 h after
collection.
Whole-core petrophysical properties were determined on TSR-
17-I core. Computer tomography images made it possible
to recognize fine-scaled sedimentary structures in the undis-
turbed sedimentary core. The core was cut in two halves and
photographed. An initial description of the core was made
following the criteria proposed by the Limnological Research
Center Core Facility (http://lrc.geo.umn.edu/laccore/icd.html).
Laminated (≤1 cm), banded (>1 cm) and massive sediments,
as well as textural and color changes were visually identified.
Magnetic susceptibility was measured using a MS2E Barting-
ton sensor every 0.5 cm, at the Paleolimnology Laboratory,
IRSA-VB, Pallanza, Italy. Sediment sampling was performed
every 1 cm or at a lithological and/or magnetic susceptibility
change.
The mean grain size was determined using a laser diffrac-
tion grain size analyzer (HORIBA LA-950) at GeoLab - CI-
CTERRA, Argentina. Samples were pre-treated with 20 mL
of 30% H2O2 to eliminate the organic matter, and with 20
mL HCl (10%) to remove carbonates. Sediments were sub-
sequently rinsed with distilled water and the residue was dis-
persed with a solution of 10 mL of (NaPO3)6 to defloculate
particles. Mean grain size and textural classes were deter-
mined in metric units using the Gradistat software (Blott and
Pye, 2001).
Water content was calculated by weighing subsamples be-
fore and after drying at 105°C for 24 hours. Organic matter
(OM) was determined by loss-on-ignition (LOI). Samples
were heated at 550°C for 2 hours to remove organic mat-
ter, re-weighed and then heated at 950°C for 2 h, and again
weighed (Dean, 1974; Heiri et al., 2001). Mass loss (percent-
age of dry weight) after combustion at 550°C (LOI 550°C) is
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Table 1. Physicochemical characteristics of San Roque reservoir. For physicochemical variables related to quality water, only
the values of the center area of the reservoir, where the core was obtained, are presented (expressed as mean and standard
deviation).

San Roque reservoir Lat. S 31°22’; Long. W 64°27’
Reservoir area / volume1 15 km2 / 201 hm3

Reservoir watershed area1 1750 km2

Tributaries area1 Cosquín river: 827 km2 / Las Mojarras stream: 89 km2 San Antonio
river: 515 km2/ Los Chorrillos stream: 138 km2

Depth2 Maximum: 35.3 m; average: 13 m
Average water residence
time2

≈ 0.1-0.7 yr

Mixing regime3 Warm monomictic (with frequent stratification during summer)
Trophic state3 Hypereutrophic
pH3 7.9 ± 0.72
Dissolved oxygen3 9.5 ± 4.3 mg·L-1

Secchi disk3 1.2 ± 0.35 m
Phosphorous3 Total: 83 ± 67 µg·L-1, reactive soluble: 24 ± 15 µg·L-1

Nitrogen3 Dissolved inorganic: 385 ± 210 µg·L-1

Chlorophylla3 51 ± 80 µg·L-1

Mean air temperature4 Annual: 14°C; winter: 7°C; summer: 24°C
Mean annual precipitation4,5 780 mm
1Dasso et al., 2014; 2Granero et al., 2004;3Rodríguez and Ruiz, 2016;4Colladón, 2014;5Díaz et al., 2016.

proportional to the amount of organic matter.

3.2 Chronology
210Pb and 137Cs activity profiles were obtained using a HPGe
well gamma spectrometer (Ortec EG&G) measuring gamma
emissions at 46.5 keV and 662 keV respectively, at the De-
partment F.-A. Forel of the University of Geneva, Switzerland.
210Pb and 137Cs activity was measured on 1 cm-thick sam-
ples of dried, powdered and homogenized sediments collected
with a 7 cm interval for the entire core. Around the maximum
137Cs peak, additional samples with 3 cm intervals were mea-
sured to better define the peak.
Prior to 210Pb analysis, samples were sealed to prevent any
loss of 222Rn and stored for a period of 3 weeks to ensure
secular equilibrium between 226Ra and 214Pb. Excess 210Pb
was calculated as the difference between total 210Pb and the
supported 210Pb determined by 214Pb measurement (Appleby,
2001). The detection efficiency of the radioisotopes was cor-
rected for geometry, density and chemical composition using
Monte Carlo simulation software (Gespecor 4.1, Sima et al.,
2001). Corrections were substantial for 210Pb (up to 25%
change), but not for 137Cs (about 1-2%).
210Pb ages for the Core TSR-17-I were calculated considering
the Constant Rate of Supply model (CRS, Appleby, 2001;
Robbins, 1978). Mass accumulation rates (MAR, g·cm-2·yr-1)
were calculated using sediment dry density (Sanchez-Cabeza
et al., 2012). The radioactive fallout from nuclear weapon
tests in the atmosphere (Pennington et al., 1973) was used as
the marker to test the 210Pb chronological model. The main
regional 137Cs peak at sites located at latitude 30-40 south
of the Equator correspond to AD 1964 while the first detec-

tion for 137Cs at the same location is AD 1955 (Leslie and
Hancock, 2008; UNSCEAR, 2000).

3.3 Pigment and elemental analysis
Pigment measurements and elemental analysis were performed
on samples taken at 1 cm intervals at the Paleolimnology Lab-
oratory, IRSA-VB, Pallanza, Italy.
For elemental analysis, the sediments were dried, homoge-
nized and ground in an agate mortar prior to elemental analy-
sis. Total carbon (Ctot) and total nitrogen (Ntot) were analyzed
via high temperature combustion on a CHNS analyzer (Fisons
NA1500). Duplicate analyses of every sample were run, and
the mean of the two measurements are reported here. Repli-
cate analysis of one sample (n= 5) gave a precision of ± 0.02
wt % Ctot and ± 0.003 wt % Ntot.
Fossil pigments were determined according to the method
described by Lami et al., (1994) on subsamples kept frozen
until laboratory analysis. About 2 g of wet sediment were
taken three weeks after core extraction, weighed and extracted
overnight with ≈ 5 mL of acetone/water mixture (90:10), un-
der nitrogen atmosphere and maintained at 4°C in darkness.
The extract was then centrifuged at 4000 rpm for 10 min and
used for chlorophyll and carotenoid determinations. Total
fossil pigments (chlorophylls and their derivatives, CD; to-
tal carotenoids, TC) were measured spectrophotometrically
(SAFAS, mod. UVmc2) in a 1 cm light path cuvette. The
extracts were read at 410, 430, 450, 665 and 750 nm. CD
were calculated as spectrophotometer units per gram organic
matter U· (g LOI)-1 as described by Guilizzoni et al., (1983),
and TC were calculated as mg· (g LOI)-1 following Züllig
(1985). CD and TC are expressed in terms of organic matter



Paleolimnological reconstruction of the centennial eutrophication processes in a sub-tropical South American
reservoir — 6/17

content to reflect the degree of pigment preservation relative
to that of the total organic matrix in which the pigment occurs
(Hodgson et al., 2004).
Individual carotenoids and chlorophylls were detected by Re-
versed Phase High-Performance Liquid Chromatography at
460 and 656 nm respectively, using an UltiMate 3000, Ther-
moFisher (Lami et al., 1994). The HPLC system consists of
an autosampler (Ultimate 3000), a quaternary pump (P680),
a thermostated column oven (TCC100) and a DAD detector
(Ultimate 3000). The column is a C18 ODS (Omnispher 5 µm
particle size; 250 mm x 4.6 mm ID). The chromatogram was
acquired at 460 nm and 656 nm for carotenoids and chloro-
phyll pigments, respectively. The whole spectrum for peak
identification was also recorded. After sample injection (100
µL of acetone extract), a gradient program that ramped from
85% mobile-phase A (80:20, by vol. methanol: aqueous solu-
tion of 0.001 M PIC A ion-pairing and 0.001 M propionic acid)
to 100% mobile-phase B (60:40, acetone: methanol) in 30 min
with a hold for 20 min provided sufficient resolution of all pig-
ments of interest. Flow rates from 1 mL min-1 to 2 mL· min-1.
The column was re-equilibrated between samples by linear
ramping to 85% mobile-phase A for 5 min and maintained for
10 min before sample injection. With this procedure, we were
able to separate zeaxanthin from lutein and β -carotene from
pheophytin a. Analysis of replicates of sediment samples
yielded a CV of 4.5% - 11.5%, depending on the pigments.
Identification of all pigments was confirmed by comparison
of spectral characteristics and chromatographic mobility of
pigments isolated from sediments with those obtained from:
TLC analysis (Züllig, 1982), commercial standards (DHI Lab-
oratory Products, Denmark) and published values (Egeland
et al., 2011). Concentrations of pigments were determined
on the basis of molar extinction coefficients at the detection
wavelengths. The molar extinction coefficient E1% 460 and
E1% 656 was derived from the E1% max reported in Egeland
et al. (2011). The pigment affiliation was based on Guilizzoni
and Lami (2003).

3.4 Statistical analysis
A multivariate technique was used for ordination on physico-
chemical and biological proxies over the sediment record. A
preliminary detrended correspondence analysis (DCA) was
performed to identify the most appropriate analytical method.
Principal component analysis (PCA) was applied as a linear
response was confirmed (ter Braak, 1995). Temporal trends in
organic proxies (OM, Ctot, and Ntot) and fossil pigments (CD
and specific carotenoids markers) were analyzed statistically
using the non-parametric Mann–Kendall test (Gilbert, 1987).
Statistical analysis were performed with the Vegan package
(Oksanen et al., 2019; R software) and the Kendall package
(McLeod, 2011; R software) for ordination and trend analyses,
respectively.

4. Results

4.1 Sedimentary core data
4.1.1 Age model
There is a general decreasing trend in total 210Pb activity due
to the decay of the unsupported 210Pb (Fig 2A). 210Pb age
model reached a minimum age of AD 1921 at the base of the
sediment record (Fig 2A). Overall the sediment record MAR
shows two distinctive patterns. A low MAR (0.25 ± 0.04
g·cm-2·yr-1) is estimated between 77 and 56 cm, correspond-
ing to 210Pb dates AD 1921 and 1964, respectively. Compara-
tively a higher MAR (0.36 ± 0.05 g·cm-2·yr-1) characterizes
the uppermost sediments between 49 to 0 cm corresponding to
210Pb dates AD 1966 and 2017. Between sediment depths 55
to 50 cm the 210Pb profile shows fairly constant activity values
assigned to AD 1965, highlighting a high sedimentation rate
during this period (Fig. 2A).
Signs of 137Cs activity appear at a depth of 60 cm and are

attributed to AD 1955, the first hemispheric nuclear weapon
detections in sediment profiles of fallout (AD 1954-1957;
Leslie and Hancock, 2008). A wide maximum peak from 55
to 51 cm in depth is attributed to the regional fallout peak of
AD 1964 (Fig. 2B; Leslie and Hancock, 2008; UNSCEAR,
2000). Based on these time markers, MAR correspond to 0.24
and 0.35 g·cm-2·yr-1, respectively, which are fully compatible
with rates determined by 210Pb dating. The large 137Cs peak
coincides with the layer showing 210Pb constant activity val-
ues, confirming a change in sedimentation rate (Figs. 2 A and
B).
Both age models (Fig. 2C) highlight the existence of three
sediment dynamic conditions throughout the record: 1) Low
MAR from AD 1921 to 1964; 2) a fast sedimentation layer
(levels 55 to 50 cm) around AD 1965; and 3) higher MAR
from AD 1966 to 2017.

4.1.2 Physicochemical properties and detailed sedimen-
tology

The multi-proxy analysis of the core, including visual inspec-
tion of sediments and the response of physicochemical proxies
throughout the sequence, made it possible to identify three
lithological units from bottom to top: UC, UB and UA (Fig.
3; Table 2).
The lowermost UC consisted of finely laminated and banded
light brown coarse silts (77-55 cm; AD 1921 – 1965). It is
characterized by the coarsest sediments of the record (mean
grain size = 17.3 ± 4.7 µm) including a finning-upward trend
at the top of the unit. Magnetic susceptibility values range
from a maximum of 715 to 221 SI· 10-7. Organic matter con-
tent varies from 11.7 to 13.5% DW while Ctot and Ntot range
from 3.4 to 5.5% DW and from 0.37 to 0.59% DW respec-
tively. The top of UC presents a sharp limit marked by an
abrupt interruption of laminated sediments.
Unit B (55-14 cm; AD 1965 – 2005) consists of massive and
banded brown medium silts including isolated black laminae.
This unit shows comparatively finer grain sizes (12.4 ± 1.0 µm)
and lower magnetic susceptibility values (346 SI· 10-7) than
UC. Mean grain size shows small variation along UB, rang-
ing from 10.7 to 14.1 µm. UB shows a fining-upward trend
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Figure 2. A) Vertical profiles of 210Pb (A) and 137Cs (B) activity (in Bq kg-1) in the SRr sedimentary core (TSR-17-I) and the
respective mass accumulation rates (MAR). Dates of both beginning and maximum of 137Cs atmospheric fallout are indicated.
C) Age 210Pb and 137Cs models obtained from the MARs calculated for each interval with different sedimentation patterns: 77
to 56 cm and 49 to 0 cm. 210Pb model uncertainties are shown by error bars.

along the top of the unit (level 15 cm; 11.1 µm). Magnetic
susceptibility shows a decreasing trend reaching a minimum
value at the top of the unit (135 SI·10-7). OM, Ctot and Ntot
mean values are 12.5 ± 0.3, 3.8 ± 0.2 and 0.44 ± 0.02% DW,
respectively, while a slight increase is observed above level
33 cm (AD 1985) matching with the development of thin dark
laminated sediments.
UA (14 cm - 0 cm; AD 2005 – 2017) is recognized by the

presence of a faintly laminated interval at the base of the unit
and a jelly-like consistency layer at the top. The base of UA
is characterized by a pronounced geochemical shift, evident
through a noticeable rising in OM content towards the top
of the core (mean value: 14.0 ± 0.7% DW; maximum value:
15.7% DW). Ctot and Ntot contents also show an upward in-
crease to maximum values of 5.7 and 0.63% DW respectively.
The unit presents low values of magnetic susceptibility (279
SI·10-7) and a mean grain size of 12.0 ± 1.7 µm.

4.1.3 Fossil pigment proxies
Figures 4 and 5 summarize fossil pigment concentration from
AD 1921 to 2017. Even though fossil pigments vary greatly
throughout the core, most of them display a synchronous in-
crease towards the top of the sequence.
Chlorophyll derivatives (CD) and total carotene (TC) profiles
show a similar pattern throughout UC and UB. Along UA
their behavior is different, especially at the uppermost levels
(above 6.5 cm), where CD displays a sharp and steady rise.
Conversely, TC displays fairly constant values in UA and UB
(Fig. 4). The noticeable increase in CD pigments at the up-
permost part of the sedimentary core corresponds to both a
rise in chlorophyll a (maximum value 150 nmol. g LOI-1) and
to a significant contribution of the chlorophyll a degradation

product: pheophytin a (phe a), pheophorbide a (pheide a) and
chlorophyllide a (maximum values: 194, 468 and 176 nmol.
g LOI-1, respectively). Contents of β -carotenes (ββ -car) ex-
hibit large variations along UC followed by a marked decrease
in the first part of UB (55 to 33 cm). The upper part of UB
(33 to 14 cm) and the entire UA are characterized by a shift to
larger and steadier values.
Regarding the specific pigment markers of each phytoplank-

ton group (Fig. 5; Electronic Supplementary Material Table
A1), one of the most frequent assemblages along the entire
sedimentary sequence is echinenone (echin) and zeaxanthin
(zea), characteristics of cyanobacteria group. Myxoxantho-
phyll (myxo) and canthaxanthin (cantha) are also cyanobacte-
ria pigment indicators; the former is representative of colonial
cyanobacteria whereas the latter is typical of N2 fixers. Myxo
and cantha exhibit a similar trend to echin. Higher concentra-
tions are observable within the upper section of UC (i.e., 59
to 55 cm; maximum values: 191, 80 and 10 nmol· g LOI-1 for
echin, myxo and cantha, respectively) which are then followed
by a sharp decrease along the lower part of UB. Aphanizophyll
(apha) pigment, a cyanobacteria marker specific of N2-fixers,
was not detected along Unit C.
At UB, a steady increase above the level 33 cm was identified
for echin, zea, myxo and cantha (maximum values: 162, 148,
76 and 18 nmol ·g LOI-1, respectively). Regarding apha, this
marker was continuously detected above 20 cm depth (maxi-
mum value: 17 nmol ·g LOI-1). Multiple peaks were detected
at UA for echin, zea, myxo, cantha and apha (from 11 to 6
cm; maximum values: 102, 139, 65, 29 and 9 nmol ·g LOI-1,
respectively).
The carotenoid marker for identifying chlorophyta, i.e., lutein
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Figure 3. Depth profiles of physicochemical proxies in the SRr sedimentary core (TSR-17-I): mean grain size (MGS,
micrometers), magnetic susceptibility (MS, SI units), organic matter (OM, %), total carbon (Ctot, %) and total nitrogen (Ntot,
%). Core photograph and computed tomography image are shown on the left. Lithological units C, B and A are indicated from
base to top. Historical events are described along units. San Roque reservoir evolution stages (1 and 2) and sub-stages (I, II and
III) are indicated (see discussion section).

(lut), displays a sharp peak at UC (70 to 65 cm, 142 nmol ·g
LOI-1) and shows high values at UA (11 to 7 cm; maximum
value: 143 nmol ·g LOI-1).
Siliceous algae pigment indicators, fucoxanthin (fuco) and
diatoxanthin (diato), display peaks at UC (70 to 67 cm; maxi-
mum values: 149 and 105 nmol ·g LOI-1, respectively) and
a single peak at UB (level 33: 112 and 64 nmol ·g LOI-1, re-
spectively), and finally UA displays a sharp increase reaching
maximum values of 101 and 93 nmol ·g LOI-1, respectively.
Diadinoxanthin (diadino) used as a dinophyceae indicator
presents a relative increase at the uppermost UA (maximum
value: 106 nmol ·g LOI-1). Alloxanthin (allo), characteristic
of the cryptophyte group, exhibits a uniform pattern along UC
and UB, showing maximum values at UA (max. value: 170
nmol ·g LOI-1).

4.2 PCA ordination of physicochemical and biolog-
ical proxies

In order to obtain a comprehensive view of physicochemical
and biological proxy fluctuations along the record, we plotted
the two main axes of variability obtained from a principal
component analysis (PCA; Fig. 6). PCA data show that the
two first components account together for more than the 50%
of the total variance. The first axis explains the 40.6% of the
total variance and might be associated with the trophic state.
Cyanobacteria (echin, zea, myxo, cantha and apha), dino-

phyceae (diadino), cryptophyta (allo), chlorophyll derivatives
(CD) and organic matter (OM) are positively related with axis
1 while magnetic susceptibility is negatively correlated with
fossil pigments. On the other hand, the second axis accounted
for 15.1% of variance and might indicate physical process in-
fluences. Diatom (fuco and diato), chlorophyta (lut) and mean
grain size (MGS) are positively correlated with axis 2. Most
of the samples corresponding to Unit C (77 to 55 cm; S1) and
the lower part of Unit B (55 to 33 cm; Ss I) are grouped on
the left side of the first component. On the other hand, the
major proportion of samples corresponding to the uppermost
part of UB (Ss II) and UA (Ss III) are on the right-hand side
(Fig. 6).

4.3 Hydrometeorological instrumental record
The instrumental record of the reservoir water level and precip-
itations cover the period AD 1947-2017 (Catalini and García,
2014; Vicario, 2017). The water level curve shows a sharp
increase of ≈ 8 m from AD 1951 to 1952 after the building
of the second dam (Fig. 7A). Although important short-term
water level variability was registered (i.e., a 3 m drop during
AD 1964-1965), high water levels were maintained until AD
1969. Afterwards, a water level drop of ≈ 7 m took place until
AD 1971 followed by a rise of ≈ 4 m at AD 1972. The record
from AD 1972 to the present includes multiple water level
fluctuations, but of lesser magnitude than those registered
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Table 2. Mean and standard deviation of physical and chemical proxies for each lithological unit. MS: Magnetic Susceptibility;
MGS: Mean grain size; OM: Organic Matter; Ctot: Total Carbon; Ntot: Total Nitrogen

Lithological
Units

n MS
(10-7 SI)

MGS
(µm)

OM
(% D.W.)

Ctot
(% D.W.)

Ntot
(% D.W.)

C 22 Mean: 357 ± 109 Mean: 17.3 ± 4.7 Mean:12.7 ± 0.4 Mean: 4.1 ± 0.4 Mean: 0.45 ± 0.05
Max: 716 Max: 23.7 Max: 13.5 Max: 5.5 Max: 0.59
Min: 222 Min: 10.4 Min: 11.7 Min: 3.4 Min:0.37

B 41 Mean:346 ± 78 Mean:12.4 ± 1.0 Mean: 12.5 ± 0.3 Mean: 3.8 ± 0.2 Mean: 0.44 ± 0.02
Max: 488 Max: 14.1 Max: 13.1 Max: 4.1 Max: 0.51
Min: 135 Min: 10.7 Min: 12.0 Min: 3.5 Min: 0.39

A 16 Mean: 279 ± 38 Mean: 12.0 ± 1.7 Mean: 14.0 ± 0.7 Mean: 4.7± 0.5 Mean: 0.54 ± 0.05
Max: 334 Max: 15.3 Max: 15.7 Max: 5.7 Max: 0.63
Min: 135 Min: 10.5 Min: 12.8 Min: 3.8 Min: 0.44

during the 1951-1972 interval. The precipitation record over
the same period shows a pattern that mostly resembles reser-
voir water level fluctuations with the exception of the interval
corresponding to the reservoir infilling after the building of
the second dam (Fig. 7A).

5. Discussion
The high-resolution multi-proxy analysis encompass the en-
vironmental evolution and the sedimentary dynamics and eu-
trophication history from AD 1921 to 2017.
The synchronic correspondence of lithological units, sedimen-
tary organic matter, total C and N content, and fossil pigment
made it possible to identify two main reservoir stages. Fluvial-
like sedimentary conditions during the initial infilling of the
reservoir were followed by an increasing trend in nutrient load,
associated to a eutrophication processes typical for inner-lake
dominated conditions mainly due to an increase in water level.
In general, organic proxies and fossil pigment concentration
increased quite synchronously, especially during the last three
decades (e.g., OM, tau: 0.767, p≤0.001; Ctot, tau: 0.697,
p≤0.001; Ntot, tau: 0.543, p≤0.001; CD, tau: 0.554, p≤0.001;
echin+zea+myxo, tau: 0.314, p≤0.001; cantha + apha, tau:
0.508, p≤0.001; diadino, tau: 0.464, p≤0.001; Figs. 3-
5). This fact indicates that the increase in fossil pigments
is largely the result of increased internal productivity in the
SRr, rather than the effect of differences in the autochthonous
/ allochthonous OM balance (Lami et al., 2000).
Water physicochemical data collected during the last two
decades show that hypoxia or anoxia dominate the lower
part of the hypolimnion in the SRr during most of the year,
thus preventing the direct photo-oxidation of pigments in the
water column during deposition. Fossil pigments generally
show good preservation throughout the core as supported by
430 nm: 410 nm ratios (Moss, 1967), which mostly show
a range of values from 0.97 to 0.88 (Fig. 4). However, a
marked decrease of the 430 nm: 410 nm ratio can be observed
throughout the uppermost sediments (0.81 ± 0.2; Fig. 4).
Such a change is most evident in the top ≈ 5 cm which are
subject to continuous processes of diagenesis (Guilizzoni and
Lami, 2003). Hence, the preservation/degradation conditions

should be considered when interpreting the SRr record of
fossil pigments, especially at uppermost layers.

5.1 SRr’s evolution stages
One of the most remarkable outcomes of our multi-proxy
analysis of the SRr sedimentary record is the identification
of two main stages: one is dominantly ruled by physical pro-
cesses, such as water level variation (Stage 1), while the other
is controlled by changes in the nutrient load (Stage 2) (Figs.
3-7).
The first stage, recorded by finely laminated and banded sedi-
ments of UC, spans from AD 1921 to 1965. Stage 1 represents
the initial time period after construction of the first dam in AD
1888, as well as the increase in water level after the second
dam implementation in AD 1944. UC sediments show a great
variation in the mean grain size, displaying coarser sediments
and maximum magnetic susceptibility values before the level
corresponding to AD 1944. A high fluvial influence, mainly
due to the small volume of the reservoir, characterizes the
onset of this period. After the building of the second dam, the
resulting water level increase by ≈ 8 m can be inferred by the
particle-finning trend towards the top of UC. The dominance
of comparatively finer sediments can be attributed to changes
in the transport dynamics of fluvial sediments due to a rise
in the base level. Previous limnological studies in the SRr
(Guarrera, 1948) reported an influx of riverine phytoplankton
species into the reservoir, remarking the high riverine influ-
ence during this stage.
The second stage (UB + UA) is the record of increased water
level reservoir conditions, after the second dam became opera-
tive together with comparatively lower water level fluctuations
(Fig. 7A). Changes in lake morphometry and longer distances
to river mouth control sediment load transport resulting in a
decrease of mean grain size and the accumulation of massive
sediments. These conditions probably weakened the riverine
influence and promoted lentic sedimentary conditions, espe-
cially in the central area of the reservoir.
During the second stage we did distinguish three sub-stages
related to the eutrophication process and with marked shifts
in fossil pigment composition and concentration (Figs. 4 and
5). Sub-stage I is represented by the basal section of UB (55
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Figure 4. Depth profiles of fossil pigments in the SRr sedimentary core (TSR-17-I): chlorophyll derivatives (CD), total
carotenes (TC), chlorophyll a (chl a), pheophytin a (phe a), chlorophyllide a, pheophorbide a (pheide a) and β -carotene (ββ

–car). The ratio between absorbance at 430 nm and at 410 nm, an index of pigment degradation, is also shown. Lithological
units C, B and A are indicated from base to top. Historical events are described along units.San Roque reservoir evolution
stages (1 and 2) and sub-stages (I, II and III) are indicated (see discussion section).

to 33 cm; AD 1965 to 1985). The multi-proxy analysis makes
it possible to infer mesotrophic conditions and incipient eu-
trophication stage, as shown by lower values of CD and TC
than the following sub-stages II and III (Fig. 4).
Sub-stage II is represented by the upper section of UB (33 to
14 cm; AD 1985 to 2005) when the eutrophication became
evident, as shown by the increase in several organic proxies re-
lated to phytoplankton abundance such as CD (also phe a and
pheide a) and TC (also ββ -car; Figs. 4 and 5). Black lami-
nated sediments also reflected such conditions. This sub-stage
spans from the beginning of the 1980s, when higher nutrient
contents promoted phytoplankton growth and eutrophication
intensified itself. Historical reports of observed eutrophication
at the SRr have been accordingly reported after the second
half of the 1970s (Bonetto et al., 1976; García de Emiliani,
1977; Quirós, 1988).
Sub-stage III is recorded within UA and is characterized by
a sharp increase in most of the trophic state indicators. This
sub-stage begins in the 21st Century and is considered to be
a period of intensified eutrophication. Particularly, after AD
2005, OM, Ctot, Ntot and CD (also shown by chl a, phe a,
pheide a, chlorophyllide a) show a sharp increase (Figs. 3 and
4). The onset of a hypereutrophic state represents a noticeable
change within the centennial SRr’s environmental conditions.
In agreement with our interpretations, monitoring data from
AD 1999 to the present indicate a chronic eutrophication pro-
cess after ≈ AD 2003 and a shift to a hypereutrophic state
following AD 2012 (Rodríguez and Ruiz, 2016).

The sedimentary organic proxies provide evidences that the
SRr experienced intense eutrophication as of 1980s. The likely
dominant mechanism was through nutrient loading from the
surrounding catchment. Urban growth of the littoral city and
other main localities at northern SRr catchment area, is re-
flected in an exponential increase of human population from
1947 to 2010. Population growth shows a thirty-fold increase
of the littoral city of Villa Carlos Paz (from 0.2 x· 104 to 6.3 x
104 inhabitants), displaying the most distinct increase since
the 1970s. In addition, the population in the whole SRr catch-
ment presented a fourfold increase (2.2 x 104 to 9.4 x 104

inhabitants) over the same period (Fig. 7B). The population
growth in addition to the lack of an efficient sewage treat-
ment system can be directly related to the recorded increase
(sub-stage II) and intensification (sub-stage III) of reservoir
eutrophication (Figs. 7B and C). Domestic discharges usually
provide nutrients mainly rich in both phosphorus, nitrogen,
and organic debris. In this sense, the phosphorus balance dur-
ing AD 1999-2000 highlights the fact that the diffusive load
from littoral areas is the main contribution to the reservoir
(61%; Rodríguez and Ruiz, 2016). This fact emphasizes that
one of the most important triggers of the increase in eutroph-
ication (sub-stages II and III) is the exponential population
growth at the littoral city of Villa Carlos Paz.
In summary, we assume that the population growth (Fig. 7 B)
and to a lesser extent changes in the land use within the SRr
catchment (Fig. 1B) are the main drivers that caused a three-
fold increase in the phosphorus load entering the reservoir
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Figure 5. Depth profiles of fossil pigments indicating diverse phytoplankton groups in the SRr sedimentary core (TSR-17-I):
echinenone (echin), zeaxanthin (zea), myxoxanthophyll (myxo), canthaxanthin (cantha) and aphanizophyll (apha):
cyanobacteria group (green); lutein (lut): chlorophyta group (light green); fucoxanthin (fuco) and diatoxanthin (diato):
diatomea group (yellow); diadinoxanthin (diadino): dinophyceae group (light brown); alloxanthin (allo): cryptophyta group
(brown). Lithological units C, B and A are indicated from base to top. Historical events are described along units.San Roque
reservoir evolution stages (1 and 2) and sub-stages (I, II and III) are indicated (see discussion section). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

during the time interval from 1977 (≈ 45 ton·yr-1; Gavilan,
1981) to 2000 (≈ 145 ton·yr-1; Rodríguez and Ruiz, 2016). In
addition, forest fires in the SRr catchment can be considered
a further factor contributing to the increase of the phosphorus
and nitrogen load input into the reservoir (Reyna et al., 2014).

5.2 Fossil Pigments as indicators of reservoir his-
tory

Carotene concentration shows the contribution of the different
groups of phytoplankton to sedimentary OM during the differ-
ent reservoir development stages, where Cyanobacteria (echin,
zea and myxo), chlorophyta (lut) and diatomea (fuco and di-
ato) are the most representative groups throughout the record
(Fig. 5). However, cyanobacteria and dinophyceae seem to
mostly contribute to the total biomass as shown by their high
correlation with OM and chlorophyll derivatives (Fig. 6). We
are aware that some carotenoids differ in their stability, which
might lead to an over or underestimation of the abundance
of some groups. For example, fuco is among the most labile
(Turner et al., 2006), so the abundance of diatoms could be
underestimated. On the other hand, allo should be interpreted
with caution because of its selective preservation. Thus, the
high peaks of allo during the 21st Century could be the result
of over-representation in the surface sediments relative to the
abundance of cryptophyta (Leavitt, 1993; Reuss et al., 2005).
Regarding the environmental evolution in the SRr, we ob-

served several differences in fossil pigments over the inferred
stages. The first stage presents high peaks of biomarker pig-
ments of diatoms, chlorophytes and cyanobacteria (Fig. 5).
Physical factors, such as fluvial inputs and mixing conditions
in aquatic systems promote the dominance of diatoms (Fadel
et al., 2015; Visser et al., 2016). Therefore, pigment peaks
corresponding to diatom and chlorophyte groups registered
over stage 1 (Fig. 5) can be associated to the riverine in-
fluence during the initial stage associated to unstable water
column mixing conditions. Riverine contribution of diatoms
and chlorophytes into the SRr has been reported by previous
studies (Guarrera, 1948; Yacubson, 1960). Chlorophyte (lut)
and diatom (fuco and diato) markers show a high correlation
with mean grain size, as shown by PCA biplot, thus reinforc-
ing the fluvial influence on the abundance of these groups
(Fig. 6).
Higher water levels after the construction of the second dam
and reservoir infilling probably led to the proliferation of
cyanobacteria (echin, zea and myxo; Fig. 5). The onset of
more stable conditions could have promoted water column
stratification, which is optimum for proliferation of cyanobac-
teria, as noticed in the SRr (Halac et al., 2019; Rodríguez and
Ruiz, 2016). This condition combined with increased nutrient
concentrations, low-precipitation periods (mid-1950s until the
beginning of the 1970s in Fig. 7A), may have promoted the
recorded increase in cyanobacteria pigments from AD 1958
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Figure 6. Principal Components Analysis Biplot (Axes 1 and 2) showing variability patterns of physicochemical and biological
proxies along the SRr sedimentary record: MGS, mean grain size; MS, magnetic susceptibility; OM, organic matter; CD,
chlorophyll derivatives; Echin, echinenone; Zea, zeaxanthin; Myxo, myxoxanthophyll; Cantha, canthaxanthin; Apha,
aphanizophyll; Lut, lutein; Fuco, fucoxanthin; Diato, diatoxanthin; Diadino, diadinoxanthin; Allo, alloxanthin. The samples
scores are plotted to show the environmental evolution of the SRr: S1: stage 1; Ss I: sub-stage I; Ss II: sub-stage II and Ss III:
sub-stage III (see text). Circles indicate the sample groups separated by the first component.

to 1964 (Fig. 7C). The PCA biplot (Fig. 6) shows an opposite
ordination of cyanobacteria pigments and mean grain size,
this reinforcing favorable conditions for cyanobacteria prolif-
eration.
The second stage, covering the period from AD 1965 to the
present, can be split into three sub-stages (I-II-III). Sub-stage
I is characterized by the lack of a dominance of a specific phy-
toplankton group as shown by low marker pigment contents.
Over the course of sub-stage II (after AD 1985), the increased
eutrophication is revealed by peaks of fossil pigments, espe-
cially those from cyanobacteria (echin, zea, myxo). Over the
interval AD 1985 to 2000, abundance of cyanobacteria ex-
hibited an increased by three- to fourfold in comparison with
the previous sub-stage. Moreover, carotenoid markers of N2–
fixing cyanobacteria that displayed either low (cantha) or non-
detected percentage values (apha) before the 1980s, started
increasing at sub-stage II (Fig. 5). Hence, the cyanobacteria
community structure changes to a major proportion of N2 fix-
ers. Regarding other phytoplankton groups, diatoms (fuco and
diato) and chlorophytes (lut) populations show a short-lived
response with a distinct peak at by 1985 (Fig. 5).
The high abundance of the cyanobacteria group during sub-
stage II suggests that the growth in population and urban

development along the SRr catchment after the 1970s im-
pacted on phytoplankton biomass in the SRr (Figs. 7B and
C). In accordance with our results, various studies show that
periods of major urban growth coincide with cyanobacteria
blooms (Pienitz and Vincent, 2003; Winston et al., 2014).
A substantial change in the phytoplankton community struc-
ture took place during sub-stage III, which is characterized by
the intensification of the eutrophication. Besides cyanobac-
teria, other groups display a high concentration in marker
pigments (Fig. 5). Diatoms (fuco and diato), dinophytes
(diadino), chlorophytes (lut) and cryptophytes (allo) groups
show a higher contribution in comparison with previous sub-
stages. At the end of sub-stage III, the cyanobacteria group
was comparatively less dominant than during sub-stage II,
probably due to a marked increase in precipitation as after
AD 2013 (Fig. 7A and C; Halac et al., 2019). In agreement
with our results, direct monitoring data show similar trends
in the different phytoplankton groups over sub-stage III: a)
high percentages of diatom contribution throughout sub-stage
III; b) an increased concentration of cryptophyte species as
after AD 2006 and, c) an increase in the dinophyte abundance
and a concomitant decrease in cyanobacteria after AD 2012
to 2016 (Rodríguez and Ruiz, 2016).
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Figure 7. Environmental evolution in the SRr as shown by historical data (A and B; AD 1947 – 2017) and sedimentary record
(C; AD 1946 ± 11 – 2017 ± 1). A) Hydrometeorological changes in the San Roque basin: reservoir water level (m) and local
total precipitation (mm). The blue line indicates the local mean precipitation value. B) Human population growth at the littoral
city of Carlos Paz and at the catchment villages adjusted by an exponential function. C) Chlorophyll derivatives and total
cyanobacteria pigment content from sedimentary record. The color bands indicate the different stages and sub-stages. Light
blue: stage 1 and blue: stage 2; light green: sub-stage I; green: sub-stage II and dark green: sub-stage III (see text). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

6. Conclusions

The use of fossil pigments provided important clues to deci-
pher the physical and trophic state history of the SRr prior
to the water quality monitoring survey. The temporal vari-
ability in physicochemical and biological proxies along with
instrumental data, reveal that nutrient input, fluvial influence
and hydrometeorological factors are the main drivers for the
environmental change of the SRr. Overall the SRr environ-
mental history we identified: 1. An initial period dominated
by biological responses mainly ruled by fluvial processes; 2.

A shift to predominantly inner-lake sedimentary conditions
due to changes in the base level; 3. A triggering in the eu-
trophication processes since the 1980s related to population
growth in the catchment and littoral areas; 4. Predominance of
the cyanobacteria group as the main response to the eutrophi-
cation process; and 5. The influence of hydrometeorological
factors, such as water level and/or precipitation variability, as
additional forces affecting the composition of the phytoplank-
ton community.
Paleolimnological studies in reservoirs on the environmen-
tal response to temporal land-use changes along with an un-
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derstanding of climatic forces are fundamental in defining
background conditions and providing data to predict future
scenarios. Further research considering paleolimnological
data calibrated with water quality monitoring is needed to
obtain more precise reconstructions. Paleolimnological recon-
structions combined with continuous monitoring contribute to
broadening the time framework of the analyses. This approach
is essential to be able to assess water management strategies
effectively.
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Table A1. Principal marker pigments, relative taxa and acronym list.

Acronym Pigment Taxa
Chlorophylls

Chl a Chlorophyll a common to all plants
Chl b Chlorophyll b Chlorophyta, Euglenophyta
Chl c Chlorophyll c Chrysophyta, Dinophyceae

Chlorophyll
derivatives

Pheide_a Pheophorbides a chlorophyll a derivative (grazing)
Phe_a Pheophythin a chlorophyll a derivative common to all plants
Phe_b Pheophythin b chlorophyll b derivative common to all plants
Phe_c Pheophythin c chlorophyll c derivative (Chrysophyta, Dinophyceae)

Carotenes
ββ_car β ;β -carotene common to all plants, some bacteria, Chlorophyta

Xanthophylls
Allo Alloxanthin Cryptophyta
Cantha Canthaxanthin Invertebrate herbivores, some filamentous Cyanobacteria
Echin Echinenone Total Cyanobacteria
Zea Zeaxanthin Total Cyanobacteria
Myxo Myxoxanthophyll Colonial and filamentous Cyanobacteria
Apha Aphanizophyll N2-fixing Cyanobacteria
Fuco Fucoxanthin Siliceous algae (including Diatomea)
Diato Diatoxanthin Diatomea
Lut Lutein Chlorophyta, Euglenophyta
Diadino Diadinoxanthin Dinophyceae, Euglenophyta
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