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Abstract
Lake eutrophication is recognised as a serious global challenge, and many regional legislative
programmes are being made to attempt to relieve nutrient pollution and restore deteriorated lake ecological
state. However, it is of primary importance to understand the degradation processes and reference conditions.
The palaeolimnological approach allows us to use ecological evidences preserved in lake sediments to track
the changes of lake trophic status under human impact. Diatoms, a proxy for ecological and limnological
change, and pigments, a proxy for algal production and composition, were analysed on a short sediment
sequence from Lake Dojran (Republic of North Macedonia and Greece), and their preservation qualities
were evaluated before environmental interpretation. Good diatom preservation is inferred mainly from
the consistent co-occurrence of robust, highly-siliciﬁed taxa and small taxa throughout the sequence.
Pigment evaluation of the comparison between wet sediment samples in dark and cold storage and their
corresponding dry sediment samples lyophilized immediately after the recovery reveals that sediment
restoration conditions are critical for the accuracy of analysis. We show that the increased chlorophyll and
xanthophyll pigment concentrations, particularly the siliceous-algae pigment fucoxanthin and diatoxanthin,
together with the distinct increase in diatom concentration, indicate accelerated lake eutrophication and a
major ecological shift linked to intensiﬁed water abstraction practice and agricultural expansion in the late
18th to early 19th century. Evidence of diatom assemblage composition is muted probably by the dominance
of widely-tolerant small fragilaroid species in diatom composition and the better competitive ability of
cyanobacteria and chlorophytes than diatoms for low light under eutrophic and turbid conditions. This
study improves our understanding of recent human-induced environmental change and current ecological
restoration target in this lake.
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1 INTRODUCTION
Anthropogenic nutrient pollution and lake
eutrophication have become one of the most
widespread, costly and challenging environmental
and ecological problems. Nitrogen and phosphorus
pollutions have exceeded the earth sustainable
boundaries (Rockström et al., 2009; Steﬀen et al.,
2015) and impacted economic growth and human
health (Elser and Bennett, 2011; Sutton et al., 2011).
Management measures, consumer actions and
technological innovation are being made to control
both anthropogenic phosphorus and nitrogen diﬀuse

and attempt to mitigate harmful algal blooms (Conley
et al., 2009; Paerl et al., 2016), and there are now
many success stories (Verdonschot et al., 2013), for
example, Lake Geneva (France/Switzerland) (Rimet
et al., 2009). However, lack of apparent recovery
following restricted nutrient loading is mostly
common (Bennion et al., 2015), for example, Lake
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Taihu (China) (Wang et al., 2018; Wan et al., 2019),
and more importantly, the target of lake ecological
restoration and the timescale to achieve the expectation
are still unclear, which is linked to individual unique
lake properties and complex lake ecosystems
(Bennion et al., 2015). It is thus of primary importance
to understand the pathway of human-induced water
quality degradation and deﬁne the lake reference
condition.
Palaeolimnological analysis of lake sediment
records can provide insights into tracking humaninduced changes of lake trophic status and deﬁning
the baseline condition and restoration target (Bennion
and Battarbee, 2007; Bennion et al., 2011). Diatoms
(Bacillariophyceae) are unicellular algae with a
siliceous cell wall, and their silica frustules often
preserve well in lake sediments. Due to their
sensitivity to a wide range of water chemistry
variables, diatoms are recognised as a powerful proxy
for past environmental and ecological change (Smol
and Stoermer, 2010), and in particular, they oﬀer
excellent potential for revealing recent humaninduced lake degradation (Bennion et al., 2010; Hall
and Smol, 2010). Algae (diatoms, chlorophytes,
cyanobacteria, etc.) are dominant primary producers
in lake ecosystems, and as algal preservation in lake
sediments can be severely biased by the dissolution of
some algal groups while algal pigments can be well
preserved, pigments are often taken as a strong proxy
for both lake productivity change and the shift of
algal structure composition.
The Mediterranean region is a climatically
transitional zone under the inﬂuence of the interaction
of the mid-latitude westerlies and the subtropical
high-pressure system (i.e. the Azores High), with
most of the region controlled by a dry Mediterraneantype climate (Lionello, 2012), and lakes in this region
are usually shallow with high conductivity and even
saline water (Roberts and Reed, 2009). The potential
for palaeolimnological research on recent water
quality degradation is largely untapped across the
Mediterranean, and the exploration of integrating
diatoms and pigments to elucidate recent lake trophic
changes also has not been conducted so far in this
region. Lake Dojran is a shallow and eutrophic lake in
the north-eastern Mediterranean region, and it has
been taken as a key site to investigate Mediterranean
climate change during the Holocene period (i.e. the
past 11 500 years) through palaeolimnological
analysis (Francke et al., 2013; Zhang et al., 2014;
Masi et al., 2018). Holocene diatom record reveals
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that both regional climate change and local catchment
dynamics aﬀect the changes of lake level and trophic
status in Lake Dojran (Zhang et al., 2014); however,
associated with intensiﬁed human impact and
increased catchment inﬂuence during the late
Holocene (Athanasiadis et al., 2000; Masi et al.,
2018), diatom evidence for major lake ecological
shift is weak (Griﬃths et al., 2002; Zhang et al.,
2014). Whereas, modern limnological surveys on
algal composition indicate human-induced dramatic
water level ﬂuctuation and lake eutrophication in
recent decades (Levkov and Stojanovski, 2000-2001;
Griﬃths et al., 2002; Sotiria and Petkovski, 2004).
This thus emphasises the importance of
palaeolimnological analysis in tracking thoroughly
the path of human-induced lake trophic change in the
past, but also it is essential to combine diatoms and
pigments to investigate the change of lake ecological
state.

2 SITE DESCRIPTION
Lake Dojran (Fig.1, 41°12′N, 22°44′E, 144 m
a.s.l.) is a transboundary lake between the Republic of
North Macedonia (i.e. North Macedonia) and the
Hellenic Republic (i.e. Greece) in the north-eastern
Mediterranean region. The lake receives its water
from small rivers, creeks and springs, and loses it
through evaporation and groundwater outﬂow today,
but surface outﬂow (i.e. the Gjolaja River) was
possible at the southern end of the lake in previous
phases of high water level, which drained into the
Vardar River, a major river in North Macedonia and
Greece, and then entered the Aegean Sea (Sotiria and
Petkovski, 2004). Maximum lake level was 10.0 m in
1951–1987, decreased to 3.7 m in 2002 due to water
abstraction and agricultural practices (Griﬃths et al.,
2002), and recovered to 6.7 m in 2010 due to decreased
water use and additional water transfer into the lake
(Popovska and Bonacci, 2008; Stojov, 2012). Total
phosphorus (TP) concentration was 15–130 μg/L in
1953–1960 (Sotiria and Petkovski, 2004), and the
lake was consistently eutrophic with the minimum TP
value >50 μg/L since 1996 (Temponeras et al., 2000;
Lokoska et al., 2006; Tasevska et al., 2010). Due to
the inﬂuence of the typical Mediterranean climate
(hot, dry summers and mild, humid winters) and the
very simple plate-shaped morphometry of the lake
basin, Lake Dojran’s water warms up easily and does
not stratify in summer, but it can freeze in winter.
Reed beds occupy the fringe of the lake, and
submerged plants are common in the littoral zone of
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Fig.1 The location of Lake Dojran in the north-eastern Mediterranean region (a) and the catchment of this lake between
North Macedonia and Greece and the coring site Co1260 (Francke et al., 2013) (b; modiﬁed from Zhang et al., 2014)

the lake. Lake Dojran is currently a eutrophic, shallow
and well-mixed lake.

3 MATERIAL AND METHOD
The present study is based on the topmost 55 cm
section (undisturbed) of a long core Co1260 (Fig.1;
Francke et al., 2013; Zhang et al., 2014) in Lake
Dojran, which was obtained in June 2011 from the
deepest, south-central part of the lake using UWITEC
gravity and piston coring equipments. The core was
split into two halves in the laboratory. One half was
subsampled and freeze-dried, and the other half was
sealed airtight and stored in darkness at 4℃. The age
model of this core section was estimated separately in
this study. As 137Cs and 210Pb dating methods linked to
nuclear bombing apply only to the past several
decades, we relied on radiocarbon dating in spite of
the uncertainty of 14C age calibration for recent

samples. Two radiocarbon dates were obtained from
the University of Cologne (Germany), of which one
from terrestrial plant macrofossil at 53.3 cm depth is
360±70 14C BP (1 549±74 cal AD) and the other from
bulk organic matter at 16.5 cm depth is 140±35 14C
BP (1 805±83 cal AD). The 14C date from terrestrial
plant remains provides reliable age control for the
bottom of this core section, and the 14C date from bulk
organic matter is possibly inﬂuenced by the carbon
reservoir eﬀect. We selected to generate a smooth
curve between the two dated levels and the sampling
date rather than simply using linear interpolation to
develop the age model. The age model was established
through quadratic polynomial interpolation (the
function is y=0.1x2–14.2x+2011) between the two
calibrated radiocarbon ages and the year 2011 AD of
the surface sediment. We also consider the uncertainty
of the age model when interpreting the diatom and
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Fig.2 The age-depth model of the 55 cm-long sequence in
this study, which is developed through quadratic
polynomial interpolation (the function is y=0.1x2–
14.2x+2011) between the year 2011 AD of the surface
sediment and two calibrated radiocarbon ages

pigment data below. The calibration of radiocarbon
ages into calendar ages is based on OxCal 4.3 software
(Bronk Ramsey, 2009) and IntCal13 calibration curve
(Reimer et al., 2013). The age model of this sequence
reﬂects the sedimentation during the past ca. 450
years (Fig.2).
Diatom analysis was carried out on 14 freeze-dried
sediment samples taken at 4-cm intervals. Standard
techniques in Battarbee et al. (2001) were followed
for diatom slide preparation. Approximately 0.1-g dry
sediment was heated in 30-mL 30% H2O2 to oxidise
organic matter, and then a few drops of concentrated
HCl were added to remove carbonates (Battarbee et
al., 2001). Diatom suspension was diluted to an
appropriate concentration, and known quantities of
microspheres were added for the calculation of
absolute diatom valve concentration. Diatom slides
were mounted using Naphrax™. Diatom valves were
counted at ×1 000 magniﬁcation under oil immersion
on an OLYMPUS BX51 light microscope, and more
than 300 valves per slide were counted. Diatom
fragments were also counted, and were used to
potentially assess the quality of diatom preservation.
Diatoms were identiﬁed mainly following four classic
European diatom books published in German
language in 1986–1991 (Krammer and LangeBertalot, 1986, 1988, 1991a, b), and the identiﬁcation
of diverse benthic Navicula and Cymbella sensu lato
species was also based on Lange-Bertalot (2001) and
Krammer (2002), respectively. To identify accurately
the planktonic Stephanodiscus and Cyclotella sensu
lato species in this study, we referred mainly to recent
Václav Houk, Rolf Klee and Hiroyuki Tanaka’s
monographs (Houk et al., 2010, 2014). Stephanodiscus
minutulus (Kützing) Cleve & Möller and
Stephanodiscus parvus Stoermer & Håkansson are
merged into S. minutulus/parvus. Stephanodiscus
minutulus and S. parvus have similar morphological
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characteristics and ecological preferences, and it is
diﬃcult to separate them consistently under the light
microscope (Hobbs et al., 2011; Bennion et al., 2012).
It is also possible that S. parvus is a synonym of
S. minutulus that is a polymorphic taxon (Scheﬄer
and Morabito, 2003; Cruces et al., 2010). In addition,
we referred to Zlatoko Levkov’s taxonomical work in
this region (Levkov et al., 2007; Levkov, 2009). We
adopted the up-to-date nomenclature from the
Catalogue of Diatom Names (Fourtanier and
Kociolek, 2011) and the AlgaeBase database (Guiry
and Guiry, 2019).
Pigment analysis was based on 14 wet sediment
samples taken at 4-cm intervals, and for comparison
with diatom data, these wet samples are taken from
the same depths of the core section as the dry samples
above for diatom analysis. They were stored in
darkness at 4°C after core recovery and freeze-dried
shortly before analysis. Five dry sediment samples,
taken at 12 cm intervals and corresponding to No. 1,
4, 7, 10 and 13 of the 14 wet pigment samples, were
also analysed for pigments, and similar to diatom
samples, they were freeze-dried immediately after
core recovery and stored at room temperature. The
pigment analysis of these ﬁve dry sediment samples is
used to evaluate the degradation of pigments in
referring to the results of the corresponding wet
sediments. Approximately 0.2-g freeze-dried
sediment was soaked in 5-mL extraction solvent (a
mixture of 80% acetone, 15% methanol and 5%
water) overnight for pigment extraction (McGowan,
2013). The solvent pigment extracts were dried under
N2 gas, re-dissolved in 500-μL injection solvent (a
70꞉25꞉5 mixture of acetone, ion-pairing reagent and
methanol), and then separated through the highperformance liquid chromatography (HPLC) based
on pigment polarity and mass (McGowan, 2013).
Pigments were identiﬁed according to their spectral
characteristics and retention times, by referring to a
range of standard phytoplankton pigment data and
graphics (Jeﬀrey et al., 1997; Egeland et al., 2011).
Pigment quantiﬁcation is based on the conversion of
the chromatogram peak area to the concentration, and
pigment concentration is expressed as nanomoles per
g total organic carbon (nmol/g TOC).

4 RESULT AND DISCUSSION
4.1 Diatom dissolution and preservation
More than 300 diatom valves are counted per
sample, and diatom valve concentration is >105/g
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Fig.3 Summary diagram of sedimentary diatom assemblage composition with the groups of eutrophic planktonic species,
small fragilaroid species and benthic species, and diatom concentration in this study

throughout the sequence. Small fragilaroid species,
comprising Pseudostaurosira brevistriata (Grunow)
Williams & Round, Staurosira venter (Ehrenberg)
Cleve & Möller and Staurosirella pinnata (Ehrenberg)
Williams & Round, are consistently abundant
throughout the sequence, and benthic species are
diverse and also consistently at relatively high
abundance (Fig.3). This is coherent with the currently
shallow water state and extensively distributed reed
beds of the lake. Planktonic taxa comprise mainly
typical eutrophic species, and eutrophic Aulacoseira
granulata (Ehrenberg) Simonsen, Stephanodiscus
medius Håkansson, Cyclotella meneghiniana Kützing,
Stephanodiscus minutulus/parvus, Stephanodiscus
hantzschii Grunow and Cyclostephanos dubius
(Hustedt) Round occur in this sequence (Fig.3). The
common occurrence of eutrophic planktonic diatom
taxa is consistent with the currently eutrophic, shallow
and well-mixed lake water state. Thus, the observed
diatom assemblage composition in the lake sediment
is closely linked with the limnological and ecological
states of the lake, and it is possible that diatom
dissolution is minor and diatoms can be considered to
be well preserved in this sequence. A simple diatom
dissolution index (F index; Ryves et al., 2001), i.e. the
ratio of pristine valves to total valves, is often used to

assess the preservation of diatoms, but this index is
deemed inappropriate for this sequence, due to the
shifts of main taxa and their diﬀerent degrees of
dissolution, i.e. taphonomic bias, and the
fragmentation in some degree during the process of
diatom slide preparation. However, both robust,
highly-siliciﬁed taxa (A. granulata, S. medius,
Epithemia species, etc.) and small taxa (P. brevistriata,
S. venter, Amphora pediculus (Kützing) Grunow,
etc.) are consistently observed throughout the
sequence (Fig.3). Thus, although diatom dissolution
cannot be assessed quantitatively, empirical
observation results show that the diatom data of this
sequence can be reliably used as an indicator for
recent environmental change.
4.2 Pigment degradation and preservation
Totally nine pigments are identiﬁed in the
chromatograms of these samples, and they are
phaeophorbide
a,
fucoxanthin,
alloxanthin,
diatoxanthin, lutein, canthaxanthin, chlorophyll a,
pheophytin b and pheophytin a (Figs.4 & 5), which
are listed here according to their retention times.
Pigment concentrations are expressed in nanomoles
per gram total organic carbon (nmol/g TOC) based on
their peak areas in the chromatograms. The
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degradation of pigments is evaluated through the
comparison of pigment concentrations in the ﬁve dry
sediment samples, lyophilized immediately after core
recovery and stored under ambient temperature, with
their corresponding wet sediment samples that are

kept in cold storage until the analysis. Compared with
the wet sediment samples, no new pigment derivative
occurs in the ﬁve dry samples, and the nine pigments
exhibit diﬀerent degrees of degradation with
fucoxanthin and diatoxanthin declining even below
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the limit of detection (Fig.4). Although this is related
with the initial concentrations of pigments as in the
wet samples, this shows clearly the diﬀerent levels of
stability of pigments and conﬁrms the important role
of sediment storage conditions in pigment analysis
(Reuss and Conley, 2005). Exposure to heat, light and
oxygen enhances pigment degradation, with the
ambient condition increasing exposure to heat and
light and the powdery texture of dry sediment
maximizing exposure to oxygen (Leavitt and
Hodgson, 2001), and Reuss and Conley (2005)
suggested that freeze-dried sediments should be also
stored in freezer. Fucoxanthin contains an epoxy
group, which makes the pigment more susceptible to
degradation (Reuss and Conley, 2005). Whereas,
diatoxanthin, lutein, canthaxanthin, and alloxanthin
do not have such an epoxy group and thus are more
stable than fucoxanthin, although their degradation
also occurs. This study shows that lutein is the most
stable one of the ﬁve pigments above (Fig.4).
Carotenoids contain a long chain of alternating double
bonds which makes them susceptible to degradation,
and their breakdown products are colourless and
undetectable; whereas, chlorophylls contain a
tetrapyrrole ring, and their degradation products of
diﬀerent types (i.e. oxidation, loss of Mg and loss of
phytol chain) are still coloured and can be detected
(McGowan, 2013). Chlorophyll a is unstable and its
degradation product pheophytin a is quite stable
(Reuss and Conley, 2005). This study conﬁrms the
high stability of pheophytin a and shows that
phaeophorbide a is a relatively unstable degradation
product of chlorophyll a (Fig.4). Veuger and van
Oevelen (2011) suggested that a simple index, i.e. the
ratio of chlorophyll a derivatives to chlorophyll a,
could be used to indicate pigment preservation;
however, due to the diﬀerent levels of stability of
phaeophorbide a and pheophytin a, this index is not
suitable in this study. Chlorophyll b is not detected in
this study and shows high instability in most cases,
while its derivative pheophytin b is highly stable.
Thus, sediment storage conditions are key factors for
the accuracy of pigment analysis (Reuss and Conley,
2005), and the wet sediment samples freeze-dried just
before the analysis in this study can be used as a proxy
for recent environmental change.
4.3 Human-induced lake ecological change during
the past ca. 450 years
Based on the evaluations of diatom dissolution/
preservation and pigment degradation/preservation
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above, accurate and unbiased results about the change
of lake ecological status can be obtained from this
sequence. This sequence can be distinctly divided
into two zones with a major ecological shift occurring
at around 1770 cal AD based on pigment concentration
data, which is consistent with the changes of diatom
concentration and geochemical proxies (i.e. the
contents of carbonates and organic matter in the
sediments) (Fig.5). Although there is also a clear shift
from S. pinnata to P. brevistriata in the diatom
assemblage composition (Fig.3), it is well known that
the two species have very wide nutrient tolerances
and similar habitat preferences and thus the diatom
composition data do not show a tipping point of
ecological state in this lake during the past ca. 450
years.
Chlorophyll a is a widely distributed pigment that
originates from all algae and aquatic plants as well as
riverine terrestrial plant detritus (Leavitt and Hodgson,
2001). However, due to its exposure to oxygen at the
soil surface, chlorophyll a is poorly preserved in the
terrestrial detrital material (Lami et al., 2000),
particularly under the inﬂuence of human-induced
deforestation and agricultural development in the
catchment of this lake (Athanasiadis et al., 2000;
Masi et al., 2018). Thus, the concentration of
chlorophyll a and its derivatives indicates primarily
total algal production and can be used as a proxy to
infer the change of lake productivity (Leavitt and
Hodgson, 2001; McGowan, 2013). In Fig.5, the lower
concentration of chlorophyll a and its derivatives in
Zone Z-1 (55–19 cm, ca. 1550–1770 cal AD) is
largely attributed to lower lake productivity rather
than higher pigment degradation, and their higher
concentration in Zone Z-2 (19–0 cm, ca. 1770–2010
cal AD), particularly the higher concentration of
phaeophorbide a that derives mainly from planktonic
algae under the condition of zooplankton grazing
(Guilizzoni and Lami, 2002), indicates higher lake
productivity. The increase of lake productivity is
probably linked to a human-induced dramatic lakelevel decline rather than climate change. The
maximum lake level was approximately 15 m at the
end of the 18th century, and in the year 1808, a channel
was dug at the southern end of the lake to connect the
Gjolaja River. This is the most inﬂuential water
abstraction practice in this lake during the past 450
years, and in order to reduce the lake area for larger
agricultural land and take more water for downstream
irrigation, this channel was deepened gradually since
then and the maximum lake level declined to less than
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4 m in 2002 (Popovska et al., 2005; Stojov, 2012).
The lake littoral zone and its macrophytic vegetation
also reduced (Griﬃths et al., 2002; Sotiria and
Petkovski, 2004). Although recent climate warming
can promote chlorophyll a concentration and lake
algal production (Smol, 2019 and references therein),
this rapid climate warming arose in the 20th century
(IPCC, 2013) and is much later than the occurrence of
the ecological shift in this lake. The slight
chronological diﬀerence between the reconstructed
lake ecological breakpoint and the documented causal
human activity could be attributed to the possible
carbon reservoir eﬀect of the bulk organic matter date
and the uncertainty of the age model. In all, the
increase in the concentration of chlorophyll a and its
derivatives is linked with increased algal blooms and
accelerated lake eutrophication since the 19th century
under the inﬂuence of intensiﬁed anthropogenic water
reduction and agricultural nutrient diﬀuse.
Most xanthophylls are used as indicators for
speciﬁc algal classes or functional groups (Leavitt
and Hodgson, 2001). In Fig.5, higher lutein and
pheophytin b concentrations in Zone Z-2 (19–0 cm,
ca. 1770–2010 cal AD) indicate increased chlorophyte
production (McGowan et al., 2012). The slightly
higher concentrations of canthaxanthin and
alloxanthin in this zone indicate increased production
of cyanobacteria and planktonic cryptophytes,
respectively (Leavitt and Hodgson, 2001; Guilizzoni
and Lami, 2002; McGowan, 2013). Distinctly
increased fucoxanthin and diatoxanthin concentrations
result from increased production of siliceous algae,
particularly diatom production, rather than decreased
diatom dissolution, and this is consistent with
distinctly increasing diatom concentration in this
zone. There is no clear changing trend of the relative
abundances of individual eutrophic planktonic diatom
species as well as the sum of these taxa in this study
(Fig.3), and another palaeolimnoligical analysis in
this lake conducted by Griﬃths et al. (2002) also does
not show the response of diatom assemblage
composition to the accelerated lake eutrophication.
This can be probably attributed to the dominance of
facultative planktonic fragilaroid taxa rather than
planktonic taxa in the diatom assemblage composition
and the wide environmental tolerances of the
fragilaroid species. Small fragilaroid species can
tolerate a wide range of trophic states and survive in a
variety of benthic habitats consisting of lake
sediments, submerged plants and the base of emergent
plants (Sayer, 2001). Because non-planktonic diatoms
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can derive nutrients from sediments and macrophytes,
they respond more directly and sensitively to habitat
availability rather than water-column nutrient
enrichment (Bennion et al., 2010; Hall and Smol,
2010). Although lake littoral zone and its macrophytic
vegetation reduced under human agricultural activities
as mentioned above, the decline of both lake area and
water level would make the previous pelagic zone
become shallow and available for the fragilaroid
species to attach to the sediments, due to the simple
plate-shaped morphometry of the lake basin. This is a
possible reason that the fragilaroid species are
consistently at high relative abundance and dominate
the diatom assemblage composition in this sequence.
The chlorophyll and xanthophyll pigment
concentration data and diatom concentration data
show an increase in the production of diatoms,
chlorophytes,
cyanobacteria
and
planktonic
cryptophytes, indicating increased algal biomass and
lake productivity, which is linked to water abstraction
practices and more intensive agricultural activities
since the 19th century. This is also supported by
increasing organic matter content (i.e. total organic
carbon (TOC)) and distinctly increasing carbonate
content from the same sequence, both of which are
mainly derived from the in-lake authigenic origin
(Francke et al., 2013). Although diatom assemblage
composition does not show evidence for the
accelerated lake eutrophication, other types of algae
could respond and/or new toxic algal species could
occur in such a nutrient-enriched environment, which
is supported by the algal investigations in recent
decades (Sotiria and Petkovski, 2004; Lešoski et al.,
2010). Nutrient-polluted lakes often suﬀer from
harmful cyanobacterial blooms and nuisance weeds.
It is possible that chlorophytes and/or cyanobacteria
override diatoms and become the most important
primary producers in this lake at a higher trophic
level, because chlorophytes and cyanobacteria are
better competitors for low light and turbid status than
diatoms under eutrophic, well-mixed water conditions
(Tilman et al., 1986) and thus inﬂuence the response
of diatoms. However, the increased production of
chlorophytes and cyanobacteria does not restrain
diatom growth through competition and/or allelopathy
and diatoms can co-exist with other types of algae,
because diatom concentration and diatom speciﬁc
pigments (i.e. fucoxanthin and diatoxanthin) show a
clear increasing trend (Figs.3 & 5). Thus, the
combined diatom and pigment analyses in this study
provide clear evidence for recent human-induced
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accelerated lake eutrophication and a major ecological
shift, and improves understanding of the predisturbance condition for current ecological
restoration in this lake.

5 CONCLUSION
Lake Dojran, a shallow and eutrophic lake across
the Republic of North Macedonia and Greece, is a key
site for understanding the environmental change in
the Mediterranean region. This study conducted the
diatom and pigment analyses of the Lake Dojran
sediment sequence that spans the past ca. 450 years,
and their preservation qualities were evaluated prior
to palaeolimnological interpretation. For diatoms,
good preservation is inferred from the co-existence of
robust, highly-siliciﬁed taxa and small taxa throughout
the sequence and also from the correspondence of the
consistent diatom composition with the current
limnological conditions. For pigment preservation,
our comparison of wet sediment samples, which were
in dark and cold storage until the analysis, with the
corresponding dry sediment samples, which were
lyophilized immediately after coring, reveals that
sediment restoration conditions exert large inﬂuence
on the accuracy of pigment analysis. In the
palaeolimnological interpretation, the chlorophyll
and xanthophyll pigment concentration and diatom
concentration data provide clear evidence for
accelerated lake eutrophication and ecological shift
linked to intensiﬁed anthropogenic water reduction
and agricultural nutrient diﬀuse in the late 18th to
early 19th century; whereas, diatom assemblage
composition does not show evidence, probably
because widely-tolerant small fragilaroid species
dominate the diatom composition and/or lightcompetitive chlorophytes and cyanobacteria override
diatoms under eutrophic and turbid conditions. This
study improves our understanding of recent humaninduced environmental change and current ecological
restoration target in this lake.
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