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Parasite sedimentary DNA reveals fish
introduction into a European high-mountain
lake by the seventh century

Elena Fagín 1, Marisol Felip1,2, Anton Brancelj 3, Pere Masqué 4 &
Jordi Catalan 1,5

High-mountain lakes were historically fishless due to natural barriers, but
human introductions have led to widespread fish presence. Although parti-
cularly intensive during the last decades, historical documents indicate
introductions in European high mountains already during the 14th and 15th
centuries, but they could have occurred before, provided the intensive land
use of the high mountain had started earlier. We used ancient environmental
DNA from lake sediments (sedDNA) to investigate this hypothesis. Fish ecto-
parasites from various clades were identified using the 18S rRNA gene in the
sediment record of a deep, high-mountain Pyrenean lake, with Ichthyobodo
(Kinetoplastea) being of particular interest due to its consistent occurrence.
The study shows a continuedpresence of fish parasites in the lake since the 7th
century, which coincides with the Late-Roman and Visigothic extensive
mountain use for sheep pasturing as supported by nearby archeological
remains and increased lake primary production evidenced by photosynthetic
pigments.

Most high-elevation mountain lakes are naturally fishless worldwide
because of the glacial steep relief that isolated the cirque lakes from
colonization. Unfortunately, many have been stocked with down-
stream or non-native fish species1. Sport fishing and helicopter avail-
ability havewidely spread lakefishduring the last decades, becoming a
conservation concern2,3. Historical documents indicate that fish
stocking started much earlier, at least in the European ranges, during
the 14th and 15th centuries4. Most existing documents were related to
the rights to use specific lakes for fishing and trade, showing an
advanced socio-economical use of those high-mountain lands. There
were also philanthropic initiatives to recover otherwise “lifeless
waters,” as the stated motivation of Emperor Maximillian I in the Tyr-
olian Alps during the 15th century5. It has been suspected, however,
that fish stocking could have started much earlier4 than documents
indicate, likely during the intensive occupation of the mountains for
pasturing and foresting in the first millennium of the current era.

Without documentary records, lake sediments could be used to
assess the historical introduction of fish. Sparse fish remains are unli-
kely to be sampled in a sediment core, and obtaining a continuous,
reliable record of them is nearly impossible. The traditional approach
has been to investigate the lake community shift that could have
caused the occurrence of a previously non-existing top predator1,6.
Amphibians and some large macroinvertebrates decline or even
become extinct in mountain lakes with fish7. Unfortunately, the record
of these most impacted organisms is also poor in the sediments, in
contrast to cladoceran remains, which are abundant. As fish are visual
predators, they prey on cladocerans selectively according to their size,
which differs markedly among species; hence, changes in the com-
munity composition have been used to assess fish introductions in
lakes8, with particular success in shallow, productive lakes studies9–11.
However, the possibility of applying the method in large, oligotrophic
mountain lakes has raised doubts12 because large cladocerans and
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trout coexist in many of these lakes. Furthermore, cladoceran popu-
lation dynamics at centuries scales are influenced by land use and
climate shifts13,14, whose effects could be confounded with fish intro-
ductions. Indirectfish impacts through top-downcascading toprimary
producers using other paleolimnological indicators (e.g., diatoms,
pigments)11 could be even more challenging to distinguish from the
effects of other drivers. Indeed, determining historical fish introduc-
tions in lakes through their food web impact is somewhat of a circular
rationale because the cause is inferred by some presumed effects that
should be, in fact, the next object of study. Ideally, amethod providing
direct evidence of fish occurrence could facilitate a more coherent
evaluation of the causes and consequences15.

Environmental sediment DNA (sedDNA) increases the possibility
of finding a signature of the fish introduction independent of the
impact16. Recovering fish DNA from the sediments would be the most
direct way, but it is technically challenging, and recovery is not always
successful, even in lakes where fish is relatively abundant17. A com-
plementary and overlooked possibility of detectingfishpresence is the
molecular signature of their parasites, which have been previously
found in sedDNA studies18. Natural fish populations may host a wide
variety of parasites, some achieving high densities without compro-
mising the viability of the fish population19. Fish offer a large surface
area for parasite-host encounter and colonization, facilitating infec-
tion, and are highly mobile, helping parasite dispersal. Microscopic
ectoparasites may have large populations and distribute more homo-
genously across the water column during some life phases than their
host. Because of direct sinking or scavenging by larger particles, there
can be a small but sustained flux of parasites toward the sediment. In
contrast, fish carcasses are occasional and locally distributed. There-
fore, looking for direct fish evidence and of their parasites becomes a
complementary strategy for assessing fish’s early introduction in
mountain lakes using sedimentary DNA.

We used sedDNA to determine when fish were introduced in a
large, 73m deep lake of the Pyrenees (Fig. 1). This lake is isolated from
the fluvial network by a steep waterfall over 100m high, and thus, fish
could not have naturally colonized the lake in the past. However,
currently, the lake supports a large brown trout population ( ~ 60,000
individuals)20. The only documented evidence of fish occurrence in the
past is a royal bureaucracyquestionnaire fromthe 18th century, stating
that the lake was hard for fishing but had excellent trout21. It is unlikely
that once a large fish population was established in this lake, natural or
human causes could extinguish it. Therefore, we can assume that trout
have existed in the lake for over two hundred years and ask howmuch
before it was first introduced. Because of its size and location, Lake
Redon is an excellent site for testing whether fish introduction could
have occurred in parallel with the early socio-economic development
of the mountain area.

Archeological evidence22 and an entire Holocene sediment
record previously studied in the lake indicate that low-intensity
pasturing in the catchment and mining in nearby areas occurred
since the late Roman period23,24. Furthermore, the Central Southern
Pyrenees experienced economic and cultural splendor during the
12th and 13th centuries, as evidenced by the flourishment of
Romanesque art in the valleys’ towns25. Across these centuries, land
use in the area achieved an exceptional intensity above any period
after the Middle Ages. Therefore, it could be expected that fish
introduction in the lake occurred at any time during these centuries,
and since then, the lake community could have been conditioned by
the fish’s presence.

We tested a collection of DNA primers to detect fish using top
sediment samples, including some targeting vertebrates in general and
others specific for trout (see methods). Despite the presence of the
current fishpopulation, all tests were unsuccessful. Therefore, weused
the V9 region of the 18S rRNA gene across the sediment record to
target a broad spectrum of eukaryotes, including fish parasites. The

nucleotide sequence of this hypervariable region ( ~ 168 bp) is shorter
than alternative regions (e.g., V4, V7), and thus, the results are likely
less conditioned by the DNA fragmentation that may occur in the
sediments when aging26. In addition to dating the sediment core, we
used subfossil photosynthetic pigments27 to evaluate the changes in
the lake’s trophic state as an indicator of the intensity of the pasturing
in the catchment. The erosion caused by sheep herds during the visits
to the area affects the lake’s primary productivity more than climatic
fluctuations, always within a range of highly oligotrophic conditions
that the lake has maintained throughout the Holocene24. Cladoceran
remains were also analyzed to evaluate the potential fish occurrence
with a complementary approach8 and how they compare with the
sedDNA method.

In this work, we show a continued presence of fish parasites in
Lake Redon since the 7th century, which coincides with the Late-
Roman and Visigothic extensive mountain use for sheep pasturing,
supported by nearby archeological remains and increased lake pro-
duction evidenced by photosynthetic pigments. Cladoceran fluctua-
tions do not appear primarily related to fish presence and, thus, could
have hardly been used as evidence of fish introduction. SedDNA of fish
parasites appears to be a reliable approach for investigating thehistory
of fish lake introduction across worldwide high mountains.

Results
SedDNA fish evidence
The 30-cm long core RC18 from Lake Redon was stratigraphically
homogeneous, consisting of a gyttja (dark organic mud) with a few
layers containing small dropstones (Supplementary Fig. 1). Water
content was high but similar throughout the core (83.4 ± 2.3%). Dating
indicated a maximum age of 3233 cal years BP (1283 BCE), and the
sediment accumulation rate shifted at ~4 cm,with an average after that
initial part of 0.08mm year-1 (Supplementary Fig. 2, Supplementary
Table 1). Except for markedly high concentrations in samples corre-
sponding to the last few decades, DNA distribution along the core
showed a progressive decline from present to past (Supplementary
Fig. 3A, B). The number of exact sequence variants (ESVs) recovered
from equivalent amounts of amplified DNA from each sample showed
a similar decline but more asymptotic, flattening from ca. 300 CE to
older samples (Supplementary Fig. 3C). Only a fraction, about one-
fourth per sample, of those ESVs could be taxonomically assigned
(Supplementary Fig. 3D). Therefore, although the sequencing depth
was equivalent for each sample and thus the number of reads
obtained, the readswith taxonomic assignment declined progressively
up to samples from 300 CE (Supplementary Fig. 3E). Eventually, the
yield of reads with taxonomic assignment per DNA sediment con-
centration showed an abrupt shift at ~1300CE (Supplementary Fig. 3F),
suggesting a more fragmented and altered DNA for older ages, with
consequent more limited taxonomic assignment. Occasional spikes of
high reads across the core corresponded to oligochaete ESVs.

Although fish was currently present in Lake Redon, no direct DNA
fish evidence was found with a battery of primers (Supplementary
Table 2) for directly assessing fish occurrence using top sediment
samples. In contrast, some trials did provide positive fish detection in a
shallow lake (Llebreta) with high fish density in a nearby valley (Sup-
plementary Table 2). Therefore, we concluded that it was a matter of
fish density rather than inadequate primers, and they were not used to
analyzedowncore samples. In contrast, usingprimers for the regionV9
of the18S rRNA gene for a general eukaryote screening along the RC18
core, we detected several reads ( < 8 per sample, usually 1 or 2) in nine
samples between 1900 CE and the present and one sample around
1200 CE, which were assigned to Teleostei (support, 0.86—we will use
the term “support” to refer the bootstrap confidence of the taxonomic
assignment, 1 is the highest value, seemethods for details). In contrast
with this poor direct fish evidence, several potential ectoparasites of
fish (i.e., 46 ESVs) belonging to four major clades were identified:
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Kinetoplastea (19 ESVs), Oomycota (12), Ichthyosporea (11), and Cilio-
phora (4) (Fig. 2). Overall, after denoising and taxonomic assignment,
12,718 ESV reads were assigned to fish parasites of a total of 1,151,243.
They were detected in 72 core samples, with an average of 1.8% with

respect to the total sample reads, a median of 0.7%, and a maximum
of 28%.

Kinetoplastea parasites showed the earliest occurrence of fish
parasites and the highest continuity over time, not shown by other

Fig. 1 | Site characteristics. A Location of Lake Redon in the Central Pyrenees.
B Lake Redon view facing northwestward. COrthoimage of the catchment and lake
bathymetry indicating the coring point. Source orthoimages in (A and B): Institut

Cartogràfic i Geològic de Catalunya 2021. Ortofoto 25 cm (OF-25C) Mapa 1:2500
(CC BY 4.0).
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groups (Fig. 2). Fifteen ESVs were highly related to the genus Ich-
thyobodo sequences in thedatabases (SupplementaryTable 3).Mostof
them showedhigh support to the genus taxonomic assignment (0.9–1)
(Fig. 3A). Four ESVs with lower support (0.65–0.76) were similar
among them (Fig. 3B) and showed a higher proportion of thymine in
the sequence (Fig. 3B), which could indicate degradation from other
sequences28. All the ESVs were merged into a single taxonomic cluster
(TC) (Fig. 2) as a paleorecord of similar ecological and archeological
information. A few other ESVs were assigned to Prokinetoplastina with
high support to the subclass but low to any genus (Supplementary
Table 3). Alignment of the sequences showed that all were character-
ized by insertions of different lengths within the Ichthyododo
sequences (Supplementary Fig. 4A) and a higher proportion of thy-
mine bases in the sections in common. They were clustered as
Prokinetoplastina-1 (Fig. 2), as they couldbe alterations of extracellular
Ichthyobodo’s DNA. In any case, considering them or not does not
make any difference in terms of ecological or archeological main
results and conclusions that could be raised from the well-preserved
sequences. Ichthyobodo is an intensely studied parasite of fish,
including salmonid species such as Salmo trutta. It was first identified
in theRC18 core record in samples of the early 7th century (i.e., thefirst
in 609 CE ± 170 years, 95% probability) and consistently since 800 CE
andup to the present, with amaximumof reads at 1300–1400CE and a

secondarymaximumat 1800–1900CE. It is worth highlighting that the
class Kinetoplastea presented a non-declining record with sample age
in the core (Fig. 2A), which suggests exceptional DNA preservation
compared to other eukaryotic groups.

Provided the Ichthyobodo’s continuous sediment record until the
top sediment, the parasite should also be in the lake’s current water
column. Indeed, in a four-weekly survey in Lake Redon during 2017-
2018, seven sediment ESVs assigned to Ichthyobodowere confirmed in
the samples of the sediment traps, including sequences with high and
low support. They showeda seasonal pattern, with amarkedmaximum
inAugustduring the two years sampled and fewer reads during the ice-
covered period (Supplementary Fig. 5). The number of Ichthyobodo
reads was always low in the trap samples (10-80 reads per
50.000–80.000 total ESV reads), which explains why it was not
detected in the integrated water samples collected during the visits.

The suspected fish parasites of the other three main clades
showed a more fragmented occurrence (Fig. 2). Within Oomycota, ten
ESVs were well supported for assignment to the Aphanomyces genus,
and two with poor taxonomic resolution were labeled as Oomycota-5
(Supplementary Table 3). The support for the taxonomic assignment
of ESVs to Aphanomyces also declined with the increase of thymine
bases in the sequences (Supplementary Fig. 4B). The alignment of
Oomycota-5 sequences indicated a high similarity to Aphanomyces but

Fig. 2 | Fish parasites in Lake Redon sediment over time. Fish parasites were
assessed by amplifying the region V9 of the 18S rRNA gene in sedDNA. Each plot
corresponds to the four main clades identified: Kinetoplastea (A), Ciliophora (B),
Icthyosporea (C), and Oomycota (D) The taxonomic clusters (TCs) distinguished
are indicated with different colors. They were named with the lowest taxonomic

level that the sequence supported with bootstrap confidence. In all cases, the
organism most likely to support the sequence was a fish or suspected fish parasite
(Supplementary Table 3). In the background (grey), the total number of reads for
the entire high-taxonomic clade indicates the group’s DNApreservation, which was
better for Kinetoplastea. Source data can be found in Supplementary Data 1.
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A     Ichthyobodo-assigned sequence alignment

B     Neighbor-joining tree 

C    Distribution along the sediment core 

Fig. 3 | Exact sequence variants assigned to Ichthyobodo. A Sequence alignment
indicates the consensus sequence and the variants ordered by their supporting
bootstrap assignment in the references databases, which is shown following the
ESV label and taxonomic assignment. B Neighbor-joining tree74, depicting the
similarity between the sequences. Values within the circles indicate the boot-
strapping support of the branch; >70% can be considered good, and 50–70%

moderate77. C Distribution of reads for each ESV along the sediment core. The
changing color indicates the bootstrap confidence of the taxonomic assignment to
Ichthyobodo; the lighter, the higher. ESV894 was the most common in four-weekly
sediment trap samples during 2017–2018, and six other ESVs were also found
(ESV957, ESV2118, ESV487, ESV7556, ESV516, ESV2505). Source data can be found in
NCBI GenBank ref. OR539619-OR539672.
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enriched in adenine or thymine (Supplementary Fig. 4B).Aphanomyces
canbe a parasite of different organisms (e.g., cropplants, crayfish), but
in the context of this lake, it most likely corresponds to fish in which it
produces epizoic ulcers29. They occurred frequently and showed a
relatively large number of reads compared to other groups (Fig. 2).

In contrast, reads were consistently low for the third large clade,
Ichthyosporea (Fig. 2), yet theywere detected frequently since 900CE.
The two orders found (Ichthyophonida and Dermocystida) include
primarilyfish and amphibianparasites, but they can have other hosts30.
Some ESV sequences highly supported those of fish parasite genera
(e.g., Dermocystidium) (Supplementary Table 3). However, the ESV
alignment and clustering showed a higher variation within this clade
than in the other three classes, andmost of it does not seem related to
DNA degradation (Supplementary Fig. 4C). Therefore, the ESVs were
classified into five TCs according to the taxonomic resolution of the
assignments and sequence similarities. The taxonomic assignment
confidence was very high for most ESVs but at relatively high-rank
taxonomic levels, perhapsdue to the lack of adequate sequences in the
databases; only in one case was there high support at the genus level
(Dermoscystidium, 0.94).

In the caseof theCiliophora, thefishparasite evidencewasweaker
than in the other tree clades. Nevertheless, it is worth commenting as
there was a rich record of ESVs assigned to genera identified in pre-
vious studies of ciliates in water samples from the lake using
microscopy31,32, and a distinctive group of four ESVs differentiated
from them clustering together in an Oligohymenophorea branch.
Some of themwere assigned to Trichodina (Supplementary Table 3), a
fish parasite, although with meager bootstrap support. Alignment of
the sequences showed that they were closely related (Supplementary
Fig. 4D) and that a slight variation in the sequence can cause a marked
decline in the assignment support to Trichodina sequences in the
reference databases. For instance, the change of only one nucleotide
between ESV4044 and ESV1452 caused a decline from 0.72 to 0.58,
whichmadeus suspect that perhaps all four ESVs could bedegradation
forms of the same organism. We divided them into two TCs for
visualization (Fig. 2). They occurred in a few samples, but the number
of reads was much higher than in the case of the other clades. These
features suggest poor preservation in the sediments of Trichodina
DNA if this is the origin of the recovered sequences.

Oomycota, Ichthyosporea, and Ciliophora entire ESV records
declined the older the samples in contrast to Kinetoplastea (Fig. 2).
Therefore, we may expect that the probability of finding the fish
parasite forms of these groups as early as Ichthyobodo was low. All in
all, fish parasite forms of Ichthyosporea and Oomycota were detected
regularly after 900 CE, well before expected from historical
documents.

Lake historical ecological context
The ecological context framing the fish parasite presence was eval-
uated using the sediment record of photosynthetic pigments as indi-
cators of the primary producer community in the lake and cladocerans
as potential indicators of fish impacts in the food web. Many pigments
corresponding to photosynthetic organisms and some of their
degradation products were found (Supplementary Table 4). A Princi-
pal Components Analysis (PCA) of their concentration in the sediment
showed a first axis, accounting for 72% of the total variance, which
indicated a general coherenceof the fluctuations among themain algal
groups with changes in lake productivity (Supplementary Fig. 6). The
second axis accounted only for 15% and was related to the diagenetic
process and the differential degradation of some particularly unstable
pigments in the sediments (e.g., fucoxanthin)33.

All eukaryotic primary producers have chlorophyll-a as the main
photosynthetic pigment. Therefore, a-phorbins concentration (chlor-
ophyll-a and its related degradation forms: pheophytin, pheo-
phorbide, and chlorophyllide) was used as an indicator of lake primary

productivity over time (Fig. 4). The first prominent change in a-phor-
bins occurred around 200 BCE (Fig. 4A), indicating a shift in lake
productivity. The pigment composition also showed a discontinuity
(Supplementary Fig. 6). The more productive conditions continued
until today, although with marked fluctuations. In particular, the per-
iod 1000–1300 CE showed a distinctive higher productivity across the
entire record. Afterward, the values dropped abruptly to about half in
less than one hundred years. The decline continued smoothly for
about six centuries and only recently ( ~ 1975 CE) increased again.
Despite the long progressive decline during the last centuries, values
never reached low levels similar to those before 200 BCE.

Because of the general coherence among pigments, as indicated
by the high variance explanation by PC1, ratios of other indicative
pigments with a-phorbins can reveal details about community chan-
ges. Alloxanthin is a pigment exclusive of cryptophytes with excellent
sediment preservation34. Lake Redon phytoplankton is currently
dominated by chrysophytes, characteristic of ultraoligotrophic
waters35, and cryptophytes, the first to respond to episodic nutrient
enrichments36. Cryptophytes are exclusively planktonic and generally
follow the productivity in this habitat over an extensive range of
nutrient conditions37. The alloxanthin/a-phorbin ratio peaked at about
900 CE (Fig. 4B), suggesting an increased contribution of benthic
habitats after that date. Diatoms and chlorophytes occur across all
habitats in the lake. The ratio of their primary indicative pigments
(diatoxanthin and lutein, respectively) to a-phorbins showed a shift
around 450 CE (Fig. 4C, D): diatoms declined, and chlorophytes
increased their relative contribution. During the highest lake pro-
ductivity period (900–1300 CE), the relative contribution of chlor-
ophytes (i.e., lutein/a-phorbins)wasmarkedly higher, consistentwith a
situation of increased external phosphorus loading, which is the lim-
iting nutrient in the lake, as shown experimentally36.

Six cladoceran species were identified in the sediment remains:
Daphnia pulicaria Forbes, 1893 is planktonic; the rest are benthic
dwellers in the littoral zone: Chydorus sphaericus (O. F. Müller, 1776);
Alona affinis (Leydig, 1860); Alona sp.; Acroperus harpae (Baird, 1834);
and Eurycercus lamellatus (O. F. Müller, 1776). E. lamellatus is the lar-
gest cladoceran in the lake (up to 6mm), followed by D. pulicaria
(<3mm), and the rest are small species ( < 1.5mm). The abundance of
cladoceran remains roughly followed a-phorbin general patterns
(Supplementary Fig. 7). Most species populations increased when the
lake became more productive up to the maximum at 900-1400 CE.
However, the synchrony decayed after that period. Some cladoceran
species declined following a-phorbins (i.e., E. lamellatus, C. sphaer-
icus), but others maintained or even increased their populations with
respect to a-phorbins concentrations (A. affinis, A. harpae, and D.
pulicaria) (Supplementary Fig. 8). The abundance shift was abrupt at
~1400 CE in the species that declined, with Eurycercus, the largest
species, showing a marked relative change compared to the more
abundant species (Fig. 5).

Discussion
Observations and documents suggested continued fish populations in
Lake Redon for the last two centuries. We found evidence of much
earlier fish introduction using sediment DNA fingerprints of fish
parasites. Despite trying several eDNA approaches, including those
specific for trout and some more taxonomically comprehensive, we
could not find any direct fish signal in the lake top sediments, likely
because of the low fish density as some methods were successful in
another nearby lake, shallower and richer in fish. However, using a
general eukaryotic indicator, the 18S rRNA gene, across a sediment
core encompassing the last millennia, we found a rich record of
organisms with life forms suspected of fish parasitism belonging to
four major clades (Kinetoplastea, Oomycota, Ichthyospora, and Cilio-
phora). Except for those of Ciliophora, all suspected fish parasites
indicated earlierfish presence in the lake thanexpected fromhistorical
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Fig. 4 | Photosynthetic pigments over time in Lake Redon sediment. A a-phor-
bins as indicators of the changes in total lake productivity. The individual phorbins are
indicated in different colors corresponding to chlorophyll-a (Chla), pheophytin-a
(Pheoa), pheophorbide-a (Phora), and chlorophyllide-a (Chlpa). B The alloxanthin/a-
phorbin ratio indicates the contribution of cryptophytes, an exclusively planktonic

group, to lake productivity. C Diatoxanthin/a-phorbin ratio indicates the diatoms’
contribution to lake productivity. D Lutein/a-phorbin ratio indicates the chlor-
ophytes’ contribution to lake productivity. Source data can be found in Supplemen-
tary Data 2.
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documents, specifically concerning LakeRedon or other Pyrenean and
European sites.

The ESVs identified as indicators of potential fish parasites
showed contrasting precision and accuracy in their taxonomic
assignments. Resolution and confidence of taxonomic assignments
depend on the length and variation of the targeted region, DNA pre-
servation in the sediments, and adequate reference sequences in the
databases. All these aspects probably influenced our results to some
degree. We used region V9 of the 18S rRNA gene, which is short
compared to other regions and thus, in some cases, could limit the
achievable taxonomic resolution. However, the bootstrapping con-
fidence at the genus level was the highest for several relevant
sequences. On the other hand, short regions could be less sensible to
the fragmentation of ancient DNA. Increased fragmentation with
sample age was present. The fraction of total ESVs that could be tax-
onomically assigned declined asymptotically with age, stabilizing at
samples >1700 years old. The probability of finding a specific taxa
declined in old samples. However, the asymptotic behavior suggests
differential decaying rates among taxa. Indeed, there was a high con-
trast between total reads assigned to Kinetoplastea and Ciliophora
ESVs: the former showed a flat profile of detection from top to bottom
of the core, whereas the latter declined rapidly, becoming rare in the
older samples, despite there is no doubt that a large variety of ciliate
species exist in a lake at any time38. Ichthyosporea and Oomycota did
not show sufficient non-parasite records to evaluate the general

behavior of the clades. In addition, some sequenced DNA fragments
can correspond to alteration forms of the original sequences39.
Hydrolysis and oxidation damage in the nucleotide bases after cell
depth or in extracellular DNA can enhance the probability that poly-
merases increase the fraction of typically thymine and occasionally
adenine during amplification28,40. Interestingly, the support to the
taxonomic assignment decreased with the relative presence of thy-
mine bases in the sequences of the same TC (i.e., Ichthyobodo, Apha-
nomyces). These potentially altered sequences were much less
abundant in the samples than those with high support, and their
proportion did not showa relationshipwith the sample’s age. This kind
of damage is more likely in oxic conditions; therefore, the pattern
found suggests that it could have happened during the long transit
from surface waters to sediments in this transparent and relatively
deep lake. If this interpretation is correct, the variation in these
otherwise similar sequences will indicate a false biological diversity, an
artifact that will not be solved using a fixed identity distance for
grouping sequences. Interestingly, the sequences assigned to Ich-
thyobodo in the sediment traps includedmany found in the sediments,
emphasizing the value of the paleorecord. Understanding the origin of
the observed variation will require more specific research beyond the
scope of this study.

On the other hand, if sequence alteration is high, taxonomic
assignment is only reliable at high taxonomic ranks and with relatively
low confidence (e.g., Oomycota-5). In this context, the case of poorly

Fig. 5 | Cladoceran changes over time in Lake Redon sediment. Eurycercus
lamellatus remains against the other twomost abundant littoral cladocerans:Alona
affinis (A, C), and Chydorus sphaericus (B,D). E. lamellatus is the largest species (up
to 6mm), and the other two species are smaller ( < 1.5mm). A, B indicate the ratio
distribution during threemainperiods corresponding to (i) an early phase of low or
medium lake productivity (before 800 CE), (ii) the period of the highest lake pro-
ductivity (800−1400 CE), and (iii) a period of intermediate productivity during the
Little Ice Age and the posterior decades ( > 1400 CE). Box plot elements include:

center line, median; box limits, first and third quartiles; whiskers, 1.5x interquartile
range; and upper characters indicate distributions with a mean significantly dif-
ferent from those with another character (Pairwise two-sided Tukey test after sig-
nificant ANOVA,p-values <0.05wereconsidered significant. Thenumber of cases is
indicated in red at the bottom of each distribution). C, D show the temporal series
of the ratio. Red bars indicate the periods. Source data can be found in Supple-
mentary Data 3.
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supported assignments to Trichodina motivates further research
because it is a common fish parasite, and ciliates show a singular
genomic system41. In this study, when detected, the number of reads
was much higher than for other parasite ESVs; thus, we can speculate
about a very episodic presence or a difficult DNA preservation in the
sediments of these taxa. Finally, when the taxonomic assignment
support is high at intermediate levels and dropsmarkedly at the genus
level, it may indicate poor reference sequences in the databases; this
was the case for several of the Ichthyosporea ESVs. Improvementof the
availability of reference sequences in databases and a better under-
standing of the natural variability of barcoding sequences, including
taphonomic aspects, should increase the precision and confidence of
the taxonomic assignments of organisms hard to collect or observe by
other means. All things considered, our results provide robust evi-
dence of an early introduction of fish in Lake Redon and suggest that
the population has experienced a potentially high diversity of parasitic
interactions across the centuries.

The Ichthyobodo (Kinetoplastea) record was particularly relevant
because of its early appearance, persistence over time, unequivocal
DNA signal, and being a common salmonid parasite42. It was first
detected in a few samples during the 7th century and recurrently since
~800CE to thepresent, suggestingfishpresence in the lake for thirteen
centuries. We confirmed the current occurrence of this parasite in the
lake, which was detected permanently over the year, with peaks in
August. The excellent preservation of other Kinetoplastea ESVs,
unrelated to fish parasites, across the ~3400 years of the core record
supports the reliability of Ichthyobodo’s chronology.

Documented evidence of first fish occurrences in high-mountain
lakes is scattered across space and time. In the Pyrenees, the first
written evidence dates from the 14th century4, and it is one of the
worldwide ranges with earlier documentation2. Even so, these docu-
mented records are more recent than the socio-economic splendor in

many valleys of this range during the Middle Ages and centuries later
than the beginning of extensive mountain land use for pasturing
livestock43. Therefore, the results are coherent with the initial
hypothesis that early fish introduction could have occurred during the
early centuries of extensive and intensive use of the mountain’s
resources (Fig. 6).Our finding alignswith the emerging evidencebased
on natural registers of relevant human activities in high mountains
(e.g., mining) before the culture of writing extended in the Middle
Ages44.

Previous studies of a sediment record of Lake Redon (RC94),
covering the entire Holocene, showed that the low sediment accu-
mulation rate maintained during millennia began to increase at about
450 CE due to enhanced erosion in the catchment, achieving a new
sediment accumulation regime that lasted until present45. The pigment
record followed the same pattern24, indicating that erosion enhanced
phosphorus external loading and, thus, lake productivity. The RC18
core studied here has higher temporal resolution than core RC9445,
allowing us to infer that the increase in lake productivity could have
started about two centuries earlier, during the 3rd century. As a matter
of fact, archeological prospections have described and dated (135-335
CE) a historical site at the Tuc deth Lac Redon (2400m a.s.l), a
mountainpass between LakeRius and LakeRedon43 in the easternmost
part of the watershed. Fourteen livestock enclosures were identified
that were likely used to hold 50–100 animals, given their size.
According to the sedimentary record, the first prominent productivity
peak and increased chlorophyte relevance occurred in the 5th century.
Thefish parasite presence started notmuch later andwasconsolidated
during the period of higher lake productivity (900–1300 CE), which
corresponds with the period of greater socio-economic wealth in the
valleys of this Southern Central Pyrenees area, with flourishment of
Romanesque art25 and expansion of transhumance46. It also corre-
sponds to a historical peak of lead concentration in the lake sediments

Fig. 6 | The socio-economic main periods in the region of Lake Redon and the
context of fish introduction. Photosynthetic pigments (green siluette) indicate
fluctuations in the lake’s primary productivity, driven mainly by sheep livestock
impact since 200 CE, with a high incidence during feudalism, which overlapped
with theMedieval Climate Anomaly. Fish parasites (orange silluete), representedby
Ichthyobodo, indicate a sustained fish occurrence since at least the 6th century. The

variation in the Eurycercus lamellatus (purple silluette), the cladoceran most sus-
ceptible to fish predation, suggests that other drivers than fish impact were more
relevant asdrivers of the cladoceran community composition. The upper blue scale
indicates themain socio-economic periods in the region. Source data can be found
in Supplementary Data 1, 2, and 3.
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corresponding tonearbymining activity in the downvalley that started
in the Ibero-Roman period23.

During this period of higher lake productivity, livestock evolved
to practices with fewer shepherds carrying larger flocks43. However, it
also corresponded with the Medieval Climate Anomaly (MCA), which
included warmer and drier conditions in the region47. Pastures in the
Lake Redon watershed are poor because of the basin’s rocky and
sloppy nature. Currently, sheep flocks only graze in the lake’s water-
shed for a short period at the end of summer (i.e., a few days to weeks)
when better pastures at lower elevations are exhausted. In drier years,
the upwardmovement of the flocks occurs earlier. Therefore, it might
happen that the more productive period responded to new livestock
practices and earlier and longer sheep presence in the watershed
during summer. In any case, fish introduction in the lake happened at
an early stage of intensive use of themountain, whichmakes sense in a
society used to fish in streams for fresh food.

Around 1300–1400 CE, due to the feudal crisis and the Little Ice
Age (LIA), the human population significantly reduced in the area with
the abandonment of numerous farms. Our results showed an abrupt
decrease in the lake’s primary production at these dates and a steady
low decline throughout the following centuries until the 1950s. The
interaction betweenhumans and the environment and the resilienceof
societies to climate change is controversial. The feudalism system
could not have been resilient because low political participation
appears to be more vulnerable to catastrophic climate-related
disasters48. However, the climatic severity of the Little Ice Age and its
potential for driving socio-economic crises is still uncertain. Average
climatic conditions were not radically different, but droughts, floods,
and cold/heat waves increased with high spatiotemporal variation
across the Iberian mountains49. The Little Ice Age was not climatically
homogenous, and 1300–1400 CE initial cooling was not harsh enough
to cause a sharp decline in livestock impacts. It could be speculated
that climate accelerated an already developing socio-economic break,
particularly facilitating epidemics50. The sharp decline in lake pro-
ductivity did not substantially modify the fish parasite profile, indi-
cating a well-established fish community (Fig. 6), including the first
part of the Little Ice Age ( ~ 1400 CE), which was climatically harder in
the area according to reconstructions of winter conditions using
chrysophyte cysts in the Lake Redon RCA94 core51,52. Longer ice-cover
periods may have favored parasite transmission as found in subarctic
lake salmonids53.

At the beginning of the Little Ice Age, the sharpest decline in E.
lamellatus remains occurred (Fig. 6). Using the traditional assessment
of fish introduction based on cladocerans remains, this decline could
have been identified as the moment of fish introduction. There is
consensus that the larger the species, the higher the fish predation
pressure on them8. However, E. lamellatus is the cladoceran that is less
venturing into cold waters among those species in the lake (Supple-
mentary Fig. 9); specifically, it shows warmer and more productive
habitat preferences than A. affinis12,54. Therefore, the relative decline
during the Little Ice Age of this species could be due to the colder
conditions. In shallow mountain lakes, the fish impacts in the lake
community are usually more apparent2,3,6. The independent assess-
ment of the fish introduction using fish parasitemolecular fingerprints
may improve the evaluation of such impacts in the past, using a broad
spectrum of fish prey indicators, either body remains (e.g.,
chironomids55) or DNA more specific barcoding56.

Overall, the study demonstrates that assessing fish introductions
in high-mountain lakes using the DNA fingerprints of their natural
parasites offers the possibility to develop a detailed survey across
regions, ranges, and continents and investigate the cultural andnatural
conditions that stimulated the practice and their consequences for
lake community structure. The historical patterns and impacts may be
confronted with current practices of massive introduction in some
ranges for sport fishing. Molecular evidence of fish parasites in Lake

Redon sediments indicates fish introduction since at least the 7th
century, much earlier than documentary evidence suggested, and
coherent with the period of increased mountain land use in the area.
Given that the culture of writing and preserving documents in Europe
only underwent a revolution during the 12th and 13th centuries57, it is
likely that European ranges and worldwide mountain lake areas could
have experienced a similar early fish introduction when historical land
use accelerated. The methodological approach used here is an exam-
ple of how paleolimnology can help bypass archeology’s limitations to
study some anthropogenic actions in highlands that leave almost no
archeological traces.

Methods
Study site
This study is part of Lake Redon’s long-term limnological research
program by the Center of High Mountain Research (CRAM) of the
University of Barcelona (UB). No specific permissions for the study
were required. LakeRedon (Fig. 1) is a headwater highmountain lake at
2240m a.s.l. in the central Pyrenees (42° 38’N, 0° 46’ E). In the context
of alpine lakes, the lake is large (24 ha) and deep (maximum depth
73m,meandepth 32m). Thewatershed is relatively small (155 ha), with
granodioriticbedrock andbarelydeveloped soil. It is locatedabove the
tree line, with vegetation consisting of alpine meadows and a large
percentage of bare rock. The lake has a retention time of about four
years and extremely low watershed sediment export23. The lake is
dimitic and ice-covered from December to May–June. The lake is
ultraoligotrophic, with an average total phosphorus concentration of
0.2 µmol l–1, and the soluble reactive fraction is generally lower than
0.01 µmol l–1 58. The water column is well-oxygenated except in deep
layers ( > 60m) that are hypoxic during winter and lake summer stra-
tification. The study included three differentiated activities: (1)
Attempts to detect trout in sediment using several approaches, con-
sidering Lake Redon top sediment and, as references, trout muscle,
and Lake Llebreta top sediment. (2) Lake Redon RC18 core analyses,
including dating, 18S rRNA gene in sedDNA, pigments, and cladoceran
remains analyses. (3) Water column and sediment trap 18S rRNA gene
analyses for detecting current fish parasites.

Tests of fish detection in sediments
Several species-specific primers for Salmo trutta Linnaeus, 1758 and
one set of general fish primers were used aiming to identify the fish
presence in the sedDNA samples (Supplementary Table 2). Although
positive signals were obtained using fish tissue and Lake Llebreta
samples, which is a shallow lake with abundant fish in a nearby valley,
no specific signals were obtained for Lake Redon sediment samples,
including top and near-surface sediment samples corresponding to
periods in which the fish presence in the lake is known. Therefore, only
the 18S rRNA gene was analyzed across the RC18 sediment core.

Core description and age-depth model
The selection of the coring site (Fig. 1) was a compromise between a
persistent accumulation of fine sediment and the influence of the lit-
toral zone where trout tend to be, with the largest specimens located
deep20. The analyzed sediment core was collected at 47-m depth
(42°38’ 22.0” N 0°46’ 36.3” E) using a gravity corer59 in July 2018. The
core (RC18), 29.4 cm long, was vertically extruded, sliced into 2mm
sections (146 samples), and stratigraphically described (Supplemen-
tary Fig. 1). Upper core samples were dated with 210Pb (Edith Cowan
University, Australia), and, given the rare presence of plant macro-
fossils, ten bulk sediment samples were dated using AMS-14C (Beta
Analytic, Florida), including some samples overlapping with 210Pb
dating to correct for aging effects (Supplementary Table 1). The age-
depth model was established based on the two types of dating and
using Bacon v 2.4.360 to combine them in a single model (Supple-
mentary Fig. 2). The concentrations of 210Pb were determined through
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the analysis of 210Po by alpha spectrometry after adding 209Po as an
internal tracer and digestion in acid media using an analytical
microwave61. Some samples were analyzed by gamma spectrometry to
determine the concentrations of 226Ra and 137Cs. The concentrations of
excess 210Pb used to obtain the age models were determined as the
difference between total 210Pb and 226Ra (supported 210Pb).

The concentrations of 210Pb decreased with depth from the sur-
face (1590 Bq·kg−1) to a relatively constant concentration below 4 cm
(average 67 ± 7 Bq·kg−1), consistent with the 226Ra concentrations and
taken as supported 210Pb. Using the CF:CSmodel62, we established two
different average sedimentation rates: 0–1.2 cm: 0.190 ±0.007mm·yr-1

(or 0.0043 ±0.0002 g·cm−2·yr−1); 1.2–4.2 cm: 0.44 ±0.04mm·yr−1 (or
0.0071 ± 0.0007 g·cm−2·yr−1).

The change in the sedimentation ratewould have occurredduring
the late 1950s. We considered applying the CRSmodel63, which would
require assuming that the flux of excess 210Pb had been constant, a
condition that may be compromised given the apparent change in the
sedimentation rate. However, if we dismiss this potential issue, we
obtained geochronology using the CRS model compatible with the
CF:CS model results.

The concentrations of 137Cs decreasedwithdepth from the surface
and down to 2.9 cm, below which it was not detected, and with a
relative maximum at 2.5 cm depth. The 137Cs data did not allow for
confirming the 210Pb dating. One would expect to identify three spe-
cific markers: i) first appearance during the 1950s, corresponding to
the beginning of the nuclear tests in the atmosphere; ii) a relative
maximum in 1963, corresponding to the peak of nuclear detonations;
and iii) a relative maximum in 1986, due to the nuclear accident in
Chornobyl. This pattern was not identified, which could be attributed
to the penetration of 137Cs to deeper layers once deposited on top
sediments, likely due to these sediments’ elevated water content.

Organic bulk sediment (gyttja) samples were radiocarbon AMS
dated. Samples were pretreated with acid digestion, and the conven-
tional radiocarbon ages were corrected for total isotopic fractionation
effects. The lake is in a granodiorite basin; however, existing faultswith
calcite precipitation provide small amounts of old carbon that strongly
influence the 14C fraction due to the water’s low alkalinity ( ~ 50 µeq/L).
Sampleswith 210Pb and 14C datawere used to estimate a reservoir effect
(1189 ± 79), which was considered in developing the Bacon age-depth
model. IntCal20 was used for 14C calibration64. Finally, the age-depth
model was based on nineteen 210Pb and seven 14C dates (Supplemen-
tary Table 1).

Core sedDNA analysis
Two subsamples for each core slice were collected from the inner part
to avoid contamination from the core walls. The samples were stored
with 0.23ml lysis buffer (40mM EDTA, 50mM Tris pH 8.3; 0.75M
sucrose) at−80 °Cuntil theDNAextractionof oneof them,keeping the
other as backup. Subsampling, DNA extraction, and PCR were carried
out in different laboratories to prevent contamination. We processed
146 core sediment samples and 18 blanks. DNA extraction was per-
formed using ~0.8 g of wet sediment and the DNeasy® PowerSoil® kit
according to the manufacturer’s instructions (Qiagen, Hilden, Ger-
many). DNA concentration was quantified using a Qubit® 3.0 fluo-
rometer (Thermo Fisher Scientific Inc.) and Qubit dsDNA HS Assay kit,
which simultaneously shows a high sensitivity and broad dynamic
range (0.2 to 100ng/mL).

We use the hypervariable region V9 of the 18S rRNA gene to assess
the protist fish parasite diversity. The primers used were 1391 f (5’-
GTACACACCGCCCGTC-3’) and EukBr (5’-TGATCCTTCTGCAGGTT-
CACCTAC-3’), which are based on Amaral-Zettler et al.65 and recom-
mended by the Earth Microbiome Project (https://earthmicrobiome.
org/protocols-and-standards/18s/). Theprimer has beenhighlighted as
showing a low interference by bacterial sequences and applied for
parasite detection66,67. Library preparation, amplification, and

sequencing on a MiSeq PE300 (Illumina, San Diego, CA, USA) were
performed at AllGenetics & Biology SL (A Coruña, Spain).

PCRs were carried out in a final volume of 25 µL, containing 2.5 µL
of template DNA, 0.5 µMof the primers, 12.5 µL of SupremeNZYTaq 2x
Green Master Mix (NZYTech) supplemented with bovine serum albu-
min (BSA) at a final concentration of 0.1 µg/µL, and ultra-pure water up
to 25 µL. The reaction mixture was incubated as follows: an initial
denaturation at 95 oC for 5min, followed by 35 cycles of 95 oC for 30 s,
54 oC for 30 s, 72 oC for 30 s, and a final extension step at 72 oC
for 10min.

The oligonucleotide indices required for multiplexing different
libraries in the same sequencing pool were attached in a second PCR
round with identical conditions but only 10 cycles and 60 oC as the
annealing temperature. A negative control that contained no DNA
(BPCR) was included in every PCR round to check for contamination
during library preparation. The libraries were run on 2% agarose gels
stainedwith GreenSafe (NZYTech) and imaged under UV light to verify
the library size. Two samples failed to yield visible bands in the gel or
yielded multiple bands. For the sample that failed to yield a visible
band, the optimization consisted of using 5 µL of DNA (instead of 2.5),
lowering the annealing temperature, and raising the final concentra-
tion of BSA in the mix. The optimization of the sample that yielded
multiple bands consisted of raising the annealing temperature, low-
ering thefinal concentrationof BSA, andkeeping the amountofDNAat
2.5 µL. The results of these samples did not differ from the neighboring
ones. Libraries were purified using the Mag-Bind RXNPure Plus mag-
netic beads (OmegaBiotek), following the instructions providedby the
manufacturer. After amplification, samples were pooled in DNA equi-
molar proportions based on the quantification data provided by the
Qubit dsDNA HS Assay (Thermo Fisher Scientific). This procedure
results in a comparable sequencing depth for each sample because the
pool was sequenced in a fraction of a MiSeq PE300 v3 run (Illumina).
Only a few samples could not be pooled in equimolar amounts due to
the low yield after PCR, but they were included in the pool never-
theless. Except in these few samples, the detection effortwas therefore
equivalent among samples, independently of the initial DNA content in
the sediment. For this reason, the results are reported in the number of
reads of exact sequence variants (ESVs).

The eukaryotic 18S rRNA gene sequences were processed using
USEARCH v1168 and the open-source alternative Vsearch v2.13.469. The
paired-end reads weremerged, controlling the number of mismatches
in the alignment and the minimum length for the merged sequences.
Low-quality reads were stringently filtered, discarding reads with an
expected number of errors >0.25. After dereplication, 453,005 unique
sequences were obtained. The UNOISE70 algorithm was used to
denoise reads with a reduced min size of 4 and remove chimeras71,
obtaining 8,658 ESVs and an average of 68,542 reads per sample.
Blanks were not all absolutely clean but showed very low reads
(median 11, min 0, max 182) corresponding to a few ESVs (median 5,
min 0, max 30); their taxonomical assignment indicated that none
corresponded to targeted organisms.

ESV taxonomy was assigned using the SINTAX algorithm71, and
SILVA_18S_12372, and PR2 4.13.073 reference databases. The algorithm
predicts taxonomy by using k-mer similarity to identify the top hit in
the referencedatabase andprovides bootstrap confidence for all ranks
in the prediction. Then, we followed a supervised procedure to obtain
a unique ESV taxonomic assignment and identify those ESVs of interest
(i.e., potential fish parasites) in taxonomic clusters (TCs) of similar
taxonomic resolution and life form, which could facilitate the pre-
sentation and discussion of the results. The main steps were: (1) The
two databases usually provided different taxonomic resolutions and
bootstrap confidence for the same taxonomic rank taxa because they
use different reference sequences. Therefore, we merged the two
sources of information into a single taxonomic assignment, prioritiz-
ing the highest bootstrap support in the databases. (2) Because SILVA
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and PR2 do not follow the same nomenclature for the taxonomic
categories, we harmonized the taxonomy following NCBI nomen-
clature. ESVswith low taxonomic resolution and taxonomic inaccuracy
were discarded. 2,468 ESVs were kept, corresponding to a total of
1,151,243 reads. (3) We checked for taxa with potential fish parasite life
forms. Therewere caseswith thehighest possible bootstrap support to
the genus level (e.g., Ichthyobodo, Aphanomyces), others with high
support of higher rank taxonomic levels that include mainly fish
parasites but also parasites of other organisms (e.g., Dermocystida)
and, finally, others with low support to a genus or group that are fish
parasites (e.g., Trichodina). All the ESVs (46) with a potential indication
of fish parasitism were part of either Kinetoplastea, Oomycota, Ich-
thyosporea, or Ciliophora. (5) For each of these main clades, all ESVs
assigned to the clade were compared using neighbor-joining trees74

based on an identity matrix calculated with function dist.alignment
from the seqinr R package75. This procedure allowed evaluation of how
similar the potential parasite ESVs were among them and how isolated
they were from other ESVs of the main clade, an aspect that was
relevant in cases of low support to the genus level. (6) The ESVs of
potential parasites were merged into TCs, joining ESVs with similar
taxonomic assignments and clustered closely in the tree. This taxo-
nomic clustering facilitated the exposition of results and discussion of
the reliability of the attribution to suspected fish parasites. However,
they did not condition the main results in terms of the chronology of
fish introduction andpersistenceof the signal, whichcouldbe similarly
supported without ESVs clustering. (7) Finally, the ESVs of each main
clade suspected of indicating a fish parasite were aligned to evaluate
the variation within the TCs and discuss the characteristics of taxo-
nomic assignments with poor bootstrapping confidence. Alignments
were performed using DECIPHER76.

Water and sediment trap eDNA
Sampling was conducted every four weeks, from July 2017 to Novem-
ber 2018, to assess the current fish parasites in Lake Redon. Two
sample typeswerecollected: an integratedwater columnsample (from
0 to 60m depth) and a sediment trap sample recovered from a 12 cm
diameter sediment trap placed at 60m depth. Subsamples
(1300–3000ml for water and 10–80ml for the sediment trap) were
filtered through a 3μm pore size polycarbonate filter (47mm Ø) until
saturation and preserved with lysis buffer (40mM EDTA, 50mM Tris,
pH 8.3, and 0.75M sucrose) at −80 °C until DNA extraction. The DNA
extraction and the amplification of the V9 region of the 18S rRNA gene
were performed together with the core samples.

Pigments analysis
Core slice sub-samples for pigment analysis were kept at −20 oC in
darkness and freeze-dried before extraction, which was performed
using sonication of ~200mg of dry sediment in acetone (90%). The
extract was filtered through 0.2 μm hydrophilic polytetra-
fluoroethylene (PTFE) filters (MILLEX LG Merck) and analyzed by
HPLC. The HPLC system (1100, Agilent Technologies) was equipped
with a C18 column (dimensions: 250 x 4.6mm, particle size: 5 µm;
Waters Spherisorb ODS1) and an online pre-column filter (Microfilter
PEEK 0.5 µm, Supelco – Merck). Detection was performed using a
diode-array Agilent 1100/1200+. The detector was set at 440 and
660 nm wavelengths for carotenoid and phorbin peak integration,
respectively. After sample injection (40 µl of acetone extract), pig-
ments were eluted by a 35min gradient from 100% solvent A (0.3M
ammonium acetate in methanol: acetonitrile: MilliQ water, 51:36:13 (v/
v/v)) to 100% B (ethyl acetate: acetonitrile, 7:3, (v/v)). Solvent A ran
10min between samples. The flow was constantly set at 0.6ml/min.
The pigment identification was based on the HPLC retention time and
pigment absorption spectrum using a commercial mixture of phyto-
plankton pigments (mix-123, DHI Laboratory Products, Hoersholm,
Denmark) and from a house-built library of pigment spectra when the

standards were unavailable. Pigment main patterns were assessed by
Principal Component Analysis using R package stats. About 72% of the
total variation in the data was explained by the first component (PC1),
which indicates a robust linear relationship among most of the pig-
ments. Therefore, there were no great substitutions in algal group
dominance. We could have used the PC1 scores as a reference for lake
productivity. Still, to make it less abstract and more comparable to
other studies, we used total a-phorbins (chlorophyll-a and its related
degradation forms), which makes little difference than considering
PC1 scores because of their high correlation.

Consequently, the ratiobetween somepigments representativeof
major algal groups (i.e., alloxanthin for cryptophytes, diatoxanthin for
diatoms, and lutein for chlorophytes) and total a-phorbins, repre-
sentative of total algal biomass, was used to evaluate the relative
deviation of these algal groups respect the main trend. The pigments
with the highest load in the PC2 were those known to be less stable in
the sediments. Primarily, fucoxanthin, a carotenoid in chrysophytes
and diatoms, quickly decomposes to colorless forms. The compounds
with quick degradation show a typical log-decaying pattern over time.
As indicated by the amount of variation explained by PC2 (about 15%),
the degradation process had a minor influence on the long-term pig-
ment record compared to lake productivity. Consequently, the ratio
between some highly stable pigments and representative of major
algal groups (i.e., alloxanthin for cryptophytes, diatoxanthin for dia-
toms, and lutein for chlorophytes) and totala-phorbins, representative
of total algal biomass, wasused to evaluate the relative deviation of the
primary algal groups with respect of the main trend.

Cladoceran analysis
Approximately 1 cm3 of each sediment slice wasweighed and stored in
plastic vials. The samples were washed with tap water and filtered
through a 60-µm sieve to remove fine inorganic and organic particles.
The material left on the mesh was transferred to a vial with 10ml
volume. Before the stereo microscope analysis, the sample was well
shaken, and 1ml of suspension was transferred to a Petri dish and
screened for crustacean remains at 40x magnification. The remains
were classified as head shields, valves, and postabdomens and were
taxonomically identified. Each species’ most frequent body part was
selected to report the concentrations of the remains. Eggshells from
hatched neonates of Daphnia, postabdomens, and filtering combs
were present in the upper sediment samples but markedly declined in
lower sections. So, Daphnia was mainly evaluated by the ephippia
remains. In contrast, benthic species, which show a more compact
armor, provided a consistent record throughout the core.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All the data in this study are provided in supplementary files. The
parasite sequences generated in this study are available in the NCBI
GenBank (https://www.ncbi.nlm.nih.gov/genbank/), accession codes
OR539619 to OR539672, the code complete list can be found in Sup-
plementary Data 4. Source data for Fig. 2 can be found in Supple-
mentary Data 1. Source data for Fig. 4 can be found in Supplementary
Data 2. Source data for Fig. 5 can be found in Supplementary Data 3.
Source data for Fig. 6 can be found in Supplementary Data 1, 2, and 3.
No core samples remained available after processing.
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