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Abstract

We present chironomid-based reconstructions of mean July air temperature changes over the last 2000 years from Lake Latoritei (1530m a.s.l.) in the
Southern Carpathians. A multi-proxy analysis was performed along a 58 cm long sediment core and two training sets were used for quantitative July
air temperature reconstructions: the Eastern-European (EE, 212 lakes) and the Finnish-Polish-Carpathian (FPC, 273 lakes). The transfer functions had a
coefficient of determination (r?) 0.88 and 0.9 with a root mean squared error of prediction (RMSEP) 0.88°C and 1.02°C. Despite possible biases resulting
from methodological problems and the ecological complexity of the chironomid response to both climatic and environmental changes, the agreement of
the temperature reconstruction of Lake Latoritei with other alpine records suggests that the transfer function successfully reconstructed past summer
temperatures between 750 and 1830 CE. Biases in the temperature reconstruction in the period before 750 and after 1830 CE were likely caused by
increased abundance of rheophilic and semi-terrestrial chironomid species related to increased inflow activity before 750 CE and local land use changes
after 1830 CE, which was also indicated by increasing deforestation and increasing lake productivity in the pollen and diatom records. Our results
suggest that the region experienced a warm period between 750 and 1360 CE, and a cold period between 1360 and 1600 CE followed by fluctuating
summer temperatures until 1830 CE. These events were associated with the so-called ‘Mediaeval Warm Period’ (MWP) and the ‘Little Ice Age’ (LIA),
respectively. The inference models reconstructed a decrease in July air temperatures by 0.7°C—1.1°C during the LIA relative to the warmer MWP. We
also demonstrated that the FPC training set gives better results, supporting that local/continental training sets are efficient to detect weak amplitude
summer temperature changes in the Late-Holocene.

Keywords
chironomids, Finnish-Polish-Carpathian training set, Late-Holocene, mean July air temperature reconstruction, multi-proxy palaeoecology, RWP-LALIA-
MWP-LIA
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Figure |. The location of the study area within Europe and Romania with some palaeohydrological (Diaconu et al., 2020; Feurdean et al.,
2015; Longman et al.,, 2019) and palaeotemperature (Popa and Kern, 2009) reconstruction sites in Romania (a) with a digital elevation model
of the Lake Latoritei catchment combined with satellite image (b); we also show a satellite image (2020) based land cover classification

of the Lake Latoritei catchment with the location of the short gravity cores (c); image source: Esri, i-cubed, USDA, USGS, AEX, GeoEye,
Getmapping, Aerogrid, IGN, IGP, UPR-EGP and the GIS User Community, ESRI.

Introduction

Alpine and arctic areas are warming at an unprecedented rate rela-
tive to the rest of the planet due to a variety of climate feedback
mechanisms (Axford et al., 2009; Cantonati et al., 2021; Portner
et al., 2022; Smol, 2019). To distinguish anthropogenic from nat-
ural forced climate variation and to evaluate the performance of
climate model simulations, absolutely dated climate records from
these regions into the Late-Holocene are crucial. In the Carpath-
ian Mountains lakes provide many opportunities for outdoor rec-
reation and tourism, but growing visitor numbers and global
changes (e.g. atmospheric artificial fertiliser input, heavy metal
and organic pollutant input, warming water temperatures) increase
negative effects on their recreational values by leading to eutro-
phication (Cantonati et al., 2021; Haliuc et al., 2020; Kuefner
et al., 2020; Szabo et al., 2020). To understand their functioning
and forecast their expected ecosystem trajectories, we need to
quantify how these lakes have responded to previous warming
events and what was the amplitude of warming in the past. Tar-
geted management strategies require such knowledge. As a first
step along this line, we examine in this paper how fossil chirono-
mid assemblages record summer temperature change in the conti-
nental part of Europe. We focus on East-Central Europe (as
defined by Halecki (1950, Figure 1), a region that is relatively
understudied, where the South Carpathian mountain range
abounds in alpine lakes with rich chironomid fauna allowing for
quantitative warmest month mean temperature reconstructions
(Szabd et al., 2020; Toth et al., 2015). The approach we use builds

upon the indicative value of Chironomidae (non-biting midge)
larval remains, the head-capsules of which are well preserved in
lake sediments. Chironomid assemblages have been widely used
to reconstruct July and summer mean temperature changes in
alpine areas because of their short-life cycles and high sensitivity
to temperature variations (Eggermont and Heiri, 2012; Heiri
etal., 2011; Luoto, 2009; Téth et al., 2015). Statistical analyses of
both instrumental data and reconstructed temperature data con-
firm that chironomid communities are good summer or mean July
air temperature (T;, ) indicators in low trophic environments in
the cold temperate and boreal zones (Brooks et al., 2007; Heiri
et al., 2011; Luoto et al., 2019; Self et al., 2011; Walker, 1987,
2001). Problems can naturally arise when modern analogue data
sets are incomplete or the chironomid assemblages are affected by
other concurrent environmental factors such as landscape, vegeta-
tion and population changes (Eggermont and Heiri, 2012;
Larocque et al., 2009; Larocque and Bigler, 2004; McKeown and
Potito, 2015). In addition to confounding environmental vari-
ables, such as nutrients and anoxia (Brodersen and Quinlan, 2006;
Eggermont and Heiri, 2012; Medeiros et al., 2015), a potential
downside of chironomids as palacotemperature proxy lies in the
suitability of the training set to the downcore site (Engels et al.,
2014). In an ideal situation, the downcore site should be within
the geographical area of the training set, the study site character-
istics (such as lake size and depth) should be similar, and the cali-
bration sites should constitute a temperature gradient that covers
the expected range of past temperature changes. When applying
inference models to cores outside the training set’s geographical
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or environmental range, problems related to taxon occurrences
(poor modern analogues) and unrealistic taxon-specific tempera-
ture optima arise. Moreover, continental-scale calibration sets
(Heiri et al., 2011) may not be able to detect small-magnitude
variation in temperatures, although they can be very useful in
reconstructing large-scale climate patterns (Luoto et al., 2019).

In Europe, relatively few chironomid-based temperature
reconstructions were published for the last 2000-year with decadal
resolution, and most of them come from high elevation sites
(1700-2400 m a.s.l.) in the Alps (Bigler et al., 2006; Ilyashuk
et al., 2019; Larocque-Tobler et al., 2010, 2012). Overall, these
records suggest a large regional difference in the manifestation of
cold summers during the Little Ice Age (LIA) along a west-cast
mountain gradient in Europe.

Our study site, Lake Latoritei (Lacul Iezerul Latoritei, 1530
m a.s.l.; Figure 1) is an alpine lake in the South Carpathians. In
order to explore whether past and present climatic changes are
detectable in the sediment record of Lake Latoritei, we analyse
a 58 cm sediment core roughly covering the last 2000-year. We
perform a chironomid-based mean July temperature reconstruc-
tion. In addition, multi-proxy methods (loss-on-ignition (LOI),
major and trace element, cladoceran, diatom, pollen and micro-
charcoal analyses) are used to disentangle climatic and anthro-
pogenic factors. Our aims are (1) to evaluate the reliability of
the chironomid-based temperature reconstructions and assess
the summer climatic trend of the region; (2) to evaluate the
applicability of the East European (EE) training set and its
newly extended version (Finnish-Polish-Carpathian; FPC) for
reconstructing Late-Holocene summer temperatures; and finally,
(3) to evaluate whether temperature was the main driver of the
chironomid assemblage changes during the industrial period,
when human impact intensified.

Regional setting
The Pardng Massif and Lake Latoritei

Our study site is located in Muntii Latoritei (45°22'01.7"N,
23°42'04.0"E) that is part of the Parang Massif of the Southern
Carpathians. The area is dominated by Proterozoic and Palaeo-
zoic granite, gneiss, and amphibolite rocks. Pleistocene gla-
ciers affected the region above 2000 m a.s.1. and also descended
to 1300-1400 m a.s.l. (Gheorghiu et al., 2015; Pinczés, 1995;
Urdea et al., 2011). Altogether, more than 15 cirques, 20 gla-
cial niches and 12 ice aprons were formed in Muntii Latorite
(Urdea et al., 2011).

In the 1970s in the Latoritei surroundings, a decrease in forest
area took place due to hydrotechnical construction on main river
valleys and development of tourist infrastructures (Marinescu
et al., 2013). The national road, Transalpina (DN67C) is the high-
est road of the country and links two historical regions, Transyl-
vania and Tara Romaneasca. It is an old road transhumance, used
by shepherds to cross the Carpathians and appears on historical
maps as a Roman strategic corridor. A road accessible to cars was
constructed between 1934 and 1939 and modernised after 2009.

Lake Latoritei is situated at an altitude of 1530m a.s.l., with a
catchment area of 0.57km?, a lake surface area of 0.8ha and a
maximum depth of 1.5m. The lake surface to watershed ratio is
1:71. Located in the upper basin of a glacial valley, the lake has
been a nature reserve since 2000 CE. It is fed by an active, north-
flowing stream through a peat moss and sedge cover that breaks
into two branches with an outflow to the south side of the lake
(Figure 1) (Gheorghiu et al., 2015). The climate of the Parang
Massif is temperate continental with westerly and south-westerly
winds (Voiculescu and Torok-Oance, 2000). The west-east orien-
tation of the ridge forms a barrier between the southern, humid
Mediterranean, and the colder northern air masses. The annual
mean temperature above 2000 m is <0°C. Annual precipitation is

between 800 and 1200 mm in lower areas (<1500m a.s.l.) (Gheo-
rghiu et al., 2015; Urdea and Florin, 2000). In areas above 1500 m
a.s.l., precipitation often occurs in the form of snow (>150 snow
covered days), while in the lower areas the effect of the foehn
winds are prevalent (Gheorghiu et al., 2015).

At the altitude of the lake, the annual mean temperature is
5.8°C, the warmest month is July (15.1°C) and the coldest is Jan-
uary (—4.3°C). The annual precipitation is around 1065 mm. The
wettest months are May, June and July, when monthly rainfall
exceeds 130mm, while the driest month is February (41 mm)
based on meteorological data from the Parang meteorological sta-
tion (average values for2015-2021;45°23'14.3"N,23°27'47.0"E).
According to the CARPATCLIM database (1981-2010; Spinoni
etal.,2015) recalculated to 1530 m using a lapse rate 0.72°C/100 m
(Micu et al., 2015), the average annual temperature is 5.4°C, July
mean 14.8°C, January mean —1.9°C. The annual precipitation is
around 1015 mm.

The lake was chosen for palacoecological study because of its
protected location in a well isolated valley, away from direct
human activity at mid altitude. Since it is situated in the middle of
the altitudinal range of the montane spruce forest zone, we
expected that the terrestrial vegetation has changed little in the
last 2000 years apart from possible episodic wood-cuts and graz-
ing. Since in this vegetation belt lakes are usually oligotrophic,
we expected that environmental variables other than temperature
will show little change, helping the reliability of our chironomid-
based T, reconstruction.

Materials and methods

Sediment sampling and laboratory analyses

In July 2017, a 58cm sediment core (LIL-surface 2017-01, N
45°22'11", E 23°42'05") was retrieved from the central part of
Lake Latoritei using an Uwitec Gravity corer with a 100-cm long
chamber and 7 cm diameter. At the core location the water depth
was 1.4m. The core was sliced into 1 cm sections in the field and
stored at 4°C until further examination. >!°Pb/"3’Cs dating, '*C
dating, chironomid, cladoceran, diatom, pollen, microcharcoal
and geochemical analyses were performed on this core.

Historical climate trends in the Pardng Massif

The historical meteorological data used in the present study (tem-
perature and precipitation) was obtained from CRU (Climate
Research Unit, version 4.03), a gridded dataset with 0.5°X0.5°
spatial resolution (Harris et al., 2014). The dataset covers the
interval from 1901 to 2018 CE. From the original temperature and
precipitation data, monthly means and annual means were calcu-
lated (Supplemental Material 1 (SM1) Supplemental Figure 1).

210pp/137Cs and '*C dating

For gamma spectrometric measurements samples were placed in
sealed plastic tubes and stored for at least 28 days. Subsequently,
the activity concentration of 226Ra was measured using the
gamma lines of the short-lived radionuclide daughters of 222Rn
(214Pb at 295 and 351 keV and 214Bi at 609 keV). Samples were
analysed with a high resolution gamma spectrometer equipped
with an HPGe well-type ORTEC GEM detector, having a FWHM
of 1.92keV at 1.33 MeV able to detect low gamma energies. The
activity concentrations were calculated using the relative method
with IAEA 385.327 and 447 standards. In the lower layers with
smaller activity concentration, the ?!°Pb, , content of the sediment
was measured by its daughter radionuclide ?'°Po, the two ele-
ments reaching equilibrium after 2 years. The 2!°Po content of
each sediment sample was determined using an aliquot of 0.5g
dry sample. 0.3mL 100 mBq mL™! 209Po tracer was added
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(having an alpha energy of 4.9MeV) to determine chemical
efficiency.

Seven samples from the deeper sediment layers were selected
for AMS C dating (31-32, 34-35, 37-38, 41-42, 44-45, 47-48,
51-52cm) (SM1 Supplemental Table 1). Dating was performed
on bulk lake sediment. All '*C ages were calibrated into calendar
years using the Calib Rev. 7.0.4. software and the IntCal20 curve
(Reimer et al., 2020; Stuiver and Reimer, 1993). The age-depth
model was constructed using polynomial regression (Blaauw,
2010) in the CLAM package in R.

LOI, sediment chemistry. Loss-on-ignition (LOI) analyses were
performed on 1cm? subsamples taken contiguously at 1 cm inter-
vals. Samples were combusted at 550°C for 4h (Heiri et al.,
2001). For the major and trace element analyses, 0.25 g dry sam-
ples were diluted in 3mL 65% HNO, (Merck, Suprapur) and 9 mL
36% HCI (Merck, Suprapur). Microwave digestion was applied
(Speedwave Entry, Berghof, Germany). The solution was diluted
to 50mL with ultrapure water. Elemental analyses were per-
formed in a microwave plasma atomic emission spectrometer
(MP-AES Model 4210, Agilent, USA). Nitrogen plasma tempera-
ture in the analytical zone was 4500 K. The concentration of the
following 21 elements was determined: Al, Ba, Ca, Cd, Co, Cr,
Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, Pb, Rb, Si, Sr, V, Zn. Sedi-
mentary chlorophyll was analysed using spectrophotometry (Jen-
way 6705 UV/Visible Scanning Spectrophotometer).

Chironomid analysis

Dry sediment samples weighing 0.09-0.5g were investigated at
I cm resolution between land 46cm, and at 2cm resolution
between 46and 58 cm. Following 10% KOH treatment, samples
were sieved with a 100-pm mesh. Chironomid larval head cap-
sules were picked from a Bogorov-counting tray (Gannon, 1971)
under a stereomicroscope at 40x magnification. Larval head cap-
sules were mounted on microscope slides in Euparal® mounting
medium for microscopic identification. Identification followed
Brooks et al. (2007), Rieradevall and Brooks (2001), Wiederholm
(1983) and Andersen et al. (2013). Ecological groups were formed
on the basis of species types (based on habitat, trophic status, and
vegetation-binding) using autoecological information available
from the literature (Brooks et al., 2007; Moller Pillot, 2013;
Sather and Wang, 1996; Vallenduuk and Moller Pillot, 2007,
2009; Wiederholm, 1983). Chironomid head capsule concentra-
tion was estimated by counting all head capsules in the sub-sam-
ples. At least 50 (mean: 139, min.: 45, max.: 441) head capsules
were identified in each sample, except from four samples (44, 48,
52, 56 cm), where 45—48 head capsules were found.

Cladocera analysis. Subfossil Cladocera analysis was carried out
on the chironomid samples in order to detect sediment units with
and without cladoceran remains and to reveal the main trends in
the Cladoceran community change. Since the chironomid sam-
ples did not contain the 38—100-um sediment fraction, the faunal
composition is biased towards the larger body parts. However,
most body part remains (headshields, carapaces) are usually big-
ger than 100-um, therefore the taxonomic composition is likely
complete with this analysis. Abundances are given on a semi-
quantitative scale ranging between 1 and 3. Each sample was
stained with safranin. The taxonomic identification followed
Szeroczynska and Sarmaja-Korjonen (2007).

Diatom analysis. A total of 40 samples were analysed for dia-
toms; every centimetre was counted in the top 26 cm, and every
second between 28 andS8 cm. The wet sediment was digested in
30% H,0O, then washed several times with deionised water. The
cleaned valves were dried on coverslips and embedded in Naphrax

resin (Battarbee, 1986). Diatom counting was performed with a
Leica DM LB2 light microscope equipped with 100 HCX PLAN
APO objectives at 1000X magnification under oil immersion and
phase contrast. A minimum of 350 valves were counted per slide.
Diatom data were converted into relative abundances and plotted
using the programme Psimpoll 4.27. Diatom identification was
based mainly on Krammer and Lange-Bertalot (1986, 1988,
1991a, 1991b), Lange-Bertalot et al. (2017), Lange-Bertalot and
Metzeltin (1996) and Reavie and Kireta (2015). Nomenclature
and some taxonomic concepts were updated using AlgaeBase
(Guiry and Guiry, 2023). Staurosira venter, S. construens, S. par-
asitoides, Staurosirella oldenburgiana, S. pinnata, Pseudostauro-
sira brevistriata, P. elliptica, P. subconstricta were grouped as
these small-celled diatom taxa are often mentioned as representa-
tives of benthic fragilarioids.

Pollen analysis. A total of 10 samples were selected for pollen
analysis to examine vegetation changes during the last
~2000years. 0.25-0.3 g dry subsamples were prepared using stan-
dard methods but excluding acetolysis (Bennett and Willis, 2001).
Pollen, spores and microcharcoal (length > 10 um) particles were
counted and identified under an Olympus BX43 light microscope
at 400X and 1000X magnification. At least 500 terrestrial pollen
grains were counted on each slide. For pollen identification, the
pollen atlases of Reille (1992, 1995, 1998) and the pollen identi-
fication key of Moore et al. (1991) were used.

Statistical methods and chironomid-based July mean
temperature reconstruction

Chironomid, geochemical and diatom assemblage zones were
determined by hierarchical cluster analysis (CONISS) in Psimpoll
4.27. The statistical significance of zone boundaries was tested by
the broken stick model (Bennett, 2007).

We used rate-of-change analysis (RoC, Grimm and Jacobson,
1992) in Psimpoll to estimate compositional change per unit time
in the chironomid and diatom records. To estimate RoC, datasets
were first interpolated to a constant time interval of 10 years (see
Szabd et al., 2020).

Due to the assumed linear relationship between our variables,
we chose principal component analysis (PCA) for the geochemical
and chironomid data to determine major trends in the records. Prior
to PCA, chemical data were Wisconsin double transformed (trans-
formations in two steps: standardisation of chemical components
by maxima at first, then site by site total), while chironomid, pollen
and diatom counts were Hellinger transformed (Legendre and Gal-
lagher, 2001). Different data transformation methods were used
because of magnitude differences in case of the chemical data,
while the biotic proxies had no scale differences. In this case
Hellinger transformation is ideal, as it moderately reduces the
weight of dominant taxa and increases the weight of rare taxa.
Redundancy data analysis (RDA) was used to explore the relation-
ship between changes in the chironomid and diatom assemblages
and other environmental variables. This analysis was chosen
because the gradient length of the first axis was less than four SD
units (Legendre and Legendre, 2012). RDA used the first two PCA
axes of the geochemical records. To examine whether chironomid
community changes show any correlation with July and summer
mean temperature changes in the last 120 years, we used gener-
alised additive models (GAM, Hastie and Tibshirani, 1990) with
Gaussian distribution, mean July air temperature (T},,) and mean
summer air temperature (=Jun-Jul-Aug; T, ) as predictors and a
fixed variance structure in the model.

We used the R software environment for our multivariate data
analyses (R Core Team, 2020). All statistical analyses were per-
formed using the vegan (Oksanen et al., 2015) and rioja (Juggins,
2017) packages.
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The chironomid-inferred July air temperature reconstruction
(Ty,;,) was based on weighted averaging partial least-squares
regression (WA-PLS; Ter Braak and Juggins, 1993) using the
merged Finnish-Polish (East-European, EE; Luoto, 2009; Luoto
et al., 2019; Plociennik et al., 2021) and the new Finnish-Polish-
Carpathian (Finnish-Polish-Carpathian, FPC) chironomid-tem-
perature training sets (SM1 Supplemental Figures 2 and 3). Since
the FPC training set includes 59 additional lake surface samples
from the South Carpathians, we provide statistical description of
this dataset, present water chemistry and July mean temperature
values for each locality in Supplemental Material 2. Taxa that did
not occur in the training sets were excluded from the temperature
reconstruction (see SM1 Supplemental Figure 5 — grey colour
taxa). In case of the FPC training set, mean July air temperatures
were calculated for the new Romanian Carpathian entries using
the CARPATCLIM database (Spinoni et al., 2015; 1981-2010
period, 0.72°C/100m lapse rate). The EE training set includes
surface sediment samples from 212 lakes. It covers a wide altitu-
dinal, latitudinal, lake water pH and air temperature range (Luoto,
2009; Luoto et al., 2019; Ptéciennik et al., 2021). Prior to the
temperature reconstruction, the percentage chironomid data were
square-root transformed.

Summer air temperature reconstructions and sample-specific
errors of prediction (eSEP) based on bootstrapping (999 bootstrap
cycles) were calculated using the programme C2 (Juggins, 2007).
The number of useful regression calibration components was esti-
mated using 7-test (0.=0.05). Model performance was evaluated
using jack-knife cross-validation and subsequent coefficient of
determination (szack), root mean squared error of prediction
(RMSEP) and mean and maximum biases (SM1 Supplemental
Figure 4, SM1 Supplemental Table 4, Supplemental Material 2).
Using the modern analogue technique (MAT), the cut-level of the
fifth percentile of all squared-chord distances in the modern cali-
bration data was determined. These distances were then compared
to the distance between each fossil assemblage and its most simi-
lar assemblage in the modern dataset and used to define ‘no close’
analogues. We make thresholds for good modern analogues in the
training set (2 percentile: very good modern analogue, 5 percen-
tile: good modern analogue, 10 percentile: fair modern analogue,
20 percentile: poor modern analogue).

In addition, the reconstructed general local trends in tempera-
ture from the last 120-year were compared with the temperature
data retrieved for the area from CRU (Harris et al., 2014).

Cold climate events documented in the chironomid-based T, ;.
curve are visually compared with the chronology of solar minima
events recorded in the AC anomalies (Stuiver et al., 1998),
according to the nomenclature of Eddy (1977).

Results and interpretation
Age-depth model and sedimentation rate changes

We first modelled the age-depth relationship of the 58cm long
gravity core by combining 2!°Pb/'3’Cs and AMS '“C dates. Figure 2
shows the results of the CLAM polynomial regression model.

According to the 2'°Pb/!3’Cs dating results, the upper 23 cm of
the sediment column covers the interval between 1797 and 2015
CE (218years). The upper 23 cm shows an apparent 2!°Pb decay
trend, suggesting modern deposition. This is supported by the
137Cs results. The '3’Cs dates match well the 2!°Pb dates below
7cm (Figure 2a), but *’Cs translocation is likely in the upper
7 cm. For this upper 7 cm, however, the 21°Pb dates are well recov-
ered and do not indicate sediment mixing. An increase in '3’Cs
concentrations is seen at depths of 8-9 cm, which is also in good
agreement with the 2!°Pb results and is indicative of the Cher-
nobyl fallout (1986 CE).

The average sedimentation rate over the past 218years was
0.15¢cm yr'! (Figure 2c¢). The accumulation rate decreases

between 13 and23 cm (1950-1800 CE, <0.1cmyr ). Between 2
andl2cm, the sedimentation rate increases significantly to
0.24cmyr !, reaching 0.3 cmyr ! in the upper 8 cm.

The seven AMS '“C dates for the interval 23—-58 cm were com-
bined with the 2!°Pb/3’Cs depth-age model derived ages using
polynomial regression. The model suggests that the bottom of the
core dates to ~190 BCE (Figure 2c).

Chironomid and macroinvertebrate inferred
environmental changes

Altogether 72 taxa and five statistically significant chironomid
zones were identified in the sediment sequence (SM1 Supplemental
Figure 5). The relative abundance diagram is presented in Figure 3,
while ecological groups using habitat preference, trophic state and
aquatic plant density are plotted in Figure 4.

The first zone L-1 (58-41cm, 190 BCE—810 CE) shows high
abundance of profundal taxa (51-16%; e.g. Procladius, Microps-
tectra insignilobus-type), terrestrial, semi-terrestrial taxa (e.g.
Smittia-Parasmittia, Pseudosmittia, Limnophyes-Paralimno-
phyes) and rheophilic taxa (Rheocricotopus effusus-type and R.

fuscipes-type). This taxonomic composition suggests relatively

unstable water column without significant submerged vegetation.
The relatively high frequency of terrestrial and rheophilic taxa
(e.g. Limnophyes-Paralimnophyes 4-22%; Rheocricotopus effu-
sus-type and R. fuscipes-type 2-9%) and one littoral taxon (Het-
erotrissocladius marcidus-type) indicate recurrent erosion events
(stream activity), intensive flowing water and fluctuating water-
level (Brooks et al., 2007; Gandouin et al., 2006; Hamerlik and
Bitusik, 2009; Zheng et al., 2020). The deepest part of the lake
was dominated by Procladius (15-37%). On the basis of the chi-
ronomid assemblage, the lake was likely mesotrophic (e.g. Bitusik
and Kubovcik, 1999; Brodersen and Anderson, 2002; Brooks
et al., 2007; Heiri et al., 2011; Velle et al., 2005). In addition to
chironomids, we also recorded the abundance of Cladocera, Siali-
dae (head capsule fragments, mandibles), Trichoptera (head cap-
sule fragments, mandibules) and Plecoptera (mandibules) remains
(Figure 4). Cladocerans were important indicators of phytoplank-
ton availability, while Sialidae, Trichoptera and Plecoptera
showed riverine activity, even though many species of Trichop-
tera and Plecoptera also live in lakes (Newell and Baumann,
2013; Solem and Birks, 2000; Vondrak et al., 2019). The domi-
nant cladoceran species in this zone was Alona quadrangularis,
while Chydorus sphaericus, Alona affinis and Graptoleberis tes-
tudinaria were found in much smaller numbers. These cladocer-
ans are ubiquitous due to their wide tolerance spectra. Alona
affinis frequently occurs together with its congener Alona quad-
rangularis in the littoral zone. Although all these cladocerans are
littoral species, A. quadrangularis is less associated with vegeta-
tion, and likes mud (Bledzki and Rybak, 2016; Sebestyén, 1965;
Tremel et al., 2000). The high relative frequencies of these spe-
cies suggest that lake productivity was moderate, furthermore the
occurrence of the phytophile G. testudinaria suggests the pres-
ence of aquatic vegetation (Bledzki and Rybak, 2016). In this
zone abundant Sialidae remains together with the presence of
Trichoptera and Plecoptera suggest periodically intensive flowing
water (Luoto et al., 2013), and overall point to strong stream
activity that is in accordance with the chironomid-inferred deeper
lake phase. However, the remains of Trichoptera and Plecoptera
may not only indicate flowing water, as some species also live in
lakes (Newell and Baumann, 2013; Solem and Birks, 2000; Von-
drak et al., 2019).

The second zone L-2 (41-27.5cm, 810-1570 CE) was
dominated by littoral taxa (50-62%; e.g. Tanytarsus mendax-
type, Polypedium nubeculosum-type, Paratanytarsus penicil-
latus-type) that point to a much shallower environment than in
zone L-1 and a more stable water-level (Brooks et al., 2007;
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Figure 2. Age-depth model (a) and sedimentation rate (b) (gcm™yr™') based on ?'°Pb and '3’Cs measurements from Lake Latoritei gravity
core; long age-depth model with sediment accumulation rates (c) based on 23 2!°Pb/!'¥’Cs and 7 '“C dates calibrated using CALIB Rev. 7.0.4.
and the IntCal20 dataset; the long age-depth model (c) was constructed using polynomial regression (Blaauw, 2010) in the CLAM package in R.

Engels et al., 2008; Zheng et al., 2020). The abundance of taxa
representative of the profundal (13—20%) and terrestrial zones
(1-7%) decreased significantly supporting shallower lake
environments. At the border of the first two zones chironomid
concentration (550-1030 head capsules g!') and taxonomic
richness (29-23) increased significantly. The chironomid fauna
indicate no change in the trophic state of the lake (Figure 3). At
the onset of this zone Sialidae remains disappear together with
a decrease in Trichoptera and Plecoptera remains (Figure 3)

suggesting a rapid decrease in stream flow at ~ 810 CE (note
dating uncertainty). At the same time, Cladocera remains
appeared in the sediment in higher abundance with Alona
quadrangularis, and occasionally Chydorus sphaericus, sug-
gesting increased productivity. Although Chydorus sphaericus
is considered a littoral cladoceran, it is also a member of the
planktonic community in oligo- and eutrophic environments
(Hofticka et al., 2006; Stuchlik et al., 2017; Vijverberg and
Boersma, 1997).
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The third zone L-3 (27.5-16.5cm, 1570-1900 CE) was also
dominated by littoral taxa (57-75%; e.g. Endochironomus impar-
type, Polypedium nubeculosum-type, Cladotanytarsus mancus-
type 2, Paratanytarsus penicillatus-type, Tanytarsus mendax-type,
Propsilocerus type N) indicating shallow and stable lake environ-
ment (Brodersen and Quinlan, 2006; Brooks et al., 2007; Engels
et al., 2008; Gandouin et al., 2006; Zheng et al., 2020). In this
zone, Propsilocerus type N (1-20%), Polypedilum nubeculosum-
type (1-11%) and Cladotanytarsus mancus-type 2 (1-8%)

appeared in higher abundance that is characteristic for more pro-
ductive waters. Their increased relative abundance suggests
increasing trophic level, meso-eutrophic environment (Figure 4)
(Langdon et al., 2006; Sather and Wang, 1996; Vallenduuk and
Moller Pillot, 2009). Increased relative abundance of Paratany-
tarsus penicillatus-type (1-11%) and Endochironomus impar-
type (1-5%) suggests the presence of macrophytes (Brodersen
and Quinlan, 2006; Brooks et al., 2007; Zheng et al., 2020). From
1800 CE (21 cm), taxonomic richness suddenly increased (26-36
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morphotypes). Increased trophic level is also indicated here by
the increased concentration of cladoceran remains (Korponai
et al., 2011) and the higher abundance of Chydorus sphaericus
(Keller et al., 2002; Vijverberg and Boersma, 1997), even though
this species has wide ecological tolerance. In Carpathian lakes, it
was found both in ultraoligotropic and hypertrophic lakes
(Horticka et al., 2006; Sacherova et al., 2006; Stuchlik et al.,
2017). Recurrent, but likely less intensive streamflow is further-
more suggested by the reappearance of Sialidae in this zone.

The fourth zone L-4 (16.5-7.5cm, 1900-1990 CE) was
characterised by the highest abundance of littoral taxa (57—
84%; e.g. Dicrotendipes notatus-type, Tanytarsus mendax-
type, Psectrocladius sordidellus-type). Profundal taxa reached
minimum (6—17%), while at the end of the zone (from 1970
CE) stream (12%; e.g. Zavrelimyia type A) and semi-terrestrial
taxa increased (2-9%; e.g. Limnophyes-Paralimnophyes).
Psectrocladius sordidellus-type was present with the highest
abundance (6-25%) in this zone. Since this taxon is associated
with aquatic vegetation, we infer the expansion of submerged
and floating macrophytes (Brooks et al., 2007; Luoto, 2010).
From 1930 CE the appearance of Dicrotendipes notatus-type
(11-28%) likely indicates an increase in air temperature and in
lake productivity, and a further increase in aquatic vegetation
(Brooks et al., 2007; Giaime et al., 2019; Heiri et al., 2011;
Michailova, 2009). In general, chironomids in this zone indi-
cate a shallow lake rich in aquatic vegetation, as well as increas-
ing temperatures and/or productivity. Chironomid concentration
(352-855 head capsule g ') and taxon richness was very high.
The high concentration of Sialidae remains at the onset of this
zone, between 1900 and 1950 CE, is associated with increasing
Plecoptera and Trichoptera concentrations, overall suggesting
intensifying streamflow that halted after 1950 CE. On the other
hand, this zone is characterised by the highest concentration of
cladoceran remains between 1930 and 1970 CE that is in accor-
dance with the planktonic diatom and chironomid-inferred
increasing nutrient availability and consequent phytoplankton
blooms (see below). Among the Cladocera species Chydorus
sphaericus dominates, but Alona quadrangularis is also present
in higher abundance than in the previous zone indicating high
trophic level with extended littoral.

In the fifth zone L-5 (7.5—1cm, 1990-2015 CE) the proportion
of littoral taxa decreased (60—32%; e.g. Dicrotendipes notatus-type,
Cladotanytarsus mancus-type 2, Paratanytarsus penicillatus-type,
Tanytarsus mendax-type, Psectrocladius sordidellus-type), while
the proportion of profundal (10-20%; Procladius, Micropstectra
insignolobus-type), stream (10-31%; e.g. Diamesa zernyi/cinerella-
type, Eukiefferiella claripennis-type, E. fittkaui-type, Rheocricoto-
pus effusus-type, R. fuscipes-type, Zavrelimyia type A) and
semi-terrestrial (3—11%; e.g. Smittia-Parasmittia, Pseudosmittia,
Limnophyes-Paralimnopyes) taxa increased. The proportion of spe-
cies types associated with aquatic vegetation (20-37 %; e.g. Dicro-
tendipes  notatus-type,  Cladotanytarsus — mancus-type 2,
Paratanytarsus penicillatus-type, Psectrocladius sordidellus-type)
was still high, but showed a decreasing trend. These changes suggest
that erosion increased in the catchment, and the macrophyte vegeta-
tion decreased to some extent. Accelerated riverine input and the
decrease in littoral taxa, together with an increase in profundal taxa
suggest a modest increase in lake level in the last 20 years (Broder-
sen and Quinlan, 2006; Brooks et al., 2007; Gandouin et al., 2006;
Luoto et al., 2011; Taylor et al., 2013). The chironomid fauna sug-
gests that the trophic status of the lake likely decreased; it became
oligo-mesotrophic. Chironomid concentration was lower (415-227
head capsule g ') than in the previous zone, while the taxon richness
was high (20-46 morphotypes). Other macroinvertebrate compo-
nents of the sediment support these inferences, particularly the
strong stream-flow at the onset of this zone (1990 CE). In this zone,
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Figure 5. PCA of the chironomid relative frequency dataset
from Lake Latoritei, Pardng Mts, South Carpathians; significant
chironomid zones (L-) as defined by CONISS (L-1 (190 BCE-810
CE), L-2 (810-1570 CE), L-3 (1570-1900 CE, L-4 (1900-1990
CE), L-5 (19902015 CE)) are marked by different colours; PCA
was made on a covariance matrix using Hellinger transformation;
taxa displayed had taxon scores >0.16 and <-0.18; abbreviations:
Lim_Parl: Limnophyes-Paralimnophyes; Proc: Procladius; Het_mar:
Heterotrissocladius marcidus-type; Dic_not: Dicrotendipes notatus-
type; Pse_sor: Psectrocladius sordidellus-type; Prop_N: Propsilocerus
type N; Rhetan: Rheotanytarsus-type; Tansini: Tanytarsini indet.;
Tan_men: Tanytarsus mendax-type.

only Chydorus sphaericus is present among the cladocerans, which
is eurytopic. Presence of only one Cladocera taxon likely indicates
extreme conditions (e.g. low water residence time, low pH).

PCA was used to reveal major trends in chironomid commu-
nity change. The first two axes explain 43% of the total variance
(PC1: 26%, PC2: 17%) (Figure 5).

Along the first PC axis, negative values are associated with
Heterotrissocladius marcidus-type, Procladius and Limno-
phyes-Paralimnophyes. These species occur in the bottom part
of the record (L-1) in higher abundance, and we interpret nega-
tive values along PC-1 as reflecting deeper, mesotrophic lake
water conditions, as well as accelerated stream-driven erosion.
Positive values are associated with Tanytarsus mendax-type,
Tanytarsini indet. and Rheotanytarsus that are indicative of an
increase in the proportion of the shallow water habitats, a
decrease in water-depth and erosion, and generally stable lentic
conditions. PC1 thus reflects changes in water-depth (shallower
with positive scores) and habitat types (extending littoral zone
with positive scores). Furthermore, the association of Propsilo-
cerus type N with positive sample scores suggests increasing
trophic level (Brooks et al., 2007; Moller Pillot, 2013; Seether
and Wang, 1996; Wiederholm, 1983) with positive PC1 scores.
The linkage of Dicrotendipes notatus-type and Psectrocladius
sordidellus-type with positive sample scores also corroborates
that positive values along PC1 refer to shallow lake conditions
and increasing macrophyte cover. Along the PC 2 axis, positive
values were associated with positive taxon loadings of Procla-
dius, Heterotrissocladius marcidus-type, Dicrotendipes nota-
tus-type, Psectrocladius sordidellus-type indicating mainly
lacustrine conditions rich in macrophytes (probably impacted by
the river), likely during more frequent floods, while negative
values were shown by, Tanytarsus mendax-type indicating that
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Figure 6. Chironomid-inferred mean July air temperatures for the last ~2000-year at Lake Latoritei, Pardng Mts, South Carpathians; the
blue curve displays the WA-PLS transfer function based results using the East European (EE) training set, while the red curve is based on the

Finnish-Polish-Carpathian (FPC) training set.

samples associated with negative PC2 scores were the most iso-
lated from the river. Therefore the second axis is interpreted as
reflecting changes in inflow energy/intensity.

Summer temperature reconstruction

The reconstructed July air temperature in the last 2000-year (T,.)
ranged from 13.4°C to 16.9°C and showed an RMSEP value of
0.88°C when we used the Eastern European (EE) training set
(Figure 6; Luoto et al., 2019). The Finnish-Polish-Carpathian
training sct (FPC) provided reconstructed T, values between
14.3°C and 16.5°C and showed an RMSEP of 1.02°C (SM1 Sup-
plemental Table 4). FPC extends the EE training set to the Roma-
nian Carpathians, and includes surface sediment samples from
273 lakes (Luoto et al, 2019; Supplemental Material 2).

The reference period was 1980-2010 CE (CarpatClim data were
converted to the altitude of the lake). The average July tempera-
ture value obtained for this period is 14.8°C. Both training sets
overestimate the reference period temperature in the area by
~1°C. The EE chironomid-based temperature reconstruction had
very poor or poor modern analogues as inferred by MAT in all
fossil samples (Figure 6), while the FPC dataset had very good
and good, and fair analogues suggesting that the reconstructed
values are likely more reliable. For the latter, poor and very poor
analogues were present only in the last 35 years.

Both temperature reconstructions show relatively cool summers
with a colder period between 190 BCE and 220 CE (Figure 6). This
was followed by a warmer period between 220 and 550 CE. July
mean temperatures decreased again between 550 and 615 CE by
~0.5°C (FPC) and ~0.7°C (EE) (Figure 6). This was followed by
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rapid warming at the beginning of the seventh century. The recon-
structed July mean temperatures increased to 15.9°C and 16.1°C
(Figure 6). Average July temperatures were around 15°C until 1300
CE. Furthermore, a generally colder period was reconstructed with
both training sets between 1300 and 1895 CE. Average July tem-
peratures were around 15.1°C—15.4°C, that is, 0.7-1.1°C colder
than in the warmer period before (615-1300 CE). This was fol-
lowed by rapid warming between 1895 and 1970 CE, when recon-
structed July mean temperatures increased to 15.7°C—15.9°C. Both
reconstructions suggest a significant temperature decrease between
1970 and 2000 CE (14.5°C—14.9°C). The amplitude of this decrease
is 1°C-1.2°C (Figure 6). Finally, the warming trend after 2000 CE
is present in both reconstructions (15.6°C—16°C). 1.1°C increase is
reconstructed in the last 15years compared to the 1970-2000 CE
colder period (Figure 6).

When the meteorological data from CRU are compared with
the chironomid-inferred July mean temperatures for the period
1901-2018 CE, the correlation coefficients are very low (0.03
with the EE and 0.11 with the FPC reconstruction), even though
the trend in the measured and reconstructed temperature curves are
comparable with some time lags (SM1 Supplemental Figure 6).
Cross-correlation analysis also confirms that chironomid-inferred
July mean temperatures show some correlation with the CRU
observed July temperatures at ~15-year time lag. This suggests
that (i) age estimates of the 2'°Pb/!*’Cs depth-age model have rela-
tively large uncertainties (5 years) and the obtained ages are pos-
sibly shifted by ~10years, and (ii) the reconstructed trophic level
increase and shallowing of the lake in the last century likely had a
stronger effect on the chironomid community change than summer
temperature alone. We will discuss these factors further below tak-
ing into account the results of the multi-proxy analyses.

Detailed description of sediment chemistry, diatom and pollen
analyses is given in Supplemental Material 1. Here we summarise
the most important results of these proxies that we use for identify-
ing periods with increased human impact and accelerated nutrient
input (both atmospheric and local grazing induced) in the lake.

The chemical element data (SM1 Supplemental Figure 7,
Figure 7) showed increased Al, K, F, Mg concentrations in the

bottom part of the sequence, between 190 BCE — 380 CE (58—
47.5cm) that suggested increased terrigenous input from the
slopes or from the inflowing stream. This was followed by a
period of decreasing clastic material input until 1975 CE,
when a second increase was detected. Increasing air pollution,
likely from fossil fuel combustion and vehicle emissions, was
inferred from the increased concentration of heavy metals (Pb,
Cu, Zn) since 1750 CE. Si closely followed the trend of trace
metals indicating its possible absorption on metallic hydroxide
particles (Figure 7).

The diatom record was characterised by diverse benthic dia-
tom assemblages in the first diatom assemblage zone (DAZ-1,
58-44.5cm, 190 BCE-580 CE) and the lack of planktonic dia-
toms suggested clear lake conditions with macrophytes (Figure 7,
SM1 Supplemental Figure 9). From 580 CE benthic fragilarioids
were even more abundant. Since these taxa dominate in alpine
and arctic lakes with a short growing season and long periods of
ice cover (Lotter and Bigler, 2000), their increase suggested lon-
ger ice cover from 580 to 1830 CE (DAZ-2, 44.5-20cm). From
1830 CE the gradual increase of Staurosira lapponica with heav-
ily silicified frustules correlated with the increase in biogenic Si
in the sediment (Figure 7, SM1 Supplemental Figure 9). Since Si
increased along with heavy metals (Pb, Ba, Zn), we interpreted
this change to be indicative of increased absorption and bioavail-
ability of Si on heavy metal complexes. In addition, we found a
permanent presence of planktonic fragilarioids pointing to slight
planktonic eutrophication. The RoC curve displayed rapidly
increasing and constantly high values since 1930 CE signalling
rapid and sequential reorganisation of the diatom communities
(Figure 7).

The pollen record was dominated by trees with 90% arboreal
pollen in the bottom of the sequence that reduced to 70% by the
top (SM1 Supplemental Figure 11; Figure 7). Locally Norway
spruce (Picea abies) was dominant. Four forest clearance episodes
were detected: at ~480, ~1745, ~1940 and ~1980 CE (Figure 7 &
Supplemental Figure 11). Norway spruce pollen frequencies
started to decrease steadily from 1830 CE. The largest spruce for-
est loss was found between ~1940 and ~1980 CE. The pollen
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record suggested intensified land use since ~1745 CE with the
onset of a gradual increase in anthropogenic indicator herbs (Can-
nabis-type, Plantago major/media, Artemisia).

Discussion

Lake water quality and land use changes during the
last 2000-year, possible biases of the temperature
reconstructions

One aim in this study was to examine the warmest month mean
temperature changes over the last 2000-year in the South Car-
pathian region. Since this period is characterised by human popu-
lation increase, and more intensive exploitation of the alpine zone
in the Carpathians and Alps (Brisset et al., 2017; Feurdean et al.,
2016, 2017; Haliuc et al., 2017; Hubay et al., 2018; Vincze et al.,
2017), in this section we examine if changes in other environmen-
tal factors can be detected by other proxies that might have played
arole in the chironomid community changes.

Figure 7 summarises inferences drawn from the pollen, geo-
chemical and diatom records in connection with the past 2000-
year intensity of land use regionally and locally, while Figure 8
displays the result of the multivariate data analyses (for detailed
results see the Supplemental Material 1).

Our multi-proxy environmental reconstruction suggested
intensive stream flow, erosional activity, organic-rich detrital
input between ~180 BCE and ~810 CE that encompass the Roman
Warm Period (RWP), LALIA and early MWP (Figure 7). The pol-
len record in this period pointed to a forested landscape with
spruce dominance and only a single episodic, small scale forest
clearance at ~480 CE (Supplemental Figure 11). The diatom
record in the same period was characterised by a diverse benthic
assemblage that changed at ~580 CE, within the LALIA to a
much more species poor, cold-tolerant community dominated by
benthic fragilarioids (Figure 7). Trophic level increase likely in
connection with forest clearance and grazing around the lake was
indicated by the diatom community since ~1830 CE when bio-
genic silica content also increased considerably. We interpreted
these changes by the absorption of Si on heavy metal pollutants
that also increased since ~1830 CE. We also found the expansion
of benthic fragilarioids, Staurosira lapponica and some nutrient
indicator taxa, like Nitzschia and Tabellaria fenestrata. Both the
RoC curve and PCI values displayed a rapidly increasing and
constantly high rate of change in the diatom community since
~1930 CE when the pollen record indicated the most intensive
forest clearance and grazing around the lake (Figure 7). Overall,
the multi-proxy analysis suggests that human impact accelerated

around the lake since 1830 CE, and from this point the chirono-
mid faunal composition was probably also affected by land use.

Driving factors of the chironomid assemblage
changes

We have demonstrated above that human impact and land use
changes intensified around Lake Latoritei in the 19th century.
Similar results were also obtained from alpine lake sediment stud-
ies in the Alps and Carpathians (e.g. Hamerlik et al., 2016; Luoto
and Nevalainen, 2012; Toth et al., 2018). Ecological research in
lowland lakes, on the other hand, also demonstrated that even
though forest compositional and agricultural changes can be
regarded as major factors influencing chironomid composition,
chironomid-inferred temperature reconstructions can be still sat-
isfactory. They correlate well with instrumental temperature
records, if human impact has been stable over the investigated
interval (Potito et al., 2014). As changes in the Latoritei chirono-
mid record were concurrent not only with climate fluctuations,
but also with changes in the local land use, we made statistical
analyses to examine which environmental variables, in addition
to temperature, might have influenced changes in the chironomid
community. Using redundancy-analysis (RDA) and general addi-
tive modelling (GAM), we examined these possible relationships
between sediment chemistry and the biotic proxies (Figure 8).
Overall, we found that changes in the chemical environment
had a much stronger effect on the diatom community (RDA 1 &
2 explained 88% of the total variance) than on the chironomid
fauna (RDA 1 & 2 explained 39% of the total variance; Figure
8). RDA also shows that Zn, Ba, Pb, V, Al, Mo, Cr, LOI along
the first (24.47%) and Zn, Ba, Al along the second RD axis
(14.16%) co-varied with the chironomid community. Since high
Al, Cr concentrations and high LOI values characterised periods
with stronger stream activity, their covariance with Procladius
and Limnophyes-Paralimnophyes suggests weak affinity of this
community to both inorganic and organic stream-driven terrig-
enous material input (Hamerlik et al., 2016; Zheng et al., 2020;
Wilson and Gajewski, 2004), which means that the representa-
tion of these taxa has been affected by inflow activity to a small
extent. Furthermore, the covariance of Zn, Ba, Pb (heavy met-
als) with Psectrocladius sordidellus-type and Dicrotendipes
notatus-type suggests a possible indirect connection between
atmospheric pollution and chironomid community change. The
concentration of these elements increased in zone G-3 (~1760—
2000 CE; SM1 Supplemental Figure 7) and coincided with a
warmer, more productive, and aquatic macrophyte-rich lake
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environment (Toth et al., 2019; Vallenduuk and Moller Pillot,
2009), but the temperature tolerances of the responding chirono-
mid taxa vary quite widely (Brooks et al., 2007; Heiri et al.,
2011; Luoto et al., 2019). Given the overall weak explanatory
power of RDA axes 1 & 2 in case of the chironomid fauna (Fig-
ure 8), we conclude that the prevalence of atmospheric heavy
metal pollution since ~1750 CE (intensified after 1830 CE)
likely explains some of the chironomid community composi-
tional change indirectly (e.g. caused by the coincident macro-
phyte expansion in the lake). Nonetheless, other environmental
factors, such as warmest month temperature fluctuations, need
to be invoked to explain the rest of the variance.

In order to examine the dependence of the warmest month’s
mean temperature on the chironomid fauna, we used general addi-
tive modelling (GAM; Hastie and Tibshirani, 1990; Szab¢ et al.,
2020) and cross correlations with the CRU database, in which
measured July and summer mean temperatures for the last
120 years were compared with PCA 1 axis scores and chirono-
mid-inferred July and summer mean temperatures (Figures 3, 6
and 8, SM1 Supplemental Figure 6, SM1 Supplemental Table 2).
This analysis shows a significant relationship between July and
summer mean temperatures and sample scores of PCI1. Since
negative values along PC1 were associated with cold-tolerant (.
marcidus-type, July mean optimum: 13.5°C), wide tolerance (e.g.
Procladius) and warm-indicator chironomid types (Limnophyes-
Paralimnophyes) as well, PC1 negative values cannot be unequiv-
ocally connected to colder summer temperatures, they can be
rather interpreted as reflecting deeper, mesotrophic lake condi-
tions. Positive values along PC1, however, are associated with
taxa predominantly indicating warmer summer temperatures (e.g.
Dicrotendipes notatus-type, Tanytarsus mendax-type, July mean
optimum: >16.5°C) and increasing macrophyte cover. Positive
scores along PC1 can therefore be taken as representing the joint
effect of warming and shallowing.

It is also important to note that Propsilocerus type N showed
an increase in the chironomid record between ~1600 and 1900
CE. This taxon has affinity to eutrophic lakes (Brooks et al., 2007;
Moller Pillot, 2013; Sather and Wang, 1996; Wiederholm, 1983),
but its July mean temperature tolerance and optimum are difficult
to estimate. Since it is not present in the Swiss-Norwegian train-
ing set (Eggermont and Heiri, 2012; Heiri et al., 2011), and only
occurs in low abundance (<1%) in the FPC training set (Luoto,
2009; Luoto et al., 2019; Ptociennik et al., 2021), its association
with low July mean temperatures (13.3°C) remains uncertain. In
addition, it was not detected in any of the Carpathian lake surface
samples (Supplemental Material 2), therefore we know relatively
little about the conditions that are optimal for the species repre-
sented by this type. Since it reached >10% between ~1600 and
1900 CE, it remains unresolved whether climate or trophic
changes led to its proliferation in Lake Latoritei and chironomid-
inferred July mean temperatures are also possibly biassed by
these factors.

Chironomid-based July mean temperature
reconstruction: climatic trends in regional context

GAM, cross-correlation analyses and the above detailed taxo-
nomical and training set weaknesses suggest that the chironomid
fauna and its changes in Lake Latoritei can be used for quantita-
tive July mean temperature reconstruction, but with limitations.
These limitations, however, possibly also pertain to other biotic
proxy-based reconstructions that have been used to determine cli-
mate and precipitation changes over the past 2000 years in Europe
and worldwide (Jones et al., 1998; Mann, 2002; Mann et al.,
2009; Pages 2k Consortium, 2013; Figure 1).

The goodness of the reconstruction is used to summarise the
discrepancy between the observed values and the values expected.
These are presented on Figure 6. Examining this, we can say that

the chironomid-based temperature reconstruction with the FPC
training set seems statistically robust between ~750 and 1830 CE
and less so before and after. Therefore, we restrict the discussion
of the reconstructed temperature changes to this time interval.
Our chironomid based Ty reconstruction provided unbiased
and statistically robust results from the final parts of the Late
Antique Little Ice Age (LALIA), also called the Dark Ages. From
~750 CE the reconstruction is characterised by gradually increas-
ing temperatures in both reconstructions that peak between ~1000
and 1200 CE (Figure 9). This is the Medieval Warm period
(MWP: 900-1300 CE) that in north-western Europe was 0.6—
1.2°C warmer than the 18801960 CE average (Christiansen and
Ljungqvist, 2012; Lamb, 1965). Several reconstructions have
been made for this period, but the extent of warming at the
regional level is still unclear. There are also more and more multi-
proxy reconstructions underway in Europe from this period with
heterogeneous results in different parts of Europe. In some cases,
the proxy-records show no change compared to the reference
period (Biintgen et al., 2006, 2011, 2016; Jones et al., 1998;
Luterbacher et al., 2016; Mann et al., 2003, 2009; Pages 2k Con-
sortium, 2013; Figure 9). On the other hand, continental summa-
ries made by the Pages 2k Consortium (2013) show uniform
warming in almost all continents, including Europe (Figure 9). If
we look at the tree-ring-based reconstructions, summers in north-
ern Europe were warmer (Biintgen et al., 2011), but in the Alps
and Carpathians this period was characterised by alternating peri-
ods of warmer and colder temperatures (Biintgen et al., 2011,
2013, 2016; Popa and Kern, 2009). Chironomid-based TJuly
reconstructions from the Alps also indicate warming in this period
(Larocque-Tobler et al., 2010, 2012; Millet et al., 2009), while
similar studies in NW Europe suggest less stable warm July mean
temperatures (Zawiska et al., 2017). The temperature reconstruc-
tion closest to our study area is tree-ring-based, and it comes from
the Eastern Carpathians (Popa and Kern, 2009). This reconstruc-
tion does not cover the entire MWP (only 1100-1300 CE), but it
suggests that this period was not uniformly warm in the Eastern
Carpathians (Figure 9). Between 750 and 1350 CE our chirono-
mid-based temperature reconstruction showed a more pronounced
warming trend than the tree-ring-based reconstruction. Summers
were stable and consistently relatively warm. In the reconstruc-
tion, the higher abundance of Tanytarsus mendax-type and the
decrease of M. insignilobus-type are responsible for the inferred
warming. Another tree-ring-based reconstruction from the West
Carpathian Tatra Mts agrees with the findings of Popa and Kern
(2009). According to this, warmer periods were only observed in
the mid-11th century, during the 12th century and at the end of the
13th century (Biintgen et al., 2013). This difference by the differ-
ent proxies is likely attributable to the different response time of
the applied biological proxies. While tree-rings can reflect annual
summer temperature change, chironomid assemblages from usu-
ally 1 cm thick layers represent several years, in some cases even
over a decade. In addition, community change of chironomids
takes place over several generations (Brooks et al., 2007; Corley
and Massaferro, 1998). Tree-ring based summer mean tempera-
ture reconstructions from the Austrian Alps show higher summer
temperatures only in the early 10th century, the first half of the
11th century and the second half of the 12th century, with a maxi-
mum increase of 0.4°C relative to the reference period 1961-1990
(Figure 9; Biintgen et al., 2011, 2016). Chironomid-inferred Ty
in the northern French Alps showed higher values between 680
and 1350 CE, which was connected to a significant glacier retreat
in the northern Alps and a decrease in flooding of the Rhone (Mil-
let et al., 2009). At Lake Anterne, the MWP is interrupted by a
sharp decrease in reconstructed temperatures between ca. 1090
and 1160 CE. Holzhauser et al. (2005) report a simultaneous
Great Aletsch glacier advance, while a summer temperature
reconstruction by Biintgen et al. (2011) found a 1.5°C drop
between 1020 and 1120 CE (Figure 9). This cooling event is not
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indicated by our reconstruction. Another chironomid-based tem-
perature reconstruction from the northern Swiss Alps, covering
only the second half of this period (from 1100 CE), shows a 1.2°C
increase in summer temperatures during the MWP (Larocque-
Tobler et al., 2010, 2012).

In the statistically robust 750-1830 CE interval of the recon-
struction marked coolings occurred between 1350 and 1600 CE
(cooling rate maximum 1.1°C, average 0.7°C; Figure 9), followed
by fluctuating summer temperatures between 1600 and 1830 CE
(min. 14.7°C, max. 16.25 °C according to the FPC training set).
This interval corresponds to the Little Ice Age (LIA). Cooling was
connected to the higher abundance of M. insignilobus-type and
Propsilocerus type N that are cold tolerant, and the latter also
increased trophic level indicator (Brooks et al., 2007; Moller Pil-
lot, 2013; Saether and Wang, 1996; Wiederholm, 1983). Cooling
indicated by the increasing abundance of these taxa in Lake
Latoritei agrees well with the tree-ring-based temperature recon-
struction of Popa and Kern (2009) in the Eastern Carpathians that
shows cooler summers between 1370 and 1630 CE and 1820-
1840 CE (Figure 9). Our results are in good agreement with the
chironomid-based temperature reconstructions from the Alps that
also identify this period (1370-1840 CE) as the main cooling
phase of the LIA (Ilyashuk et al., 2019; Larocque-Tobler et al.,
2010, 2012; Millet et al., 2009). From 1830 CE the increased
human activity in the region significantly decreased the goodness
of our reconstruction, therefore we do not discuss this part of the
reconstruction.

Conclusions

This study described climate changes reconstructed using sedi-
ments from a South Carpathian mountain lake, Lake Latoritei
(1530m a.s.l.) over the past 2000-year using chironomid-based
warmest month mean temperature reconstruction and compared it
with the results of other biotic and geochemical proxies. We used
two different training sets, the Eastern-European (EE) and its
extended version, the Finnish-Polish-Carpathian (FPC). When
selecting the training sets, we considered the continentality of the
area, as training sets developed for a given area, or similar cli-
matic regions can best reflect smaller scale regional temperature
change within the Holocene. Our results confirm this, FPC gave
better results, especially between 800 and 1800 CE. Our results
also suggest that during the Roman Warm Period (RWP; 180
BCE—-810 CE) and Late Antique Little Ice Age (LALIA) intense
streamflow, high erosional activity and high terrestrial organic
matter input characterised the lake. The covariance of streamflow
and erosional proxies with the chironomid community change
suggested that our T, reconstructions are biassed in this period.

Between ~750 and ~1830 CE, the goodness-of-fit of the
reconstruction improved significantly, covariance with environ-
mental variables other than temperature decreased, and we con-
sidered this period as the most accurate part of the reconstruction.
We detected a warmer period between ~750 and ~1360 CE cor-
responding with the Medieval Warm Period (MWP: 750-1360
CE). This was also detected in the Alps by chironomid-based July
temperature reconstructions, where a uniform temperature
increase was also observed in tree-ring-based summer tempera-
ture reconstructions. Our diatom record suggests that even though
summers were likely significantly warmer, longer winters resulted
in extended ice cover in the same period.

The Little Ice Age cooling started at ~1360 CE and peaked
around 1600 and 1740 CE in our reconstructions, when we found
a0.7°C (EE) and 1.1°C (FPC) decrease in July mean air tempera-
tures relative to the MWP warm peak around 1100 CE.

We conclude that despite the targeted training set building
efforts of the last decades for the continental interior part of
Europe (Korponai et al., n.d.; Luoto et al., 2019; Ptociennik et al.,
2021), we still find some chironomid morphotypes poorly

represented in the training sets (e.g. Propsilocerus-type N). These
taxa reduce the statistical power of the chironomid-inferred air
temperature reconstructions. Nevertheless, we demonstrated that
the mean July air temperature reconstruction based on the FPC
training set shows very good agreement with other quantitative
summer climate reconstructions from Eastern-Central Europe and
the Alps.
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