
Chironomidae-based inference model for mean July air temperature
reconstructions in the eastern Baltic area

VARVARA BAKUMENKO , ANNELI POSKA, MATEUSZ PŁ�OCIENNIK, NERINGA GASTEVICIENE, BARTOSZ KOTRYS,
TOMI P. LUOTO, SIMON BELLE AND SIIM VESKI

Bakumenko, V., Poska, A., Pł�ociennik,M.,Gasteviciene, N., Kotrys, B., Luoto, T. P., Belle, S. &Veski, S. 2024 (July):
Chironomidae-based inference model for mean July air temperature reconstructions in the eastern Baltic area.
Boreas, Vol. 53, pp. 401–414. https://doi.org/10.1111/bor.12655. ISSN 0300-9483.

HerewepresentaneweasternBalticChironomidae training set (TS) containing35 sites thatwas collectedandmerged
with neighbouring published Finnish (82 lakes) and northern part of the Polish (nine lakes) TSs. Chironomidae,
non-biting midges, are known to be strongly responsive to the July air temperature and are widely used to infer
palaeotemperature. Several modern analogue-based TSs necessary for calibrating the relationships between mean
Julyair temperature (MJAT)andchironomidsareavailable forEurope.However, noneof these is representativeof the
transitional climate typical for easternBaltic (Estonia, Latvia, Lithuania). The Finno–Baltic–Polish TS contains 121
sites and covers ageographically continuous70–50°Nlatitudinal and7 °C(12.1–19.2 °C)MJATgradient.Canonical
correspondenceanalysis revealed that, among the tested environmental variables (pH,waterdepth, dissolvedoxygen,
MJAT), the MJAT explains the highest amount of variation, both for the eastern Baltic separately and the Finno–
Baltic–Polish TSs. The weighted averaging–partial least squares-based cross-validation test reveals that the Finno–
Baltic–PolishTShas a low rootmean square errorof prediction (0.7 °C) confirming the high reliabilityof theTS. The
temperature optima of the taxa included in the new Finno–Baltic–Polish TS andwidely used Swiss–Norwegian TS
were examined.Theobserveddissimilarities canbe attributed to thedifferences in the temperature ranges represented
by theTS, the taxonomic identification level, the general cosmopolitan taxa distribution patterns and the influenceof
TS-specific geographic position, climatic or environmental conditions. The new Finno–Baltic–Polish TS adds to the
knowledge on the modern distribution of Chironomidae taxa and widens the geographical area of reliable
Chironomid-basedMJATreconstructions into the eastern European lowland.
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Accurate climate reconstructions are important in inves-
tigating ecosystem response to climate changes in eastern
Europe. Presently available climate reconstructions are
based on a variety proxy (Kaufman et al. 2020), where
pollen-based reconstructions make the biggest contribu-
tion in eastern Europe (Feurdean et al. 2014). However,
considerable migration delays of the terrestrial vegetation
during the Lateglacial and Early Holocene and substan-
tial anthropogenic land cover change during the Late
Holocene can influence the quality of the pollen-based
reconstructions, especially innorthernandeasternEurope
(V€aliranta et al. 2015; Rao et al. 2022). Thus, there is a
need for an independent proxy to increase the reliabilityof
the climate reconstructions in the eastern Baltic (Estonia,
Latvia, Lithuania).

TheChironomidae, non-bitingmidges fromtheDiptera
family, arewidely distributed in freshwaters, and chitinous
remains of larvae that are morphologically well preserved
in Quaternary lake sediments allowing their identification
to themorphotype level (Brooks et al. 2007) are oftenused

as an independent and reliable climate proxy. Chironomid
community composition in Holarctic lakes has been
reported to be strongly associated with the mean July air
andwater temperatures (Walker&Mathewes 1987;Barley
et al. 2006; Heiri et al. 2011; Kotrys et al. 2020; Nazarova
etal. 2023).SubfossilsofChironomidae larvaedeposited in
lake sediments are widely used to reconstruct July air
temperature during the Quaternary (Eggermont & Heiri
2012; Gouw-Bouman et al. 2019; Plikk et al. 2019).
However, they can be influenced by other environmental
factors such as trophic state (Brooks et al. 2001; Luoto
2011) and deepwater oxygen concentrations (Brooks et al.
2001; Quinlan & Smol 2001; Verbruggen et al. 2011;
Ursenbacher et al. 2020), but also pH, heavy metal
concentration and lake water depth (Heiri 2004; Rees
et al. 2008; Nazarova et al. 2011; Ruse et al. 2018; Pegler
et al. 2020; Ni et al. 2023).

Relationships between chironomid assemblages and
temperature canbe exploredusing calibration training sets
(TSs) that describe the distribution and abundance of
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chironomid taxa across a temperature gradient (Egger-
mont & Heiri 2012). TSs are produced by collecting
sediment samples from a large number of lakes across
geographic or elevation gradients and by analysing the
chironomid remains contained in these sediments (Lotter
et al. 1997), thus providing an estimate of the composition
of the modern chironomid fauna of these lakes (Heiri
et al. 2011). Numerical inference models (transfer/cali-
bration functions) (Birks 1998; Birks et al. 2010) can then
be applied to determine chironomid–temperature corre-
lation and to infer July temperature values. Inference
models using chironomids as a proxy are based on a range
of different numerical approaches, i.e. weighted
averaging-partial least square regression, maximum
likelihood regression and modern analogue technique
(Heiri et al. 2011; Self et al. 2011; Medeiros et al. 2022),
and allow the estimation of inferred July temperatures
with a prediction error ranging from less than 2 °C
(Kaufman et al. 2020). Existing chironomid–July tem-
perature calibration TSs and inference models in Europe
have been developed in Switzerland (Lotter et al. 1997),
Norway (Brooks & Birks 2000), northern Sweden
(Larocque et al. 2001), Finland (Luoto 2009), Poland
(Kotrys et al. 2020), Slovakia (Chamutiova et al. 2020)
and N andNERussia (Nazarova et al. 2023). While these
TSs represent awide range of biogeographical conditions,
a considerable part of the sites are from highlands and
none from the eastern Baltic.

TheeasternBalticarea,which isapartof theEuropean
Plain, is located in the transitional zone between
maritime and continental climates. The border areas
separating continental-scale climatic zones exhibit sig-
nificant variations in climate factors (temperature,
humidity, wind speed, etc.) and climatic instability
(Fu 1992). Thus, the eastern Baltic area reveals
heightened sensitivity to changes in northern Europe’s
air circulation patterns (Giesecke et al. 2008; Sepp€a
etal. 2009),whichcould result in the emergenceofunique
Chironomidae assemblages. The eastern Baltic Chiro-
nomidae fauna is understudied, andno localTShasbeen
developed so far.TheSwiss–NorwegianandFinnishTSs
have been used for the reconstruction of summer
temperatures during glacial and Early Holocene climate
events in the eastern Baltic (Heiri et al. 2014; �Seirien _e
et al. 2021). On one hand, the Finnish TS lacks the
warmer analogues that could correspond to the modern
mean July air temperature (MJAT) range in the eastern
Baltic region. In addition, the diverse bedrock compo-
sition, with acidic bedrock in Finland and carbonate in
the Eastern Baltic, can be expected to result in varying
water chemistry, which affects chironomid assemblages
(Eggermont&Heiri 2012).On theotherhand, theSwiss–
Norwegian–Polish (Kotrys et al. 2020) and north
European TSs (Larocque et al. 2001; Luoto 2009) have
a spatial gap of calibration sites and lack modern
analogues of Chironomidae communities reflecting the
combinationof themildmaritime climate and carbonate

bedrock that is typical for the eastern Baltic. This
complicates the use of regression-based methods for
temperature reconstruction since they rely on the even
spacing of samples along environmental gradients.

Another issue is that the multiple Chironomidae
species with different ecological preferences belong to
the same morphotype. Furthermore, the same morpho-
types can represent different species in different regions,
introducing additional bias into transfer functions (Velle
et al. 2010; Juggins 2013;Medeiros et al. 2015). Calibra-
tion functions perform best in the geographical region in
which the calibration TSs were developed, and the
absence of the local TS could influence the reliability of
the reconstruction (Heiri et al. 2011; Plikk et al. 2019;
Pł�ociennik et al. 2022).

The objectives of this work are: (i) to compile a new
chironomid TS representative of environmental condi-
tions of the eastern Baltic; and (ii) to build a comprehen-
sive TS representative of low-elevation areas of northern
Europe and cover the temperature range expected for
post-glacial conditions by merging eastern Baltic TS with
samples from Finnish (Luoto 2009) and Polish TSs
(Kotrys et al. 2020).

Material and methods

Chironomid training sets

The eastern Baltic TS consists of Chironomidae assem-
blage data and the corresponding MJAT for 35 lakes
from Estonia, Latvia and Lithuania (Fig. 1A). Chosen
lakes in the eastern Baltic TS have characteristic water
chemistry for the region (Tables 1, S1, Fig. S1) and low
anthropogenic impact on their surroundings. The region
is located at the transition from the temperate to the
boreal domains and between maritime and continental
climates.Theweatherchangeshere frequentlydepending
on the domination of the western zonal flow or
continental high-pressure conditions (Johannes-
sen 1970). The highest peak in the area is 318 m a.s.l.
The bedrock in the eastern Baltic consists mainly of
limestones and sandstones, thus the pH of the lakes is
mostly alkaline. The surroundings of lakes chosen for
sampling consist of coniferous, broad-leaved and mixed
forestsand low-intensityagriculturalactivity.Lakeswere
sampled in a transect along the MJAT gradient (17.2–
18.4 °C).

TheFinnish110-siteTS(Luoto2009)andninesitesfrom
the Polish TS (Kotrys et al. 2020) were merged (see below,
section ‘Chironomidae identification and TSs harmonisa-
tion‘) with the eastern Baltic TS. The resulting Finno–
Baltic–Polish TS (Fig. 1B, Table 1) covers anMJATrange
of 12.1–19.2 °C and a latitudinal range of 69.44–53.9°N.

Detailed information about Finnish and Polish
sampling sites and their Chironomidae assemblages
can be found in the original publications (Luoto 2009;
Kotrys et al. 2020).
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The Swiss–Norwegian TS (Heiri et al. 2011) and
supplementary environmental data were downloaded
from the National Oceanic and Atmospheric Adminis-
tration website. It covers a broad MJAT and latitudinal
range (Table 1) in central and northern Europe. The
Swiss–Norwegian TS was used without excluding any
outliers.

Sampling and laboratory procedures

The eastern Baltic TS is based on surface sediment
samples of 35 medium-sized natural lakes. The samples
were collected from the deepest part of the analysed
lakes using a gravity corer. During the sampling, the
topmost 2 cm of sediment was taken and later analysed
in the laboratory. Sampling in Estonia was carried out
in 2021 (February), in Latvia in 2019–2021 (February)

and in Lithuania in 2022 (February) (Table S1). The
water chemistry datawere collected during the summers
of 2021 and 2022. The sediment samples were
water-sieved with a 100 lm mesh size sieve to remove
fine sediment. The deflocculation in 10% KOH, which
had been applied in samples processing of Finnish
(Luoto 2009) and Polish (Kotrys et al. 2020) TSs, was
skipped owing to the generally loose and watery
sediment structure. Each sample was thereafter trans-
ferred into a Petri dish, and Chironomidae head
capsules were collected with fine forceps under a
stereomicroscope at 259 magnification. The obtained
head capsules were air-dried and mounted in Aquatex�

mounting medium. Taxonomic identification was con-
ducted under the microscope at 100–4009 magnifica-
tion. The average number of head capsules collected per
sample was 65, with counts ranging from 42 to 125.
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Fig. 1. Location of the sites (A) included in the Finno–Baltic–Polish and Swiss–Norwegian training sets (TSs) and the distribution of the Finno–
Baltic–Polish TS sites, where the grey frame indicates new eastern Baltic sites (B) along the mean July air temperature (MJAT) and latitudinal
gradient. The dotted black line represents the polar circle 66.5°N boundary.

BOREAS Chironomidae-based inference model, eastern Baltic area 403

 15023885, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.12655 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [03/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The laboratory procedures for the Finnish, Swiss–
Norwegian, and Polish TSs samples are described in the
original papers (Luoto 2009; Heiri et al. 2011; Kotrys
et al. 2020).

Chironomidae identification and TSs harmonization

Chironomid head capsules from the Eastern Baltic TS
were identified according to Schmid (1993), Klink and
Pillot (2003),Brooks etal. (2007),Larocque-Tobler (2014)
and Andersen et al. (2013). The eastern Baltic TS
Chironomidae collection is stored and available in the
Department of Geology at Tallinn University of Tech-
nology, Tallinn, Estonia.

The taxonomic resolution of EasternBaltic TS and all
of the used published TSs (Finnish (Luoto 2009), Polish
(Kotrys et al. 2020) and Swiss–Norwegian (Heiri et al.
2011)) is based on that described in Brooks et al. (2007).
The taxonomic harmonizationbetweenTSswasdoneon
the count data. The few apparent taxonomic differences
were handled as follows:

• Head capsules that lacked identifying features and
were only identified to the genus or subfamily
taxonomic level (Tanytarsini, Tanytarsus spp., Para-
tanytarsus spp., Tanypodinae, Chironomini, Ortho-
cladinae) were excluded from the Finno–Baltic–
Polish TS owing to the possibility of introducing bias
into the inferencemodel by including groups contain-
ing taxa representing different spectra of ecological
conditions.

• The Cricotopus intersectus type was merged with the
Cricotopus laricomalis type into one type owing to
the high chance of misidentification of these
morphotypes.

• Ablabesmyia spp. was merged with Ablabesmyia
monilis type, Ablabesmyia longistyla type and Abla-
besmyia phatta type owing to the absence of identi-
fication features in the eastern Baltic and Polish TSs.

• The Corynoneura scutellata type was merged with
Corynoneura edwardsi type and Corynoneura arctica
type following the identifications used in the Finnish
TS (Luoto 2009).

Following the above-described taxonomic harmoni-
zation, the relative abundances were recalculated.

Water chemistry, lake depth and climate data

For the eastern Baltic TS, lake depth was measured
during lake sampling using a mechanical tape; the pH
andoxygenconcentrationweremeasured in the fieldwith
the YSI ProDSS probe at 30–40 cm above the sediment
surface of the lake; and the water phosphorus was
determined in the laboratory from the top water layer
samples using a HACH LKC349 analysis kit and Hach
Lange DR 2800 spectrophotometer by Anna Lanka
(unpublished data). Some additional water chemistry
information was obtained from lake monitoring centres
(Latvian Environment, Geology andMeteorology Cen-
ter and the Lithuanian Environmental Protection
Agency under the Ministry of the Environment). The
pH data for Eastern Baltic TS are available for 33 lakes
and dissolved oxygen and water phosphorus data are
available for 29 lakes from the eastern Baltic TS. The
dissolved oxygen for eastern Baltic siteswasmeasured in
July and August, whereas for Finnish lakes it was
measured between February and April; thus, joining
these data series could be unrepresentative of environ-
mental conditions. For the Finnish, Polish and Swiss–
NorwegianTSs thewater chemistryand lakewaterdepth
were derived from the original publications (Luoto 2009;
Heiri et al. 2011; Kotrys et al. 2020). TheMJAT for each
lake in Eastern Baltic TS was estimated using 30-year
gridded (0.1 9 0.1°) observational data (1991–2020),
obtained from the E-OBS TS (Cornes et al. 2018) down-
loaded from the Copernicus Climate Data Store. The
same approach interpolating the meteorological sta-
tions’ observations and calculating 30 year means was
used for the Finnish, Polish and Swiss–Norwegian TSs
(Luoto 2009; Heiri et al. 2011; Kotrys et al. 2020).

Data analysis

For the statistical analysis, chironomid assemblage data
of Finno–Baltic–Polish TS were transformed into
relative abundances (%). Only taxa with an abundance
of at least 2% in one sample were considered during
numerical analysis and square root transformation was
applied to equalize variances among taxa.

Chironomidae assemblages were analysed using
detrended correspondenceanalysis (DCA;Hill&Gauch
1980) toexamine thegeneraldistributionofcommunities

Table 1. Environmental data for different subsets of the Finno–Baltic–Polish and Swiss–Norwegian training sets (TSs).

Training set Finnish Eastern Baltic Polish Swiss–Norwegian

Number of lakes 82 35 9 265
Latitude (°N) 60.13–69.44 54.65–59.45 53.9–54.3 46.15–79.8
Longitude (°E) 22.0–30.13 24.2–27.34 22.06–23.48 5–31.04
Sampling water depth range (m) 0.5–9.0 1.4–21.8 3.3–15.0 –
July air temperature (°C) 12.1–17.5 17.2–18.4 18.4–19.2 3.5–18.4
pH 4.4–9.3 4.48–9.5 7.81–8.73 –
Dissolved oxygen (g L�1) 0.5–11.8 6.4–16.6 – –
Water phosphorus content (g mL�1) – 0.007–0.169 – –
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and the compositional gradient lengths along the first
twoDCAaxes.The lengthofDCAAx1andAx2 (3.1 and
2.4 standard deviation (SD) units, respectively) falls into
the intermediate category, for which the use of both
redundancy analysis (RDA) and canonical correspon-
dence analysis (CCA) has been recommended
(Birks 1998; Lep�s & �Smilauer 2003). We have used
RDA and CCA for Finno–Baltic–Polish TS to produce
results comparable with earlier studies (Luoto 2009;
Kotrys et al. 2020). TheCCAwas applied to evaluate the
significance of the environmental variables that explain
significant variation in the chironomid data. Owing to a
different number of observations for each variable the
CCAswere runwithonlyone environmental variableat a
time (Table1).Thestatistical significanceofeachselected
variable was tested by a Monte Carlo permutation test
(9999 unrestricted permutations) (Ter Braak 1992; Ter
Braak&Verdonschot1995).Tochoose themost relevant
explanatory variables, k1:k2 ratios were also calculated,
where k1 is the eigenvalue of the first constrained CCA
axis and k2 is the eigenvalue of the second unconstrained
axis. RDAwas applied on eastern Baltic TS owing to the
shorter length of DCA Ax1 and Ax2 (2.4 and 2.0 SD
units, respectively).

TheMJAToptima for individual taxa across theFinno–
Baltic–Polish TS were estimated based on
weighted-average regression with inverse deshrinking
(Ter Braak & Juggins 1993). The generalized additive
models (GAMs) (Wood 2011) in the whole Finno–Baltic–
Polish TS were applied to estimate the taxon-specific
MJAT–abundance relationships. For taxa for which a
significant relationship with MJAT was revealed, the
variance was calculated. To study the temperature-related
distribution of taxa, the TS was divided into three
biogeographic zones based on MJAT intervals: northern
boreal (12.1–15.0 °C), southern boreal (15.0–17.0 °C)
and temperate (17.0–19.2 °C) (Fig. 1B). Linear regression
was applied to the taxapresentedwithin thebiogeographic
zones to ensure that they reveal significant dependency in
the same biogeographical zone where their weighted
averaging-based optima are situated. For some under-
studied taxa, additional GAMs for estimating the
dependency between their abundances and dissolved
oxygen level, water phosphorus, sampling depth and pH
values were calculated.

The Chironomid-inferred MJATmodel building

The Finno–Baltic–Polish inference model was built
using cross-correlated weighted averaging–partial least
squares (WA-PLS) regressionandcalibration (TerBraak
& Juggins 1993). The best transfer functions were
selected as those producing the lowest cross-validated
root mean squared error of prediction (RMSEP). The
components were accepted as statistically significant at
the p ≤ 0.05 level. Bootstrapping techniques (9999
permutations; Birks et al. 1990; Birks 1998) were used

to calculate cross-validated error and performance
statistics for the WA-PLS inference model, such as the
RMSEP, the maximum bias, the mean bias and
the coefficient of determination (R2) between inferred
and predicted values within the individual calibration
TSs (Finnish, Finno–Baltic–Polish and Swiss–Norwe-
gianTSs). July airoptima and tolerance of the individual
taxa were estimated based on the WA regression (Ter
Braak & Juggins 1993).

Numerical analysis and plots were performed with
the free software program R version 4.1.1. using the
following packages: ‘tidyverse’ for data restructuring
and visualizing (Wickham et al. 2019), ‘dplyr’ for data
restructuring and basic calculations (Wickham et al.
2022), ‘vegan’ for ordination (Oksanen et al. 2022),
‘rioja’ for performing theWA-PLS analysis and plotting
the stratigraphic diagram (Juggins 2022) and ‘mgcv’ for
performing the GAMs (Wood 2017).

Results

Composition of Chironomidae assemblages

A total of 112 Chironomidae morphotypes were
identified in 35 lakes from the eastern Baltic region, of
which 30 morphotypes were not present at the Finnish
and Polish sites. The most abundant taxa (Fig. 2) in the
eastern Baltic TS are Psectrocladius sordidellus type
(8.6%),Chironomus plumosus type (8.6%),Dicrotendipes
nervosus type (6.8%), Neozavrelia (6.8%), Polypedilum
nubeculosum type (5.28%), Glyptotendipes pallens type
(4.8%),Microtendipes pedellus type (4.6%) and Coryno-
neura ambigua type (4.1%).

The merged Finno–Baltic–Polish TS after deleting
species with abundances less than 2% contains 106
taxa and 121 sites. Following Luoto (2009), five sites
from the Finnish TS were considered outliers and
excluded from the MJAT inference model. The most
abundant taxa in the final TS were P. sordidellus type
(average abundance 15.6%), C. plumosus type (7.3%),
Ablabesmyia (7.2%), Procladius (7%), M. pedellus type
(6.8%), Cladotanytarsus mancus type (6.1%) and
Zalutschia zalutschicola type (5.7%).

Ordination analysis

The variance gradient of DCA calculated for eastern
Baltic Chironomidae assemblages equals 2.4 SD and 2.0
SD for Ax1 and Ax2, respectively, whereas the Finno–
Baltic–Polish TS DCAvariance gradient equals 3.1 SD
and 2.4 SD, respectively (Fig. 3).

The RDAs of the 35 eastern Baltic sites revealed that
MJAT and water phosphorus content were the only
environmental variables that explain the Chironomidae
community distribution significantly (Table 2). In
contrast, the RDAs and CCAs of the Finno–Baltic–
Polish TS revealed that each of the examined

BOREAS Chironomidae-based inference model, eastern Baltic area 405
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environmental variables explains the Chironomidae
assemblages significantly. The MJAT explains the 9.1%
CCA-based (14.4% RDA-based) Chironomidae assem-
blage variance followed by pH (7.2% (CCA), 11.5
(RDA)), dissolved oxygen (4.5% (CCA), 7.5% (RDA))
andsamplingdepth (3.0%(CCA),3.9%(RDA)) (Table3,
Fig. 4). The strongest explanatory variable for the
Chironomidae community according to the k1:k2 ratio
was MJAT (1.4 CCA-based, 1.3 RDA-based; Table 3).
Training sets with ratios k1:k2 > 1 are characterized by
strong relationships between the examined environmen-
tal variable and the assemblage data relative to the
remaining variance in the TS and are therefore suitable

for developing inference models (Goldenberg Vilar
et al. 2018). However, it must be kept in mind that the
CCAplot demonstrating the dependencyof chironomid
assemblages from MJAT exhibits the horseshoe effect,
which could affect the results.

To assess the relationship betweenMJATand chiron-
omid assemblages in different parts of theFinno–Baltic–
Polish TS, CCAwith MJAT as an explanatory variable
for different subsets was performed (Table 4). The
variance explained by theMJAT inFinno–Baltic–Polish
TS is 9.1% (CCA-based), which is almost the same as in
only the Finnish TS (9.6%). The ratio of the unique taxa
in the TS (Table 4) was calculated as a percentage of taxa
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Fig. 2. SelectedeasternBalticchironomidmorphotypesfromthe lakesurfacesediment layer ((0–2)–2 cm) included intheFinno–Baltic–PolishTS.
Lake indices are ordered according to decreasing latitude (Table S1). Species are organized according to the decreasing abundances in the eastern
Baltic TS; taxawithMJAT dependency are markedwith grey.
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observed only in a particular TS. This ratio is almost
equal for the Polish–Baltic area and the Finnish one.

Species–MJAT relations analysis

The linear regression analyses (Table S2) indicated that
the most MJAT-dependent taxa in the different biogeo-
graphic zones of the Finno–Baltic–Polish TS were
Micropsectra insignilobus type (35.5% of variance
explained), Zalutschia mucronata type (16%), Psectro-
cladius septentrionalis type (15.3%), Tanytarsus lugens
type (14.8%) and Psectrocladius calcaratus type (12.3%)
for the northern boreal part of the TS; Procladius
(23.1%), Tanytasus mendax type (21.6%), C. scutellata
type (20.8%), Chironomus anthracinus type (18.9%) and
Ablabesmyia (11.9%) for the southernborealpart; andD.
nervosus type (35.5%), Ablabesmyia (33.13%), C. arctica
type (25.6%), C. plumosus type (21.2%) andNeozavrelia
(20.2%) in the temperate part of the gradient. The taxa
whose distribution revealed the strongest MJAT depen-
dence based on GAM over the entire Finno–Baltic–
Polish TS (Fig. 5) were P. septentrionalis type (51.6% of
variation explained by the MJAT), P. calcaratus type
(47.6%), M. insignilobus type (43.7%), T. mendax
type (39.4%), Ablabesmyia (35.6%), Procladius (33.7%),
Dicrotendipes pulsus type (32%) and C. plumosus type
(28.3%). In contrast, P. sordidellus type, M. pedellus
type and Corynoneura lobata type did not reveal any
MJAT dependency at all. Limnophyes and C. ambigua
type morphotypes had MJAT dependency only within
one biogeographical zone but not across the entire

gradient. The average variation explained by MJAT for
the different taxa was 9.2% less within individual zones
than in the GAM-based estimations for the whole
Finno–Baltic–Polish TS. The July air temperature
optima for each taxon are situated in the same
biogeographic zones, where they reveal significant
distribution (Table S2).

Inference model for Chironomid-inferred July air
temperature reconstructions

The Finnish and Finno–Baltic–Polish TSs WA-PLS
cross-validation models both demonstrated the smallest
RMSEP value with the two-component model with 0.8
and 0.7 °C, respectively (Table 5). The bootstrapped
maximum bias was 1.1 and 0.4 °C, and R2 was 0.9 for
Finnish and Finno–Baltic–Polish TSs. Thus, the perfor-
mance of the new TS is comparably similar to that of the
Finnish TS. Scatterplots of cross-validated predicted vs.
observed MJATs in the Finno–Baltic–Polish
cross-validation model generally follow a 1:1 relationship
(Fig. 6). However, observed MJATs below 13 °C are
consistently overestimated by the model, suggesting a
minor bias on the colder end of the temperature gradient.

Discussion

The DCA revealed that eastern Baltic and Polish TSs
form a separate group from Finnish TS sites, whereas
samples from Poland are closer and partially embedded
into theeasternBaltic sample space (Fig.3).Eventhough
30 taxa were different from the Finnish or Polish
Chironomidae communities, only seven of them reached
an abundance of 2% at least in one sample and were
included in the Finno–Baltic–Polish TS. These seven
unique taxaaccount for9.1%of thewholeFinno–Baltic–
Polish TS Chironomidae taxa composition (Table 4).
Thus, the eastern Baltic and Polish samples provide new
information about species communities and give
new modern analogues to the Finno–Baltic–Polish TS.

Chironomidae assemblages’ sensitivity to the
environmental parameters

MostMJATrelationshipswere studied on awide regional
or climatological scale with a gradient length greater than
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Fig. 3. Detrended correspondence analysis (DCA) ordination
diagram for the lakes from the Finno–Baltic–Polish TS.

Table 2. The results ofRDAof the easternBalticTSusingonlyone environmental variable. The numberof siteswith the respective environmental
variable measured, the amount of variability explained, p-values and the k1:k2 ratio are provided.

Name of the measured variable Mean July air
temperature

Water depth Dissolved oxygen pH Water phosphorus
content

Number of sites 35 35 29 31 29
Percentage of variability
explained

5.4 – – – 5.6

p-Value 0.048 0.1 0.2 0.1 0.047
k1:k2 0.37 – – – 0.34
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5 °C (Larocque et al. 2001; Luoto 2009); however, the
minimal gradient length requirements are unknown. In
the eastern Baltic TS, the MJAT explains a significant
proportion (5.4% RDA-based) of the Chironomidae
assemblage composition, suggesting that a MJAT range
of approximately 2 °Cas in the easternBalticTS is already
enough to find significantMJAT–Chironomidae relation-
ships. The RDA and CCA of the Finno–Baltic–Polish TS
revealed that all observed environmental variables had a
significant influence on the chironomid communities,
with the MJAT explaining the highest amount of
distribution (9.1% CCA-based) and having the highest
k1:k2 ratio (1.4) of the studied ones. This agrees with
other chironomid calibration TSs from Europe: 6.2%
for the Swiss–Norwegian TS (Heiri et al. 2011), 7.7%
for the northern Sweden TS (Larocque et al. 2001) and

9.6% for the Swiss–Norwegian–Polish TS (Kotrys et al.
2020) TSs.

The pH, water depth and oxygen level in the eastern
BalticTS (Table2)werenon-significantand thismightbe
explained by the short gradient range and generally
stable environmental conditions. The water phosphorus
content has been recorded to have a significant influence
on the Chironomidae communities (Brooks et al. 2001;
Luoto 2011). In contrast to the eastern Baltic TS the
statistically significant secondary factors in the Finno–
Baltic–Polish TS are pH gradient (7.2% (CCA), 11.5%
(RDA) of distribution explained), dissolved oxygen
(4.5% (CCA), 7.5% (RDA)) and sampling depth (3.0%
(CCA), 3.9% (RDA)). The pH is known to be an
influential factor in the limnology of aquatic environ-
ments and thedistributionof chironomids (Orendt 1999;
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Fig. 4. The canonical correspondence analysis (CCA) biplots for the lakes from the Finno–Baltic–Polish TS with MJAT, sampling depth (SD),
dissolved oxygen (DO) and pH as explanatory variables. The eigenvalues of the CCA1 and CCA2 axes are 0.3191 and 0.0569, respectively.

Table 3. The results of canonical correspondence analysis (CCA)andRDAof theFinno–Baltic–PolishTSusingonlyone environmental variable.
The number of sites with the respective environmental variable measured, the amount of variability explained, p-values and the k1:k2 ratio are
provided.

Name of the measured variable Mean July air temperature Water depth Dissolved oxygen pH

Number of sites 121 121 56 79
Ordination method CCA/RDA CCA/RDA CCA/RDA CCA/RDA
Percentage of variability explained 9.1/14.4 3.0/3.9 4.5/7.5 7.2/11.5
p-Value 0.001/0.001 0.001/0.001 0.001/0.001 0.001/0.001
k1:k2 1.4/1.3 0.3/0.23 0.5/0.4 1/1
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Brooks et al. 2007). For instance, in the Swiss–
Norwegian–Polish TS (Kotrys et al. 2020), it explains
3.85%, and in the TS from Russia (Self et al. 2011), it

explains 3.8%. In the Finno–Baltic–Polish TS, pH is the
second most significant factor, although in the eastern
Baltic part of the TS, pH does not explain the

Tanytarsus mendax−type Tanytarsus pallidicornis−type Zalutschia zalutschicola−type Zalutschia mucronata−type

Psectrocladius calcaratus−type Psectrocladius septentrionalis−t. Sergentia coracina−type Tanytarsus lugens−type

Parakiefferiella bathophila−type Polypedilum nubeculosum−type Polypedilum sordens−type Procladius

Micropsectra pallidula−type Neozavrelia Pagastiella Parachironomus varus−type

Dicrotendipes pulsus−type Endochironomus albipennis−type Glyptotendipes pallens−type Micropsectra insignilobus−type

Cladotanytarsus mancus−type Constempellina−Thienemanniola Corynoneura scutellata−type Dicrotendipes nervosus−type

Ablabesmyia Chironomus anthracinus−type Chironomus plumosus−type Cladopelma lateralis−type
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Fig. 5. Distribution of taxa with a significant relationship with temperature and abundances >2% in the Finno–Baltic–Polish TS. The lines are
calculated by loess smoothing over the whole TS.

Table 4. Results of CCAs of the different parts of the Finno–Baltic–Polish and Swiss–Norwegian full dataset (Heiri et al. 2011) TSs set withmean
July air temperature as an explanatory variable. The numberof sites, variability explained by the environmental factor, p-values and k1:k2 ratio are
provided for each subset and combinations of these. MJAT = mean July air temperature.

Training set

Polish–Baltic (Polish; Baltic) Finnish Finno–Baltic–Polish Swiss–Norwegian

Number of sites 44 (9; 35) 77 121 265
Total taxa included 82 (53; 77) 79 101 154
Unique taxa for the component (%) 26.8 (0; 9.1) 24.0 – 100
Variance explained byMJAT (°C) (%) 6.3 (–; 5.4)1 9.6 9.1 5.6
p-Value 0.001 (0.45; 0.048) 0.001 0.001 0.001
k1:k2 0.39 (–; 0.37) 1.37 1.37 1.13
MJAT (°C) 17.2–19.2 (18.4–19.2; 17.2–18.4) 12.1–17.5 12.1–19.2 3.5–18.4

1

RDA-based.
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chironomids distribution significantly. The pH ranges
between 4.5 and 8.9 in the eastern Baltic lakes, with only
three lakes having pH values lower than 7 and 32 lakes
having pH values of 7–8.9. Thus, eastern Baltic
Chironomidae communities reflect the changes within
1.9 pH units; however, adding the alkaline eastern Baltic
sites to the more acidic Finnish ones increases the
influence of the pH variable from 2.4% (CCA-based;
Luoto 2009) to 7.2% (CCA-based). Sampling depth
explained 2.4% of the variation in the Finnish TS and
increased to 3.0% after merging with eastern Baltic
andPolish lakes.The increase in the explanatorypower is
the result of adding lakes with depths of 10–21 m,
whereas the deepest lake in the Finnish TS is 9 m.

Based on the GAM, among 44 taxa that had a mean
abundance higher than 2% in the northern boreal,
southern boreal or temperate parts of the TS
(Table S2), 30 morphotypes revealed significant MJAT
dependency (Fig. 5).Thus, the estimated taxagroupsand
their proportions can be considered characteristic
features for the corresponding biogeographical zones.

Dominant MJAT-dependent taxa in the eastern Baltic
and Polish sites (17.5–19.2 °C) (C. plumosus type, D.
nervosus type, Tanytarsus pallidicornis type, Polypedilum
sordens type, Cladopelma lateralis type, G. pallens type, P.
nubeculosum type, C. mancus type, C. lateralis type and
Constempellina–Thienemanniola) were also considered
warm-related in the Polish, Swiss–Norwegian, Canadian
and northern America TSs (Walker et al. 1997; Heiri
et al. 2011; Kotrys et al. 2020; Medeiros et al. 2022).
Сhironomus plumosus type, C. lateralis type, P. sordens
type andG. pallens type have rare findings in the northern
boreal part of the TS; however, they increase their
abundance when the MJAT is warmer than 16 °C.
Dicrotendipes nervosus increases its abundances above
17 °C. Tanytarsus pallidicornis type as well as C. mancus
type appear in all parts of the Finno–Baltic–Polish TS,
although they tend to increase in abundance from 16 to
19.1 °C.Polypedilum nubeculosum type, which has always
been reported as a warm-related taxon (Heiri et al. 2011;
Medeiros et al. 2022), has two peaks of distribution
according toGAM (Fig. 5)–one at approximately 14.5 °C
and another at approximately 18 °C – which could be
explainedby theoccurrenceof different species included in
the type or by the presence of compensatory ecological
factors in the northern boreal zone of the Finno–Baltic–
Polish TS. Also, the P. nubeculosum type includes many
species, whose subfossils cannot be separated from each
other; it is possible that peaks represent two different
species – one dominating in the northern boreal zone of
MJAT gradient and another dominating in the temperate
Baltic–Polish range of the TS. The Constempellina–
Thienemanniola morphotype revealed MJAT optima of
approximately 18.3 °C, with 16.2% variance explained,
thus the type can be considered as warm-adapted in the
Finno–Baltic–Polish TS. This is confirmed by the Swiss–
Norwegian–PolishTSwhen it appears inmanywarmlakes
of northern Poland. Neozavrelia has been described as a
stenotherm taxon distributed in calcareous waters
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Fig. 6. Diagnostic plots of cross-validated estimates and prediction residuals compared with observed values of the Finno–Baltic–Polish TS
calculatedwith aWA-PLS-based model based on two components.

Table 5. Weighted averaging–partial least squares cross-validated
models based on the Finnish and Finno–Baltic–Polish TS error
statistics. Values are based on bootstrapping with 9999 bootstrap
cycles except for the RMSE, which represents non-cross-validated
values.Outliers and the least abundant taxa (maxabundanceunder2%)
were excluded before calculating the inference model. RMSE = root
mean square error; RMSEP = root mean square error of prediction;
WA-PLS = weighted averaging–partial least squares.

Training set Finnish Finno–Baltic–Polish

WA-PLS components 1 2 3 1 2 3

RMSE (°C) 0.6 0.5 0.4 0.8 0.6 0.4
RMSEP (°C) 0.8 0.8 0.8 0.9 0.7 0.7
Maximum bias (°C) 0.8 1.1 0.4 1.2 0.4 0.3
Average bias (°C) 0.02 0.01 0.00 0.00 0.01 �0.01
R2 0.8 0.9 0.9 0.8 0.9 0.9
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(Ekrem 2006; Brooks et al. 2007). In the Finno–Baltic–
PolishTS,Neozavrelia showsa strongpositive relationship
withMJATandismainlyfoundincalcareouswaters,which
is in good agreement with Brooks et al. (2007). Procladius
appears over the whole Finno–Baltic–Polish TS, with a
broad distribution, which can be explained by the low
identification resolution and the existence of regional
morphotypes with different climatic optimums. The same
observation was made within the study from Russia (Self
et al. 2011), where Procladius had been considered a
cosmopolitan taxon.Chironomus plumosus type,C. later-
alis type and T. glabrescens type, although present in the
temperate and southern boreal biogeographical zones,
have significant positive correlations with aMJATonly in
the temperate part of the Finno–Baltic–Polish TS. These
taxa also seem to be related to secondary environmental
variables along their distribution. For example,C. plumo-
sus type has a strong negative relationship with dissolved

oxygen concentrations, which agreeswith studies by Little
& Smol (2000) with ecological data that indicate that the
taxon is related to lowoxygen concentrations.Limnophyes
and C. ambigua type revealed MJAT dependency in the
southernandnorthernboreal zones respectivelybutnoton
thescaleof thewholeFinno–Baltic–PolishTS.Limnophyes
has a significantMJATrelationship in the southern boreal
zone of the TS and does not have any dependencies with
secondary environmental gradients, so the pattern of its
distributionmustbeclarified in futureresearch.Previously,
LimnophyeswasdescribedasaMJAT-related species anda
possible indicator of water level fluctuations (Brooks
et al. 2007), and a negative correlation with water depth
was found(Selfet al. 2011).ThedistributionofC. ambigua
type revealed twoMJAToptima in the Swiss–Norwegian–
PolishTS (Kotrys et al. 2020),which togetherwith findings
in the current study, can be the basis for considering the
presence of different cryptic species inside the type.

Psectrocladius septrentrionalis−type
Tanytarsus lugens−type

Psectrocladius calcaratus−type
Psectrocladius barbatipes−type

Pagastiella
Paratanytarsus austriacus−type

Pseudochironomus
Tanytarsus lactescens−type

Ablabesmyia
Tanytarsus mendax−type
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Fig. 7. TheWA-based July taxa optima calculated in Finno–Baltic–Polish and Swiss–Norwegian TSs.

BOREAS Chironomidae-based inference model, eastern Baltic area 411

 15023885, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.12655 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [03/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Inference model cross-validation and taxaMJAToptima
estimations

The cross-validation performance of the Finno–Baltic–
PolishTS is slightly better comparedwith theFinnishTS
(Table 5; 0.7 and 0.8 of RMSEP ( °C) respectively).
Furthermore, the RMSEP, obtained from the Finno–
Baltic–Polish WA-PLS model is comparably smaller
than some of the otherwidely usedTSs. For instance, the
NorthAmericanTSexhibitedanRMSEPof1.93 (Fortin
et al. 2015) and the Swiss–Norwegian TS revealed an
RMSEPof 1.4 (Heiri et al. 2011).

For most WA-based morphotypes, their MJAT
optima are situated in the biogeographic zones, where
their distribution is significant. Thus the calculated
optima values are expected to be reliable. Generally,
optima for the same taxa, calculatedbasedon theFinno–
Baltic–PolishTS, arewarmer than those calculatedusing
theSwiss–NorwegianTS(Fig. 7).Sometaxa revealed the
same MJAToptima regardless of TS origin (Glyptoten-
dipes, P. sordens type, Stempellina, Tanytarsus lactescens
type, Pseudochironomus). Endochironomus albipennis
type, C. plumosus type and C. scutellata type MJAT
optima in Finno–Baltic–Polish TS are within the error
bars of those in the Swiss–Norwegian TS, e.g. exhibiting
similar but narrower distribution areas. These morpho-
types have a very low abundance or are absent in the
Finno–Baltic–Polish TS sites with MJAT <16 °C.
However, the same taxa revealed a more cold-adapted
distribution pattern, appearing in sites with <14 °C
MJAT in the Swiss–Norwegian TS, especially in the
Swiss part of it (Heiri et al. 2011). The broader difference
can be related to geographic position-, climate- or
environment-driven differences (elevation, bedrock
acidity, climate continentality, etc.) in the Swiss Alps
and Finno–Baltic–Polish areas. Endochironomus impar
type, P. septentrionalis type, T. lugens type, Pagastiella
and Ablabesmyia exhibited optimawith the intersecting
error bars in the tested TSs. Considering that in the
Finno–Baltic–Polish TS these taxa revealed quite a
cosmopolitical distribution pattern (Fig. 5),we conclude
that the same pattern is apparent in the Swiss–
Norwegian TS. The most pronounced differences in
optima are observed for taxa that were identified on a
lower taxonomic level (e.g. Procladius, Dicrotendipens,
Chaetocladius, Microchironomus, Stempellinella, Smit-
tia) and can include species with different climatic
preferences, thus leading to the mismatch of the optima
in two tested TSs even within the error bars. This aligns
wellwith the studyofHeiri &Lotter (2010), which stated
that the chironomid-based TSs with the high taxonomic
resolution have the smallest RMSEP.

The absence of the cold (<12 °C) part of the MJAT
gradient in the Finno–Baltic–Polish TS makes it
impossible to reconstruct the colder phases of the
Lateglacial climate. This could be handled by further
adding colder sites, e.g. northern Norwegian ones. The

advantage of the new Fino–Baltic–Polish TS is in
providing warmer modern analogues, which fixes the
issue of the warm end of the gradient in the Finnish TS.
This statistical issue mentioned previously (Heiri et al.
2011) appears becauseof the lackofwarmanalogues and
results in inferred July temperature overestimation.
Having adequate warm analogues from the eastern
Baltic isbeneficial in reconstructionsof thewarmperiods
of theMiddle andLateHolocene alongwith estimations
of the previous July temperature change rates, which can
be compared and discussed with modern ones.

Conclusions

TheeasternBalticTScontributesnewinformationabout
Chironomidae taxa distribution patterns in the under-
studied Baltic region. The modern assemblages improve
considerably the statistical performance of the inference
model of July temperature when merged with other TSs
from the region. Thus, building the Chironomidae TS
representative of the environmental conditions of the
study area is an important prerequisite for high-quality
chironomid-based palaeoenvironmental reconstruc-
tions. The advantages of the Finno–Baltic–Polish TS
are geographic and climatic continuity and the presence
of warm modern analogues.

The MJAT and water phosphorus content were the
only statistically significant environmental variables
among the other tested ones (pH, water depth and
dissolvedoxygen level) which explained aChironomidae
distribution in the eastern Baltic TS. Thus, the MJAT
range of approximately 2 °Cas in the easternBalticTS is
already sufficient to find significantMJAT–Chironomi-
dae relationships. The MJAT had the highest explana-
tory power in the regional Finno–Baltic–Polish TS.

The differences in estimated Chironomidae
distribution–MJAT optima in the Finno–Baltic–Polish
and Swiss–Norwegian TSs highlight the importance of
the TS selection. The differences can be attributed to the
temperature range represented by the TS, taxonomic
identification level, general cosmopolitan taxa distribu-
tion pattern and the influence of geographic position-,
climate-orenvironment-drivendifferences.These results
suggest that further tests are needed to investigate the
impact of Chironomidae TS taxonomic composition
and biogeographic origin on palaeotemperature
reconstructions.
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