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1. Introduction

Reconstructing natural climate variability is fundamental to under
standing past ecosystem dynamics (van Bellen et al., 2011; Blarquez 
et al., 2015; Girardin et al., 2024; Magnan et al., 2019). Subfossil 
chironomid assemblages can serve as indicators of past summer tem
peratures in such investigations. Due to their relative independence 
from terrestrial vegetation, they provide a valuable complement to 
pollen-based paleoclimatic reconstructions, which may be susceptible to 
circular reasoning when examining climate-vegetation relationships 
(Birks et al., 2010).

Chironomidae (Diptera) larvae are both abundant and highly diverse 
in lake ecosystems. Each larval instar produces a chitinous cephalic 
capsule that preserves well in sediments and can be identified to genus 
or species morphotype (Brooks et al., 2007). Across the Holarctic, 
modern chironomid taxa in lake surface sediments are primarily influ
enced by summer air and surface water temperatures (Fortin et al., 
2015; Heiri et al., 2011; Walker et al., 1997). This modern 
chironomid-temperature relationship enables the development of 
quantitative inference models that can be applied to downcore subfossil 
assemblages to produce paleotemperature estimates. Overall, 
chironomid-inferred summer temperature reconstructions align well 
with other proxies and meteorological measurements (Holmes et al., 
2011; Larocque et al., 2009; Luoto et al., 2019; Luoto and Ojala, 2017; 
Self et al., 2011). However, the chironomid-temperature relationship is 
complex and involves multiple direct and indirect influences 

(Eggermont and Heiri, 2012). This complexity can introduce un
certainties and potential biases in temperature reconstructions due to 
confounding environmental factors, such as lake depth and water pH 
(Mayfield et al., 2024; Velle et al., 2010). Even if the usefulness of 
subfossil chironomids in paleoclimatology is well established (Brooks 
et al., 2012), the application of transfer functions requires careful 
ecological interpretation to assess the drivers of downcore assemblage 
changes and ensure reliable reconstructions (Hohmann et al., 2023; 
Juggins, 2013; McKeown et al., 2019; Velle et al., 2012). A deep un
derstanding of the ecological and statistical foundations of the 
chironomid-temperature relationship is therefore crucial to fully 
leverage the insights of transfer function-based paleotemperature 
reconstructions.

In Quebec, Larocque et al. (2006) and Larocque (2008) developed a 
chironomid-temperature transfer function using a calibration dataset 
with high taxonomic resolution, which was successfully applied to 
reconstruct summer temperature in the eastern Canadian boreal forest 
(Bajolle et al., 2018; Feussom Tcheumeleu et al., 2023). However, this 
transfer function only includes a few lakes south of the Quebec logging 
limit (Fig. 1), limiting its applicability to lower latitudes. Extending its 
application further south would likely introduce an underestimation 
bias due to the edge-effect (Birks, 1995).

Another concern arises from the numerical technique used to 
develop the temperature inference model. The widely used weighted 
average partial least square model (WAPLS; ter Braak and Juggins, 
1993) has remained largely unchanged for over two decades. This 
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method estimates taxon optima for the variable of interest under the 
assumption of unimodal responses and then use the residual structure to 
improve the fit of the model (Birks, 1995). However, it does not account 
for differences in tolerance among taxa, meaning that valuable ecolog
ical information embedded in taxon distributions remains underutilized 
for inference. Furthermore, WAPLS does not make any correction for 
unequal sampling designs, where some climatic values are over
represented in the calibration dataset. This imbalance can lead to biases 
in estimates from WAPLS (Liu et al., 2020). To address these issues Liu 
et al. (2020) developed an improved version of WAPLS, the 
frequency-corrected tolerance-weighted WAPLS (fxTWAPLS). This 
method accounts for sampling biases and taxon-specific tolerances, 
demonstrating improved performance in pollen-based climate re
constructions through both cross-validation and downcore applications. 
This promising method has not yet, to our knowledge, been applied to 
other paleoclimatic proxies and its potential for chironomid-based 
summer temperature reconstructions remains unexplored.

Our goal is to develop a versatile Chironomidae-based transfer 
function by integrating existing datasets with newly sampled lakes 
across a wide latitudinal gradient, to enhance the spatial and ecological 
coverage necessary for robust paleotemperature reconstructions. This 
transfer function will provide a reliable pollen-independent approach 
for reconstructing Holocene summer temperature changes within a 
multi-proxy framework, facilitating the study of climate change impacts 
on ecosystems and human activities in the northeastern Nearctic.

To achieve this, we define three specific objectives. 

(1) Investigate the climatic and limnological drivers of taxonomic 
composition in subfossil Chironomidae assemblages using a 
newly developed calibration dataset spanning a broad latitudinal 
gradient, from temperate to Arctic regions. We expect summer 
temperature to be the dominant driver, which is a prerequisite for 
transfer function development.

(2) Evaluate summer temperature inference models by comparing 
the widely used WAPLS with the newly developed fxTWAPLS 
technique. Performance assessment involves cross-validation and 
comparison of downcore temperature reconstructions with 
weather station data from two contrasting Nearctic bioclimatic 
settings: the Laurentian Mountains (southern Quebec; Lake Cro
che) and southwestern Greenland (Lake Igaliku).

(3) Assess the improvements introduced by the new transfer function 
by applying it to a previously published 8500-year subfossil re
cord from the eastern Canadian boreal forest (Lake Mista). This 
will refine postglacial summer temperature reconstruction at this 
site and further evaluate the robustness of the fxTWAPLS 
approach for chironomid-based paleoclimatic studies.

2. Materials and methods

2.1. Lake surface sediment calibration dataset

The modern distribution of Chironomidae taxa was assessed based 
on the analysis of subfossil head capsules from surface sediments from 
182 lakes located in eastern Canada and northeastern United States. 
These lakes were aggregated from three previously published datasets of 
New England (36 sites; Francis, 2004), northwestern Quebec (61 sites; 
Larocque, 2008; Larocque et al., 2006; available online since Bajolle 
et al., 2018) and Baffin Island (26 sites; Francis et al., 2006) along with 
59 new sites from southern Quebec and Labrador region sampled be
tween 2019 and 2022 (Fig. 1; Table 1). For the northwestern Quebec 
dataset Lakes A to J had no geographical coordinates available and 
therefore have not been included in the final calibration dataset of this 
paper. The three published datasets were chosen to cover a maximal 
climatic range within each respective region. The 59 new lakes were 
therefore sampled primarily in southern Quebec with the same objective 
in mind, to obtain a calibration dataset with a near continuous 

Fig. 1. Sampling location of the 182 modern chironomid assemblages included in the transfer function and the three studied fossil records (Lakes Igaliku, Mista and 
Croche). North American ecoregions are outlined to show the climatic gradient covered by the training-set (U.S. Environmental Protection Agency, 2016).
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latitudinal gradient spanning the full range of the Quebec province and 
covering more than 20 ◦C of mean summer air temperature.

We refer readers to the original publications for information on the 
sampling methods of sites used in the previously published datasets. For 
the 59 new sites of Quebec-Labrador, we collected the first centimetre of 
sediment at the deepest point of each lake with an interface Uwitec 
corer. We measured physico-chemical profiles in the water column using 
a YSI EXO3 multiparameter sonde (water temperature, depth, pH, 
conductivity, dissolved oxygen), and collected a sample of water 50 cm 
below the lake surface, later analysed at the GRIL laboratory for dis
solved organic carbon, total phosphorus, and total nitrogen concentra
tions on both filtered and non-filtered water. We extracted chironomid 
head capsules (HC) from surface sediments according to the standard 
treatment procedure i.e., bath of KOH (10 %) before being sieved at 100 
μm and hand-sorting of sieved residue under 40 to 70 × magnification. 
Then, we prepared microscope slides of HC using Aquatex© mounting 
agent. Identifications were performed to genus or morphotype-level 
following (Brooks et al., 2007; Epler, 2001; Oliver and Roussel, 1983; 
Wiederholm, 1983) under 100 to 1000 × magnification. For ensuring a 
better reproducibility with a consistent taxonomic harmonization 
without the opportunity to cross-check slides between previously 
established training-sets, we had to merge some related morphotypes. 
Psectrocladius calcaratus-type and P. septentrionalis-type were merged in 
Monopsectrocladius, and Heterotrissocladius subpilosus-type was merged 
with H. maeaeri-type 1 and type 2 because of possible inconsistent 
identification between analysts. Those changes had only minor in
fluences on the inference models and subsequent reconstructions, but 
we opted for a conservative approach. We calculated the percentage of 
each taxon to the total number of HC in each sample. For the final 
dataset we kept only taxa occurring in at least two lakes and with a 
maximum of relative abundance reaching at least 2 %. We compared 
chironomid abundances to three limnological variables, namely lake 
depth, pH and conductivity because they are the only limnological 
variables available for almost all lakes of the calibration dataset, in 
addition to mean June-July-August air temperature (hereafter, JJA 
temperatures) derived from Worldclim 2.1 gridded climatic data at 30 s 
resolution (Fick and Hijmans, 2017). The Worldclim 2.1 dataset pro
vided uniform average monthly mean air temperatures for the 
1970–2000 CE period on all sites despite the scarcity of meteorological 
records across the study area.

We acknowledge that certain variables not directly included in our 
analysis, such as nutrients, dissolved oxygen (DO), and dissolved organic 
carbon (DOC), play an important role in shaping chironomid assem
blages (Brodersen et al. 2002; Luoto et al., 2016; Quinlan and Smol, 
2001). While these factors could have provided additional insight, they 
often covary with climate (Dranga et al., 2018; Larocque et al., 2006) 
and are themselves involved in temperature-driven lake processes. 
Consequently, their influence is indirectly captured in our analysis of the 
chironomid-temperature relationship, which inherently reflects 
temperature-mediated changes in lake characteristics (Eggermont and 
Heiri, 2012). Given our focus on temperature reconstruction, this po
tential limitation does not preclude the achievement of our objectives.

2.2. Downcore subfossil records

We tested the ability of the new transfer function to reconstruct an 

already established climatic signal from subfossil chironomid data in 
Arctic conditions using data from Lake Igaliku (61◦00′ N, 45◦26’ W; 15 
m asl; max depth Zmax 26 m; southern Greenland; Fig. 1), where Millet 
et al. (2014) demonstrated that changes in the chironomid fauna (PCA 1 
scores) were significantly correlated with JJA temperatures during part 
of the instrumental period (1879–1988 CE). We used chironomid data 
from the sediment samples ranging from 1879 to 1988 CE and compared 
chironomid-inferred temperatures to JJA temperatures measured at 
Ivittuut weather station (1873–1960 CE) and Narsarsuaq Weather sta
tion (1961–1988 CE) after calculation of the mean value for the years 
covered by each sample.

Lake Croche (45◦59′ N, 74◦00′ W; 359 m asl; southern Quebec; Fig. 1) 
is a 17.9 ha multi-depression lake composed of three mains basin with 
similar maximum depths (Zmax 11.4 m). It is located within the Lau
rentian Biological Station of the University of Montreal and has a pre
dominantly forested watershed that has been protected from 
anthropogenic activities (except for research) since the 1960s. Mean 
annual temperature measured from the nearest weather station (1.05 
km away of the lake; St-Hippolyte station; 45◦59′ N, 74◦00′ W; 366 m 
asl) is 4.3 ◦C, and JJA average temperature is 17.8 ◦C for the 1981–2010 
period. In June 2021, a sediment core was retrieved from the deepest 
part (10 m) of the central basin of the lake with a UWITEC gravity corer. 
We sliced the top 17 cm of the core at 0.5 cm intervals and the remainder 
at 1 cm intervals. The core chronology was established using thirty-eight 
α-spectrometry 210Pb measurements (top 20 cm of the core) processed 
with a constant rate of supply model (Appleby and Oldfield, 1978; 
Supplemental Fig. S1). Subfossil chironomid analysis was performed as 
described in section 2.1 on the first fifteen samples at 1 cm interval on 
the core. The meteorological data used for the reconstruction perfor
mance assessment comes from the weather stations of St-Hippolyte 
(1964–2017 CE) and St-Jerome (45◦48′ N, 74◦03’ W; 170 m asl; 
1932–1963 CE). The data from St-Jerome (~20 km away of the Lake 
Croche) were corrected for lower latitude and altitude by a linear model 
with data from St-Hippolyte based on the 1964–2017 CE period 
(p-value<0.001; adjusted R2 = 0.87; RMSE = 0.31 ◦C; Supplemental 
Fig. S2).

Lake Mista (51◦06′ N, 63◦26’ W; 500 m asl; Fig. 1) is a small head
water lake with a maximum water depth of 5 m, located in the eastern 
coniferous boreal forest of Quebec. The subfossil chironomid data are 
from Feussom Tcheumeleu et al. (2023) who described postglacial 
(roughly the last 8500 years) changes in the chironomid fauna based on 
79 samples from a 373-cm core. We established a Bayesian age-depth 
model for the core using RBACON R package (Blaauw and Christen, 
2011; Supplemental Fig. S3) from radiocarbon dates indicated in the 
original publication of the Lake Mista record.

2.3. Numerical analysis

All numerical analyses were performed using R v4.2.2 (R Core Team, 
2022). We used several data analyses inspired from the reference guide 
of Borcard et al., (2018) to constrain the response of chironomids by 
environmental explanatory data. We performed a multivariate regres
sion tree (MRT (De’ath, 2002; Larsen and Speckman, 2004);) using the 
function mvpart() of the MVPART package (De’ath 2007) corrected locally 
and working on later versions of R software (available upon request). 
This method can directly assess non-linear effects and interactions 

Table 1 
Summary of the characteristics of the four data subsets used to create the calibration dataset of this paper.

Dataset N (number of lake) Latitude (◦N) Longitude (◦W) JJA (◦C) Depth (m) pH Conductivity (μS/cm)

Francis et al. (2006) 26 61.96–72.70 84.68–62.17 0.3–6.97 3.6–43.80 4.66–7.36 1.21–30.11
Larocque (2008) 61 49.8–65.21 84.17–69.55 6.03–14.87 1.0–36.5 5.1–7.60 1.6–230.0
Francis (2004) 36 41.31–45.10 72.82–71.11 16.1–21.20 1.02–13.30 4.62–8.30 9.5–114.2
New sites 59 45.92–56.52 79.47–61.70 9.43–17.63 1.1–31.0 4.62–8.30 1.6–220.6

Total 182 41.31–72.70 84.68–61.70 0.3–21.2 1.0–43.80 4.62–8.30 1.21–230.0
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between explanatory variables. We also combined the MRT partition of 
sites with an indicator taxa analysis using the IndVal index (Dufrene and 
Legendre, 1997) and the multipatt() function from INDICSPECIES package 
(Cáceres and Legendre, 2009), allowing for the identification of indi
cator taxa for each group of the MRT partition but also for different 
combinations of groups. We assessed statistical significance (p-value 
<0.05) of the indicative value of each taxon using a corrected p-value for 
multiple tests with p.adjust() from the STATS package. Hellinger 
transformation-based redundancy analysis (tb-RDA) and resulting 
ordination triplots were produced to find gradients into the structure of 
chironomid data that could be explained by environmental variables. 
We used the rda() function of the VEGAN package (Oksanen et al., 2023) 
and determined the part of variance explained by our constraints with 
an adjusted R2 (Peres-Neto et al., 2006) thanks to the RsquareAdj() 
function. The statistical significance of the tb-RDA and of each canonical 
axes was assessed by permutation tests (999) to determine if the amount 
of the represented variation differs significantly from a random distri
bution (Legendre et al., 2011). We also produced a Venn diagram 
resulting from variation partitioning implying a set of different partial 
tb-RDA (Borcard et al., 1992; Peres-Neto et al., 2006) to illustrate 
quantitatively the different parts of the total variance explained by each 
constraint alone or shared between them. The varpart() function of VEGAN 

was used for this purpose. We applied the Hellinger transformation on 
chironomid data for the MRT and the RDAs (including those of the 
variation partitioning) because these methods rely on the calculation of 
Euclidean distances between objects, which is not directly adapted for 
ecological community datasets (Legendre and Legendre, 2012). This 
transformation alters the geometry of the data prior to analysis, ensuring 
that resulted distances are appropriate for ecological community data
sets by down-weighting the influence of dominant taxa and excluding 
double absences as similarity (Legendre and Gallagher, 2001; Legendre 
and Legendre, 2012). While RDA remains a linear method, the trans
formation allows it to more effectively capture ecological relationships 
and makes it suited for a mix of taxon response shapes along environ
mental gradients. This approach avoids the limitations of a CCA, which 
assumes strictly unimodal taxon responses and disproportionately 
weights rare species due to its reliance on chi-squared distances, exag
gerating their influence in the analysis (Legendre and Gallagher, 2001; 
Borcard et al., 2018). No transformation was applied for the indicator 
taxa analysis.

In a second step, we modeled the ecological niche of each chiron
omid taxon over the temperature gradient of our dataset to help in our 
interpretation of changes in downcore compositional data regarding 
summer temperature or other environmental influence potentially 
interfering with the reconstruction. We achieved this using logistic 
generalized additive models (GAMs) via the gam( ) function from the 
MGCV package (Wood, 2017), applied to occurrences data (binomial 
distribution).This approach avoids the dilution effect associated with 
relative abundance data, caused by variations of other taxa. For each 
taxon, summer temperature was used as the sole smoothing term in the 
model, or in a joint smooth with another environmental variable if the 
previous analyses indicated a secondary gradient influencing the taxon. 
Parameters were set on “REML” and a gamma (smoothness control) of 
two for every models.

Finally, we developed JJA temperature inference models on the 
newly modern dataset using two methods. The first one is the classical 
Weighted Averaging-Partial Least Squares (WAPLS; ter Braak and Jug
gins, 1993). The second one is an improved version of WAPLS proposed 
by Liu et al. (2020), hereafter fxTWAPLS, considering taxa tolerances 
and making a frequency correction for uneven sampling along the 
reconstructed variable gradient (Supplemental Fig. S4). The frequency 
correction consists of a weighting by the inverse frequency of the tem
perature value of the site during calculation of taxa scores (optima and 
tolerances) and for the regression of actual temperatures on the model 
components. Here, the frequencies were obtained by a binning of JJA 
temperature values in 1 ◦C increments (Supplemental Fig. S4), so that 

each degree Celsius of the training-set gradient has the same weight in 
the inference model. In this method, the calculation of new temperature 
estimates includes a supplemental weighting of taxa abundances by the 
inverse square of taxa tolerances. Consequently, low-abundance sten
othermic taxa will carry more weight than eurythermic taxa with high 
abundances in JJA temperature estimations from new assemblages. For 
more details about calculations used in fxTWAPLS, we refer to the 
original publication of this method. According to Liu et al. (2020), the 
fxTWAPLS should reduce the compression bias of WAPLS, allowing for 
more accurate inferences for climates outside the center of the gradient. 
We performed WAPLS using RIOJA package (Juggins, 2023) and 
fxTWAPLS with the second version of the function in FXTWAPLS package 
(Liu et al., 2020). We assessed performances of both inference models 
using 9999-Bootstrap cross-validation following the same procedure as 
in crossval() of RIOJA with the determination coefficient (R2), the root 
mean square error of predictions (RMSEP) and the slope as assessing 
parameters. The slope represents the compression bias of the inference 
model with values nearest of 1 meaning almost no compression bias (Liu 
et al., 2020). The number of significant components was assessed by 
randomization (9999) t-tests (van der Voet, 1994).

We applied both inference models to the chironomid stratigraphy 
from Lake Igaliku, Lake Croche and Lake Mista. We calculated the 
sample specific errors (sse) using 9999 bootstraps for each reconstruc
tion. For Lake Mista, we compared the new mean JJA air temperature 
reconstructions with the one based on mean August temperatures pub
lished by Feussom Tcheumeleu et al. (2023) using the 75-lake eastern 
Canadian transfer function (Bajolle et al., 2018; Larocque, 2008). We 
also looked at some reconstruction diagnostic elements of the Lake Mista 
record depending on the training-set used (the 182-lake set, or the 
75-lake set), namely the relative part of fossil assemblages represented 
by taxa rare in the modern dataset (N2<5), the analogue quality and the 
goodness-of-fit to temperature. We set quality threshold values as the 
5th and 10th percentiles of squared-chord distances between all modern 
samples for the analogue quality and the 90th and 95th percentiles of 
squared residual lengths of modern samples for the goodness-of-fit. We 
set arbitrarily the threshold values as 10 and 20 % for the percent of rare 
taxa according to recommendations from (Brooks and Birks, 2001; 
Larocque-Tobler, 2010). We performed these diagnostics using compare 
(), analogue_distances() and residLen() functions from the package 
ANALOGUE (Simpson, 2007) and plotted with autoplot() from GGPALAEO 

(Telford, 2018). A R script for a shiny (Chang et al., 2024) app (Paleo
Recon Dashboard) allowing to reproduce cross-validation, reconstruc
tion and diagnostics analyses is also available (see Data availability 
statement). We determined the zonation of the chironomid stratigraphic 
data of the Lake Mista by a CONISS clustering (Grimm, 1987) based on 
the Hellinger distance matrix of fossil samples with determination of the 
number of statistically significant zones by the broken stick model 
(Bennett, 1996). We applied smoothing cubic spline regression with 
default settings of ss() function from NPREG package (Helwig, 2024) on 
reconstructed temperature curves at the Lake Mista. Smoothing splines 
provide several advantages over fixed-span methods like LOESS, 
particularly for data with uneven temporal resolution. Unlike LOESS, 
which relies on an arbitrary fixed local span, smoothing splines adapt to 
the data structure by applying a penalty to excessive flexibility, resulting 
in a more balanced and data-driven fit (Simpson, 2018).

3. Results

3.1. Chironomid fauna distribution across latitudes and associated 
gradients

Aggregation of new data with existing data sets led to a new 182-lake 
training-set including 138 taxa, of which 100 occurred in at least two 
lakes with a maximal abundance reaching 2 % or more and were sub
sequently retained in the final training-set for data analyses. Overall, the 
modern distribution of the subfossil chironomid fauna in the dataset is 
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primarily related to the climatic gradient as indicated by the multivar
iate regression tree (MRT; Fig. 2), which has identified JJA temperatures 
of around 9 ◦C and 15 ◦C as main threshold values for lake assemblage 
partition. Lakes were classified in three main groups based on their 
chironomid assemblages that correspond to broad climatic zones, i.e. 
arctic, boreal, and temperate. The temperate lake group can also be 
further separated into “deep” (more than around 11 m) and “shallow” 
lakes (less than around 11 m) sub-groups.

A total of 49 taxa were identified as significant indicators of one or 
several groups of lakes from the MRT classification, resulting in the 
identification of 10 groups of indicator taxa (Table 2). Of these 49 taxa, 
15 were associated to arctic environments (JJA <8.5 ◦C, e.g. Hetero
trissocladius, Micropsectra, Sergentia, Corynocera …), with 5 of them also 
indicator of boreal lakes (9 ◦C < JJA temp <15 ◦C), and 6 other taxa also 
associated to deep lakes in temperate conditions (JJA ≥ 15 ◦C and 
Depth ≥ 11 m); corresponding to the “Arctic”, “Arctic/Deep temperate”, 
“Arctic/Boreal”, and “Arctic/Boreal/Deep temperate” groups of indi
cator taxa. The warm side of the gradient holds 32 indicator taxa, 
belonging either to “Boreal/Temperate” or a strictly temperate group 
with 5 taxa showing also a preference for deep lakes and only Zavreliella 
favouring shallow lakes, the other warm indicators seem unaffected by 
the lake depth. This higher number of indicator taxa on the warm side of 
the training-set is consistent with the significant correlation between 
Hill’s N2 (effective diversity) and summer temperatures (Fig. 2; positive 
Pearson’s correlation with p-value<0.001 and adjusted R2 = 0.32). Only 
Constempellina/Thienemaniolla, seemed strictly indicative of the inter
mediate temperature “Boreal” group while Corynoneura was classified as 
“undefined” because it does not exhibit any clear thermal preferences.

The RDA (Fig. 3) yields an adjusted R2 of 19.2 % of the variance of 
the chironomid matrix explained by the environmental variables with 
all four canonical axes being significant (p-value<0.001) and 

representing 16 % (RDA1), 3 % (RDA2), and 2 % (RDA3-4) of the 
variance, while the first residual axis (PC1) accounted for 8 % of the 
total variance. Therefore, RDA1 constitutes the most prominent varia
tion axis within the structure of chironomid data. As this axis is pri
marily related to the temperature gradient with a secondary 
contribution of lake depth, it confirms the importance of these two 
variables in shaping assemblage composition as previously suggested by 
the MRT results. In addition, the first ordination plot (Fig. 3a) highlights 
the thermal preferences of some typical taxa associated with cold (on the 
left) and warm (on the right) conditions. All of them were also identified 
as significant indicators in the previous analysis.

Unlike the MRT, effects of conductivity and pH were noticeable on 
the third and fourth canonical axes of the RDA (both 1 % variance; 
Fig. 3b). However, only a few taxa seemed influenced by these two 
variables in the dataset. Variation partitioning (Fig. 4) further confirms 
the minor influences (less than 1 %) of conductivity and pH. Only 
summer temperature and to a lesser extent lake depth act as major 
environmental drivers of taxonomic composition of chironomid assem
blages within our dataset.

3.2. Mean summer air temperature niche modelling

The results from logistic GAMs for the JJA air temperature niche of 
the 100 taxa are available in supplemental material appendix B and six 
illustrative examples are presented in Fig. 5. Taxa occurrence responses 
over the temperature gradient could be categorized into three main 
types: unimodal, monotonical and multimodal. Only few taxa exhibit a 
significant symmetric unimodal response curve to summer temperature, 
having almost no occurrences at both ends of the gradient. This is 
notably the case of H. marcidus-type, Constempellina/Thienemanniola 
(Fig. 5), Heterotanytarsus, Chaetocladius, C. oliveri-type, M. pallidula-type, 

Fig. 2. Taxonomic composition of subfossil chironomid assemblages from surface sediment of the 182-lake training-set ordered according to a four groups MRT 
partition (CV error = 0.82 and SE = 0.02) and in increasing JJA temperatures from top to bottom within each zones; only taxa with a maximum of abundance of at 
least 5 % and identified as significant indicator taxa (p-value <0.05; see Table 2) of at least one group of the MRT clustering are shown; the colors correspond to the 
nine groups of indicator taxa identified by the multipatt() function (see Table 2), namely (1) Arctic, (2) Arctic/Deep, (3) Arctic/Boreal, (4) Arctic/Boreal/Deep, (5) 
Boreal, (6) Boreal/Temperate, (7) Temperate, (8) Temperate shallow, (9) Temperate deep. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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Paracladopelma, T. chinyensis-type and T. lugens-type, that tend to be 
more represented in the central part of the training-set. The other taxa 
had mainly an asymmetric distribution (unimodal or monotonical), 
either favoring the cold side or the warm side of the gradient. Asym
metric unimodal responses were characterized by decreasing occurrence 
probabilities at extreme values after passing an inflection point but 
without reaching null likelihood (Fig. 5; Mesocricotopus and T. mendax- 
type as examples), while monotonical responses reached a plateau of 
high occurrence probability over the end of the gradient (Fig. 5; 
M. radialis-type and Labrundinia). Not only the position of the inflection 
point (mode) or the plateau was different between taxa but also the 
slopes of the curves framing these points, leading to thermal niches 
characterized by their own temperature optimum and tolerance. A sig
nificant multimodal response was clearly found only for Corynoneura 

(Fig. 5) and, to a lesser extent, for M. insignilobus (Supp. mat.).
For taxa influenced by lake depth or water chemistry (conductivity 

or pH), incorporating these variables in interaction with temperature 
yielded significant models. Response surfaces (Fig. 6 and supplemental 
materials) illustrate the preferences of taxa over gradients of the two 
variables. In most cases, the preferences for the two variables are 
superimposing themselves with a maximum of presence likelihood 
converging the optimum values for both variables.

S. coracina-type, H. marcidus-type, M. insignilobus-type and 
C. anthracinus-type have a true interaction between environmental 
variables because the pattern of temperature preferences is dependent 
on the value of the other variable. For instance, S. coracina-type dis
played cold preferences in shallow lakes (<15m) but in deeper lakes 
(>15m) its occurrence remained at near-constant high probability on 

Table 2 
Significant indicator taxa (p.value < 0.05 after correction for multiple tests) on the four groups MRT partition of modern training-set’s sites (IndVal values are indicated 
as square root). Crosses mean indicative value for the group of sites.

Taxa (morphotype) JJA<8.65 ◦C JJA ≥ 8.65 ◦C 
JJA<14.92 ◦C

JJA ≥ 14.92 ◦C; 
Depth<10.85m

JJA ≥ 14.92 ◦C; Depth ≥
10.85m

Indication IndVal p. 
value

H. maeaeri/subpilosus X _ _ _ Arctic 0.91 0.01
Mesocricotopus X _ _ _ Arctic 0.83 0.01
Pseudodiamesa X _ _ _ Arctic 0.71 0.01
Paracladius X _ _ _ Arctic 0.64 0.01
Parakiefferiella nigra X _ _ _ Arctic 0.49 0.024
Oliveridia X _ _ _ Arctic 0.46 0.01
Abiskomyia X _ _ _ Arctic 0.39 0.048
Micropsectra insignilobus X _ _ X Arctic/Deep temperate 0.81 0.01
Sergentia coracina X _ _ X Arctic/Deep temperate 0.78 0.01
Eukiefferiella/Tvetenia X _ _ X Arctic/Deep temperate 0.52 0.034
Corynocera oliveri X X _ _ Arctic/Boreal 0.67 0.01
Micropsectra radialis X X _ _ Arctic/Boreal 0.63 0.01
Heterotrissocladius 

marcidus
X X _ X Arctic/Boreal/Deep 

temperate
0.73 0.01

Heterotrissocladius 
grimshawi

X X _ X Arctic/Boreal/Deep 
temperate

0.73 0.014

Protanypus X X _ X Arctic/Boreal/Deep 
temperate

0.55 0.034

Constempellina/ 
Thienemanniola

_ X _ _ Boreal 0.59 0.01

Procladius _ X X X Boreal/Temperate 0.96 0.01
Psectrocladius sordidellus- 

group
_ X X X Boreal/Temperate 0.94 0.01

Tanytarsus without spur _ X X X Boreal/Temperate 0.93 0.01
Dicrotendipes nervosus _ X X X Boreal/Temperate 0.91 0.01
Microtendipes pedellus _ X X X Boreal/Temperate 0.86 0.01
Tanytarsus mendax _ X X X Boreal/Temperate 0.8 0.01
Monopsectrocladius _ X X X Boreal/Temperate 0.73 0.01
Stempellinella/Zavrelia _ X X X Boreal/Temperate 0.67 0.01
Cladotanytarsus mancus _ X X X Boreal/Temperate 0.63 0.014
Pagastiella _ X X X Boreal/Temperate 0.62 0.014
All/Mesopsectrocladius _ X X X Boreal/Temperate 0.6 0.034
Heterotanytarsus _ X X X Boreal/Temperate 0.58 0.038
Ablabesmyia _ _ X X Temperate 0.86 0.01
Chironomus anthracinus _ _ X X Temperate 0.86 0.01
Polypedilum nubeculosum _ _ X X Temperate 0.84 0.01
Cladopelma lateralis _ _ X X Temperate 0.79 0.01
Labrundinia _ _ X X Temperate 0.74 0.01
Limnophyes/ 

Paralimnophyes
_ _ X X Temperate 0.68 0.01

Pseudochironomus _ _ X X Temperate 0.65 0.01
Glyptotendipes pallens _ _ X X Temperate 0.63 0.01
Parachironomus varus _ _ X X Temperate 0.61 0.01
Tribelos _ _ X X Temperate 0.59 0.014
Parakiefferiella-type A _ _ X X Temperate 0.56 0.014
Lauterborniella _ _ X X Temperate 0.55 0.014
Stempellina _ _ X X Temperate 0.53 0.014
Paratendipes _ _ X X Temperate 0.51 0.024
Synorthocladius _ _ _ X Deep temperate 0.6 0.01
Thienemannimyia _ _ _ X Deep temperate 0.6 0.01
Tanytarsus chinyensis _ _ _ X Deep temperate 0.59 0.014
Thienemanniella _ _ _ X Deep temperate 0.56 0.01
Phaenopsectra flavipes _ _ _ X Deep temperate 0.43 0.018
Zavreliella _ _ X _ Shallow temperate 0.48 0.048
Corynoneura X _ X X Undefined 0.81 0.01
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the whole temperature gradient, thus extending the occupied tempera
ture range. Therefore, the occurrence of S. coracina-type seemed air 
temperature related only in lakes less than 15 m deep. This is the same 
for H. marcidus-type (Fig. 6) and M. inisgnilobus-type (supplemental 
material) which are both able to occupy warmer lakes at higher lake 
depths. C. anthracinus-type also displays a similar phenomenon but with 
water conductivity, being positively responsive to temperature only at 
low levels of conductivity, otherwise the morphotype seems ubiquitous.

3.3. Cross-validation and independent assessment of inference models

Both inference models (WAPLS and fxTWAPLS) using two statisti
cally significant components (p-value<0.001) yield good performances 
in 9999-bootstrap cross-validation (Fig. 7 and Table 3). Yet, fxTWAPLS 
slightly outperforms WAPLS with a R2 of 0.91 and a RMSEP (root mean 
square error of predictions) of 1.61 ◦C compared to 0.88 and 1.73 ◦C for 
classical WAPLS. Also, the slope of fxTWAPLS is closer to 1 (0.90), 
indicating a reduced compression bias compared to classical WAPLS 
which has a slope of 0.88. A closer look at the residuals (Fig. 7) shows a 
similar pattern for both models, with trends towards overestimation and 
underestimation at the cold end and the warm end of the gradient, 
respectively, but lower with fxTWAPLS. The improvement of tempera
ture estimates with fxTWAPLS seems particularly true for cold in
ferences as the dispersal of residuals was considerably reduced 
compared to WAPLS for JJA temperatures less than 8 ◦C.

In a separate trial, we tested the removal of the 20 deep temperate 
lakes to reduce the influence of lake depth as a secondary gradient 
within the training-set. However, this did not improve the performance 
of either model. Consequently, we chose to retain all lakes in the transfer 
function dataset to better represent the ecological variability that may 
be encountered in potential study sites.

Stratigraphic diagrams of the chironomid records from Lake Igaliku 
and Lake Croche are presented in supplemental materials (Supplemental 
Figs. S5 and S6). In both lakes, a substantial portion of the downcore 
subfossil assemblages consisted of key indicator taxa listed in Table 2. 
This resulted in cumulative plots of indicator groups (Fig. 8) that closely 
align with their climatic positions within the full spectrum of the cali
bration dataset (Fig. 2). For the Lake Igaliku, this means assemblages 
composed of few taxa dominated by “Arctic”-linked categories (Micro
psectra and Heterotrissocladius) with a non-negligible part of “Boreal/ 
Temperate” (Dicrotendipes and Psectrocladius), typical of assemblages at 
the transition between the “Arctic” and “Boreal” zones on Fig. 2 which 
correspond to the actual temperatures of this site (JJA from 8 ◦C to 
10 ◦C). For the Lake Croche, the taxon-rich downcore assemblages 
dominated by indicator taxa belonging to the “Boreal/Temperate” and 
“Temperate” groups along with a lesser contribution of taxa associated 
to the “Temperate deep” group are characteristic of deep temperate 
lakes matching both mean JJA air temperatures (around 17 ◦C) and 
maximal depth (11.4m) of the site. The sample scores on the first axis of 
principal component analyses (PCA) of subfossil chironomid matrices 
were significantly correlated with JJA temperatures only for Lake Iga
liku (p-value<0.01, adjusted R2 = 0.52), whereas no significant corre
lation was found for Lake Croche (p-value = 0.8).

Overall, applying our inference models on recent stratigraphy yields 
temperature reconstructions close to instrumental records (Fig. 9). For 
Lake Igaliku both WAPLS and fxTWAPLS provide inferences signifi
cantly correlated to meteorological values (Table 3) but inferences from 
WAPLS are affected by a systematic overestimation of 1–2 ◦C while 
fxTWAPLS-based inferences were closer to the actual temperatures 
resulting in a lower RMSEP (0.93 ◦C) for this method, in addition of 
having a better R2 (0.63). For Lake Croche, there is no significant cor
relation between meteorological and chironomid-inferred temperatures 
regardless of the inference methods, however almost all instrumental 
values are within the model error on each inference, resulting in low 
RMSEP for both models (0.76 ◦C and 0.64 ◦C respectively for WAPLS and 
fxTWAPLS).

Fig. 3. RDA triplots of chironomid data constrained by environmental vari
ables, namely mean June-July-August air temperature (JJA), conductivity 
(Cond), pH and lake depth (Depth); sites are colored according groups of the 
MRT partition (red squares JJA<8.65 ◦C; blue squares JJA ≥ 8.65 ◦C and 
JJA<14.92 ◦C; purple squares JJA ≥ 14.92 ◦C and Depth<10.85m; yellow 
squares JJA ≥ 14.92 ◦C and Depth ≥ 10.85m). a) only taxa with a cumulated 
goodness-of-fit on RDA2 of at least 0.168 are shown; b) only taxa with a gain in 
cumulated goodness-of-fit from RDA2 to RDA4 of at least 0.0333 are displayed. 
These threshold values were set arbitrarily for displaying purpose of the main 
ecological relationships identified. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Venn diagram of the chironomid assemblage’s data constrained by 
environmental variables; values are the relative part of variance represented by 
environmental variables.
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3.4. Postglacial trends of summer air temperatures inferred at Lake Mista

Stratigraphy of subfossil chironomid assemblages from Lake Mista 
core are presented in Feussom-Tcheumeleu et al. (2023) and in sup
plemental material (Fig. S7). The cumulative spectrum of indicator taxa 
identified in Table 2, effective diversity (Hill’s N2) and fossil scores on 
PCA first axis (24.9 % of the total variance; Hellinger distance based) are 
presented in Fig. 10. According with the broken stick model, four sta
tistically significant biozones can be derived from the coniss clustering 
of fossil assemblages. Briefly, chironomid assemblages after the glacier 
retreat from 8500 BP to 8000 BP were dominated by cold-indicator taxa 
associated to the arctic and the boreal zones, or with a high lake depth 
(Sergentia, Micropsectra, Heterotrissocladius marcidus-type and 
C. oliveri-type). However, only a very negligible proportion of the taxa 
inhabiting the lake were strictly indicator of arctic conditions. Nowa
days, similar assemblages are found near the cold end of the boreal zone 
in lakes with sufficient depth (Fig. 2). Shortly after 8000 BP the abun
dance of those cold-indicator taxa declined, remaining the only taxa able 
to substitute cold climate by lake depth (i.e. Arctic/Deep temperate and 
Arctic/Boreal/Deep temperate indicators). “Boreal/Temperate” indica
tor taxa closely followed by “Temperate” indicator taxa both reached 
their maximum abundances during the mid-Holocene between 7000 BP 
and 4200 BP, coinciding with the highest Hill’s N2 values recorded. This 
pattern aligns with the warmer summers characteristic of the Holocene 
Thermal Maximum (HTM). At the beginning of the Late-Holocene 
(around 4200 BP), warm-associated taxa started to slightly decrease 
while some cold-associated taxa slowly recovered, including C.oliver
i-type and T. lugens-type, both of which had almost disappeared from the 
lake during the mid-Holocene. This taxa turnover indicates the onset of 
the cooling trend of the Neoglacial period for the last 4000 years BP, 
although it was interrupted by an increase in the relative abundance of 
the temperate indicator Ablabesmyia (Table 2) between 2500 and 2000 
BP. The last 1500 years are characterized by the occurrence of 

C. oliveri-type and the substantial increase of M. insignilobus-type per
centages reaching 30 %, while “temperate” taxa almost disappeared and 
relative abundance of “boreal/temperate” taxa is strongly reduced. This 
coincides with the lowest Hill’s N2 values of the whole record. It is 
noteworthy that fossil PC1 scores had similar variations with changes of 
relative abundances of indicator taxa groups as well as the Hill’s N2 
(Fig. 10).

Diagnostic elements indicate that fossil chironomid data from Lake 
Mista has a good potential to produce a high-quality JJA temperature 
reconstruction when applied with the new 182-lake training-set (Fig. 11, 
right panels). Indeed, the quality of the record is good or fair for most 
samples according to the three diagnostics altogether. For comparison, 
5–30 % of fossil assemblages are taxa with less than five effective oc
currences in the surface dataset of the Eastern Canadian transfer func
tion used in Feussom-Tcheumeleu et al. (2023) (Fig. 11, left panels). 
This lack of common abundant taxa between fossil data and this previ
ous training-set version resulted in poor analogue quality for almost all 
samples. Nevertheless, around two thirds of fossil assemblages had a 
good fit to temperature.

The new 182-lake training-set and its two associated inference 
models (WAPLS and fxTWAPLS) applied to the Lake Mista record pro
duce quantitative mean JJA air temperature reconstructions with a 
general pattern like the mean August reconstruction of Feussom 
Tcheumeleu et al. (2023) (Fig. 12). The initial warming after the glacier 
retreat was followed by a warm mid-Holocene and a cooling trend over 
the late-Holocene. This last cool period was interrupted by a warming 
episode between 2500 and 2000 BP. However, inferred temperature 
values and magnitudes of changes are quite different between the three 
reconstructions. Specifically, using the 182-lake training-set produce 
warmer temperature reconstruction during the mid-Holocene with JJA 
anomalies of +3 to +4 ◦C, while the mean August reconstruction indi
cated +2 ◦C. As a result, the cooling trend at the start of the 
late-Holocene is steeper with the new training-set and the warming 

Fig. 5. Realized summer air temperature niche of some indicator taxa (Table 2) generated by logistic GAMs; JJA was significant (p-value<0.05) as smoothing term in 
all of these models; the taxa chosen here are examples of cold asymmetric unimodal (dark blue), cold asymmetric monotonical (light blue), symmetric unimodal 
(green), multimodal (black), warm asymmetric monotonical (red) and warm asymmetric unimodal (yellow) response curve shape over the temperature gradient. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Response surface to summer temperature gradient with another environmental variable of some taxa showing an influence of lake depth, conductivity or pH 
generated by logistic GAMs; all models presented here are significant (p-value <0.05) with the interaction of the two variables as a smoothing term.
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period of 2500-2000 BP more clearly defined. There are also some dif
ferences between the new training-set WAPLS-based reconstruction and 
the fxTWAPLS-based one. Mainly, fxTWAPLS extends the reconstructed 
temperature range with both warmer and colder inferences than the 
WAPLS-based ones. The fxTWAPLS-based reconstruction is the only one 
to show distinct colder-than-today periods following the retreat of the 
Laurentian ice sheet and toward the end of postglacial history, aligning 
with the so-called Little Ice Age (LIA).

4. Discussion

4.1. Summer temperatures drive chironomid assemblage composition

Our results show a strong empirical link between summer tempera
ture and chironomid assemblage composition. Canonical analyses 
confirmed that mean summer air temperature and secondarily lake 
depth, act as major drivers of the distribution of chironomid taxa in the 
surface sediment of the 182 lakes. Nearly half of the chironomid taxa 
had a significant indicative value for one or two zones of the JJA tem
perature gradient partitioned by MRT (Table 2; arctic, boreal, and 
temperate). Niche modelling (Fig. 7 and supp. mat. app. B) produced 
numerous significant responses of taxa occurrence to JJA temperatures 
with shapes that are expected for an ecologically important gradient 
according to niche theory (Hutchinson, 1957; Whittaker et al., 1973), 
namely a near-gaussian unimodal response that appears as monotonical 
for taxa with optima outside the sampled temperature range. These re
sults show the strong link between chironomid assemblages and summer 
temperatures at a broad geographical scale and support the relevance of 
subfossil chironomids as proxies for the quantitative reconstruction of 
past summer temperatures. This finding is in close agreement with 
previous studies of large scale chironomid distribution in lake sediment 
from various areas around the world that showed a strong relationship 
between temperature and taxonomic composition of subfossil assem
blages (Nearctic: Fortin et al., 2015; Griffiths et al., 2024; Porinchu 
et al., 2007; Palearctic: Bakumenko et al., 2024; Engels et al., 2020; 
Heiri et al., 2011; Nazarova et al., 2015; Afrotropical: Eggermont et al., 
2010; Neotropical: Matthews-Bird et al., 2016; Motta and Massaferro, 
2019; Wu et al., 2015; Australasia: Rees et al., 2008; Woodward and 
Shulmeister, 2006).

We detect only minor effects of water chemistry variables on 
chironomid assemblage variability, and they tend to be restricted to a 

Fig. 7. 9999-Bootstrap cross-validation results for WAPLS (left) and for fxTWAPLS (right); red lines are linear regression (top) and loess smoothing curves (bottom); 
residuals are calculated as chironomid-inferred temperature less actual mean JJA air temperature. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)

Table 3 
Performances of the inference models according to 9999-Bootstrap cross- 
validation (see Fig. 7) and comparison to meteorological records on the cores 
from Lake Igaliku and Lake Croche (see Fig. 9). NA means non applicable 
because of non-significance of linear models.

WAPLS (2 
components)

fxTWAPLS (2 
components)

Cross- 
validation

R2 0.88 0.91
Slope 0.88 0.90
RMSEP 
(◦C)

1.73 1.61

% gradient 8.28 7.70
Lake Igaliku r (pearson) 0.74 0.81

p-value 0.002 <0.001
R2 0.51 0.63
RMSEP 
(◦C)

2.08 0.94

Lake Croche r (pearson) 0.17 0.27
p-value 0.55 0.34
R2 NA NA
RMSEP 
(◦C)

0.76 0.64
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limited number of taxa such as Tanytarus pallidicornis-type associated 
with low conductivity (Cao et al., 2019) or typical taxa of dystrophic 
conditions like Zalutschia, Heterotanytarsus and Monopsectrocladius for 
low pH values (Walker et al., 1985; Walker and Paterson, 1983). Cla
dotanytarus mancus-type could have a possible sensitivity to acidifica
tion, as previously indicated by Bilyj and Davies (1989) for some species 
of the same genus.

Typical genera and morphotypes of warm and cold conditions found 

in our training-set have analogue thermal preferences compared to other 
training-sets from the Nearctic (Barley et al., 2006; Medeiros et al., 
2022; Porinchu et al., 2007) and the Palearctic (Hamerlík et al., 2017; 
Heiri et al., 2011; Kotrys et al., 2020; Larocque et al., 2001; Nazarova 
et al., 2015). The overall succession order along the latitudinal gradient 
of our study is also echoed in Chironomidae distribution along the river 
continuum (Rossaro, 1991; Rossaro et al., 2022). Although the absolute 
values of the thermal optima of the different taxa may vary from one 

Fig. 8. Indicators spectra of subfossil records from Lake Igaliku (a) and Lake Croche (b) along scores on the first components of principal component analyses (PC1) 
applied on each chironomid matrix and measured JJA temperature from weather stations. PC1 is significantly correlated with measured JJA temperatures for the 
record of Lake Igaliku (p-value<0.01; adjusted R2 = 0.52) and the same relationship is statistically non-significant in record of Lake Croche (p-value = 0.8).

Fig. 9. Comparison between meteorological records (black lines) and chironomid-inferred temperatures on the cores from Lake Igaliku (blue lines) and Lake Croche 
(red lines); left panels are results with WAPLS and right panels with fxTWAPLS. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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study to another (depending on the geographical area and calculation 
method), the succession of taxa along the thermal gradient are 
remarkably similar and concordant.

This overall consistency does not mask certain differences in the 
thermal preferences of some taxa between our dataset and previous 
studies. For instance, Parakiefferiella type A was quite recurrent in sur
ficial sediments of temperate lakes in our dataset, being even a signifi
cant indicator of the group, while it was found in Younger Dryas 
sediments (glacial-like conditions) in Switzerland (Brooks, 2000; Heiri, 
2001). Another example is the predominantly Neotropical genus Lab
rundinia (Da Silva et al., 2014), which is represented in Europe by only 
one species most abundantly found in bogs (Brooks et al., 2007), while 
from our dataset the genus appears to be a common indicator of the 
warmest part of the gradient (Table 2; Fig. 7).

The apparent uniformity of the empirical chironomid-air tempera
ture relationships across lakes and other temperature-related aquatic 
gradients (rivers) in the Holarctic region indicates the ecological sig
nificance of the underlying temperature-associated mechanisms for the 
chironomid fauna (cf. Juggins, 2013). Moreover, these relationships are 
apparent at the genus level meaning that thermal preferences are 
probably ancient and quite resistant to small evolutionary changes, 
explaining the overall transcontinental ecological equivalence of 
chironomid taxa that are phylogenetically close regarding temperature 
preferences (Larocque-Tobler, 2010; Lotter et al., 1999). This feature 
allows the use of “space-for-time calibration” on hundreds of thousands 
of years with no major deterioration in reconstruction performance 
(Axford et al., 2011; Bolland et al., 2022; Francis et al., 2006; Plikk et al., 
2019; Rigterink et al., 2024) that would have come from evolutionary 

Fig. 10. Spectrum of cumulative percentages of indicator taxa from the record of Lake Mista with the Hill’s N2 (“effective diversity”) of assemblages and scores of 
samples on first component of PCA along core depth and samples estimated ages with sequential CONISS clustering.
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changes of thermal preferences.

4.2. Direct physiological constraints of water temperature

Though empirically strong, the underlying mechanisms of the 
chironomid-temperature relationship are not fully understood, mainly 
because of their complex nature. Chironomid larvae integrate in-lake 
conditions, with air temperatures—strongly influencing surface water 
temperatures (Livingstone and Lotter, 1998)—affecting chironomids 
through a complex interplay of direct physiological impacts and indirect 
ecosystem effects (Eggermont and Heiri, 2012).

It is difficult to decipher with only observational distribution data if a 
taxon response to a summer air temperature gradient is more con
strained by its physiological requirements for water temperature or by 
indirect influences. Nonetheless, experimental studies have demon
strated the importance of water temperature for the physiology of 
chironomid immature stages. For instance, exposure of cold- 
stenotherms to warm temperatures results in mortality, while eury
thermic taxa require a minimum level of warmth to complete their life 
cycle, even if larvae can survive cold temperatures during overwintering 
(Balci and Kennedy, 2002; Brodersen et al., 2008; Dickson and Walker, 

2015; Lencioni et al., 2008). In this sense, cold indicators are more 
physiologically constrained in their distribution by water temperature 
and can be considered true stenotherms, while indicator taxa of warm 
conditions in mid-latitude still must survive to cold temperatures during 
larvae overwintering and therefore have a broader physiological toler
ance regarding water temperature.

In our dataset, cold-stenothermic taxa such as Sergentia coracina- 
type, Micropsectra insignilobus-type, Heterotrissocladius marcidus-type and 
grimshawi-type and Protanypus, can thrive either in arctic climate, or in 
warmer climates if lake depth is sufficiently important (Table 2; Fig. 8
and supp. mat.). Due to thermal stratification, cold hypolimnetic waters 
of lakes with sufficient depth can function as a thermal refugium for 
cold-water taxa able to develop in sublittoral and profundal lake con
ditions. These taxa can be referred as “eurybathic psychrostenothermic” 
(Hofmann, 1971, 1988). Indeed, those taxa can inhabit shallow depths 
in the arctic (Aagaard, 1986; Brundin, 1949) and also constitute the 
“Tanytarsus lugens community” (Brinkhurst, 1974; Brundin, 1956; 
Saether, 1975, 1979; Thienemann, 1920) in the profundal zones of 
stratified oligo to mesotrophic lakes under temperate climate condi
tions, more specifically the Micropsectra-asssociation in oligotrophic 
lakes (Frossard et al., 2013; Gerstmeier, 1989; Lods-Crozet and 

Fig. 11. Reconstruction diagnostic elements applied on the chironomid record from Lake Mista; Left panels are results with the northwestern Quebec training-set 
used in Feussom Tcheumeleu et al. (2023) and right panels with the 182-lake training-set of this paper; (a–b) Cumulated relative abundance of rare taxa in the 
modern dataset (N2<5) within fossil samples; (c–d) Analogue quality represented by the squared-chord distance between fossil assemblages and their closest modern 
assemblage, threshold values are set as the 5th and the 10th percentiles of squared-chord distances between all modern assemblages; (e–f) Goodness-of-fit to summer 
temperature of fossil samples, represented by the squared residual length of fossil samples passively added to a CCA ordination of modern samples constrained by 
summer temperatures, threshold values are set as the 90th and the 95th percentiles of squared residual lengths of modern samples.
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Lachavanne, 1994; Millet et al., 2010), Sergentia-association in meso
trophic lakes (Belle et al., 2016, 2017; Brundin, 1958; Stahl, 1966) or 
even Heterotrissocladius dominance in the Great Lakes (Winnell and 
White, 1986). Consequently, the statistical power of lake depth in ca
nonical analyses, which is primarily the differentiation between deep 
temperate lakes that host eurybathic psychrostenothermic taxa and 
unstratified shallow lakes (only warm-adapted taxa), is functionally a 
response of the chironomid fauna to a local temperature gradient gov
erned by the lake thermal regime (Quinlan et al., 2012).

The influence of hypolimnetic cold water could also be beneficial for 
taxa such as Eukiefferiella/Tvetenia, H. marcidus-type, Synorthocladius, 
Phaenopsectra flavipes-type, Thienemannimyia and Thienemaniella which 
are more commonly considered as typical for spring-fed and headwater 
conditions in rivers (Brooks et al., 2007; Loskutova et al., 2023; Rossaro 
et al., 2022). Indeed, preferences for colder and more oxygenated water 
would explain why they are indicators of deep temperate lakes in our 
dataset. In brief, it would be more appropriate to consider “profundal” 
and “lotic” taxa as true indicators of water temperature and oxygena
tion, rather than being dependent on a specific aquatic habitat (lentic vs. 
lotic, or littoral vs. deep). Therefore, in summer air temperature re
constructions, taxa with physiological limitations for cold water tem
peratures should be interpreted based on the origins of these water 
conditions in the lake. These conditions may result from various com
binations of climate and lake thermal regimes, as well as specific 

hydrological features such as groundwater and meltwater inputs 
(Brooks and Birks, 2001; Jennings, 2021; Lindegaard, 1995) or even 
topographical shading (Hamerlík et al., 2017; Novikmec et al., 2013). In 
deep stratified lakes, a cold hypolimnion ensures physiological re
quirements for water temperature of cold-stenothermic taxa and their 
distribution becomes constrained by hypolimnetic oxygenation 
(Quinlan and Smol, 2001), which can in turn be influenced by effects of 
summer air temperatures on lake productivity and thermal regime, 
making abundances of those taxa still responsive to air temperatures 
through indirect influences.

4.3. Indirect ecosystem effects of mean summer air temperature

Eggermont and Heiri (2012) outlined the importance of indirect ef
fects of air temperatures on chironomids through their effects on lake 
functioning. This kind of influential pathway is illustrated in our data by 
the conductivity-dependent thermal niche of Chironomus anthracinus-
type (Fig. 6). This genus characterizes profundal communities of 
oxygen-depleted eutrophic lakes (“Chironomus lake”; Brundin, 1956, 
1949; Hofmann, 1988; Saether, 1979, 1975; Thienemann, 1954, 1920), 
therefore it can thrive within the cold hypolimnetic waters (4–6 ◦C) and 
its few occurrences in some Arctic lakes suggest that cold water tem
perature is not a limiting factor of its distribution. Despite this physio
logical tolerance for cold temperatures, C. anthracinus-type exhibits a 

Fig. 12. Chironomid-inferred temperature reconstructions plotted on mean ages of the postglacial core from Lake Mista; a) original WAPLS-based mean August air 
temperature data from Feussom Tcheumeleu et al. (2023), ages were updated with the new Bayesian age-depth model; b-c) mean JJA air temperature reconstruction 
by WAPLS (b) and fxTWAPLS (c) with the new 182-lake modern calibration dataset of this paper; a-b-c) red lines are smoothing cubic spline of temperature in
ferences and grey areas represent the bootstrap sample specific error. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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thermophilic value in our training-set being indicator of temperate lakes 
where it can be quite abundant, representing up to 30 % of surface 
assemblages.

Distribution of C. anthracinus-type seems to be unrelated to water 
temperature and its distribution preference for lakes with warm JJA air 
temperature would be the result of its high saprobic value since there are 
overall correlations between air temperature, nutrient availability, 
conductivity, and organic matter in the sediment (Brodersen and 
Anderson, 2002; Medeiros and Quinlan, 2011; Velle et al., 2010). 
Dranga et al. (2018) show that conductivity is mainly defined by 
bedrock and physiographic settings and higher conductivity is often 
accompanied by more nutrients, leading to higher trophic status and 
then more organic matter into sediments. However, lake productivity is 
also driven positively by summer temperature and tree cover, which 
would compensate for low nutrient input from watershed of low con
ductivity. This could explain the positive relationship between the 
occurrence of C. anthracinus-type and water conductivity and the posi
tive response to temperatures that is more pronounced at low conduc
tivity. At higher conductivity, and probably higher nutrient levels, lake 
trophic status would be less dependent on climate, making occurrence of 
Chironomus anthracinus-type possible at low summer temperature pro
vided that soft bottom sediments are sufficiently organic-rich.

As a result, variations in Chironomus in fossil records should be pri
marily interpreted as responses to food availability, which can be 
controlled by summer temperature changes but also by lake ontogeny, 
such as natural eutrophication or sediment infilling and watershed 
development. Similar processes of indirect influences also affect eury
bathic psychrostenothermic taxa but in a reverse way through their re
quirements on oxygenation and cold temperatures. Over time it could 
generate a warming bias in summer air temperature reconstruction 
because of natural eutrophication and sediment infilling, which are 
unfavourable for oxyphilic cold-stenothermic taxa of the profundal zone 
leading to replacement by taxa more tolerant to organic enrichment 
such as Chironomus and then by typical warm assemblages of ponds, 
leading to a summer air temperature signal more difficult to separate 
from other influences (Korhola et al., 2002; Plikk et al., 2019). There
fore, choosing a clearwater stratified oligotrophic lake with slow sedi
ment accumulation (“slow aging” lake) as study site should be favored 
with a purpose of summer temperature reconstruction based on subfossil 
chironomid assemblages (Walker and Cwynar, 2006). If possible, the 
analysis of fossil chironomids should also be conducted in parallel with 
analyses of sedimentary organic matter, such as total organic carbon 
(TOC) and the C/N ratio to have access to independent proxies of 
lacustrine trophic trajectory.

To summarize, summer air temperatures shape taxa composition of 
subfossil chironomid assemblages in lake sediment depending mainly on 
physiological constraints imposed by water temperature and oxygen 
availability, as well as on consequences on food and microhabitat 
availability (Cao et al., 2024; Płóciennik et al., 2020; Reuss et al., 2014; 
Stivrins et al., 2021; Williams et al., 2020). Therefore, the perceived air 
temperature preferences of chironomid taxa in surface sediment datasets 
should be understood as realized or functional summer air temperature 
preferences, which are incorporating larvae physiology and functional 
trends from indirect influences. For instance, Chironomus anthracinus-
type while being physiologically eurytherm appears overall functionally 
thermophilic in our data. Because of these complex species-environment 
relationships and multiple possible indirect influential pathways of 
summer temperatures on chironomids, the validity of the empirical 
relationship apparent in surface sediment datasets for space-for-time 
reconstruction relies on summer temperature variations as being the 
major driving force of lake ecosystem dynamic and then of taxonomic 
turnover through time. This implies interpreting fossil chironomid 
assemblage changes before applying a transfer function, by considering 
taxa autoecology within a holistic view about lake ecosystem changes 
and their potential drivers (Ilyashuk et al., 2005; Millet et al., 2003). 
This should ensure the quality of the paleotemperature signal and that it 

is not the result of confounding influences from independent local fac
tors (Velle et al., 2010, 2012). Selecting an appropriate study site at the 
beginning of an investigation is also a crucial step, as it directly affects 
the likelihood and magnitude of potential confounding factors.

4.4. Accuracy of chironomid-based mean summer air temperature 
inference models

Overall, our results confirm that subfossil chironomids can be reli
able summer paleotemperature proxies (Brooks et al., 2012). Indeed, 
subfossil chironomid assemblages demonstrated a great ability to pro
vide accurate temperature inferences both using cross-validation of 
inference models and independent testing on downcore data compared 
with meteorological measurement. This highlights their high sensitivity 
to temperature variations, which combined with their short life cycle 
and great dispersal capacity (Krosch et al., 2011) yield the possibility of 
high temporal resolution reconstructions and hence, the detection of 
short paleoclimatic events (Axford et al., 2009; Cwynar and Levesque, 
1995; Porinchu et al., 2019).

WA-based reconstructions are originally derived from the species 
packing model (ter Braak and Barendregt, 1986) based on the idea that 
species evolve to occupy maximally separated niches with unimodal 
response curves along the gradient having minimum overlap. Hence, 
weighting average of environmental values for each taxon should be 
equally spaced, meaning that WA performs well when taxa are evenly 
distributed with a good turnover (Birks, 1995). The choice of a 
WA-based method for our transfer function is appropriate because there 
is a high taxonomic turnover along the climatic gradient of our 
training-set and most taxa could be considered to have unimodal 
response curves to temperature. For taxa displaying rather a monot
onical shape with a plateau, we still assumed an unimodal response 
provided that a broader temperature gradient was sampled, as in the 
study of Rossaro (1991) in rivers where the 30 ◦C gradient sampled 
provided mostly asymmetrical unimodal responses. This asymmetrical 
structure leads to underestimation and overestimation of temperature 
optima estimated by simple weighting average and especially for taxa 
with cut curves on gradient edges. However, the WAPLS by using the 
residual structure for improving the overall fit of the model partially 
compensates for these biases of taxa optima and therefore limits the 
extent of the so-called “edge-effect” (ter Braak and Juggins, 1993), 
evidenced by higher residuals at both ends of the gradient in 
cross-validations. The temperature response curves also highlight varied 
tolerances among taxa, underscoring the significance of this metric in 
inference calculations. Indeed, the occurrence of taxa with narrow tol
erances provides more informative climate insights than abundant taxa 
with broader tolerances. This justifies the approach used by the 
fxTWAPLS of weighting the abundances by tolerances in inference 
calculations.

Combining tolerance weighting and frequency correction, 
fxTWAPLS slightly outperforms classical WAPLS in cross-validation, 
probably by using more ecological information and by tackling 
another bias inherent to weighting averaging calculations in unequal 
sampling design. The performances are especially enhanced on the 
colder half of the gradient where sampling frequency is lower (Supp 
Fig. S4). This suggests a compression bias in WAPLS to the most frequent 
temperatures of the calibration dataset around 15–17 ◦C, supported also 
by fxTWAPLS cross-validated model’s regression slope closer to 1 that 
would indicate less compression bias (Liu et al., 2020). The reduced 
compression bias of fxTWAPLS is particularly evident with inferences 
from the record of Lake Igaliku where the WAPLS systematically over
estimated the temperature while fxTWAPLS provided more-accurate 
inferences with an overall error lower than the 9999-Bootstrap 
cross-validated RMSEP of the inference model. For Lake Croche there 
are few differences between both methods because the climatic position 
of this site is well-sampled in the calibration dataset and does not suffer 
of compression bias of WAPLS. These cross-validation and independent 
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testing results on weather data time series demonstrate that the 
fxTWAPLS performs at least as well as the WAPLS, and even better when 
moving away from the center and the most frequent values of the cali
bration temperature gradient. We also note that for the fxTWAPLS 
reconstruction of Lake Igaliku that the bootstrapped sample specific 
error (sse) is more variable than with WAPLS. This could be an effect of 
considering taxa tolerances into the calculation of inferences. We think 
this higher variability of inference uncertainty with fxTWAPLS is more 
informative than the near-constant sse produced by classical WAPLS, as 
it offers more nuanced confidence in the inferred values across samples.

The calibration dataset of this study combined with the fxTWAPLS 
method with two components provides a new summer temperature 
transfer function based on subfossil chironomids with cross-validated 
performances equivalent to others of similar extended temperature 
gradients already published for the Holarctic region (Table 4). So far, it 
is the chironomid-based transfer function with the largest temperature 
gradient and the lowest RMSEP in percent of the total gradient in the 
Holarctic. The successful applications on testing against weather mea
surements in both the temperate Laurentian Mountains and in the Arctic 
of southwestern Greenland suggest a good versatility of this transfer 
function, which can be used over a wide climatic range in the north
eastern Nearctic region. Application in western Nearctic could also be 
attempted as it would provide a larger temperature gradient on the 
warm side for study sites suffering an edge-effect and a lack of modern 
analogs during past warm periods, as observed by Lemmen and Lacourse 
(2018) on a record from a coastal lowland lake of southeastern 
British-Columbia.

Chironomid-inferred temperatures were significantly correlated with 
meteorological measurements only at Lake Igaliku and not for Lake 
Croche despite a small absolute temperature difference. This un
derscores the robust performance of the inference model; however, it 
demonstrates also that the good statistical performance of an inference 
model only is not enough for providing a meaningful and informative 
reconstruction from a fossil record. One of the assumptions of quanti
tative paleoecology is the existence of a major control of the variable of 
interest over subfossil assemblages and negligible influences from other 
variables (Birks et al., 2010; Birks, 1995). Indeed, Hohmann et al. (2023)
on dinocyst assemblages in marine sediment cores have shown that only 
the reconstruction of the primary driver of assemblages within a 
particular record could provide a significant and meaningful recon
struction about past sea-surface conditions. The same rule should apply 
for chironomids and temperature reconstruction. At Lake Igaliku, the 
significant correlation between PC1 assemblage scores and measured 
temperatures confirms an effective temperature control over assem
blages, resulting in an informative reconstruction correlated with 
measured data. Conversely, the lack of correlation between PC1 scores 
and weather data at Lake Croche suggests that temperature changes 
were not enough to drive assemblage variability. As a result, the 
reconstruction is uninformative, reflecting background noise rather than 
meaningful temperature trends, despite the high performance of the 
inference model and its close agreement with observed data. This 
disparity in temperature sensitivity between Lake Igaliku and Lake 
Croche suggests varying degrees of vulnerability and resilience to 

climate change. While lake size and depth can influence sensitivity, both 
lakes in our study are large and oligotrophic (in the pre-disturbance state 
for the Lake Igaliku). Given these similarities, the observed differences 
are more likely driven by their contrasting temperate and Arctic climate 
settings, which shape ecological responses differently. This supports the 
idea that Arctic lakes like Lake Igaliku may be more vulnerable to 
temperature changes, while temperate lakes like Lake Croche may 
exhibit greater resilience under similar climatic variations. This un
derscores the importance of considering lake characteristics when 
selecting study sites for temperature reconstructions and interpreting 
inferred variations correctly.

The comparison of PC1 scores with weather station temperatures 
(Fig. 8) suggests they serve as a good diagnostic of the primary factor 
controlling of assemblage variability. This approach could help in 
ecologically interpreting fossil record assemblage changes and verify 
climate signal within compositional data. Visual comparisons of indi
cator groups spectrum from Lake Igaliku and Lake Croche (Fig. 8) to the 
one of the full training-set (Fig. 2) position correctly both lakes along the 
climatic gradient. As a result, a combined visual comparison of PC1 
scores with indicator group spectrum could serve as an initial ecological 
interpretation of fossil assemblage changes and verify the presence of a 
climatic signal. Comparison with trends of the Hill’s N2 could also be 
performed as summer temperature is significantly correlated to this 
metric (Fig. 2).

4.5. Quality of postglacial summer temperature reconstructions at Lake 
Mista

The fossil record of Lake Mista is in good agreement with PC1 scores, 
Hill’s N2 variations and changes within the spectrum of indicator taxa, 
suggesting an overriding control of chironomid assemblage variability 
by climatic changes during the postglacial period (Fig. 10). Therefore, it 
is relevant to attempt quantitative reconstruction of past summer tem
peratures at this site.

The three models provide temperature curves with a common 
pattern of climatic trends broadly corresponding to initial warming after 
glacier retreat, a warm Mid-Holocene (7000 BP to 4200 BP) and Neo
glacial cooling in the Late Holocene (last 4200 years BP). However, they 
differ substantially in inferred temperatures. Extending the temperature 
gradient of the calibration dataset with more lakes allowed a better 
representation of rare taxa. The original reconstruction of Feussom 
Tcheumeleu et al. (2023) the eastern Canadian transfer function that 
comprises 79 taxa (Bajolle et al., 2018; Larocque, 2008) while our new 
calibration dataset includes 100 taxa, including more warm indicators 
that are also present within the fossil record such as Labrundinia and 
Pseudochironomus. Also, the extended temperature gradient on the warm 
side probably allowed for better estimation of temperature optima of 
warm indicators already present in the previous 75-lake training-set (i.e. 
Polypedilum nubeculosum-type, Cladopelma lateralis-type, Glyptotendipes 
pallens-type …). This resulted in better analogs and improved the 
goodness-of-fit to temperature of the record (Fig. 11), resulting in a 
better ability to capture the climatic signal represented by variations 
within compositional data. With the new calibration dataset, the 

Table 4 
Bootstrapped cross-validated performances of some chironomid-based transfer functions of the Holarctic region (% gradient is the RMSEP relatively to the total 
temperature range covered by the transfer function; best parameter values are marked in bold).

Publication Region n lakes variable range function R2 RMSEP % gradient

This study New England/Eastern Canada 182 lakes JJA 20.9◦C WAPLS 0.88 1.73 ◦C 8.28 %
This study New England/Eastern Canada 182 lakes JJA 20.9◦C fxTWAPLS 0.91 1.61 ◦C 7.70 %
Heiri et al. (2011) Norway/Switzerland 274 lakes July 14.9 ◦C WAPLS 0.87 1.4 ◦C 9.40 %
Kotrys et al. (2020) Norway/Switzerland/Poland 357 lakes July 16.5 ◦C WAPLS 0.91 1.39 ◦C 8.42 %
Nazarova et al. (2015) Northern Russia 193 lakes July 17 ◦C WAPLS 0.87 1.35◦C 7.94 %
Medeiros et al. (2022) Canadian Arctic/Greenland/Iceland/Svalbard 402 lakes JJA 12 ◦C WAPLS 0.72 1.48 ◦C 12.3 %
Fortin et al. (2015) Canada/Alaska 485 lakes July/August 16 ◦C WAPLS 0.73 1.8 ◦C 11.25 %
Bajolle et al. (2018) Eastern Canada 75 lakes August 18 ◦C WAPLS 0.85 1.67 ◦C 9.28 %
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mid-Holocene thermal maximum (Renssen et al., 2012) is more clearly 
defined, with inferred temperature 2 ◦C higher than in the 75-lake 
training-set. It is also the case for the warm episode of 2500-2000 BP, 
possibly related to the Roman Warm Period (Holmquist et al., 2016; 
Solignac et al., 2011, Fig. 12). These differences are even more pro
nounced when using the fxTWAPLS, reinforcing that this inference 
technique enables the reconstruction of a broader range of climatic 
values from a single study site compared to the classical WAPLS (Liu 
et al., 2020).

The transfer function, based on the new training set and the 
fxTWAPLS method, yields the most reliable of the three reconstructions 
at the Lake Mista. It is the only approach that successfully captures 
colder-than-today events both at the beginning of the postglacial period 
and during the Late Holocene, notably over the well-documented Little 
Ice Age (Gennaretti et al., 2014; Miller et al., 2012). It also accurately 
reflects the warmer-than-today mid-Holocene and the subsequent Neo
glacial cooling driven by insolation trends. The cooler early postglacial 
conditions align with the influence of the nearby Laurentide Ice Sheet at 
that time (Carcaillet and Richard, 2000; Hausmann et al., 2011). 
Detecting the Little Ice Age is expected, given supporting proxy evidence 
from other sites within the broad region of the Gulf of St. Lawrence 
(Perrier et al., 2022; Wu et al., 2021). These results further confirm that 
the fxTWAPLS method of Liu et al. (2020) is a reliable method for pa
leoclimatic reconstructions and that it can even improve them over the 
traditional WAPLS.

5. Conclusions

In this study, we explored the relationship between summer tem
peratures and subfossil chironomid assemblages in lake sediments, and 
how to use it to infer quantitative paleoclimate reconstruction. Through 
joint analyses of compositional and environmental data, we have 
demonstrated the complex interplay between chironomids and mean 
JJA air temperature, unraveling both direct physiological responses and 
indirect influences mediated by temperature-driven changes in lake 
functioning. Our findings underscore the importance of considering 
taxon ecology and lake characteristics for correctly interpreting 
compositional changes along sediment cores. It also emphasizes the 
importance of choosing an appropriate study site for minimizing the risk 
of interferences with confounding variables. A clearwater oligotrophic 
stratified lake in a watershed relatively stable in vegetation cover and 
land use on the interest period would be an “ideal” target for guiding 
study site selection.

Our quantitative reconstructions showed the effectiveness of a 
training-set with more taxa described over a longer gradient range, 
combined with a less biased inference technique, in producing robust 
temperature estimates. The ability of fxTWAPLS to mitigate the 
compression bias of classical WAPLS paves the way for its widespread 
application with subfossil chironomids. Concerns may remain about 
uncertainty quantification of this deterministic method, which is likely 
to become a growing issue as new reconstructions are produced within 
multi-site and multi-proxy syntheses. Comparison with probabilistic 
approaches that properly account for the uncertainty in inferences such 
as Bayesian modelling could be a future prospect.

The transfer function developed in this paper represents a new 
operational tool available for generating high-quality paleoclimatic re
constructions based on a widespread and abundant proxy in lake sedi
ments, with potential applications extending from the northern 
temperate zone to the high latitudes of the Nearctic region.
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