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Abstract: For the first time, the size spectra of 28 chironomid genera/species are reported for
the most common chironomid taxa in the deep subalpine Lake Maggiore (northwestern Italy).
Species-specific length-mass regression models were developed to predict the dry masses of the
larval stages of Cladotanytarsus sp., Cryptochironomus sp., Polypedilum bicrenatum, P. nubeculosum, and
Stictochironomus pictulus. The predicted dry-mass values differed by less than 20% from the measured
values, suggesting that these original equations will be important in chironomid production studies.
Regressions at the subfamily level were also developed for case identification at the genus or species
level, which is difficult to obtain. The chironomid weights were determined directly and a dry/wet-
weight-conversion ratio was estimated. The results were consistent with previously reported results.
The relationships between the dry masses and the body lengths were compared with published data
for different types of lake all over the world. We found that regression models for other freshwater
environments somehow differed from those in Lake Maggiore, albeit slightly. The combination of
diversity-based and trait-based approaches improves our knowledge about chironomids and our
understanding of the effects of global environmental changes on freshwater biota. This first collection
of trait data on summer—autumn chironomid assemblages in a temperate subalpine lake is a valuable
contribution to the European trait database. The taxonomic diversity and abundance of chironomids
were uploaded for open access on the GBIF platform.

Keywords: biomass conversion; diversity; littoral habitat; non-biting midges; size-frequency distribution;
temperate lake

1. Introduction

A growing body of research demonstrates the ecological significance of chironomids,
the most commonly occurring dipteran family in all types of aquatic habitat worldwide,
including extreme environments, such as hot springs, sub-desert steppes, ice-cold glacial
trickles, subarctic lakes, and high mountains [1-4]. The Chironomidae are not only the
most diverse family, with more than 8000 species [5,6], but are also very often the most
abundant group among freshwater macroinvertebrates. They are widely recognised as
some of the best biological indicators of water and habitat quality and climate conditions in
freshwater systems [7-13]. Chironomids also seem to be sensitive to amplified water-level
fluctuations [14,15]. Most of the relevant publications refer to Chironomidae as a useful
taxon for the assessment of the ecological status of aquatic ecosystems [16]. Chironomids
are also important indicators of the productivity and population dynamics of leading
consumers in the food web [17-19]. By consuming fine organic particles and transferring
nutrients and energy to upper trophic levels, including other invertebrates, amphibians, fish,
and birds, these organisms are keystone elements in organic-matter redistribution [7,20,21].
As chironomids have life cycles involving morphologically different stages (e.g., four-instar
larvae, pupae, and adults), when shifting from one stage to another or specifically from
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aquatic larvae to aerial adults, chironomids also contribute to the energy transfer from the
benthic detritus food web to pelagic and terrestrial food webs [9,18,22,23]. The functional
traits of chironomid larvae, e.g., feeding habits, have so far been studied primarily by
Serra et al. [3,24]. Although larval feeding habits depend on many factors, such as the
larval size and food quality, quantity, and availability [25], each species seems to have
specific requirements, which are often associated with its habitat type. However, it has been
recognised that most chironomids are not restricted to a single feeding behaviour [26-28].
Considering that their biomass mirrors their stored energy [29] and can be a reliable proxy
for secondary production, this functional trait may be particularly significant in lacustrine
environments where other invertebrate groups are uncommon. This is exactly the case
in the temperate Lake Maggiore, one of the largest and deepest southern subalpine lakes
in Italy [30]. Chironomid biomass can be evaluated by well-known traditional methods
applied in ecology, such as the direct measurement of the wet weights of fresh, preserved,
or frozen animals [31], or indirectly, through the determination of the biovolume and
length-mass conversion [32]. The latter is a time-saving tool, and it is more precise than
other techniques; hence, it is one of the most commonly applied methods for estimating
benthic invertebrate biomass in freshwater ecological studies [33,34]. Significant variability
among published models using length—mass relationships for the same species in different
geographic regions possibly caused by variability in environmental and trophic conditions,
populations genetics [33-36], or methodological differences [37], urgently require not only
taxon-specific relationships but also environment-specific relationships.

Chironomids are extremely frequent and diverse in Italian lakes, where a total of
580 species are known to occur [38,39]. The lack of substantial differences in species
composition on the northern and southern sides of the Alps suggests that the Alps are
not a zoogeographical barrier to chironomids [39-41]. Despite several past and recently
published taxonomic studies [39,42-45], there is still a considerable gap in knowledge about
their size and frequency distribution in the deep subalpine Lake Maggiore. One of the
crucial questions that still requires an answer is the size pattern in terms of the length and
mass of the most common chironomid taxa in the lake.

The main aim of this study was therefore to provide specific length-mass relationships
for the most common genera/species of chironomids. To fulfil the requirements of sound
length-mass relationships, our research first aimed to collect data on the size and body
mass of as many larvae as possible. To develop the regression models, we hypothesised
that trait information at the genus/species level is homogenous in the whole lake. Finally,
we compared the obtained length-mass data with previously published relationships from
other regions hypothesising that the species-specific regression models for temperate lakes
most likely differ from those developed for other regions and lake types.

2. Materials and Methods
2.1. Sampling Area and Sampling Strategy

Chironomids were sampled from the Lake Maggiore littoral zones. The lake has
been studied since the beginning of the last century, but extensive and regular multidis-
ciplinary research has been carried out since the late 1970s, funded by the International
Commission for the Protection of Swiss—Italian Waters (Commissione Internazionale per
la Protezione delle Acque Italo-Svizzere, CIPAIS: www.cipais.org (accessed on 20 June
2023)). Long-term investigations are also carried out in the framework of the LTER (Long-
Term Ecological Research) and the Italian network site, “IT-08 Southern Alpine lakes”
(http://www.lteritalia.it/ (accessed on 22 June 2023)). Lake Maggiore is currently suffering
from a trend of increasing global heat, which is mainly highlighted by gradual warming
of the hypolimnion [46]. The lake is oligotrophic, deep, oligomictic, and temperate, with
cold and dry winters and warm summers, although these are influenced by the Alps. The
littoral zone is affected by water-level fluctuations (WLFs), which result from concomitant
effects of climate variability (precipitation and warming) and human management by the
Miorina dam, which was built between 1938 and 1942 at the Lake Maggiore outlet (River
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Ticino). The regulation of the lake’s outflow from March to October is conducted to ensure
water supply for industry, agriculture, and hydro-power production [15]. The shoreline
is shared between two Italian regions (Piedmont and Lombardy) and the Swiss Canton
Tessin. Main characteristics of the lake are presented in Table 1.

Table 1. Main morphometric and hydrological features of the deep and temperate Lake Maggiore.

Feature (Units) Amount
Max depth (m) 370
Perimeter (km) 170
Altitude (m a.s.l.) 194
Drainage basin area (km?) 6599
Volume (m3 x 10°) 37,500
Turnover theoretical time (years) ~4

This study was performed within the frame of the Project INTERREG V-A Italy-
Switzerland 2014-2020 Project “ParchiVerbanoTicino” (PVT, ID: 481668), aiming to establish
the consequences of water-level management for the littoral ecosystem and downstream
river areas. The sampling campaigns were performed during the summer—autumn season
over three consecutive years (from 2019 to 2021) at three sites located in the northern,
central, and southern parts of the lake. The sites of interest were located in three protected
areas: the first (the northern site) was located in Switzerland, around the mouths of the
rivers Ticino and Verzasca, named Bolle di Magadino cantonal nature reserve, one of
the nine internationally recognised floodplain landscapes in Switzerland. The other two
sites were located in two Italian natural areas, one (the central site) in Fondo Toce Special
Nature Reserve in Piedmont, and the other (the southern site) in the natural park of the
Ticino Valley (Bruschera Oasis, Lombardy), close to Sesto Calende municipality. The three
sampling sites covering the north-south axis of the lake were named as follows: Magadino
(M), Fondo Toce (FT) and Sesto Calende (SC) (Figure 1).

Switzerland

Ticino
inlet

Switzerland

-

Balle di Magading
46°09° 01.60" W
08°51" 25.46" E

M

Italy

FT

Fondotoce
45"56" 10.63" N
08° 29" 2696 E _
W Lombardy
 Piedemoat
SC
Sesto Calende H

45745° 13,04" N
W 0a°35° 2891"E
STy Tieino

! outlet

Figure 1. Map of the study area and location with geographic coordinates of sampling sites in
Lake Maggiore. Letters in red: M—Magadino; FT—Fondo Toce; SC—Sesto Calende. Italian regions
Piedmont and Lombardy, and the Swiss area, are presented in different colours.

Sampling inventory is summarised in Supplementary Material (Table S1).

Macroinvertebrates were collected from littoral sandy substrates by semi-quantitative
sampling through a handled net (24 cm x 24 cm, area of each replicate 576 cm?) equipped
with a 250-micrometer-mesh net and fixed with 80% ethanol (see 15 for detailed method-
ological description). In order to overcome the natural heterogeneity in the littoral zone
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of the lake and to cover a broad range of habitats that effectively represented the taxon’s
natural distribution in the lake, six replicates were collected at each site at depths between
0.50 m and 1.10 m. We determined each sampling site as unique, taking together all six repli-
cates per site (Table S1). Data on chironomid abundance at each site are open-access [47]
and were uploaded on the GBIF platform.

In the laboratory, the whole samples were sorted under a stereo-microscope and all
organisms were subdivided into main taxonomic groups. Specimens were identified at
species level, whenever possible, while the genus level was considered when available
material hindered species identification (presence of immature or poorly preserved speci-
mens). Only larval stages of chironomids were considered, adults were not captured, and
pupae were not found with the adopted sampling methodology. Density and abundance
were expressed as percentages of the total number of chironomids (relative abundance).

Chironomid larvae were first snapshotted by digital camera Optika and ProView
Digital Camera Software (Optika, S.r.l., Ponteranica, Italy). Morphological traits: head
length (HL, mm), head width (HW, mm), body length (BL, mm), and body total length
(TL, mm) were measured by Image]J free software (Wayne Rasband & contributors, NIH,
Bethesda, MD, USA, v.1.53e) to the nearest 0.01 mm. Total length (TL) was measured
from the anal setae to the beginning of the head capsule (BL) plus the length of the head
capsule (HL), from the back end to the front end of the head capsule. Head-capsule width
(HW) was set to the widest point of the head capsule [15]. Some individuals were then
wet-weighed (WW, mg) with Mettler Toledo XP105DR balance (readability 0.01 mg).

Alllarvae were identified at genus/species level using keys to European Chironomidae
larvae [48]. Each head capsule was mounted with its ventral side uppermost using water as
the mounting medium, after which they were identified under a microscope (Zeiss Axiolab
1000 %) [42,48]. Immediately after this step, the whole body (including the head capsule
recovered from the slide) was placed in a single pre-weighed aluminium crucible and then
placed in a stove at 75 °C. After 48 h, the crucibles were weighed by electronic microbalance,
Sartorius M3P (0.001 mg), and the dry weight (DW, mg) of each individual was acquired.

The number of measured and weighed individuals by genus/species is in Supplemen-
tary Material (Table S2).

2.2. Data Analysis

A taxonomic (diversity) approach was used to characterise chironomid assemblages,
including the following: measurements of taxonomic diversity, relative abundance (%), total
and mean abundances (ind. m~2), and taxonomic richness for each sampling site. Alpha
diversity [49] was expressed as the number of chironomid genera/species (S) present at
each sampling site. The Shannon diversity index (H), which accounted for both abundance
and evenness of the species, was also calculated as (1):

H = -} [(pi) x In(pi)] )

where (pi) is the proportion of each species divided by the total number of individuals
found [50]. Shannon’s equitability E(H) (the evenness with which individuals were divided
among taxa), in the range between 0 and 1, was applied to H, calculated by dividing
the value of H to InS. Beta diversity (f3), which reflects community differentiation [51],
was calculated to define the variation in diversity of chironomid assemblages among the
sites. We used a presence/absence taxa matrix to measure dissimilarities between pairs
of sampling sites to demonstrate the unique taxa per site in a pair. The higher the beta
diversity, the higher the number of different taxa and the lower the level of similarity
between the assemblages of the sites.

Trait approach (morphological and functional traits) was also applied. Size- and mass-
frequency distribution of subfamilies and of most common taxa in the lake were analysed.
Box-whisker plots to reveal data dispersion, including minimum, maximum, first quartile,
median, third quartile, and outliers, plotted as individual points, were also prepared.
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Larval weight was correlated with body-length measurements by the most com-
monly used model for length-mass regression: the power-function model. Firstly, taxon-
specific length-mass relationships using non-linear regression in the form of power function
Equation (2) were estimated:

DW = a x TL? 2)

The mass or dry weight (DW in mg) of each individual was considered the dependent
variable, while total body size or total length (TL in mm) was the independent variable in
the power function (2). Length and mass values were logarithmically transformed so the
power function became linear (3) and both models were presented.

In (DW) = In (a) + b x In(TL) 3)

Due to the constants a (intercept) and b (slope) in the model, which depend on larval
size and shape, the dry mass was estimated in a linear dimension. We hypothesised that
chironomid-trait information at species and genus level are homogenous in the whole
lake. Prior to analyses, we checked the normal data distribution (by plotting predicted vs.
observed quantiles) and homoscedasticity (by plotting predicted vs. observed residuals).
Analyses were performed in R-studio v. 4.1.3 [52] and Statistica v.8 (StatSoft 2008).

Our results were compared to other studies of chironomids that used the same model-
fitting procedure (linearized power function), but over different types of lake.

3. Results
3.1. Diversity-Based Approach

In total, thirty-ne taxa belonging to four subfamilies were identified (Table 2). The Chi-
ronominae and its tribe, Chironomini, were the most diverse and frequent taxa in Lake Maggiore.
They constituted between 10% and 75% of the chironomid abundance during the summer—
autumn season in the period of 2019-2021 (Figure 2). Individuals in subfamily Orthocladiinae
were also recorded at all three sampling sites, albeit less frequently. The relative abundances in
percentage form per identified species and taxon are presented on Figure 2.

Table 2. List of chironomid taxa recorded during summer—-autumn in 20192021 in Lake Maggiore:
(+/—): presence/absence at three sampling sites (M, FT, SC); (*): unique, site-specific species.

Sampling Site
Subfamily Tribe TAXA Mazgl\agmo Fon(c}:(zr ")l"oce Sesto( ;an:ende
Tanypodinae Pentaneurini Ablabesmyia longistyla (Fittkau, 1962)
Procladius sp. + + +
Thienemannimyia gr. * — + —
Prodiamesinae Monodiamesa bathyphila (Kieffer, 1918) + + -
Odontomesa fulva (Kieffer, 1919) * — + —
Prodiamesa olivacea (Meigen, 1818) * - + +
Orthocladiinae Cricotopus sp. + + -
Eukiefferiella sp. * - + -
Heleniella sp. * - + -
Heterotrissocladius marcidus B N B
(Walker, 1856) *

Nanocladius sp. * - - +
Orthocladius sp. + + +
Parametriocnemus sp. * - + -

Psectrocladius sordidellus
+ + +

(Zetterstedt, 1838)
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Table 2. Cont.

Sampling Site
Subfamily Tribe TAXA Ma;glcgmo Fon(c};)r ")l"oce Sesto( g:ca;ende
Chironominae Chironomini Chironomus gr. thummi (Kieffer, 1911) + + —
Cryptochironomus sp. + + +
Demicryptochironomus vulneratus + + +
(Zetterstedt, 1838)
Dicrotendipes nervosus (Staeger, 1839) - + +
Einfeldia sp.* + - —
Paracladopelma camptolabis B + B
(Kieffer, 1913) *
Paralauterborniella nigrohalteralis _ N B
(Malloch, 1915) *
Phaenopsectra sp. * - + —
Polypedilum bicrenatum (Kieffer, 1921) + + +
Polypedilum nubeculosum N N N
(Meigen, 1804)
Polypedilum scalenum (Schrank, 1803) + + +
Microchironomus tener (Kieffer, 1918) + +
Stictochironomus pictulus N N N
(Meigen, 1830)
Tanytarsini Cladotanytarsus sp. + + +
Micropsectra sp. * + — —
Paratanytarsus sp. + + -
Tanytarsus sp. + — +
0% 10% 20% 30% A0% 50% B0% T0% BO% S0% 100%

yia longystila

Chironomus gr. thummi
Cladotanytarsus sp.
Cricotopus sp.
Cryptochironomus sp.
Demicry ptochironomus vulneratus
Dicrotendipes nervosus
Einfeldia sp.

Eukieferielia sp.

Heleniella sp.
Heterotrissociadius marcidus
Microchironomus tener
Micropsectra sp.

Mon odi; bathyp hila
Nanocladius sp.

Odontomesa fulva
Orthoecladius sp.
Paraclodopeima camptaelabis
Paraiguterbornielia nigrohaiteralis
Parametriocnemus sp.
Paratanytarsus sp.
Phaenopsectra sp.
Polypedilum bicrenatum
Polypedium nubeculosum
Polypedium scalenum
Prociadius sp.

Prodiamesa olivacea
Psectrocladius sordidellus

Stictochir pictulus
Tanytarsus sp.
This imyia gr.

W Northern site (M) ™ Central site (FT) ™ Southern site (SC)

Figure 2. Relative abundance (in %) of chironomid taxa during summer—autumn in 2019-2021 by
sampling site (M—Magadino, FT—Fondo Toce, SC—Sesto Calende; species in alphabetic order).
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Some taxa were recorded only at one sampling site (Figure 2). The site-specific species
were Einfeldia sp. and Micropsectra sp. at the northern site (M), Eukiefferiella sp., Heleniella sp.,
Odontomesa fulva, and Heterotrissocladius marcidus at the central site (FT), and Nanocladius sp.
at the southern site (SC) (Figure 2).

The assemblages at all sampling sites were dominated by Chironominae: Cladotany-
tarsus sp., Cryptochironomus sp., Stictochironomus pictulus, Polypedilum bicrenatum, and P.
nubeculosum (Figure 3). Photographs of the mentum of some site-specific and rare species
(Monodiamesa bathyphila and Demicryptochironomus vulneratus) are shown in Figure 4.

Figure 3. Mentum of the most abundant chironomid taxa in Lake Maggiore: (a) Cladotanytarsus
sp., (b) Cryptochironomus sp., (c) Stictochironomus pictulus, (d) Polypedilum bicrenatum, (e) Polypedilum
nubeculosum. Photographs by the authors.
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Figure 4. Mentum of some rare and site-specific taxa in Lake Maggiore: (a) Demicryptochironomus
vulneratus, (b) Eukiefferiella sp., (¢) Heterotrissocladius marcidus, (d) Monodiamesa bathyphila, (e) Phaenop-
sectra sp., (f) Psectrocladius sordidellus. Photographs by the authors.

The local diversity of the chironomid assemblages varied from 16 taxa in the southern
part of the lake (at site SC) to 19 taxa in the northern part (site M), while the most diverse
assemblage was observed in the central part of the lake (site FT,) with a total of 27 taxa
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(Table 3). The total numbers of individuals recorded at sites M and FT were about 8-9 times
greater than that at site SC. Although the number of taxa (S) at FT was the highest, the
Shannon-Weaver diversity index (H) and equitability E(H) were comparable to those at
site M and lower than at site SC (Table 3), suggesting a decrease in the uniformity of the
specimen distribution among the taxa. In fact, only two taxa (Stictochironomus pictulus and
Cladotanytarsus sp.) contributed greatly to the total abundance of chironomids at the FT
site, with 44% and 49%, respectively.

Table 3. Diversity indices and total abundances (n. of ind.) of recorded and measured chironomid
individuals (S—number of taxa, H—Shannon diversity index, Ey—Shannon equitability; p < 0.05).

Sampling Site S H Em) n.of ind.  n. of Measured ind.
Magadino (M) 19 1.04 0.35 3777 352
Fondo Toce (FT) 27 1.06 0.32 3228 562
Sesto Calende (SC) 16 1.75 0.63 408 283
7413 1197

The beta diversity, expressed as the number of taxa unique to each sampling site,
showed that the central site (FT) was probably dissimilar (higher beta diversity) from the
other two sites (M and SC), while the M and SC seemed to be much more similar (with
lower beta diversity) (Table 4). The number of unique taxa, not held in common with the
other sites, at FT was thirteen, while the SC site’s chironomid assemblage featured only
two unique taxa. In total, 15 taxa were distinguished at the two sampling sites. The same
trend was evident in the pair of FT and M: eleven unique taxa were found at FT and only
three unique taxa were found at M, giving a total of fourteen taxa, further demonstrating
the dissimilarity between the central and the northern areas of the lake. The chironomid
assemblages in the two extreme areas of the lake, the southern (SC) and the northern,
seemed to be very similar: in total, the nine taxa (Table 4) demonstrated the dissimilarity
between the areas (three taxa unique to SC and six to M).

Table 4. The B diversity of chironomid assemblages in summer period of 2019-2021 at three
sampling sites.

Site Magadino Fondo Toce Sesto Calende
Magadino

Fondo Toce 14

Sesto Calende 9 15

3.2. Biological Traits of Chironomid Assemblages

We collected, for the first time, linear measurements and body-mass data for the
chironomids in the lake. In total, 7413 chironomid larvae were recorded, of which 1197
were measured. Variations in linear body measurements (head capsule length/width, total
body length) and in body mass (dry and wet) for different numbers of specimens per taxon
were recorded (Table S2). The frequency distribution of body size in the summer-autumn
period revealed the dominance of small-sized individuals, or the dominance of larvae
measuring between 2 mm and 6 mm among 14 size classes (at intervals of 1 mm) in the
assemblages (Figure 5a). The same trend was evident in the frequency distribution of the
body masses (Figure 5b). Among eight classes of chironomid dry mass (interval of 0.1 mg),
the smallest had the highest frequency. The dry-weight distribution appeared unimodal
and skewed right, while the frequency of the body length seemed to be slightly bimodal
(with two modes: one at 3-4 mm and another at 8-9 mm), although it was not very well
defined (Figure 5).
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Figure 5. Frequency distribution: (a) body total length (TL, mm); (b) dry weight (DW, mg) by size
class in the summer-autumn assemblages in Lake Maggiore during 2019-2021.

The body total length of the 1197 specimens belonging to the 28 taxa was in the range
0.4-14 mm, while the DW reached about 0.72 mg. Box-whisker plots at the subfamily level
revealed data dispersion, including outliers plotted as individual points (Figure 6). The size
and body masses of the subfamilies Orthocladiinae and Tanypodinae tended to exhibit a
narrower range, while the Chironominae and Prodiamesinae values were widely dispersed
(Figure 6a). The same trend was also evident for the most diverse and frequent tribe in the
lake, the Chironomini (Figure 6b).

Chironominae

Prodiamesinae

0.8 14 0.6
0.7
12
0.5
0.6
10
05 0.4
g i
0.4 -
& g
I =
£ £ 03 T
E| iy )
@ = =
0.3 =
= 6
0.2 0.2
a
0.1
0.1
2
0
-0.1 %
0 0

Orthocladiinae Tanypodinae

Chironomini Tanytarsini Pentaneurini
E TL{mm) DW(mg) Qutliers E TL{mm) DW(mg) Outliers

Figure 6. (left) Box plot of body sizes (TL, mm) and dry masses (DW, mg) of chironomids, with medians
and outliers shown at subfamily level and (right) at tribe level for Chironominae and Tanypodinae.

The summer—-autumn assemblages were characterised by the co-occurrence of the
small-sized taxa, Cladotanytarsus sp., Einfeldia sp., Nanocladius sp., Heterotrissocladius mar-
cidus, together with the large-sized taxa, Stictochironomus pictulus, the three Prodiamesinae
species, and Chironomus gr. thummi (Figure 7).

3.3. Length—Weight Relationships of Chironomid Larvae and Regression Analyses

The correlations between the linear measurements and body masses were significant,
except for the pair of head width/wet weight (Table 5). The results revealed that the larval
dry and wet weight (DW, WW) were strongly related to body length and, therefore, they
were suitable for supporting the regression models in the prediction of the biomass from
the relationship between the body length and the body mass.
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Figure 7. Mean body lengths (TL mm = sd, n = 1197) of chironomid species and genera (in alphabetic
order) in the summer—autumn assemblages in Lake Maggiore during the period 2019-2021.

Table 5. Pearson correlation coefficient (r) of chironomid linear body measurements and body masses. In
red: significant correlations (p < 0.01); HW—head capsule width (mm), HL—head capsule length (mm),
TL—total body length (mm), DW—dry weight (mg), WW—wet weight (mg); n- number of measurements.

HW (mm) HL (mm) TL (mm) DW (mg) WW (mg)
n =986 n =1197 n =1197 n =767 n =129
HW (mm) 0.86 0.67 0.49 0.56
HL (mm) 0.76 0.57 0.59
TL (mm) 0.86 0.89
DW (mg) 0.93

WW (mg)
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The strongest correlation (R = 0.93, R? = 0.86) showed a high level of significance
between the DW and the WW (Figure 8a). Therefore, the linear regression model (intercept
0.00007 £ 0.006, F = 682, df = 114) predicted the DW quite well. The average ratio of
DW/WW was 0.175, which means that the DW was, on average, around 17.5% (£10) of
the wet weight of the chironomid larva’s body. The difference between the measured
(observed) DW and estimated DW as a product of the WW (DW = 0.175 x WW) revealed
and overestimation of the DW of 57% within one standard deviation (Figure 8b).

o observed DW (mg) estimated DW (mg)

15 2,0 25 3.0 35 4.0
(a)
WW (mg)
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| ] |
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Figure 8. (a) Relationship between chironomids DW and WW (n = 115, p < 0.01); (b) difference
between observed and estimated DW (DW = 0.175 x WW) and standard deviation (+sd).

The changes in body size (considered an independent variable) were associated with
the changes in body mass in terms of the dry and wet weights (dependent variables) at the
population level (R = 0.86 for TL-DW and R = 0.89 for TL-WW) and at the genus/species
level. Thus, the null hypothesis (non-correlation) was rejected. The regression analyses
used to model the effect of the body size on the body mass were run, and the model’s
goodness of fit for the predicted values and the linearity of the model were assessed using
a residual analysis. The variance in the residuals needed to be homoscedastic or constant.



Water 2023, 15, 2730

13 of 20

We estimated the taxon-specific body-size-mass relationship using non-linear regres-
sion in the form of a power equation (see Equation (2) in Materials and Methods). These
relationships for the dominant chironomid taxa in Lake Maggiore (Cladotanytarsus sp.,
Cryptochironomus sp., Stictochironomus pictulus and Polypedilum spp.) are shown in Figure 9.

Cryptochironomus sp.

Cladotanytarsus sp.

. 0.09
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Figure 9. Power regression models for chironomid taxa: (a) Cladotanytarsus sp., (b) Cryptochironomus
sp., (¢c) Stictochironomus pictulus, (d) Polypedilum spp. (P. bicrenatum and P. nubeculosum).

The power regression was then transformed using natural logarithms, enabling TL-DW
growth curves to be summarised as linear-regression equations (see Equation (3) in Materials
and Methods). The subfamily-level regressions were also calculated. Finally, only models with
a 1% significance level were shown (Table 6). The larval body-length-weight-relationship
model for the whole chironomid assemblage (n = 766; R = 0.86; adjusted RZ = 0.74; df = 1.76)
scaled the predicted body mass.

Table 6. Regression models for length—weight relationships of larval chironomids significant at
p < 0.01; n—number of measured individuals; for the other variables, see Table 5.
In(DW) =1n(a) + b x In(TL)
Taxon n max TL (mm)  max DW (mg) R
Intercept In (a) Slope (b)
Chironomidae 766 13.69 0.72 0.86 0.74 —7.69 2.68
Tanypodinae 11 10.03 0.23 0.72 0.52 —8.47 3.09
Prodiamesinae 22 13.69 0.72 0.96 0.92 —8.68 3.21
Monodiamesa bathyphila 14 13.69 0.72 0.95 0.92 —8.50 3.1
Orthocladiinae 52 6.64 0.09 0.80 0.64 -7.71 2.53
Psectrocladius sordidellus 42 9.63 0.22 0.83 0.66 —8.51 2.94
Chironominae 688 12.9 0.64 0.88 0.77 —7.67 2.64
Cladotanytarsus sp. 175 7.45 0.082 0.63 0.3 —6.21 1.65
Cryptochironomus sp. 168 12.9 0.584 0.86 0.74 —7.82 2.77
Demicryptochironomus vulneratus 14 10.81 0.245 0.96 0.92 -9.12 3.28
Polypedilum bicrenatum 44 6.42 0.086 0.82 0.68 —7.82 2.74
Polypedilum nubeculosum 50 9.48 0.203 0.90 0.80 —8.11 291
Stictochironomus pictulus 223 12.23 0.64 0.91 0.83 —7.85 2.88
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Our results were then compared with published length-mass relationships derived
from diverse freshwater habitats (Table 7).

Table 7. Some published regression models for length—weight relationships of larval chironomid
taxa. n—number of individuals; TL—total body length; a—intercept; b—slope.

Taxon n In (a) b 2 Range TL (mm) Habitat Reference
. streams, rivers, wetlands
Diptera 43 —5.991 2.692 (USA) [32]
Chironomidae 38 —6.166 2.71 0.84 20+£6.0 streams (Canada) [37]
Tanypodinae 16 —5.181 2.00 0.62 3.0+£58 streams (Canada) [37]
Tanypodinae 6 —6.266 2.614 streams (Canada) [26,32]
. streams, rivers
Diptera 118 —4.73 2.36 0.84 2-23 (Patagonia, Argentina) [53]
. . streams, rivers
Chironomidae 7 —6.38 3.23 0.90 3-7 (Patagonia, Argentina) [53]
Chironomidae —3.219 2.26 0.67 rivers (USA) [54]
. . lake littoral zone
Chironomidae 508 —2.68 2.473 0.84 1.30-16.00 (New Zealand) [55]
. . shallow temperate lakes
Chironomidae 352 —7.00 2.59 0.90 3.12-26.58 [56]
(Germany)
Chironomini 119 —6.93 250 0.93 3.13-26.58 shallow temperate lakes [56]
(Germany)
" shallow temperate lakes
Orthocladiinae 25 —7.40 2.74 0.94 3.26-9.53 [56]
(Germany)
Tanypodinae 19 463 1.44 0.92 2241035 shallow temperate lakes [56]
(Germany)
Tanytarsini 46 5,00 1.39 0.83 2.06-9.52 shallow temperate lakes [56]
(Germany)
Chironomidae 150 —3.46 1.198 0.89 3-16 rivers (Iran) [57]

4. Discussion

Among macroinvertebrates, chironomids are a highly diverse family [58-60], and they
are considered an appropriate bioindicator group, affected by water temperature, dissolved
oxygen and organic matter concentrations [61,62], macrophyte coverage [63,64], littoral
slope [65], and water-level-fluctuation management in lakes [7,15,66], especially in large
and deep lakes characterised by strong variability in depth. Consequently, the synergy
between environmental and physical parameters is likely to determine the occurrence of
different chironomid taxa along littoral areas, shaping, in turn, the local diversity (i.e. the &
diversity) and its spatial variation (i.e. the g diversity).

As a typical deep and large temperate lake, the littoral zone of Lake Maggiore is
characterised by different types of substrate, and it is exposed to both hydrodynamic
effects [67] and anthropogenic activity, generating chemical deterioration and physical-
condition instability [46]. Although littoral areas represent a narrow band compared to the
total lake surface [59,60], they host most of its total biodiversity. In particular, during the last
decade, the biodiversity, expressed as a relative mean occurrence of macroinvertebrates, was
about 30.0 & 4.81% in the littoral zone, 25.0 = 8.61% in the sublittoral, and by 12.9 & 4.61%
in the deep areas [68], which supports the previous statement.

The richness of summer-autumn littoral chironomid assemblages is dominated by the
same taxa along the north—south axis of the lake, but with varying relative abundances.
Four out of eight subfamilies included in the European fauna [3,69] were recorded: Chi-
ronominae, Tanypodinae, Orthocladiinae, and Prodiamesinae. Chironominae, particularly
the tribe Tanytarsini, are very common in cold-water habitats [70], as are Orthocladiinae,
which are usually found in high-altitude lakes, and mostly occur in lotic and cold-water
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habitats [71,72]. Tanypodinae are often found (together with Chironominae) in all freshwa-
ter environments characterised by fine sediments of sand and silt [73], while Prodiamesinae
are considered relatively uncommon [74,75].

Among the chironomids, four taxa prevailed during the period in question: Cladotany-
tarsus sp. (4549 ind. or 61.37%), Stictochironomus pictulus (1491 ind., 20.11%), Polypedilum
nubeculosum (439 ind., 5.92%), and Cryptochironomus sp. (347 ind., 4.68%). The other taxa
were represented by relatively low abundances (<5%). Cladotanytarsus, including small- or
medium-sized chironomids, is a tubicolous taxon typical of the littoral zones of eutrophic
lakes [76,77] and depositional substrates in slow-flowing parts of rivers. They are very
tolerant of turbidity increases, sediment deposition, and, perhaps, of organic and pesticide
pollution. Stictochironomus pictulus is a burrowing species, which prefers to live in the
sandy substrates of large lakes [78]. It frequently lives together with P. nubeculosum in
meso-eutrophic lakes and in depositional zones in streams characterised by high amounts
of nutrients [42], or in oligotrophic-to-meso-eutrophic lakes and slow-flowing rivers. In fact,
the oligotrophic status of Lake Maggiore was recently confirmed based on long-term trends
in several ecological variables [46]. A very recent study [58] highlighted that three out of the
four dominant taxa (Cladotanytarsus sp., Polypedilum nubeculosum, and Cryptochironomus sp.)
in Lake Maggiore are strictly dependent on pH and dissolved-oxygen concentrations. Al-
though haemoglobin-rich species, with tube-building capacity and short generation times,
usually dominate disturbed sites, Polypedilum spp. may produce conflicting results because
it is a haemoglobin-rich genus often living in undisturbed sites, where small oxygen-poor
microhabitats are present.

Although all the sampling sites were located in protected areas, their proximity to
tributary or emissary watercourses was more likely to determine different environmental
conditions in terms of nutrients, organic matter, and conductivity [79], stressing the richness
of chironomid assemblages. The latter varied from 16 taxa in the southern part of the lake
to 19 in the northern part, while the most diverse assemblage was observed in the central
part of the lake (close to the River Toce inflow), with 27 taxa. The results were also
supported by the beta diversity. The high number of recorded unique taxa in the central
site of the lake (FT) and at the other two sites (M, SC) demonstrated high variation in the
assemblage diversity. According to some studies, the increase in the flow regime resulted in
reduced biomass and faunal changes, such as a decrease in the biomass of Stictochironomus
pictulus [80]. Due to the continuous water demand for human purposes, the low summer
precipitation, and the scarce snowfall in the last few years [81], the dominance of this
species is quite evident in summer—autumn, as a result of extreme water-level fluctuations.
However, the alfa- and beta diversity components and the Shannon diversity index of
the benthic chironomid assemblages also seemed to respond significantly to within-lake
environmental heterogeneity in a large and shallow lake [82].

The size pattern of the dominant benthic macroinvertebrates in Lake Maggiore has
never been handled, and data on the chironomid length and body mass for large and deep
lakes in temperate areas are still scarce. This was a key point in the development of species-
specific length-mass relationships (regression models), which are useful for predicting not
only the biomass and the growth rate, but also the secondary production of the most common
chironomid taxa in the lake. However, very few relationships exist among littoral chirono-
mids in European deep lakes, and these are most likely unfit for global use, as length-mass
relationships can differ between habitats due to dissimilar hydrophysical conditions [83].

This study therefore is the first to (i) demonstrate the faunistic patterns of chironomid
assemblages and changes in their diversity, (ii) consider the morphological and functional
traits of chironomids to develop species-specific length-mass relationships, and (iii) im-
prove our knowledge about the ecology of littoral chironomids in Lake Maggiore. The
combination of diversity-based approach with the trait-based approach increases our aware-
ness of species variety as an additional perspectives on biodiversity [84]. The functional
traits of chironomid larvae have so far been studied mainly by Serra et al. [3,24]. To fulfil
the requirements of sound length—-mass relationships, we collected, for the first time, data
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on the size and body mass of as many larvae as possible from 28 chironomid taxa in the
lake we studied. Chironomids undergo four larval stages and, because of the mesh size
of our net, we assume that our morphological and taxonomic observations were made on
the last two (third and four instars); this was confirmed by the slightly bimodal (3—4 mm
and 8-9 mm) frequency distribution of the total body lengths (ranging up to 14 mm).
The maximum dry mass was 0.72 mg. We did not take into consideration any possible
differences in the wet weights of alcohol-preserved or fresh organisms [85], so we estimated
that the dry mass was approximately 17% of the wet weight, which was very close to some
previously published relationships (19%) [86]. We hypothesised that the trait information
at the genus/species level were homogenous in the whole lake and did not depend on the
sampling area (microhabitat), but that they were only taxon-specific. For a given taxon, the
constants, the intercept (a), and the slope (b) were dependent on the larval size and shape,
and b was found to increase with the larval length (especially in large-sized species). Thus,
the slope varied from 1.7 to 3.3, with a slope of higher than 3 for large-sized species, such as
Demicryptochironomus vulneratus and Monodiamesa bathyphila, and of almost 3 for Polypedilum
spp., which suggests faster increases in body mass with increases in body length. According
to the literature, the b value of the mass—length curve adjusted by the power regression
model is close to 3 and ranges between 2 and 4 in aquatic invertebrates [87,88], and, in
insects, the average value of the slope tends to be lower than 3 [32,33]. In our analyses,
the highest variation among the mass predictions was observed at body lengths below
the midpoint of the length range for the small-sized taxa Cladotanytarsus sp. (slope 1.7,
R? = 0.3). In this case, the power regression models probably had quite a good fit with the
mass for the large-sized individuals compared to the small-sized individuals.

We also presented subfamily-level regressions, so they can be used when species equa-
tions are unavailable or when organisms are only identified at the subfamily level. However,
previously published models at the species or, more often, at higher taxa levels offered sugges-
tions as to how body-length-mass relationships vary in different habitats. We hypothesised
that although they are species-specific, the regression models are most likely also habitat-
specific and differ for different types of freshwater ecosystem. In contrast to the published
length—mass relationships for other regions, the species-specific regression models developed
in this study on a temperate, subalpine deep lake differ, albeit slightly. Thus, comparing
large, deep lakes to shallow, temperate lakes, the greatest difference in model pattern seemed
to occur in the subfamily Tanypodinae [89]. The variability among the models poses some
uncertainties for studies using previously published mass-length relationships. Obviously,
the best solution is to develop mass-length equations that are taxon- and habitat-specific, but
this is a really time-consuming process and frequently impracticable. These regressions can
be used to estimate mass in linear dimensions, but potential errors must be recognized. Our
results reinforce the importance of obtaining models for organisms (genus or species) from
specific geographic regions [16]. The good fits of the models suggested that the taxon-specific
equations reported here can be used to predict body mass based on size, thereby accelerating
estimations of chironomid biomass and contributing to the enlargement of the trait informa-
tion on the species included in the European database [24]. More comparative studies might
be advantageous to better grasp how these relationships vary in time and space (e.g. over
seasons and various altitudes and latitudes) and, especially, by feeding group (shredders,
filterers, collectors, predators, and scrapers), to estimate more accurately the biomass of the
dominant freshwater macroinvertebrates.

5. Conclusions

Our findings on the lengths and body-mass relationships of 28 taxa (genus/species) of
chironomid larvae confirmed the significant potential of linear body measurements in the
prediction of their biomass.

Furthermore, this first collection of trait data on summer—-autumn chironomid assemblages in a
temperate subalpine lake is a valuable contribution to the European trait-information database.
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The regression length-mass models predicting the dry masses of several common larvae
in the summer—-autumn chironomid assemblages in a deep and temperate lake could be
tested on similar types of lake.

Finally, our results on the chironomid dry—wet-weight ratio are consistent with previously
published data and support the potential application of these relationships (at both the
species and the higher-taxon-rank level) in different lake types.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15152730/s1. Table S1: Inventory of sampling periods (months in
Latin numbers) and sites with geographic coordinates WGS84; Table S2: Number of measured and
weighted specimens by taxon in alphabetic order.
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