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ABSTRACT

True flies comprise approximately one-tenth of all animal
species on Earth, yet despite their prevalence and ecological sig-
nificance in freshwater ecosystems, members of the insect order
Diptera are frequently neglected in stream studies. This absence or
inconsistency regarding Diptera in literature and taxonomic lists
may leave readers with a sense of discrepancy. To illustrate this
underrepresentation in quantitative ecological investigations, we
conducted a targeted literature-based meta-analysis, assessing the
average level of Diptera identification and the reported number of
families. These findings were compared to data from 639 quanti-
tative samples collected across six European ecoregions (Mediter-
ranean, Alpine, Continental, Balkanic, Pannonian, Boreal) during
six, bimonthly repeated sampling campaigns in 2021 and 2022.
Our analysis revealed that, compared to other macroinvertebrate
groups, Diptera were typically identified at a less detailed level,
often only to the family level, thereby failing to fully represent
Diptera diversity, especially regarding rare, less abundant families.
In our review of literature studies, we identified references to a
total of 40 families. Notably, Chironomidae, Ceratopogonidae, and
Simuliidae were consistently represented across the majority of
studies, whereas nearly half of the families were exclusively men-
tioned in one or two studies. No significant differences were found
in the number of families across continents or various habitat types.
In our case studies the number of families was significantly higher
than in European stream studies, suggesting that several rare fam-
ilies occasionally completely neglected during sampling, sample
sorting or identification. We explored potential connections among
Diptera assemblages through correlation and coexistence analyses.
Our results highlighted the significant influence of the more fre-
quent Chironomidae, Ceratopogonidae, and Simuliidae on the
presence or absence of other families. While correlations between
Diptera families were identified, attempts to develop a predictive
model for the diversity and occurrence of minor families based on
the abundance of major ones proved inconclusive. For future quan-
titative studies on macroinvertebrate communities, it is essential
to recognize, identify and incorporate less abundant Diptera fam-
ilies, even on family level, or in higher taxonomic resolution, if
possible, to enhance understanding and prevent the loss of infor-
mation concerning this compositionally and functionally uniquely
diverse insect group, which represent a significant part of the entire
community, and gain a better understanding on their interactions

with other aquatic groups.
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INTRODUCTION

With more than 159,000 species described worldwide the
order of true flies (Diptera) comprise no less than one-tenth of
all described animal species on Earth (Courtney et al., 2017),
being by far the most diverse insect group along with
Coleoptera, Hymenoptera and Lepidoptera (Zhang, 2011). In
Europe alone, nearly 19,300 species of 126 families have been
recorded (de Jong et al., 2014). Having successfully colonized
all continents, including Antarctica (Usher and Edwards, 1984),
true flies are presumably the most diverse insect order from an
ecological point of view (Kitching et al., 2005). In aquatic
ecosystems, where they inhabit all habitat types — including seas,
oceans, shoreline saline pools, all kinds of stagnant waters (e.g.,
lakes, ponds, and marshes), seepages and groundwater zones,
plant-held waters (phytotelmata), cold and hot springs and the
whole river continuum as well (Courtney and Cranston, 2015)
—more than half of the recorded insect species belong to Diptera
(Sundermann et al., 2007).

Besides its widespread distribution and exceptional diver-
sity, in many cases Diptera is the most abundant taxon in fresh-
water ecosystems (Sundermann et al., 2007), thus playing a
crucial role in ecosystem functioning. In food webs, true flies
take part in decomposition and nutrient release by consuming
large quantities of detritus, serve as essential food source for
other freshwater organisms (Smith, 1989; Hovemeyer, 2000),
and provide valuable functions as scavengers, predators, para-
sitoids, herbivores, and pollinators (Courtney and Cranston,
2015). Dipteran species show a wide range of tolerance: some
of them live exclusively in pristine habitats, while others can
tolerate various forms of environmental stress or perturbation,
and thus survive in extremely degraded habitats of heavily pol-
luted waterbodies (Lenat, 1993; Barbour ef al., 1999; Courtney
et al., 2017). Freshwater Diptera larvae are, therefore, frequently
used as bio-indicators for water quality and bioassessment stud-
ies (Paine et al., 1956; Basoren and Kazanci, 2020, and see also
references in Sundermann et al., 2007). Families Chironomidae
(Saether, 1979; Rosenberg, 1992; Timmermans et al., 1992) and
Simuliidae (Feld et al., 2002; Lautenschliager and Kiel, 2005; I1-
1€sova et al., 2008; Cuadrado et al., 2019) are traditionally the
most widely used groups applied in classifying the extent of im-
pacts on water bodies. The remarkable potential — provided by
their high diversity and ecological variability — that could be
used in ecological evaluation, is not adequately exploited, even
in the case of these better-known families. Additionally, the fam-
ily Ceratopogonidae is barely known compared to Chironomidae
and Simuliidae, even though it is often diverse and abundant in
freshwaters, including streams (Nakano and Nakamura, 2008;
Thakur ef al., 2022). Based on their dominant roles in streams,
these three families (Chironomidae, Simuliidae, and Cerato-
pogonidae) are hereinafter referred to as major families, while
the other Diptera families are referred to as minor families.

The most obvious explanation for the neglect of Diptera is
that the identification of their larvae is mostly challenging, even
achieving family level can be problematic (Smith, 1989; Oost-
erbroek, 2006; Dobson, 2013), and reaching lower taxonomic
levels (genus or species) requires significant preparatory
processes and extensive taxonomic experience (Sundermann et
al., 2007). Difficulties may also arise from the large amount of
unknown and undescribed species, the exceeding number of un-

known larval forms, poorly known habitat preference of most
of the species, and the deficiency or lack of identification keys
for many families (Sundermann et al., 2007; Dobson, 2013).

As aresult of the difficulties in the identification of their im-
mature stages, ecological studies often underestimate the impor-
tance of Diptera, or even neglect the group partially or
completely (Sundermann et al., 2007). There are numerous stud-
ies focusing on Diptera, for example, in relation to taxa that are
vectors of human and/or animal diseases (Gerhardt and
Lawrence, 2019), or restricted to those being beneficial to hu-
mans (e.g., by plant pollination or water purification) (McLean,
2000). Aspects of their ecology, however, were barely investi-
gated, compared to their significance in freshwater ecosystems
(Omelkova et al., 2013; Campos, 2015; Ivkovi¢ et al., 2015;
Polaskova et al., 2020), and most of the ecological studies re-
lated to Diptera larvae are focused only on a single highlighted
taxon (Cortelezzi et al., 2011; McCreadie and Adler, 2012; Ca-
zorla and Campos, 2020). In quantitative ecological studies
based on the whole aquatic macroinvertebrate community the
detail of identification of Diptera larvae is generally not as high
as that of other insect groups (Sarremejane et al., 2017; Milisa
etal., 2022).

We hypothesize that Diptera are underrepresented in quan-
titative ecological studies. To explore this underrepresentation,
we first examine how well stream studies describe dipteran as-
semblages and compare these with a dataset composed of 639
quantitative samples collected across six river networks spread
in different ecoregions of Europe. We then intend to model the
presence and abundances of rare and often neglected Diptera
families based on occurrence and representation of the dominant
and frequently studied ones.

METHODS

Literature search and meta-analysis

We conducted comprehensive online searches for peer-re-
viewed papers in two search platforms: Web of Science and
Google Scholar on November 4, 2022 (Tab. S1). We used the
keywords “macroinvertebrate” AND “Diptera” AND “stream”
for the first search in both platforms (in Web of Science with
and without using quotation marks, searching in the content of
‘all fields’). For Web of Science all relevant hits were checked
while in Google Scholar only the first three hundred hits were
considered. Under the same conditions, an additional search was
performed on Google Scholar covering the first 500 hits. To in-
crease the representation of Europe, we performed a second
search in Google Scholar based on “macroinvertebrate” AND
“stream” AND “Diptera” AND “Europe” keywords, where the
first 300 hits were considered. Only papers published between
2010 and 2022 were kept and listed, since taxonomical knowl-
edge, identification methods, and quality of the habitats (pollu-
tion, restoration, intermittency) changed a lot in the last decades,
so we felt older records are not comparable with recent studies
and projects. In the first step, out of all hits, unsuitable records
were excluded by title screening and duplicate records were re-
moved, which led to 214 individual documents, supplemented
by 104 documents from the additional search. They were further
selected considering four criteria: i) written in English, ii) peer-
reviewed research articles, iii) based on quantitative field studies
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of aquatic macroinvertebrates, iv) must contain information
about number of taxa and/or the number of individuals of all
macroinvertebrates, and number of taxa and/or the number of
individuals of Diptera, or the relative abundance of Diptera
within the whole community. As a result, a total of 61 papers
were finally included in the meta-analysis (Tab. S2). In addition,
the level of identification (family, genera, species), if available,
of all macroinvertebrates and of Diptera, was also extracted from
the articles.

Field study area, sampling, and sample processing

To present the composition and quantitative relationships of
stream-dwelling dipteran communities in European streams, we
rely on data from the DRYVER project (Datry et al., 2021) in
which all aquatic macroinvertebrate groups were sorted and
identified with the same thoroughness by a small team of expe-
rienced specialists. The DRyVER project focuses on drying river
networks, however, there are almost no watersheds in Europe
where at least certain sections have not dried up for at least a
short period of time, especially in the last 10 years. The studied
area covers six river networks from six countries in different Eu-
ropean ecoregions (Fig. 1): Mediterranean — Genal River, Spain
(hereinafter SP); Alpine — Albarine River, France (FR); Conti-
nental — Velicka River, Czechia (CZ); Balkanic — Butiznica
River, Croatia (CR); Pannonian — Biikkdsdi-viz River, Hungary

(HU); and Boreal — Lepséménjoki River, Finland (FI). Between
15 and 26 sites per study area added up to a total of 126 sampling
sites. Sampling was carried out through a series of six, bi-
monthly repeated sampling campaigns in 2021-2022. Due to the
intermittence of some sites in certain seasons, a total of 639 sam-
ples were taken. Qualitative, close and harvest type multihabitat
sampling was conducted at each sampling site from a selected
reach of 50-150 meters, depending on a maximum mean wetted
width of the riverbed. For a more detailed description of the case
study areas and sampling procedure see Datry ez al. (2021). After
the sorting of all collected macroinvertebrates in the laboratory
using stereomicroscopes, different groups were treated sepa-
rately and specimens were identified to the lowest possible tax-
onomic level but at least to genera, while Diptera larvae were
identified to family level according to the identification keys by
Sundermann et al. (2007), Tachet et al. (2010), Dobson (2013),
and Kriska (2013).

Data analysis

Literature-based meta-analysis: to visualize the processing
level of the literature data (the distribution between
families/genus/species) and to present the numbers of data
within each family, we used a ternary plot created with the
ggtern extension (Hamilton and Ferry, 2018) of the ggplot2
package (Wickham, 2016) in the R statistical environment (R

e Literature study sites
® DRYVER study sites

Fig. 1. Geographical location of the literature and field study sites included in the analyses over the world (bottom right) and zoomed
to Europe (top left). North America was not represented in the literature studies except for one site in Greenland.
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Core Team, 2023). The structure of data did not follow a normal
distribution it could not be achieved even by transformation.
Therefore, non-parametric methods were used for all analyses.
Mann-Whitney U, Kruskal-Wallis and Dunn’s tests were used
to compare the number of Diptera families (Ng,,) and the per-
centage distribution of Diptera within the whole aquatic
macroinvertebrate community (%p;,) among geographical lo-
cations (continent, highlands/lowlands), watercourse types
(small streams to larger rivers), and according to number of
sampling locations and sampling periods. To ensure the most
relevant comparison with our case study datasets, in addition
to representing all the processed literature studies, we also made
subsets of the European and non-European studies and a subset
of exclusively small watercourse studies within Europe.

Case study analyses and modelling: the initial dataset con-
tained Diptera abundance data (ind./m?) for 632 of the 639 sam-
ples. The data were standardized based on the size of the
sampled area (number of subunits), the number of sampling oc-
casions, and then min-max normalization was performed to en-
sure comparability. To test whether the occurrence and
abundance of selected major families can be used to predict the
occurrence and diversity of minor families, we used three ap-
proaches.

First, using correlation and coexistence analyses, we exam-
ined which families” occurrences show a relationship with each
other. Pairwise non-parametric correlation analyses (Spearman’s
r) were utilized to explore the relationships between the abun-
dance data of Diptera families. Coexistence analyses were per-
formed according to Schmera et al. (2007), Diptera families
which occurred in less than six cases were excluded from the
analysis. Altogether 10,000 random pseudo-assemblages were
generated with constant species abundances in a sample. When
an observed value of co-existence index falls in the upper mar-
ginal tail of the random distribution (2.5 percentile range) posi-
tive association can be observed between two taxa, but if its value
falls in the lower marginal tail negative association is presumed.
To map the relationship between the abundance of the major fam-
ilies, and the number of other Diptera (N o) families and the
Shannon diversity of other families (SH,¢m), We also used non-
parametric pairwise correlation analyses (Spearman’s r).

Second, pre-selecting predictor families, we tested their ex-
planatory power for the occurrence of other families. From the
initial dataset, data of families that were represented in less than
1/10 of the samples, thus considered rare, were excluded from
the analysis (Bibionidae, Blephariceridae, Cecidomyiidae,
Chaoboridae, Culicidae, Cylindrotomidae, Dolichopodidae,
Ephydridae, Fanniidae, Rhagionidae, Syrphidae and Thau-
maleidae). Families, whose abundance data could explain the
presence, absence or abundance of others were selected conse-
quently by using a series of 5-fold cross-validated Random For-
est (RF) classification algorithms (Breiman, 2001). The RF
algorithms — tuned for the best value of hyperparameter mtry
based on the AUC metric — were trained to classify the presence
and absence (decoded as binary outcome) of each family based
on the abundance data of all the other families as predictor vari-
ables. Families, with an importance higher than 75% in each
RF model were selected and retained for further analysis in case
they had an above average number of cases being part of the
selection. Retained families were used as explanatory variables,
whose effects on the abundance of other families were studied

using redundancy analysis (RDA, van den Wollenberg, 1977).

Finally, without prior ranking, we built models by including
the families that explain the occurrence characteristics of each
family significantly and to the greatest extent. The relationship
between the abundances of families that were not considered
rare were further analysed by generalized additive models
(GAMs, Hastie and Tibshirani, 1986). In these, the relation be-
tween the abundance (log) of each non-rare families, as the re-
sponse variable and the abundance (log) of all other non-rare
families, as predictor variables were examined. Predictors with
the significance of smooth terms’ p-value <0.01 were retained
for each family, and consequently used to predict their abun-
dance. Predicted abundance was then plotted by the function of
predictor family abundances. For the assessment of their effect
on the abundance of the response group, partial dependence
plots (PDPs) were created for each predictor families within a
model, and descriptive statistics (i.e. means and ranges) of the
marginal impact values on the Y-axes were compared.

Univariate tests were performed in JASP (ver. 0.16.4.0,
JASP Team, 2022) and in PAST (ver. 4.11, Hammer ef al.,
2001) software environments. Coexistence analyses were run
using a Microsoft Excel Macro, based on Schmera ez al. (2007).
RDA and GAM analyses and visualisation were performed in
the R statistical environment (R Core Team, 2023) using the
following packages: caret (Kuhn, 2008), DALEX (Biecek,
2018), ggplot2 (Wickham, 2016), ggpubr (Kassambara, 2023),
ggrepel (Slowikowski, 2023), mgev (Wood, 2011), Polychrome
(Coombes et al., 2019), stringr (Wickham, 2022), vegan (Ok-
sanen et al., 2020).

RESULTS

Diptera assemblages in literature-based studies

From the last 10 years a total of 61 publications fully met
the selection criteria and search conditions, showing a hetero-
geneous picture in time and space. The studied watercourse sec-
tions ranged from mountainous headwater streams to small or
medium-sized lowland rivers. The extent of the sampling area,
the number of sampled sites and occasions also varied from a
few sampling points on a single watercourse to a complex river
network including more than 100 stream sections, or even to a
large-scale study listing 271 sampling sites in several countries,
scheduled only one time or with monthly, bimonthly, or seasonal
sampling frequency. The included studies originated from all the
inhabited continents, there was no remarkable difference in their
number, apart from the fact that based on their area, North Amer-
ica, Africa, and Australia were underrepresented, while Europe
was deliberately overrepresented due to the optimization of the
database search (Africa 9, America 13, Asia 14, Australia and
Oceania 2, Europe 23 studies; Fig. 1, Tab. S2.)

Breakdown of the order Diptera to family or lower level
was done in 58 cases, but the exact taxonomic level to which
the Diptera specimens were identified was clearly revealed in
55 studies (in three cases there are only vague references to
this). Compared to other aquatic macroinvertebrates, where the
proportion of family-only-level identification was low (~13%
of all papers), the identification level of Diptera taxa was gen-
erally less detailed: in 14 of 55 cases (~25%) only family-level
identification was done. In 13 studies, some Diptera families
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(<30% of all found) were identified to genera at least, while in
further 16 articles most of the families (>70%) were processed
at a finer resolution, but in six of these cases the number of fam-
ilies was lower than eight. In the remaining 14 studies, genus
level identification was made for approximately half of the fam-
ilies (30-70%).

In the 61 studies evaluated in detail we found mentions of
40 Diptera families altogether, where the most frequently in-
cluded were Chironomidae (55 studies), Simuliidae (46) and
Ceratopogonidae (45) (Fig. 2), while almost half of the families
occurred in one (13 families) or two (4) studies (Tab. S2). The
average number of Diptera families in the studies was ~10+4.33
(mean+SD), ranging from 2 to 23. A quarter of the families (9,
~22%) always remained at family level and seven (~17%) were
always processed at genus level, although most of the families
(16) in these two groups were found in only one or two studies.
For the 22 families that appear more frequently in studies (>4),
species-level identification occurs in 16 cases, but in 14 of these
cases it remains below 25% (Fig. 2). For each family, the mean
proportion of studies using species-level identification is
7.1%=17.1, for the genus level it is 41.9%+34.8, while at the
family level it is 50.8%=+35.9.

The range of data (including raw data, summary data, meta-
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the available electronic supplementary materials varied widely.
While the number of macroinvertebrate taxa found was revealed
in all cases, specific data on abundances could only be found in
39 cases. It was possible to calculate the proportion of the
Diptera assemblage to the entire macroinvertebrate community
in 26 cases, but specific abundance records were only found in
18 cases. Based on this, to be able to include relevant and at the
same time representative (i.e., can be retrieved from sufficient
number of studies) characteristics in the comparisons, we ex-
cluded the raw abundance data and used 1) the number of Diptera
families detected in the given study (N,,), and ii) the proportion
of Diptera order to the whole macroinvertebrate communities
(%opi,)- Regarding these features, we found no differences be-
tween habitat types (from small streams to medium-sized rivers,
Kruskal-Wallis, Ng,,: %°=5.92, p=0.11; %, %*=0.19, p=0.98),
the number of examined sections/sites (Ny,,,: ¥>=4.08, p=0.13;
Yopip: %°=0.23, p=0.89), geographical location (among conti-
nents, treating Africa, Australia, and South-America pooled due
to the very low numbers of available data from the first two,
Ny %°=5.19, p=0.07 %p;,: %*=0.92, p=0.63), or altitude (high-
land or also including lowland sections, Mann-Whitney-U, N, .:
U=117, p=0.62; %p;,: U=34, p=0.43). Therefore, we did not use
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such breakdowns in further analyses. In seasonal sampling fre-
quency we did not detect differences in number of families but
in %p;, (1, 2-3, 4+ sampling campaigns, Ny,,: *=0.19, p=0.91;
Yopip: *=7.72, p=0.02). Since it is clearly reflecting the phenol-
ogy of invertebrates, affecting only the literature studies, we also
did not include it in the detailed analyses.

Diptera assemblages in the case studies

The N, was not significantly different among the case
study catchments (Fig. 3B; y>=8.48, p=0.12). The average N,

was ~16.8341.94, altogether 26 families were found in the six
case studies. The %y, showed much higher variance between
(¥*=20.42, p=0.001) and within the case study areas (Fig. 3D),
the average was 31.67+22.77. Families with highest abundance
were Chironomidae, Simuliidae, and Ceratopogonidae. In ad-
dition, families that occurred in all catchments, but in lower
abundances, were Pediciidae, Psychodidae, Limoniidae, Mus-
cidae, Rhagionidae, Tabanidae, Tipulidae, and Empididae.
There were some families that only appeared in one catchment:
Bibionidae (HU), Thaumaleidae (SP), Cylindrotomidae, and
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Fig. 3. Characteristics of Diptera assemblages are comparable among all type of studies, but literature studies are barely report lesser-
known and rare families, as illustrated by the comparison of the number of Diptera families (A,B), and the share of Diptera in the whole
aquatic macroinvertebrate community (C,D) in different literature and field case study groups. World, studies from all involved papers
[n=46 (A), 22 (C)]; non-Europe, literature studies from all countries outside of Europe [n=26 (A), 13 (C)]; Europe, literature studies
from Europe [n=20 (A), 9 (C)]; Eu-streams: literature studies including only low-order streams from Europe [n=15 (A), 6 (C)]; DRYVER,
field case studies from the DRYVER project [n=6 (A,C)]; CR, Croatia, Butiznica catchment; CZ, Czechia, Velicka catchment; FI,
Finland: Lepsédménjoki catchment; FR, France, Albarine catchment; HU, Hungary, Biikkosdi-viz catchment; SP, Spain, Genal catchment
(n=6 for all catchments, pooled data per sampling campaign). Lowercase letters indicating grouping based on Kruskal-Wallis tests fol-
lowed by pairwise Dunn-tests comparisons, where each panel (A-D) is to be interpreted separately.
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Chaoboridae (FI) and some that were found in two catchment
Syrphidae (CZ, HU) and Fanniidae (FR, HU). Families with
few individuals but occurring in several places were Ephydri-
dae, Cecidomyiidae, and Dolichopodidae.

Comparing literature to case study datasets

We found significant differences among the nested category
groups of literature studies in Ny, (x>=21.46, p=0.001) but not
in Yop;, ((*=5.95, p=0.28). The slightly higher values character-
ising European studies regarding Ng,., (Fig. 3A). However, N,
was significantly higher (y>=18.11, p=0.001) in DRYVER case
studies compared to any literature study groups (Fig. 3A), even
in the case of comparing the same habitat types (low order
streams from Europe). These differences are evident even if we
compare not only the pooled case study data but each case study
individually to the literature study groups (Fig. 3 A,B). Although
in the DRYVER case studies the average %, was slightly lower
than in the literature studies, but, regarding the pooled data, this
deviation was not significant (y>=5.94, p=0.2) (Fig. 3C). Com-
paring the %y, of each case study individually to themselves
and to the literature studies, there are case studies with signifi-
cantly lower mean values (Fig. 3 C,D).

Modelling relationships within
Diptera assemblages

More than 20% of the potential relationships based on cor-
relations (Fig. 4A) in abundances between Diptera families
proved to be significant, but the correlations were strong
(r>| 0‘7| ) only in two cases: between Chironomidae and Cer-
atopogonidae (positive), and between Ceratopogonidae and
Athericidae (negative). Much more positive relations (57) were
detected than negative (16). Coexistence analyses (Fig. 4B) re-
vealed 123 significant associations between families based on
their occurrence characteristics, 66 of them were negative and
57 were positive. The proportion between positive and negative
association with other families varied widely. For example, the
family Athericidae were almost exclusively negatively associ-
ated with most of the families (2 positive versus 15 negative),
similarly to Simuliidae (4:11) or Dolichopodidae (2:9). Whereas
the most abundant Chironomidae were more positively (8:2) as-
sociated with other families, and Ceratopogonidae, Psychodidae,
Tabanidae and Empididae favoured or avoided almost equal
numbers of families (9:7, 8:9, 9:8, 7:9).

The abundance of Chironomidae and Ceratopogonidae sig-
nificantly positively correlated with the number of other families
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Fig. 4. The heatmaps of correlation (A) and coexistence (B) estimates based on abundance data clearly show the families occurring to-
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(r,=0.245, p=0.006; r,=0.323, p=0.001, respectively), and nega-
tively, although not always significantly, with their diversity ex-
pressed as Shannon-index (r=-0.153, p=0.09; r=-0.323,
p=0.001, respectively). The abundance of Simuliidae not signif-
icantly negatively correlated with the number of other families
(r=-0.008, p=0.96), and significantly negatively (r~=-0.223,
p=0.01) with their diversity.

From 14 non-rare families Chironomidae, Ceratopogonidae,
and Simuliidae were identified as having the highest influence
on the presence and absence of other families. Although the

RDA scatterplot based on these three families as predictors
showed some relationships with them (Tabanidae, Psychodidae,
and Ptychopteridae were positively, while Tipulidae, Pediciidae,
and Athericidac were negatively correlated with Ceratopogo-
nidae; Pediciidae, and Empididae were positively correlated
with Simuliidae, and Athericidae was positioned far opposite to
Chironomidae), the first two axes explained only a cumulative
2.93% of the total variance (Fig. S1).

The results of GAMs (Fig. 5) showed significant relation-
ship between the abundance of several pairs of families. Al-
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though the explained deviation in these models were relatively
low in many cases (Fig. S2), they were still an order magnitude
higher than in RDA. In GAM models, different predictor fam-
ilies appeared to achieve the best explanatory power for each
family (Fig. SA). The number of predictor families varied be-
tween 2 and 8, and the degree of explained variance varied be-
tween 13-62%. The largest explained variance could be seen in
cases of Ptychopteridae, Tabanidae, Psychodidae, and Cerato-
pogonidae (Fig. 5 B-E, 49-62%), while the smallest was given
by the best model of Stratiomyidae, Tipulidae, Muscidae, and
Empididae (Fig. S2, 13-18%). No family was found that had
explanatory power in all cases (Fig. SA). Most of the selected
families showed significant explanatory power in only half of
the cases, similarly to the better-known, most abundant ones
(Chironomidae, Simuliidae, and Ceratopogonidae, 8, 6 and 6
cases, respectively, Fig. 5A). In models with the three highest
values of explained variance, the latter three appeared as a sig-
nificant predictor in only 0, 1 and 2 cases, respectively (Fig. 5
C-E), and at the same time, the Chironomidae and Simuliidae
appeared as significant predictors in Ceratopogonidae’s best
model (Fig. 5B).
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The abundance of predictor families, despite their statistical
significance, mostly had minor effects on the predicted abun-
dance of response groups/ones. The “effect sizes”, defined as
the mean and range of partial dependence values, showed vari-
ability both between and within models, and were generally
higher in models with high explanatory power (Fig. 6).

DISCUSSION

The literature meta-analysis and its comparison with the
thorough case study datasets clearly showed that members of
certain, presumably rarer, smaller, and lesser-known families are
less likely to be found in the literature studies. The numbers of
families in literature studies were lower than in the case-studies,
confirming our assumption that Diptera diversity is generally
underrepresented in stream studies. It is also clear that the iden-
tification of some better-known families - which are being rep-
resented in large numbers in the streams and are found in almost
every study - was done at a lower (genus or species) level in sev-
eral cases. Based on these facts, we tested whether it is possible
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Fig. 6. Effect sizes of predictor families based on the partial dependence of the response families also indicated that predictor families
in the final models vary widely, with their contribution to the predictions being significant but often weak.
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to predict the characteristics of neglected families based on the
occurrences and abundances of the frequently studied ones. Al-
though we have identified many connections and co-occur-
rences, which can make certain families likely to be present in
the presence of other families, and may be used for prediction
of single families, our results also showed that it is not possible
to model the expected diversity and the probability of the ap-
pearance of individual families based exclusively on common
and well-known families. These families are not, or not the only
ones, based on which we can make predictions with higher ex-
planatory power.

Literature-based meta-analysis

Despite the availability of several macroinvertebrate-based
ecological research and publications on the topic, a relatively
low number of articles, 61 out of 214+104 met all our search
criteria. The main reason for this is that a complete list of taxa
is not available in many articles, and neither the final identifi-
cation level of the taxa, nor the exact number of individuals be-
longing to a given taxa could be extracted. Our study therefore
points to the importance of OPEN DATA, as well as to the cru-
cial accessibility of basic and/or main meta-data, even though
we ourselves are also not authorized to make our data freely ac-
cessible publicly until the end of an embargo period of approx-
imately a year.

It is obvious that in most studies of the reviewed literature,
identification was done at the family or genus level (Fig. 2). One
reason for this could be the complicated and often unclear larval
taxonomy of Diptera. In some cases, even the family-level iden-
tification is problematic. For example, the superfamily Tipu-
loidea (former family Tipulidae) now includes the individual
families Tipulidae, Limoniidae, Pediciidae, and Cylindrotomi-
dae that are morphologically very similar to each other (Ooster-
broek and Theowald, 1991). In other cases, the high
morphological heterogeneity within a family combined with re-
markably similar appearance of larvae of different families due
to convergent adaptation to similar environmental conditions
makes the identification very hard (Smith and Ferrar, 2000). Es-
pecially if these families also include terrestrial forms that are
not keyed out in identification guides for aquatic Diptera (e.g.,
Ephydridae, Muscidae, Psychodidae, Scathophagidae, Syrphi-
dae, Tipulidae). In addition, reaching lower taxonomic level (i.e.,
genus or species) often requires significant preparatory
processes in case of many taxa, which cause the Diptera identi-
fication more difficult (Sundermann ef al., 2007). Another rea-
son for using lower taxonomic resolution (i.e., family level)
could be that it is suggested to be sufficient in certain cases, e.g.,
when using robust bioassessment methods, or in large scale
monitoring (de Oliveira ef al., 2020; Pires et al., 2021), despite
the controversial assessment of its efficacy (see Pires ez al., 2021
and references cited in). Excessive numbers of individuals to be
processed, even from the families that are easier to identify,
could be a relevant, although professionally less acceptable
cause of lower-level identification. This exactly happened to be
the case in our own case studies, where >400k individuals were
processed on a morphological basis. Although species level in-
formation is crucial for basic and applied ecological studies
(Heino, 2014; de Oliveira et al., 2020), the above-mentioned
facts may lead to a disproportionately frequent use of family-
level identification.

Meta-analysis and case studies

Based on the literature data, Chironomidae, Ceratopogonidae,
and Simuliidae, as major families, are the most common and most
abundant stream dwelling Diptera and the most information is
available about them, while only much more limited ecological
information is available about other, less frequent, minor families.
In accordance with the literature, our results show the prevalence
of Chironomidae, Simuliidae and Ceratopogonidae too, as they
were the most frequent and abundant families occurring in all stud-
ied areas with the largest numbers of individuals.

The number of Diptera families (Ng,,) and the proportion of
Diptera individuals in the whole community (%yy;,) were similar
in literature studies. In contrast, the Ng,,, was significantly higher
in our case studies than found in the literature (Tab. S3). As our
stream types were in concordance with published studies, we only
suspect that the details of sampling protocols could be responsible
for the observed inconsistences in this parameter. First, during the
sample processing in our case studies, a highly detailed sample
sorting was performed under stereoscopes, allowing to find small
individuals and rare taxa with higher probability. In contrast, quan-
titative samples are often pre-sorted in the field and sub-sampled
in the lab, which can result in the more likely loss of small indi-
viduals and rare taxa (Friberg et al., 2006), which could lead to a
great loss of information. Second, in most cases no up-to-date keys
were used for Diptera, and taxonomic changes often were over-
looked in the literature. For example, in older keys, used in many
papers included in our analysis, the families Tipulidae, Limoniidae
and Pediciidae were treated as one family, which might contribute
to a lower number of families. However, the number of families
was so much higher in our case studies than in the literature, that
adding one or two families to the literature checklists hardly can
have effects on our results. Third, even the family-level identifi-
cation could be complicated due to the inadequate identification
literature and comprehensive keys, caused by, beyond the unclear
taxonomy, the flexible definition for aquatic Diptera (Dobson,
2013). Some Diptera families consist of taxa with merely aquatic
larvae, while others contain aquatic, semi-aquatic and terrestrial
representatives as well (Nilsson, 1997; Hovemeyer, 2000). In
some cases, identification keys do not completely overlap in types.
For example, Chaoboridae, Culicidae, Dixidae, Ptychopteridae,
Simuliidae, and Thaumaleidae are the exclusively aquatic families
according to Nilsson (1997), while Dobson (2013) lists the family
Blephariceridae as exclusively aquatic too. Moreover, especially
in the case of mainly terrestrial families that contain only a few
semi-aquatic species (e.g., Fanniidae, Scatopsidae, Cecidomyi-
idae, efc.), different keys include different families, such as in those
used in our study (Sundermann et al., 2007; Tachet et al., 2010;
Dobson, 2013; Kriska, 2013). Accordingly, families to be consid-
ered as aquatic might depend on the identification keys used by
researchers, and that can not only contribute to differences in the
taxa-lists, but might also lead to information loss (e.g., when a
questionable family occurs in a sample, but excluded from further
analyses because it is not mentioned or classified as aquatic in the
key used). However, some newly published identification keys in-
clude a recent revision of Diptera families which can help classify
larvae as aquatic or semi-aquatic (Faasch, 2015; Fusari et al.,
2018; Lencioni et al., 2023). In our case studies we took all fam-
ilies included in at least one of the used keys into consideration.
The more accurate identification combined with detailed sorting
might lead to the higher number of families. This result highlights
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that sorting process without sub-sampling and using multiple de-
termination keys are essential to avoid information loss despite
being time and energy consuming.

Although the Ny, was higher, the %y, showed lower values
in the case studies than in the literature studies. For the first as-
sumption, the higher number of families would lead to higher num-
ber of individuals, but since rare taxa were also included, the
increased number of families did not significantly influence the
number of individuals. Since samplings in the literature studies
were performed in different seasons and did not intend to cover
the entire vegetation period, phenology can also be in the back-
ground of lower %, values. In case of summer samplings (Gao
et al., 2014), lower numbers of early swarming species from other
insect orders, like Ephemeroptera, Plecoptera, and Trichoptera
would be collected, causing higher relative abundance of Diptera.
Another reason for lower %y, values could be that different inver-
tebrate groups were also involved in each study found in literature.

The generally fewer macroinvertebrate groups included in
other studies, especially the lack of occasionally abundant groups,
like Oligochacta (Docile et al., 2016), may result in higher %y,
values than in our own case studies. However, it is difficult to de-
termine whether an invertebrate group that was not included in the
taxa list did really not occur in the sample or was ignored in the
study for any other reason showing false information on the rela-
tive abundances. Crustacea, for example, was not included at all
in many studies (Narangarvuu ef al., 2014; Docile et al., 2016;
Alemneh et al., 2017; BartoSova et al., 2019; Aazami et al., 2020;
Debiasi et al., 2022). Different studies defined different inverte-
brate groups as ‘aquatic macroinvertebrates’: in some cases, for
example Cnidaria (Ono et al., 2020), Acarina (Marchamalo et al.,
2018), Lepidoptera (Korte, 2010; Docile et al., 2016) or Collem-
bola (Souto et al., 2011; Docherty et al., 2018; Marrochi et al.,
2021) were included, while in other cases these were not. Although
these groups are usually not represented in high numbers, collected
specimens may affect the total abundance and the %y;,. Data un-
traceability makes it even more difficult to figure out these facts,
highlighting the importance of the availability of basic data or
main metadata for a better understanding of aquatic communities.

Modelling relationships within
Diptera assemblages

Our literature meta-analysis also revealed that no studies
have focused on the relationships between presence and abun-
dance of stream dwelling Diptera, so we provide here the first
information on their co-occurrence and correlation patterns. As
we defined Chironomidae, Ceratopogonidae, and Simuliidae as
major families, we examined the occurrence of other families in
connection with them as well. It should be mentioned, however,
that although Chironomidae and Simuliidae are among the most
studied and relatively better-known families (Armitage et al.,
1995; Currie and Adler, 2008), Ceratopogonidae is still a poorly
understood one, while others are even more insufficiently known
(Wagner et al., 2008), making the further evaluation of our re-
sults merely provisory.

Our results showed a strong positive relationship between
Ceratopogonidae and Chironomidae, and negative relationships
between both these families and Simuliidae. It is not surprising,
since Ceratopogonidae and Chironomidae can be found in large
numbers in pools and shallow, slow-flowing parts of streams (Ar-
mitage et al., 1995; Szadziewski et al., 1997), while Simuliidae

is exclusively connected to running waters (Currie and Adler,
2008). Furthermore, we can distinguish a Chironomidae/Cerato-
pogonidae-related assemblage (including Culicidae, Dixidae, Psy-
chodidae, Ptychopteridae, Tabanidae). In contrast, although there
were other families that are typically connected to running waters
(e.g., Athericidae, Pediciidae), these did not form a distinguishable
assemblage along with Simuliidae as they were negatively corre-
lated with it, or positively correlated with Chironomidae and/or
Ceratopogonidae too. Other minor families also did not show clear
connection with the three major families. The diversity of species’
autecology and habitat preference can be very high within a single
family (Nilsson, 1997; Oosterbroek, 2006), and family-level iden-
tification might blur the species-specific ecological differences,
resulting in the unclear co-occurrence patterns observed. Our re-
sults suggest that identification to taxonomic levels more precise
than family is essential for better understanding the underlying
processes behind organisation of Diptera assemblages (Heino,
2014; de Oliveira et al., 2020).

We found that the higher the number of individuals of Chi-
ronomidae and Ceratopogonidae, the higher the number of co-oc-
curring families, but the lower their Shannon diversity (i.e., the
assemblage of a few common and less frequent taxa). It shows
that the habitats suitable for the major families are suitable for
many minor families too, but these families appear as rare with
higher probability. The diversity of the assemblage of the minor
Diptera families is lower with the high abundance of Chironomi-
dae and Ceratopogonidae, but we did not find any connection with
the abundance of Simuliidae. Although the underlying processes
are not clear, it suggests that Chironomidae and Ceratopogonidae
might be more usable than Simuliidae in predicting the occurrence
of minor Diptera families.

Our most crucial question, which promises practical implica-
tions, was whether it is possible to model the occurrence and abun-
dance of rare, often lesser-known, and hardly recognized minor
families in the stream-dwelling community based on those of com-
mon, abundant, and often better-known major families. If this was
possible, in the case of any community, it would be possible to
specify, either in advance or in retrospect, which previously neg-
lected families can be expected to occur. The RDA clearly showed
that by considering the three most abundant families together, only
a tiny fraction (<3%) of the variance of the entire assemblage can
be explained, meaning that it is not possible to reliably estimate
abundance characteristics for any families based exclusively on
their co-occurrence. Our other idea was whether there is a general
combination of families that describes the abundances of minor
ones with an acceptable probability and a sufficiently high ex-
planatory power, and if there is, what role the major families play
in it. When the explanatory variables (families) were chosen ob-
jectively for GAMs, the best models had higher explanatory pow-
ers (13-62%), and the relationship between certain families could
be strongly assumed. At the same time, the characteristics of each
family was always explained by a unique combination of different
families. In other words, a general model with the same combina-
tion of predictor families cannot be set up, and the role of major
families in these models are comparable with that of the other fam-
ilies. It means that in order to reveal and understand complex eco-
logical processes in streams, it is necessary to involve the minor
families, too.

Regrettably, acquiring the requisite expertise for a compre-
hensive identification of Diptera remains an elusive goal. A more
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realistic solution lies in the establishment of robust DNA Bar-
code Reference Libraries (Morinicre et al., 2019; Weigand et
al.,2019). Using molecular tools (eDNA, metabarcoding), these
databases can facilitate the analysis of DNA extracted from
sorted samples or preservative alcohol, enabling a more accurate
characterization of the hidden diversity, and holding potential
significance for bioindication purposes. A notable technical chal-
lenge is applying these molecular tools to past samples already
catalogued and archived in collections, but at the same time, this
would enable the re-evaluation of historical communities by in-
corporating taxonomic groups, such as Diptera, that were pre-
viously underestimated.

CONCLUSIONS

Based on the result of a literature meta-analysis and its com-
parison with focused case studies, the underrepresentation of true
flies, Diptera within macroinvertebrates became evident in stream
studies, both in terms of diversity and abundance. This is espe-
cially true for the rare, less abundant, minor families, but also af-
fects the major ones. Mapping the relationship between individual
families may provide intimation for modelling the occurrence of
certain families, however, a general model that can reliably predict
the presence and abundance of minor families based on a few well-
known major taxa cannot be established. Therefore, in quantitative
or semi-quantitative studies of entire macroinvertebrate commu-
nities, it is still necessary to implement a very thorough sorting of
samples taking all dipterans, especially the minor families with
the lowest possible level of identification, into account to avoid
significant loss of information in the abundance and biomass of
this compositionally and functionally very diverse group that
forms a significant part of the entire community. In the near future,
DNA barcoding based on almost full-coverage reference libraries
may make the identification of Diptera much easier, although the
determination of their abundance will remain a critical and neces-
sary step for a long time.
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Fig. S1. Redundancy analysis scatterplot reveal very minor impact of the predictor families on abundances of several but not all families, indicating the

lack of a general rule.

Fig. S2. Results of the Generalized Additive Models for families where best models show lower explanatory power.
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