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(EBD-CSIC), Cartuja TA-10, Edificio I, Calle 1. While long-term datasets are invaluable for tracking changes in abundance and spe-
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Email: viktor baranov@ebd.csic.s cies richness, they may still fail to fully capture the diversity of taxonomically unre-

solved groups, such as many insect taxa.

Funding information 2. Here, we used a unique 37-year (1969-2006) freshwater macroinvertebrate time
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Cientificas; Agencia Estatal de Investigacién series, collected over seven sites in central Germany, to study biodiversity patterns

and species accumulation over time. Focusing on taxonomically well-resolved insect
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Seén Gary Brady groups (Ephemeroptera, Plecoptera, Trichoptera [EPT]) versus poorly resolved “dark

taxa” (Diptera), we hypothesized that accumulation curves would saturate only in
well-resolved groups.

3. Over the study period, Diptera showed a continuous rise in both abundance and
species richness, with accumulation curves not yet reaching a plateau.

4. In contrast, EPT richness increased with no overall abundance changes, and their

accumulation curves reached a plateau despite considerably more sampled individ-

uals compared to Diptera.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.

© 2026 The Author(s). Insect Conservation and Diversity published by John Wiley & Sons Ltd on behalf of Royal Entomological Society.

Insect Conserv Divers. 2026;1-15. wileyonlinelibrary.com/journal/icad 1


https://orcid.org/0000-0001-7948-106X
https://orcid.org/0000-0002-2745-2520
https://orcid.org/0000-0003-1848-3154
https://orcid.org/0000-0002-2024-1827
https://orcid.org/0000-0001-6441-4016
https://orcid.org/0009-0006-9421-7447
https://orcid.org/0000-0003-3188-5676
https://orcid.org/0000-0001-7876-0278
https://orcid.org/0000-0003-1893-3215
mailto:viktor.baranov@ebd.csic.es
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/icad
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ficad.70112&domain=pdf&date_stamp=2026-07-16

2 Insect Con'servation
and Diversity

Royal
Entomological
Society

BAKER ET AL.

5. Our findings reveal a critical blind spot in biodiversity monitoring: highly diverse yet

poorly resolved groups like Diptera remain underrepresented, even in very long,

high-resolution time-series.

KEYWORDS

aquatic, conservation area, insect decline, insect monitoring, long-term, pristine

INTRODUCTION

Insect populations have become the focal point of biodiversity moni-
toring efforts due to widespread concerns and mounting evidence cor-
roborating their decline globally (Dirzo et al., 2014; Hallmann et al., 2017;
Van Klink et al., 2020, van Klink et al., 2022, van Klink et al., 2024;
Desquilbet et al., 2021; Kalinkat et al., 2021; Jahnig et al., 2020; Cabrer-
izo & Marainon, 2022, Boyle et al., 2025, Hallmann et al., 2025). As key
contributors to ecosystem functions, such as pollination, nutrient cycling
and food web stability, insect losses can have cascading effects across
trophic levels (Wagner et al., 2021). Detecting and interpreting insect
population trends is complicated, especially since the rapid loss of
insect biomass can distort the outcomes of monitoring activities
because richness and evenness often do not change (Baranov
et al., 2020; Enns et al., 2023). Our understanding of the long-term
interactions between abundance, evenness, and species richness
remains limited and should be improved by generating and examin-
ing long-term monitoring time-series.

Species-time relationships based on long-term sampling offer
crucial insights into gradual shifts in abundance, evenness, and rich-
ness, and can reveal whether trends are directional or cyclical. These
insights are critical for designing effective monitoring strategies that
balance taxonomic resolution, sampling effort, and spatial coverage
(White et al., 2006). Observations of long-term changes across both
megadiverse and less species-rich taxonomic groups can provide a
better understanding of the impact of long-term community turnover
dynamics, thereby allowing us to refine expectations for biodiversity
baselines and its inherent variability.

To unravel such complexity, individual-based rarefaction curves
(i.e., accumulation curves) offer a valuable framework to understand
relationships among biodiversity metrics in assemblages sampled
through time, showing how changes in abundance and evenness
combine to determine the magnitude of richness changes (Blowes
et al., 2022). For example, when evenness and abundance change in
the same direction, their effects can amplify changes in species
richness and steepen species accumulation curves. In contrast,
opposing trends in these components can counterbalance the
effects that constrain the magnitude of changes in species richness,
making biodiversity trends difficult to detect (Blowes et al., 2022).
This masking effect occurs because a decline in species evenness
may be offset by an increase in overall abundance, resulting in little
or no apparent change in species richness, even though the commu-
nity structure has shifted significantly. Thus, to address the full
scope of biodiversity trends in the Anthropocene, there is a press-

ing need for approaches that integrate multiple components of

diversity to more accurately reveal the underlying patterns of eco-
logical change.

To this end, comparing the impact of turnover dynamics on spe-
cies accumulation in taxonomically rich and taxonomically poor groups
is a promising avenue for exploration. One major constraint lies in the
difficulty of achieving species-level identification for many insect
specimens, especially in monitoring time-series. While well-resolved,
indicator groups of insects like Ephemeroptera, Plectoptera, and Tri-
choptera are favoured in monitoring programmes, a substantial pro-
portion of flying insects in fact belong to highly diverse, understudied
and poorly resolved groups, often referred to as “dark taxa” (Awad
et al,, 2025). These include, among terrestrial insects, the parasitoid
micro-Hymenoptera and “lower” Diptera (Nematocera), while only
the latter are abundant in aquatic ecosystems (Srivathsan et al., 2023).
In both terrestrial and aquatic environments, the “dark taxa” problem
impedes species-level biodiversity assessments and the subsequent
development of conservation priorities. “Dark taxa” may also distort
observed species abundance distributions by underrepresenting rare
or cryptic species, biasing estimates of evenness and richness, and
masking true ecological dynamics (Bickford et al., 2007; Buchner
et al,, 2025).

In this study, we used a unique 37-year-long quantitative dataset
on aquatic insects to better understand the influence of “dark taxa”
on abundance, richness, turnover, and accumulation patterns, by ana-
lysing differences in those patterns between two types of taxonomic
groups: a taxonomically resolved group (including Ephemeroptera,
Plecoptera, Trichoptera—hereafter “EPT”) and a taxonomically poorly
resolved group (Diptera). We showcase the unique value of long-term
monitoring sites by mobilizing a dataset on insects from the Breiten-
bach stream, in Hesse, Germany, which was continuously studied by
the Schlitz Limnological station (Max Planck Society) from 1969 to
2010 (Wagner et al., 2011). This is one of the best quantitative data-
sets on insects globally, as samples were taken at high resolution with
standardized methods (emergence traps) and identified to species
when possible. A subset of this dataset already revealed an 82%
decline in abundance in the Breitenbach in just 42 years (Baranov
et al., 2020), with other data yet to be analysed. Here, we analyse data
from seven traps along the Breitenbach, including both previously
published and unpublished data from these sites. The main objective
of the present study is to elucidate species-time relationships using
long-term datasets.

Specifically, we hypothesize that species accumulation curves will
only approach saturation in taxonomically well-resolved groups, like
the EPT. In contrast, for taxonomically unresolved “dark taxa” such as

nematoceran Diptera, we expect accumulation curves to continue

‘0 ‘86SHTSLI

pwInofSa1//:sdpy Woiy papeoy

QSUAOIT SUOWIO) dANEAIL) d[qeatjdde ayy £q PauIdA0S a1k SA[OIE Y() (2SN JO SN 10§ KIeIqI dUI[uQ) A[IA UO (SUORIPUOI-PUB-SULIA} WD K[ 1M KIRIQI[OUI[U0//:Sd1)Y) SUOBIPUO)) PUE SULId |, 3} 23S [9707/L0/1T] U0 Areiqu durjuQ Ad[Ip “I10Jud)) ANSIOAIpOLE SI[RINEN Aq 7] 0L PeOY/[ 11 1°01/10p/wod Ka[im L.



INSECT SPECIES ACCUMULATION OVER 37 YEARS

Insect Conservation
and Diversity

TABLE 1 Taxonomic group-specific trap observation periods and summary of organisms caught.
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No. Total Total species
Group Trap years abundance richness A Abund. + SE A species richness + SE A turnover + SE
Diptera A 15 53,365 274 0.67 £0.37 —0.00 £ 0.25 —-0.92 +0.27
B 36 139,662 283 0.62 +0.10 0.46 +0.08 —0.10 £ 0.06
C 13 13,641 180 1.80 £ 0.66 1.44 £ 0.48 1.22 £ 0.49*
E 17 35,569 238 1.59 £ 047 0.86 +0.31 -0.30 +0.30
G 15 105,795 294 1.00 £ 0.22 0.22 +0.16 —-1.10+0.23
I 9 2270 39 -1.19 + 048" 0.15+0.34 -0.24 +0.39
1} 10 9180 108 1.06 £0.78 1.33 £ 0.59* 1.15 £ 0.67
Overall 36 359,482 402 7.36 £ 0.15*** 3.80 + 0.08*** 0.23 + 0.08**
(Intercept) (Intercept) (Intercept)
9.99 + 1.38*** (1st 6.70 + 0.73*** (1st —2.08 +0.73 (1st
degree) degree) degree)
—2.20 £ 0.73** (2nd —-3.26 +0.63 (2nd
degree) degree)
EPT A 14 208,785 76 043 +0.17 0.00 + 0.04 0.08 +0.18
B 37 643,183 90 —0.28 + 0.05 0.02 +0.02 0.14 £ 0.06
C 13 98,689 62 —-0.76 £ 0.25 0.09 + 0.03* 0.69 +0.23
E 17 235,327 82 -0.05+0.11 0.06 + 0.04 0.06 +0.12
G 15 164,752 98 -0.07 £0.13 0.05 +0.03 0.12+0.10
| 9 117,690 51 0.86 £0.22 0.14 + 0.05 0.51+043
1} 9 116,367 53 0.62+0.23 —0.02 £ 0.04 —0.48 +0.31
Overall 37 1,584,793 115 943 +£0.11*** 3.73 £ 0.04*** —1.18 + 0.04***
(Intercept) (Intercept) (Intercept)
0.09 +0.82 0.45 + 0.13 (1st degree) 1.52 + 0.35"** (1st
(1st degree) degree)
—0.27 +0.10 (2nd —0.26 +0.34 (2nd
degree) degree)

Note: Apart from a single year of missing EPT data from trap C, all other observation periods were complete. Traps specific models indicate the change (A)
in metrics over time, while overall models were modelled with a second-degree polynomial. Significant values are shown in bold.

*p < 0.05; **p < 0.01; ***p < 0.001.

rising over time, reflecting unresolved diversity and the persistent dif-
ficulty of capturing their full species pool. By comparing abundance,
richness, turnover, and accumulation patterns between these groups,
we aim to better understand how taxonomic resolution shapes biodi-

versity assessments.

METHODS

The data forming the basis of this paper were collected at the Breiten-
bach stream, located in a German nature reserve (50°3942 N
9°37'26E) from January 1969 to December 2010. This study only
uses data collected between 1969 and 2006, to make trends of Dip-
tera and EPT communities more comparable, as collection of Diptera
data stopped 5 years before EPT did, resulting in a total observation
period of 37 years (Baranov et al., 2020).

Aquatic insects belonging to EPT and Diptera were collected on a
weekly basis throughout the 37-year observation period (1969-2006)
using stationary “greenhouse-like” emergence traps, which covered

the whole stream and part of the riparian area over a length of 12 m.
Sampling protocols transitioned in 1986: prior to this shift, all speci-
mens were manually collected from the traps on a daily basis. From
1986 onwards, collection tents were installed within the greenhouse
structures to automate the process, with insects captured in ethanol-
filled jars and retrieved at weekly intervals (Wagner et al., 2011). Sam-
ples were morphologically identified to the species level and counted
(Wagner et al., 2011). The initial dataset contained species counts
from 10 traps. The observation period for each of the traps differed in
length (Table 1). We chose to only retain traps with observation
periods of at least 9 years, ensuring robust temporal patterns could be
calculated. Consequently, all analyses were based on seven traps
(Table 1). It is important to note that when we are referring to the
“long-term dataset” we are talking about the entirety of the
Breitenbach data (all years combined), as some of the individual trap
time-series that covered less than 10 years do not strictly satisfy the
definition of “long-term data” (Lindemayer & Likens, 2010).

The Breitenbach stream and its surroundings are largely free from

direct human disturbance, except for a one-off spill of liquid
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insecticides into the Breitenbach during the summer of 1986. Follow-
ing the spill, traps A, E, and G all demonstrated a pronounced drop in
EPT abundance in 1986 but a subsequent recovery to pre-spill abun-
dance levels was observed within the next 4-5 years (Wagner et al.,
2011). Physico-chemical variables never exceeded natural background
levels, consistently staying within a “good” water quality class accord-
ing to the EU Water Framework Directive 2000. The physical-
chemical properties over time were: pH, 7.2 £ 0.6; 02, 11 + 3 mg/L;
ammonium, 0.007 + 0.01 mg/L; nitrate, 0.8 + 0.4 mg/L; and organic
orthophosphate, 0.04 + 0.05 mg/L (Wagner et al., 2011). Climate
change had a direct impact, with stream temperature increasing by
1.88°C between 1969 and 2010 (Baranov et al., 2020). Mean and
maximum annual discharge did not change significantly, but direc-
tional shifts in discharge patterns were recorded, particularly towards

more “dry” years (Dietrich et al., 2023).

Taxonomic harmonization

To ensure consistent and accurate taxonomy across all insect groups,
species names were mostly validated against the Global Biodiversity
Information Facility database (GBIF, 2025); the taxonomy of the Limo-
niidae, Pediciidae, and Tipulidae followed (Oosterbroek, 2025). When
necessary, species names were corrected to contemporary taxonomy.
The validated taxa list was thereafter presented to group-specific tax-
onomic experts for a second and final round of species name valida-
tion; the taxonomy of the Limoniidae, Pediciidae, and Tipulidae was
verified by Sigitas Podénas; the Dolichopodidae was verified by Marc
Pollet; and the remaining taxa were verified by Ridiger Wagner and
Marija Ivkovi¢. Experts provided the final species name used in all sub-
sequent analyses. A comprehensive taxa list is presented in the

accompanying dataset in the File S1.

Data cleaning and retention

All subsequent statistical analyses were conducted on EPT and Diptera
groups separately. It is important to note that only Diptera taxa identified
to the species or morphotype levels for more than 10 years were
included in our analysis, not the total Diptera emergence. Hence the Chir-
onomidae, Simuliidae, and Ceratopogonidae, while diverse and abundant
in the Breitenbach, were not considered here since samples were dis-
carded prior to identification in most of the cases (Wagner et al., 2011).
Out of the 402 Diptera taxa, 88% (354) were identified to species, while
the rest were identified to subspecies (2), subgenus (3), genus (42) or fam-
ily (1). For the 115 EPT taxa, 93% (107) were identified to species, while
the remaining 8 were identified to the genus level.

Biodiversity indices

For each validated species and operational taxonomic unit—including
taxa identified at higher taxonomic levels—we used the annual sum of
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emerged individuals to calculate overall abundance and community
metrics for both EPT and Diptera groups separately per year. Annual
sums are commonly used in studies investigating inter-annual changes
in communities (Hallmann et al. 2020). We also computed species
richness (N), Shannon diversity, and Shannon'’s evenness using the
vegan package (Oksanen et al., 2007) within the R statistical environ-
ment (R version 4.4.2, R Core Team). Inter-annual abundance-based
species turnover, as a measure of the rate and direction of change in
communities, was calculated using the codyn R package (Hallett
et al., 2016).

Data analysis

First, we separately computed diversity profiles for EPT and Diptera
using the diversity function in the SpadeR R package (Chao
et al, 2016). We used both empirical estimates as well as bias-
corrected Chao-Jost estimates to assess observed and potentially
undetected species, respectively. For each trap, we calculated Hill
numbers for orders (g) O, 1, 2, 3, where g =0 is species richness
(i.e., each species weighted equally), g =1 is Shannon entropy
(i.e., each species weighted by their abundances), g = 2 is the inverse
of Simpson entropy (i.e., more weight given to abundant species) and
q = 3 is an inverse of the dominance index (Chao et al., 2014). Chao-
Jost estimates describe the sensitivity of the different parameters of
the biological diversity (Species richness, Shannon diversity, Simpson
diversity) to the abundance of the organisms in the community.
Changes in the abundance of the organisms, and their magnitude,
allow for estimation of the theoretical values of the biodiversity
parameters. Results were then visualized along with 95% confidence
intervals.

Second, to assess sampling completeness and species richness
(g = 0) across each trap, we constructed sample-based rarefaction
curves for EPT and Diptera separately using the iINEXT function in the
iINEXT R package (Hsieh et al., 2025). For each trap, we computed
both interpolated and extrapolated rarefaction curves along with their
associated 95% confidence intervals. To allow fair comparisons across
traps with different sampling effort and frequency, we standardized
all rarefaction curves by the number of individuals sampled over the
entire observation period. Extrapolation was extended to approxi-
mately twice the observed sample size to estimate asymptotic species
richness while maintaining prediction robustness. Chao-Jost numbers
methodology followed Chao and Jost (2015).

To assess temporal trends in community dynamics, we analysed
temporal trends of abundance, species richness (g = 0), and temporal
turnover using hierarchical regression models implemented with the
glmmTMB R package (Bolker, 2019). For each response variable, we
implemented two modelling approaches. First, we constructed individ-
ual models for each trap, using year (standardized to improve model
convergence) as the sole predictor variable. Next, we constructed an
overall model which incorporated data from all traps and included
standardized year as a fixed effect (modelled as a second-order poly-

nomial to account for non-linearity in the response through time), trap
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as a random effect, and a first-order autoregressive term (AR1) to
account for temporal autocorrelation within each trap. To ensure
robustness of the overall model, pulling from as many data points as
possible, we calculated overall models only using the years for which
data from multiple traps was available. Thus, while individual trap
models span their own, trap-specific sampling period, overall models
were constructed using data collected between 1974 and 1996. The

model formulas were:

Trap — specific model : Response; ~ year,where i represents trap

Overall model : Response ~ poly(year, df) + (1|trap)
+ ar1(0 +factor(year)|trap)

A polynomial term was included to capture potential non-linearity in
the temporal trends of the response variables, and trap as a random
effect accounts for potential trap-specific variations and the nested
sampling design structure. We included trap-specific AR1 temporal
dependence structures as we assumed that observations closer in
time within each trap would be more correlated than those further
apart. Thus, the AR1 autocorrelation term accounts for this inherent
dependence.

Model distributions were selected based on the nature of the
response variables: a negative binomial distribution was used for
abundance data to account for overdispersion (initial Poisson models
were assessed to be overdispersed), while Gamma distributions were
used for species richness and Gaussian distributions for turnover, with
“log” and “logit” links, respectively. Model validation was performed
using DHARMa residual diagnostics; minor violations of model
assumptions were identified, especially in residual versus predicted
plots, and we offer the following explanations. First, we believe the
patterns observed are largely structural in nature, arising from pooling
traps with different observation period lengths and trend directions,
rather than indicating fundamental model misspecification. To address
this, we explored several alternative model specifications, including
natural splines with varying degrees of freedom, random slopes and
AR(1) autocorrelation structures and, while some alternatives partly
reduced the deviations in the residuals versus predicted plots, the
ecological conclusions remained consistent across all model specifica-
tions. We thus chose to retain the simpler polynomial models for
interpretability, given that results were robust to model choice. Sec-
ond, the quantile-quantile plots indicated adequate overall distribu-
tional fit and dispersion and outlier tests were non-significant,
supporting the reliability of our inference. Third, we note that the
DHARMa quantile regression tests used for the residuals versus pre-
dicted plots can be sensitive with moderate sample sizes. Predicted
models were visualized using ggplot2 (Wickham et al., 2016) by com-
bining predictions of both the overall and individual trap models. Since
year was included as a standardized variable in all models, model pre-
dictions were back-transformed prior to plotting to ensure values
were presented in their original units of measure.

To assess which Diptera families contributed most to their

increases in abundance through time, we assessed each trap-family
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combination across the seven focal traps (A, B, C, E, G, |, lll). For each
trap-family combination with more than one year of data, the slope
of abundance (annual total abundance per family within each trap and
year) against year was estimated using Theil-Sen median-based linear
regression with the mblm R package (Komsta, 2019). Trends were
then classified based on the sign of the estimated slope as “Increase”
(slope >0), “Decrease” (slope <0) or “Stable” (slope = 0).

To assess the relationships between changes in diversity compo-
nents (abundance, richness), we followed Blowes et al. (2022) and
computed year-on-year changes in the abundance (AN), species rich-
ness (AS), and rarefied species richness (AS,), and used Pearson’s cor-
relations to explore the relationships between AS and AS,, and AS and
AN for the entire EPT and Diptera dataset (overall), as well as on an
individual trap basis (Figures S1-54).

All data and code are available online (Baker et al., 2026).

RESULTS
Abundance, richness and turnover trends

Despite being far more abundant within the traps throughout the
entire observation period (1,584,793 ind. vs. 359,482 ind.), EPT were
much less taxonomically diverse than Diptera (115 species
vs. 402 species; Table 1). The overall abundance of EPT did not
change through time (EPT abundance estimate across all traps
between 1974 and 1996 = 0.09, SE = 0.82, p > 0.05; Figure 1), while
overall dipteran abundance strongly increased (overall Diptera abun-
dance estimate across all traps between 1974 and 1996 = 9.99,
SE = 1.38, p < 0.001; Figure 1). Overall species richness of both EPT
and Diptera tended to increase through time, though Diptera richness
trends  plateaued mid-1990s  (second-degree
polynomial = —2.20, SE = 0.73, p < 0.01) compared to EPT (second-
degree polynomial = —0.27, SE = 0.10, p < 0.01). Increases in Diptera

towards the

abundance was mostly driven by representatives of Dolichopodidae
and Psychodidae increasing in abundance over time (Table 2). Turn-
over of EPT across all traps generally increased over the observation
period (first-degree polynomial = 1.52, SE =0.35, p < 0.001),
whereas the turnover of Diptera was more complex, characterized by
an initial increase followed by a strong decline (second-degree
polynomial = —3.26, SE = 0.63, p < 0.001).

While trends summarized across all traps are important for pro-
viding overarching patterns (black lines in Figure 1), traps with differ-
ent observational periods are likely to influence overarching trends
despite our attempts to account for this in the model design. With this
in mind, trap B can be used as a proxy for changes occurring across all
traps, since it had the longest observation period which encompassed
all years in which the other traps were sampled (Table 1). Correspond-
ingly, and only focusing on the trends of trap B (yellow lines in
Figure 1), there were much clearer contrasting temporal trends of
abundance, species richness and turnover for EPT and Diptera. Specif-
ically, EPT abundance at trap B significantly declined through time
(EST = —0.28, SE =0.05, p <0.001), while Diptera abundance
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FIGURE 1 Abundance, species richness, and turnover trends of Diptera (i, iii, v) and EPT (ii, iv, vi) in seven of the longest running traps (9-
37 years) and across all traps from 1974 to 1996.
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INSECT SPECIES ACCUMULATION OVER 37 YEARS

TABLE 2 Temporal trends in abundance for Diptera families

across traps (A, B, C, E, G, |, lll).

Slope

Trap Family (change specimens/year) Trend

A Dixidae -9.92 Decrease
A Dolichopodidae 75.5 Increase
A Empididae 5.1 Increase
A Limoniidae -509 Decrease
A Pediciidae 11.2 Increase
A Psychodidae 594 Increase
A Ptychopteridae 0 Stable

A Rhagionidae —-4.8 Decrease
A Stratiomyidae —2.65 Decrease
A Tabanidae -3.58 Decrease
B Dixidae 22.6 Increase
B Dolichopodidae 34.5 Increase
B Empididae 12.2 Increase
B Limoniidae 620 Increase
B Pediciidae 27 Increase
B Psychodidae 89.3 Increase
B Ptychopteridae 12.2 Increase
B Rhagionidae -0.717 Decrease
B Stratiomyidae 0.261 Increase
B Tabanidae 0 Stable

B Thaumaleidae 0.5 Increase
C Culicidae -2 Decrease
C Dixidae -16 Decrease
C Dolichopodidae -20.5 Decrease
C Empididae -20.1 Decrease
C Ephydridae -14.3 Decrease
C Limoniidae —230 Decrease
C Pediciidae 49 Increase
C Psychodidae -1.07 Decrease
C Ptychopteridae 76 Increase
C Rhagionidae -2 Decrease
C Stratiomyidae 0.0833 Increase
C Syrphidae 0 Stable

C Tabanidae -0417 Decrease
C Thaumaleidae -0.5 Decrease
E Dixidae 39.8 Increase
E Dolichopodidae —28.8 Decrease
E Empididae —4.54 Decrease
E Limoniidae 150 Increase
E Pediciidae 39 Increase
E Psychodidae 64.4 Increase
E Ptychopteridae 61.8 Increase
E Rhagionidae 3 Increase
E Stratiomyidae -1.12 Decrease

(Continues)

B e |
TABLE 2 (Continued)
Slope

Trap Family (change specimens/year) Trend

E Tabanidae 5 Increase
G Dixidae 112 Increase
G Dolichopodidae 87.1 Increase
G Empididae 46.4 Increase
G Limoniidae 2 Increase
G Pediciidae 45.8 Increase
G Psychodidae 162 Increase
G Ptychopteridae 22 Increase
G Rhagionidae —6.33 Decrease
G Stratiomyidae 1.5 Increase
G Tabanidae -21 Decrease
| Psychodidae —-25.9 Decrease
| Stratiomyidae 0.75 Increase
i Culicidae -2 Decrease
1 Dixidae —155 Decrease
1} Dolichopodidae 754 Increase
1l Empididae 90.5 Increase
1] Psychodidae —42.5 Decrease
1} Ptychopteridae 28 Increase
1l Rhagionidae -10 Decrease
1] Stratiomyidae 34 Increase
1 Tabanidae -1 Decrease
1 Thaumaleidae -4 Decrease

Note: For each trap-family combination, the slope (change in abundance
per year) was estimated using Theil-Sen median-based linear regression
(mblm) of total annual abundance against year. Trends are classified as
“Increase” (slope > 0), “Decrease” (slope < 0), or “Stable” (slope = 0).

increased (EST = 0.62, SE = 0.10, p < 0.001). Diptera species richness
also significantly increased through time (EST = 0.46, SE = 0.08,
p < 0.001), while EPT species richness showed no strong trend
(EST = 0.02, SE = 0.02, p > 0.05). Contrastingly, the turnover of EPT
significantly increased through time (EST = 0.14, SE = 0.06, p < 0.05),
with Diptera turnover showing no significant trend (EST = —0.10,
SE = 0.06, p > 0.05).

Species accumulation curves

Across the 37-year sampling period, Diptera species richness was
249.6% higher than that of EPT, despite Diptera having 77.3% less
sampled individuals. Regardless of these stark differences in diversity,
accumulation curves of Diptera at 359,482 individuals—the total num-
ber of Diptera sampled from all traps throughout all years (vertical red
lines on Figure 2)—had not yet reached the asymptote (i.e., a plateau).
Notwithstanding the impressive and unparallelled sampling effort

needed to produce the dataset used in this study, Diptera diversity is
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8 Dy
underrepresented and undersampled. Conversely, at the same number
of individuals, the accumulation curves of EPT, for all traps, were
approaching the asymptote. The diversity of the comparatively well-
resolved EPT group was therefore effectively captured given the sam-
pling effort employed. When focussing solely on the longest running
trap, trap B, we found a similar pattern, with even much starker differ-
ences between the accumulation curves, where EPT species richness
was almost asymptotic compared to the more vertical curve of Dip-

tera (Figure 2).

Diversity profiles

There was no significant difference between the proposed (predicted)
and empirical values of the Chao-Hill numbers at quartiles 0-3
(Species richness, Shannon diversity, Simpson diversity and inverse
dominance) for EPT. Contrastingly, Diptera showed a significant dif-
ference in species richness (g = 0) and Shannon diversity (g = 1), with
empirical values being significantly lower than predicted (Figure 3).
Overall species richness of Diptera during the 36 years totalled
402 taxa, while the predicted Chao-Hill number of species was
506 (Figure 3). For the Diptera, we found significant differences
between species richness (g = 0) and Shannon entropy (g = 1) in all
traps except for “trap 17, the trap with the shortest operating time of

DIPTERA
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9 years (Table 1). For all other traps with longer time series (10-
36 years), differences between empirical and predicted Diptera diver-
sity for g = O were statistically relevant (Figure 3, Traps A, B, C, E, G,
I). Conversely, and apart from traps C (13-year operation) and G
(15-year operation), differences between empirical and predicted EPT
diversity for g = O were not statistically relevant (as indicated by over-
lapping confidence intervals), despite predicted EPT diversity always
being higher than empirical EPT diversity (Figure 3). Overall species
richness of EPT during the 37-year sampling period was 115 taxa,
while the predicted Chao-Hill number of species was 148. For higher
orders of q, empirical and predicted EPT diversity measures were
mostly congruent, except in traps | and Ill (Figure 3).

Relationships between the changes in diversity
components

Considering year-on-year changes in the abundance, species richness,
and rarefied species richness of EPT and Diptera, all pairwise correla-
tions (r) were highly significant. However, correlation strength varied
between diversity components and taxonomic groups (Figure 4). Rela-
tionships between species richness (AS) and abundance (AN) were
considerably flatter and more dispersed compared to the relationships
between species richness (AS) and rarefied species richness (AS,),

EPT
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FIGURE 2 Overall and individual rarefaction of Diptera (i) and EPT (i) across seven of the longest running traps. Solid lines represent
empirical species richness, while dotted lines represent an estimate. The vertical red line indicates the total number of dipteran individuals

captured throughout all years of sampling.
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FIGURE 3 Diversity profiles for Diptera and EPT from Breitenbach (traps that were in operation =9 years). The empirical (dotted line) and
estimated (Chao1, solid line) diversity profiles for communities as quantified by Hill numbers for values of the diversity order (q) from O to 3 with
95% confidence intervals (shaded areas based on bootstrap analysis of 100 permutations). Species richness is depicted by g = 0; Shannon
diversity by g = 1; Simpson diversity by g = 2; inverse dominance index by g = 3. | - trap A; ii - trap B; iii - trap C; iv - trap E; v - trap G; vi - trap
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which were predictably more tightly grouped (Figure 4). In Diptera,
the correlation between the temporal change in species richness (AS)
and abundance (AN) was 0.55, while the correlation between the tem-
poral change in species richness (AS) and rarefied species richness
(AS,)) was 0.82. In EPT, the pairwise correlation between species rich-
ness (AS) and abundance (AN) was 0.25, while the correlation
between species richness (AS) and rarefied species richness (AS,)
was 0.85.

DISCUSSION

We found that the accumulation curves of EPT reached a plateau
despite a rapid decline in abundance (as indicated by trap B model
results), suggesting that their true diversity was likely captured within
the 37-year observation period. Conversely, no such plateau was
observed in Diptera. This mismatch likely results from the much
higher taxonomic diversity of Diptera in the Breitenbach area, sup-
porting the underrepresentation of these taxa in biodiversity research
and suggesting a much larger proportion of rare species compared to
EPT. Our results are in line with the previous research, pointing out
that time-series length is an extremely important consideration when
attempting to disentangle past, present, and future diversity patterns
(Lindenmayer et al., 2012; White, 2019; Dolny et al., 2021, Wagner
et al., 2021).

Principally, indicator species belonging to EPT, while being more
abundant in the traps, are far less taxonomically diverse than Diptera.
Thus, while the exceptional effort employed at the Breitenbach
stream over the 37-year sampling period provided a very clear picture
of local EPT diversity, our knowledge of Diptera diversity is far from
exhaustive. Further, dipteran diversity increased throughout the
observation period, contrasting that of the sensitive indicator species
within EPT. This is a surprising result, although it parallels Baker et al.

(2021), specifically since the primary stressor to the fauna in the Brei-
tenbach is global climate change, with no other stressors directly
influencing stream conditions and the inhabiting fauna (Baranov
et al., 2020). Therefore, either the Diptera are (1) better able to cope
with the prevailing conditions caused by global climate change, “out-
lasting” the EPT, or (2) the expansion of Diptera from warmer lowland
regions has created a constant supply of new species that were able
to become established in previously unsuitable conditions. Since the
increases in Diptera we observed were driven by Psychodidae and
Dolichopodidae, mostly warm-adapted and generalist taxa with pre-
dominantly riparian or semi-aquatic detritophagous larvae (Wagner
et al., 2011), our results align more with the second explanation and
support those from Baranov et al. (2020) and Baker et al. (2021), who
both reported the expansion of the warm-adapted detritophagous
(and filtrators’) taxa.

The second possibility is also more in line with our results of
the relationships between the changes in different diversity com-
ponents, following Blowes et al. (2022). We found that both EPT
and Diptera showed strong correlations between the year-on-year
species richness change and rarefied species richness, but correla-
tions between changes in abundance and richness were much flat-
ter and less pronounced (Figure 4). We believe this difference to
be primarily driven by the contrasting community-level trends
observed between the EPT and Diptera over time. Specifically,
EPT abundance declined as turnover increased and new generalist
species arrived, at least at trap B (Baranov et al., 2020). Contrast-
ingly, Diptera abundance and richness consistently increased
through time, leading to a much higher correlation between the
change in abundance and richness in Diptera (Blowes et al., 2022).
Our results therefore corroborate previous results (Blowes
et al, 2022; Santini et al, 2017) showing tight connections
between the rarefaction of species richness and other biodiversity

components and suggest that the faster accumulation of EPT
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FIGURE 4 Pairwise Pearson correlations between different biodiversity components. Correlation coefficients (r) show change in species
richness (AS) versus change in abundance (AN) (i & iii) and change in species richness (AS) and change in rarefied species richness (AS,,) (i and iv)
for Diptera (i and ii) and EPT (iii and iv), respectively. The ellipse in each panel represents the 95% confidence ellipse, summarizing the joint
distribution of the two metrics across all trap-years under an assumed bivariate normal distribution. Points falling outside the ellipse correspond
to trap-years in the tails of the distribution (<5% of observations expected under bivariate normality).

diversity, represented by asymptotic curves, is not merely driven
by a decline in their abundances through time.

Further, life-history differences between Diptera and EPT may
also provide support for this finding. For instance, many EPT taxa are
larger, are longer lived (>1 year) and are known to actively disperse
(but at relatively short distances). Conversely, Diptera are generally
smaller, shorter lived, and disperse passively to new environments via
wind and/or stream drift (Marshall, 2012). Thus, the likelihood of

different dipteran taxa passively dispersing to new habitats, depend-
ing on different climatic processes, is higher compared to EPT. Addi-
tionally, the fact that many Diptera taxa are polyvoltine, and that their
microhabitats are more resilient to fragmentation, might have kept
Diptera turnover rates low (Wagner et al.,, 2011). This would also
explain the high turnover rates of EPT compared with Diptera,
whereby dipteran diversity is likely cumulative (newer colonizers
coexist with established species) leading to stable turnover, while EPT
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are replaced by more tolerant species of the same groups and/or
those of other groups like Diptera (Wagner et al., 2011).

Agquatic community turnover and succession

With this analysis, we obtained a comprehensive and complex picture
of the non-linear responses of biodiversity to ongoing climate change,
the primary anthropogenic driver impacting the Breitenbach stream
catchment. Overall species richness of EPT did not change signifi-
cantly, while that of Diptera increased. Species richness of Diptera
increased significantly over time, while the turnover of
Diptera increased and then decreased, similarly to the results of
Radosevic et al. (2025) obtained during a 15-year long Diptera moni-
toring campaign in a karst barrage lake system in Croatia.

Overall, these contrasting results are well aligned with the exist-
ing body of work, pointing to the displacement of specialist EPT taxa
(Dudgeon et al., 2020; Baker et al., 2021; Green et al., 2022; Dori¢
et al., 2023; Haase et al., 2023). In our previous analysis of this data-
set, we found that increasing temperatures and prevalences of dry
years drove elevated turnover of EPT taxa, mostly caused by the dis-
placement of the cold-adapted specialists with warmer-adapted gen-
eralists (Baranov et al., 2020). Previous studies have also shown that
rhithral communities, initially dominated by grazers and/or scrapers,
move towards being dominated by passive filter feeders and preda-
tors under increasing temperature and decreasing flow regimes
(Baranov et al., 2020; Dudgeon et al., 2020).

Unfortunately, our knowledge of Diptera larval traits is still insuf-
ficient, except for a few well-studied families (Caterino &
Recuero, 2024; Schmidt-Kloiber & Hering, 2025). Nevertheless, the
majority of Diptera recorded in the Breitenbach over the years
belonged to the families Empididae, Dolichopodidae, Psychodidae,
Limoniidae, and Tipulidae. As a very broad generalization, all larvae of
the Empididae and most of the Dolichopodidae are predators, while
the larvae of the Limoniidae, Tipulidae, and Psychodidae are mostly
detritophages and/or saprophages (De Jong, 2017; Grichanov &
Brooks, 2017; Jourdan et al., 2019; Kvifte & Wagner, 2017; Wagner
et al, 2011, 2024). Thus, increases in the abundance of Diptera,
mostly driven by Psychodidae and Dolichopodidae, align well with our
earlier results, demonstrating that reductions in discharge and
increases in temperatures are likely leading to the higher availability
of particulate dead organic matter, stimulating increases in passive fil-
ter feeders and predators (Baranov et al., 2020). It stands to reason,
however, that an increase in dead organic matter will not only benefit
filter feeders and predators but also detritophages and saprophages,

such as many Diptera larvae (Dori¢ et al., 2023; Marshall, 2012).
Rarefaction and taxonomic resolution
Species accumulation curves confirmed our hypothesis that Diptera,

as a poorly resolved “dark taxa” group, did not reach saturation, even

in one of the world's most comprehensive long-term freshwater

e |

invertebrate datasets. However, taxonomically well-resolved EPT taxa
showed clear saturation, suggesting their diversity was effectively
captured during the 37-year observation period. This may be due to
EPT being easier to identify, their use as indicator species, and their
comparatively low overall diversity; Forbes et al. (2018) report that
there are less than 50,000 EPT species worldwide, with 558 species
known to occur in Germany (Moriniére et al., 2017) versus 250,000
described Diptera species of which 9554 occur in Germany
(Schumann, 2010). Furthermore, based on rarefaction of the Diptera
sampled by the network of Malaise traps in Bavaria, Diptera species
richness in Germany was estimated to be at least 15,000
species (Chimeno et al., 2022).

Consequently, rare Diptera species are less likely to be sampled
and/or identified, leading to slower curve saturation. This result sug-
gests that the observed EPT diversity closely approximates their true
richness in the Brietenbach, while that of Diptera is still significantly
underrepresented. We also were able to show that the diversity of
EPT approached the plateau in the traps that ran for about ten years,
while none of Diptera curves reached an asymptote, even in the traps
running for 15-37 years. This is generally well aligned with the con-
cept of “dark diversity” (Chimeno et al., 2022; Hebert et al., 2016;
Meier et al., 2025). There is much higher undescribed diversity of Dip-
tera than EPT or any other groups of insects except for (possibly)
Hymenoptera (Forbes et al., 2018; Shirali et al., 2024; Srivathsan
et al., 2023). In contrast, Diptera abundance strongly increased over
the 37-year observation period, despite a marked drop in the “refer-
ence trap” B during the final two years of sampling (Figure 2). Thus,
similarly to the EPT, abundance and turnover changes were strongly
synchronized between traps, demonstrating that changes in the time-
series of trap B is not an accidental fluctuation, but a broader trend

reflected across the entire Breitenbach catchment.

Implications of including riparian and aquatic taxa in
group comparisons

A caveat to our rarefaction analysis is that we compared the larvae of
purely aquatic EPT taxa with families of Diptera that could contain a
mix of larvae that occur in riparian, seepage, wet wood habitats as
well as those that are fully aquatic (Wagner et al., 2011). Thus, it is
worth justifying whether the central argument of the paper—that
“dark taxa” remain undersampled compared to well-resolved taxo-
nomic groups such as the EPT—is robust when only lotic Diptera are
considered?

It is important to note that Diptera families with predominantly
aquatic larvae (e.g., Ceratopogonidae, Chironomidae, Simuliidae) were
consistently sampled in Breitenbach over the 37-year observation
period, though these taxa were only identified sporadically (one to
four years of data exists) from a limited array of traps. This was mainly
due to the lack of taxonomic specialists for these groups among the
staff of the Schlitz research station (Wagner, 1980; Wagner
et al., 2011). Therefore, we decided to remove these data prior to our

analysis. Non-biting midges (Chironomidae) are the most species-rich
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aquatic Diptera family, with over 7800 species worldwide (Pape
et al., 2011) and 781 recorded species in Germany (Schumann, 1999,
2002, 2004, 2010). The Chironomidae were sampled and identified
from the Breitenbach in 1974, 1983 and 1987, recording 210 species
(Wagner, 1980, Wagner et al., 2011). While Chironomidae were not
consistently identified within the Breitenbach samples, they
accounted for 40% of the Diptera species recorded in the stream and,
depending on the time of sampling, 38%-73% of the Diptera biomass
(Wagner, 1980). Previous research in Germany showed that the spe-
cies richness of the Chironomidae tends to be drastically underesti-
mated in most surveys, and therefore, this group can be classified as a
“dark taxon” (Chimeno et al., 2022, Chimeno et al., 2023) with DNA-
based analyses confirming their unresolved status (Macher
et al., 2025). In Chimeno (2022), rarefaction of Chironomidae Barcode
Index Numbers (BINs) from 14 malaise traps in three sites in Bavaria
showed that while only 296 BINs were recorded, the estimated num-
bers of BINs at the collection sites ranged from 463 to 897. While
BINs are no perfect analogues to species, these studies still suggest
an underestimation of the Chironomidae species richness of 80-
200% (Baloglu et al., 2018, Chimeno et al., 2022, 2023). Likewise,
78 species within the Ceratopogonidae were detected (Havelka,
1975) in our study. With ca. 200 described species in Germany alone,
and many more expected to be described in the future (Borkent
et al.,, 2024; Borkent & Dominiak, 2020; Havelka & Aguilar, 1999), the
Ceratopogonidae can also be considered a “dark taxon” and we
expect that they too remain consistently undersampled in freshwater
monitoring programmes. Thus, if more data were available, we would
expect similar rarefaction patterns for Chironomidae, Ceratopogoni-
dae and other lotic unresolved Diptera groups in the Breitenbach.

A total of 16 Simuliidae species were recorded in the Breitenbach
between 1984 and 1988 (Reidelbach & Christl, 2002), whereas
approximately 57 species are known from Germany as a whole (Seitz,
2022). As Simuliidae are human ectoparasites and vectors of some
human diseases, they are relatively well studied and therefore do not
meet the definition of “dark taxa” (Chimeno et al., 2022). Accordingly,
we do not expect a large number of undetected taxa in this group
within Breitenbach.

Thus, the estimated species richness of Diptera with purely
aquatic larvae in Breitenbach greatly exceeds that of EPT species; we
are confident that our finding of the slower saturation of the Diptera

curve would still hold, even when considering only lotic Diptera taxa.

CONCLUSION

Species accumulation in “dark taxa” appears to be very slow, with no
saturation even after 37 years of observation. This persistent under-
sampling of “dark taxa” highlights a critical blind spot in biodiversity
monitoring: even extensive, high-resolution time-series may fail to
capture their true diversity. As a result, biodiversity trend estimates,
such as shifts in abundance or diversity, may go unnoticed, obscuring
patterns of decline or increase. Their exclusion also introduces uncer-

tainty in conservation planning and limits our understanding of
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ecosystem functioning, as their ecological roles are pivotal but often
overlooked. While long-term datasets are essential, they must be
complemented by targeted approaches—including combined molecu-
lar and morphological methods—tailored to the taxonomic complexity

of the groups of interest.
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Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

Figure S1. Pairwise Pearson correlations between species richness

(AS) and change in abundance (AN) for Diptera per trap.
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Figure S2. Pairwise Pearson correlations between change in species
richness (AS) and change in rarefied species richness (AS,,) for Diptera
per trap.

Figure S3. Pairwise Pearson correlations between species richness
(AS) and change in abundance (AN) for EPT per trap.

Figure S4. Pairwise Pearson correlations between change in species
richness (AS) and change in rarefied species richness (AS,) for EPT
per trap.
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