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Insect abundance and diversity are declining worldwide. Although recent research found
freshwater insect populations to be increasing in some regions, there is a critical lack of data
from tropical and subtropical regions. Here, we examine a 20-year monitoring data set of
freshwater insects from a subtropical floodplain comprising a diverse suite of rivers, shallow
lakes, channels and backwaters. We found a pervasive decline in abundance of all major
insect orders (Odonata, Ephemeroptera, Trichoptera, Megaloptera, Coleoptera, Hemiptera
and Diptera) and families, regardless of their functional role or body size. Similarly,
Chironomidae species richness decreased over the same time period. The main drivers of this
pervasive insect decline were increased concurrent invasions of non-native insectivorous fish,
water transparency and changes to water stoichiometry (i.e., N:P ratios) overtime. All these
drivers represent human impacts caused by reservoir construction. This work sheds light on
the importance of long-term studies for deeper understanding of human-induced impacts on
aquatic insects. We highlight that extended anthropogenic impact monitoring and mitigation
actions are pivotal in maintaining freshwater ecosystem integrity.

Keywords: damming/reservoir construction fish invasion, freshwater ecosystems, human

impacts, insect decline, neotropical

1. Introduction

Globally widespread declines in insect populations have garnered much recent scientific and
public attention [1,2]. However, nuanced analysis of these global trends revealed complex
and divergent patterns among regions, different taxonomic groups and between freshwater
and terrestrial insects [3,4]. Whereas freshwater ecosystems include some of the most
threatened biota worldwide [5,6], a recent meta-analysis found freshwater insect populations
to be increasing, in contrast to declining terrestrial insects [7]. This apparent recovery of
freshwater insect populations is possibly driven by more effective policy and improving
water quality in some temperate regions. Yet this work has suffered from a significant lack of

data from tropical and subtropical regions [4,8,9].

Tropical and subtropical freshwater insects are threatened by multiple stressors [5]. These
regions have some of the highest rates of human population growth, increasing resource
demands and economic development, globally [10]. Consequently, rapid land-use changes for
agricultural expansion and dam building for hydroelectric power and water extraction [11,12]
have led to habitat degradation, changing hydrological regimes, disrupted nutrient dynamics
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and the introduction of non-native species [6]. Although these regions contain the vast
majority of global insect diversity [13], the impacts of these threats on tropical and

subtropical freshwater insects are poorly understood, due to a paucity of long-term studies.

Here, we examine one of the most comprehensive monitoring data sets of subtropical
freshwater insects, spanning 20 years of data. We aimed to determine the long-term changes
in species richness of Chironomidae (Diptera) and abundance of major functional feeding
groups of insects inhabiting a suite of freshwater habitats from the Upper Parana basin,
including channels, backwaters, shallow lakes and rivers [12]. This system of diverse
freshwater habitats, which drains much of south-central South America, has been impacted
by the construction of over 150 dams across its tributaries [11,14]. Reservoir construction can
impact insect communities from the bottom-up by disrupting hydrological and nutrient
dynamics [12,15], and from the top-down by removing natural geological barriers, such as
waterfalls, facilitating invasions of insectivorous fish [16]. Thus, we aimed to determine
whether environmental factors associated with these changes negatively influence
abundances of freshwater insects and species richness of a diverse family Chironomidae. To
determine potentially different responses of functional and taxonomic groups to these
anthropogenic impacts, we compared temporal changes in chironomid richness and
abundances of seven major insect orders and eight insect families, comprising shredders,
grazers, gatherers, scrapers, filter feeders and predators of varying body sizes. Taking into
account that larger organisms from higher trophic levels (e.g., Odonata, Megaloptera) are
among the most sensitive and vulnerable taxonomic groups [17,18], we predicted that their
abundances will be more strongly impacted by human-induced changes compared to smaller

organisms.

2. Material and Methods

(a) Sampling and data description

We analyzed a 20-year (2000-2019) dataset from a long-term ecological research program
(PELD-Sitio PIAP), carried out in the Upper Parand River Floodplain, Brazil (20°40'-
22°50'S; 53°10'-53°24'W). The region is situated within a protected reserve with no
agricultural areas in the surroundings. Physicochemical analyses of water did not detect
heavy metals or other pollutants in the studied ecosystems (D.A. Moi, unpublished data). We
took four annual samples, once during summer, spring, autumn, and winter (except for years
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2001, 2003, 2016, 2017, 2018, and 2019, which were sampled twice annually, in summer and
winter due to funding constraints), of insects, non-native fish and environmental variables.
Samples were collected from 12 independent environments, comprising three rivers, six
shallow lakes, two channels and one backwater (Figure S1). All sampling was performed

simultaneously at the same sites, following a standard protocol.

Aquatic insect larvae were collected following a standard methodology [19]: three samples
were obtained from each environment, including two samples at both sides and one in the
center, using a Petersen sampler (0.0345 m?). The collected insects were identified to order
(Coleoptera, Megaloptera, Hemiptera, Trichoptera, Odonata and Ephemeroptera) or family
level (Ephemeroptera: Baetidae, Caenidae, Leptophlebiidae; Diptera: Dolichopodidae,
Chaoboridae, Ceratopogonidae, Culicidae and Chironomidae) by expert taxonomists.
Chironomidae larvae were additionally identified to morphospecies level by an expert
taxonomist. We calculated insect abundance (order, family) and Chironomidae species
richness per m? captured in each environment during each sampling over 20 years. These
insect orders and families comprised all key functional feeding groups, including predators,
shredders, scrapers, grazers, gatherers and filter feeders, and spanned a wide range of body
sizes, from small (e.g., Culicidae, Chaoboridae, Chironomidae) to large organisms (e.g.,

Megaloptera, Ephemeroptera, Trichoptera).

Time-matched with the insect collections, we took water samples from each aquatic
environment to quantify nutrient concentrations (total phosphorus and total nitrogen; pg L)
and turbidity (NTU). Total nitrogen (N) was analyzed through the persulfate method [20] and
determined in a spectrophotometer in the presence of cadmium, using a flow-injection system
[21]. Total phosphorus (P) was measured according to Golterman et al. [22]. Turbidity was
measured using a turbidimeter (LaMotte, Chestertown, MD, U.S.A). We also measured water
level (m) using a fixed water level ruler. All these variables can indicate human-induced
disturbance, such as damming (low turbidity and depth) and underlying changes in nutrient

dynamics.

Recent studies have reported a decrease of native fish diversity associated with accelerated
invasions of the non-native fish over time [23,24]. We sampled these non-native,
insectivorous fish in each aquatic environment using two gear types: seines and gillnets. We
used two standard gillnets, which were 10-m long, each with 11 mesh sizes (2.4, 3,4, 5, 6, 7,
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8, 10, 12, 14, and 16 cm from knot to knot). The gillnets were stitched and tied together,
making a 20 m-long set that was deployed from the margin to the middle of each
environment for 24 hours. Simultaneously, a 20 m-long seine net with a mesh size of 0.5 cm
was used in the littoral zone of the lakes for 24 hours. We identified the non-native fish to
species level using their historical records according to specialized literature [25-27]

(electronic supplementary material, Table S1).

(b) Statistical analysis

To evaluate the temporal dynamics of each insect group in each environment, we applied
generalized additive mixed effects models (GAMMs) with the Gaussian family, using
restricted maximum likelihood (REML) as smoothness selection [28]. We used environment
type and the sampling month nested within year as random factors, year as a continuous
predictor, and insect abundance (all orders and families), chironomid richness, and
environmental variables as response variables. Normality and homoscedasticity were verified
using graphical inspections (QQ plots and residual plots). When necessary, we log-
transformed the response variables prior to each analysis to achieve normality of the residuals
and homogeneity of the variances. The analyses were conducted using the gamm4 function of
the package gamm4 [28] and the graphs were built using the stat smooth(method = ‘gam’)
function in ggplot2.

To determine the main drivers of insect decline, we used a model selection approach. We
compared the set of candidate models consisting of every environmental driver individually
or in combination (turbidity, nitrogen, phosphorus, water level, as well as abundance and
richness of non-native fish) as predictor variables (Table S2), and insect abundance and
chironomid richness as response variables. A null model was also included into the model
selection (Table S2). We checked the multicollinearity between the environmental drivers by
calculating the variance inflation factor (VIF) for each predictor. VIF > 3 indicates possible
collinearity but was not present in our data (all relationships had VIF < 2). The set of
candidate models was constructed using a linear model and contrasted using corrected Akaike
Information Criteria (AICc) and AICc weights (wi) [29]. We considered an evidence ratio > 2
(AAICc < 2) to identify the most plausible model, using the function /Ctab of the bbmle
package [30] (Table 2). All analyses were performed in R [31]. Data are accessible in [32].
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3. Results

All insect orders evaluated, regardless of their body size and functional group, decreased
consistently in abundance over the last 20 years (Figure 1, Table 1). Abundance of all Diptera
families, including Dolichopodidae, Chaoboridae, Ceratopogonidae, Culicidae and
Chironomidae, also decreased over the 20-year period (Table 1, Figure S1). Similar results
were observed for Chironomidae species richness (Table 1, Figure S1), and for the three
Ephemeroptera families analyzed, namely Baetidae, Caenidae and Leptophlebiidae (Table 1,
Figure S2). In contrast, the abundance and richness of insectivorous non-native fish increased
over the same time-period (Figure 2, Table 1). While turbidity decreased, nitrogen
concentration and N:P ratios of the water increased over time (Figure 2, Table 1). However,
water depth and phosphorus concentration did not change over the same 20-year period

(Table 1, Figure 2, Figure S3).

The model selection revealed that a combination of increased richness of non-native fish and
water N:P ratio, and decreased turbidity, were the key drivers of decline of almost all insect
groups (Table 2). Two exceptions included Trichoptera and Ceratopogonidae, which were

largely influenced by an increase in N:P ratios and invasions of insectivorous fish (Table 2).

4. Discussion

This study revealed a pervasive decline of aquatic insect abundance (across all studied
orders) and chironomid richness over a 20-year period, in a suite of subtropical freshwater
ecosystems in the Upper Parand floodplain. There were similarly strong declines for all taxa,
comprising different functional feeding groups, including predators, filter feeders, scrapers,
gatherers, grazers, and shredders. These findings, from a major South American waterway,
contrast with a recent meta-analysis [7], suggesting a global increase in aquatic insect
abundances over time, based primarily on temperate studies. The main drivers of the declines
detected here were a combination of decreased turbidity, and increased invasions of non-
native insectivorous fish and changes in N:P stoichiometry over time. All these drivers

exemplify human impacts caused by reservoir construction [12,23,24].

Decreased turbidity, which translates to increased water transparency, is closely related to
sediment and nutrient deposition upstream, trapped by reservoir cascades built in the Upper
Parana basin [12]. In concert with increasing water transparency, the upper Parana River
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floodplain underwent massive fish invasion caused by a hydroelectric power plant built
downstream, which removed their natural geographical barrier (a set of waterfalls) separating
the Lower from the Upper Parana River [16,23,24]. The increase in non-native predators and
water transparency likely strengthened the top-down control of insect prey which, bearing a
dark integument, had reduced ability to camouflage. Freshwater transparency is a key factor
mediating predator-prey encounter rates [33]. Therefore, increased encounter rates and
predation pressure over 20 years must be considered as a potential underlying mechanism

explaining the decline of aquatic insects in the Upper Parana basin.

Changes in water stoichiometry was another important driver of insect decline. It is known
that reservoir construction has strong impacts on river flow and nutrient dynamics [34]. In
particular, reservoirs increase the N:P ratio of river discharge, largely due to increased
in-reservoir N-fixation [15] and decreased P via upstream sedimentation [12]. Although we
did not observe temporal shifts in P concentrations in pooled environments, such changes
have been reported for several aquatic environments in the Upper Parand floodplain [12].
These changes result in a stoichiometric imbalance towards increasing N saturation [35] with
consequent changes in ecosystem productivity [15,34,36]. This may lead to a change in the
phytoplankton composition [36], and likely changed the availability of nutrients to primary
producers [37], making them suboptimal resources for primary consumers. Changes in the
elemental composition of primary producers can create elemental imbalances between
consumers and their resources with negative consequences for energy transfer among trophic
levels, including insects. Indeed, increased N:P ratios such as those observed here (N:P >>
16) can cause P-limitations in phytoplankton and periphyton, thus reducing primary
productivity in shallow subtropical lakes [35,38]. Thus, the inundation of adjacent lowlands
by the Parana river, connecting it with floodplain environments during the seasonal flood
pulse [39], contributes to changing N:P ratios and productivity in the shallow floodplain
environments. We show that these hydrodynamics have potential bottom-up cascading effects

in the food web, leading to insect decline.

Aquatic insects underpin several key functions and services that freshwater ecosystems
provide to tropical and subtropical regions. These include detritus processing and
biogeochemical cycling, bioturbation, biological control, and food sources that fuel and
stabilize aquatic and terrestrial food webs [40,41]. Therefore, long-term anthropogenic
impact monitoring and mitigation strategies are pivotal in maintaining freshwater ecosystem
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integrity. Here we showed that reservoir constructions resulted in less productive
environment for aquatic insects and in habitats with stronger predation by non-native fish.
This highlights the importance of more careful planning of reservoir construction and the
need for long-term studies to evaluate impacts on aquatic insect abundances and diversity, as
well as the drivers of such decline, which are still poorly understood [3]. Our findings from
the Upper Parana floodplain, which is among the biggest floodplains in South America,
suggest that aquatic insects from subtropical ecosystems are likely more threatened by human

activities than those from temperate regions [7].

Funding. GQR was supported by The Sao Paulo Research foundation (FAPESP, grants
2018/12225-0 and 2019/08474-8) and by a CNPq-Brazil productivity grant. DAM received a
scholarship from the Brazilian National Council for Scientific and Technological
Development (CNPQ: Proc. No. 141239/2019-0). PK and GQR acknowledge funding from
the Royal Society, Newton Advanced Fellowship (grant no. NAF/R2/180791). PAPA
received postdoctoral fellowship funding from FAPESP (Proc. # 2017/26243-8). LNN was
supported by the Natural Environment Research Council [NE/L002485/1]. RPM is a

productivity researcher receiving grants from CNPq.

Acknowledgements. The authors thank the two anonymous reviewers for their valuable
suggestions. The authors acknowledge all NUPELIA staff for the several years of work
collecting these data, and the Programa Ecoldgico de Longa Duragao (PELD—CNPq).

References

1. Sénchez-Bayo F, Wyckhuys KAG. 2019 Worldwide decline of the entomofauna: A
review of its drivers. Biol. Conserv. 232, 8-27. (d0i:10.1016/j.biocon.2019.01.020)

2. Vogel G. 2017 Where have all the insects gone? Science 356, 576-579.
(doi:10.1126/science.356.6338.576)

3. Wagner DL, Grames EM, Forister ML, Berenbaum MR, Stopak D. 2021 Insect decline
in the Anthropocene: Death by a thousand cuts. Proc. Natl. Acad. Sci. 118.
(doi:10.1073/pnas.2023989118)

4. Jahnig SC et al. 2020 Revisiting global trends in freshwater insect biodiversity. Wiley
Interdiscip. Rev. Water p. 1506 (doi:10.1002/wat2.1506)

5. Ormerod SJ, Dobson M, Hildrew AG, Townsend CR. 2010 Multiple stressors in
freshwater ecosystems. Freshw. Biol. 55, 1-4. (doi:10.1111/.1365-2427.2009.02395.x)

http://mc.manuscriptcentral.com/bl



270
271

272
273
274

275
276
277

278
279
280

281
282
283

284
285
286

287
288
289

290
291

292
293
294

295
296
297

298
299
300

301
302
303

304
305
306

307
308

Submitted to Biology Letters Page 10 of 18

6. Strayer DL, Dudgeon D. 2010 Freshwater biodiversity conservation: Recent progress
and future challenges. J. North Am. Benthol. Soc. 29, 344-358. (d0i:10.1899/08-171.1)

7. Van Klink R, Bowler DE, Gongalsky KB, Swengel AB, Gentile A, Chase JM. 2020a.
Meta-analysis reveals declines in terrestrial but increases in freshwater insect abundances.
Science 368(6489), 417-420. (doi: 10.1126/science.aax9931)

8. Desquilbet M et al. 2021 Comment on "meta-analysis reveals declines in terrestrial but
increases in freshwater insect abundances. Science 370, (6523), eabd8947.
(doi:10.1126/science.abd8947)

9. Van Klink R, Bowler DE, Gongalsky KB, Swengel AB, Gentile A, Chase JM. 2020b.
Erratum: Meta-analysis reveals declines in terrestrial but increases in freshwater insect
abundances. Science 370, eabf1915. (doi:10.1126/science.abf1915)

10. Raven PH, Wagner DL. 2021 Agricultural intensification and climate change are rapidly
decreasing insect biodiversity. Proc. Natl. Acad. Sci. 118, €e2002548117.
(doi:10.1073/pnas.2002548117)

11. Agostinho AA, Gomes LC, Thomaz SM, Hahn NS. 2004 The upper Parana river and its
floodplain: Main characteristics and perspectives for management and conservation. Up.
Paranda river its floodplain Phys. Asp. Ecol. Conserv., 381-393. Backhuys Publishers, Leiden

12. Roberto MC, Santana NF, Thomaz SM. 2009 Limnology in the Upper Parana River
floodplain: Large-scale spatial and temporal patterns, and the influence of reservoirs.
Brazilian J. Biol. 69, 717-725. (doi:10.1590/s1519-69842009000300025)

13. Stork NE. 2018 How many species of insects and other terrestrial arthropods are there on
Earth? Annu. Rev. Entomol. 63, 31-45. (doi:10.1146/annurev-ento-020117-043348)

14. Stevaux, JC, Martins, DP, Meurer M. 2009 Changes in a large regulated tropical river:
The Parana River downstream from the Porto Primavera Dam, Brazil. Geomorphology,
113(3-4), 230-238. (d0i:10.1016/j.geomorph.2009.03.015).

15. Akbarzadeh Z, Maavara T, Slowinski S, Van Cappellen P. 2019 Effects of damming on
river nitrogen fluxes: A global analysis. Global Biogeochem. Cycles 33, 1339—1357.
(doi:10.1029/2019GB006222)

16. Julio-Jr HF, Tos CD, Agostinho Angelo Antonio, Pavanelli CS. 2009 A massive invasion
of fish species after eliminating a natural barrier in the upper rio Parana basin. Neotrop.
Ichthyol. 7, 709-718. (doi:10.1590/S1679-62252009000400021)

17. Brose, U., Dunne, J.A., Montoya, J.M., Petchey, O.L. Schneider, F.D. 2012. Climate
change in size-structured ecosystems. Phil. Trans. R. Soc. B 367, 2903-2912.
(doi:10.1098/rstb.2012.0232)

18. Conti L, Schmidt-Kloiber A, Grenouillet G, Graf W. 2014 A trait-based approach to
assess the vulnerability of European aquatic insects to climate change. Hydrobiologia 721,
297-315. (doi: 10.1007/s10750-013-1690-7)

19. Petsch DK, Pinha GD, Dias JD, Takeda AM. 2014 Temporal nestedness in Chironomidae
and the importance of environmental and spatial factors in species rarity. Hydrobiologia 745,

9

http://mc.manuscriptcentral.com/bl



Page 11 0of 18

309

310
311
312

313
314
315

316
317

318
319
320
321

322
323
324

325
326

327
328
329

330
331

332
333

334
335

336
337
338

339
340
341
342
343
344
345
346
347
348

Submitted to Biology Letters

181-193. (doi: 10.1007/s10750-014-2105-0)

20. Bergamin H, Reis BF, Zagatto EAG. 1978 A new device for improving sensitivity and
stabilization in flow injection analysis. Analytica Chimica Acta 97,427-431.
(doi:10.1016/S0003-2670(01)93455-5)

21. Giné¢ MF, Bargamin FH, Zagatto EAG, Reis BF. 1980 Simultaneous determination of
nitrate and nitrite by flow injection analysis. Analytica Chimica Acta 114, 191-197.
(doi:10.1016/S0003-2670(01)84290-2)

22. Golterman HL, Clymo RS, Ohmstad MAM. 1978 Methods for physical and chemical
analysis of freshwater. Blackwell Scientific, Oxford.

23. Moi DA, Alves DC, Figueiredo BRS, Antiqueira PAP, Mello FT, Jeppesen E, Romero
GQ, Mormul RP, Bonecker CC. 2021b Non-native fishes homogenize native fish
communities and reduce ecosystem multifunctionality in tropical lakes over 16 years. Sci.
Total Environ.769, 144524. (doi:10.1016/j.scitotenv.2020.144524)

24. Moi DA, Romero GQ, Antiqueira PAP, Mormul RP, Mello FT, Bonecker CC. 2021a
Multitrophic richness enhances ecosystem multifunctionality of tropical shallow lakes. Funct.
Ecol (doi: 10.1111/1365-2435.13758)

25. Graga WJ, Pavanelli CS. 2007 Peixes da planicie de inundagdo do alto rio Parana e area
adjacentes. Eduem, Maringd, 241 p.

26. Ota RR, Depra GC, Graga WJ, Pavanelli CS. 2018. Peixes da planicie de inundacao do
alto rio Parana e areas adjacentes: revised, annotated and updated. Neotropical Ichthyology.
16, 1-111. (doi:10.1590/1982-0224-20170094)

27. Froese, R., & Pauly, D. (Eds.). 2000 FishBase 2000: Concepts designs and data sources
(Vol. 1594). WorldFish.

28. Wood, S., Scheipl, F. 2020 Generalized Additive Mixed Models using 'mgcv' and 'lme4'
(https://cran.r-project.org/web/packages/gamm4/gamm4.pdf).

29. Burnham KP, Anderson DR. 2002 Model selection and inference: a practical
information-theoretic approach. 2nd Edition ed. New York: Springer.

30. Bolker B, R Development Core Team (2020). bbmle: Tools for General Maximum
Likelihood Estimation. R package version 1.0.23.1. https://CRAN.R-
project.org/package=bbmle

31. R Core Team. 2020 R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.

32. Romero GQ et al. 2021 Pervasive decline of subtropical aquatic insects over 20 years
driven by water transparency, non-native fish and stoichiometric imbalance. Dryad,
Dataset, https://doi.org/10.5061/dryad.4b8gthtcO

33. Turesson H, Bronmark C. 2007 Predator—prey encounter rates in freshwater piscivores:
effects of prey density and water transparency. Oecologia 153, 281-290. (doi:
10.1007/s00442-007-0728-9)

10

http://mc.manuscriptcentral.com/bl


about:blank
about:blank
about:blank
https://doi.org/10.5061/dryad.4b8gthtc0

349
350
351
352

353
354
355

356
357
358

359
360
361

362
363
364

365
366
367

368
369
370

371
372
373

374

Submitted to Biology Letters Page 12 of 18

34. Maavara T, Chen Q, Van Meter K, Brown LE, Zhang J, Ni J, Zarfl C. 2020 River dam
impacts on biogeochemical cycling. Nat. Rev. Earth. Environ. 1, 103—116
(doi:10.1038/s43017-019-0019-0)

35. Elser JJ et al. 2007. Global analysis of nitrogen and phosphorus limitation of primary
producers in freshwater, marine and terrestrial ecosystems. Ecol. Lett. 10, 1135-1142. (doi:
10.1111/5.1461-0248.2007.01113.x)

36. Pineda A ef al. 2020 Damming reduced the functional richness and caused the shift to a
new functional state of the phytoplankton in a subtropical region. Hydrobiologia 847, 3857—
3875. (doi: 10.1007/s10750-020-04311-0)

37. Stevens CJ, David TI, Storkey, J. 2018 Atmospheric nitrogen deposition in terrestrial
ecosystems: Its impact on plant communities and consequences across trophic levels. Funct.
Ecol., 32, 1757-1769.

38. Ferragut C, Rodello AF, Bicudo CEM. 2010 Seasonal variability of periphyton nutrient
status and biomass on artificial and natural substrates in a tropical mesotrophic reservoir.
Acta Limnol. Bras. 22 (4), 397-409 (https://doi.org/10.4322/actalb.2011.005)

39. Thomaz SM, Bini LM, Bozelli RL. 2007 Floods increase similarity among aquatic
habitats in river-floodplain systems. Hydrobiologia 579, 1-13. (doi:10.1007/s10750-006-
0285-y).

40. Recalde FC, Breviglieri CPB, Romero GQ. 2020 Allochthonous aquatic subsidies
alleviate predation pressure in terrestrial ecosystems. Ecology 101, e03074.
(doi:10.1002/ecy.3074).

41. Peralta-Maraver et al. 2021. The riverine bioreactor: An integrative perspective on
biological decomposition of organic matter across riverine habitats. Sci. Total Environ., 772,
145494. (doi:10.1016/j.scitotenv.2021.145494).

11

http://mc.manuscriptcentral.com/bl


about:blank

Page 13 of 18 Submitted to Biology Letters

Table 1. Generalized additive mixed effects models (GAMMs) examining the temporal
trends on abundance of several insect orders and families, on Chironomidae species richness,
and on environmental variables. Year is the fixed effect, whereas environment type and
month nested within year are the random factors.

Source of variation F P R, djusted

Insect orders

Coleoptera 16.54 <0.001 0.42
Megaloptera 9.43 <0.001 0.31
Hemiptera 10.21 <0.001 0.24
Trichoptera 12.9 <0.001 0.09
Odonata 3.21 0.032 0.09
Ephemeroptera 9.68 0.002 0.11
Diptera families

Dolichopodidade 21.19 <0.001 0.05
Chaoboridae 9.73 0.002 0.11
Ceratopogonidae 9.45 <0.001 0.19
Culicidae 9.07 <0.001 0.24
Chironomidae (abund.) 17.28 <0.001 0.26
Chironomidae (richness) 10.25 <0.001 0.39
Ephemeroptera families

Baetidae 72.9 <0.001 0.37
Caenidae 47.02 <0.001 0.38
Leptophlebiidae 64.97 <0.001 0.4
Environmental variables

Water depth 1.7 0.126 0.02
Turbidity 15.5 <0.001 0.04
Nitrogen concentration 15.61 <0.001 0.3
Phosphorus concentration 1.61 0.3 0.01
N:P ratios 8.69 <0.001 0.18
Invasive fish abundance 29.04 <0.001 0.13
Invasive fish richness 59.84 <0.001 0.11
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outcomes of the model selection performed using corrected Akaike Information Criteria

(AICc) to assess the different contributions of water depth, turbidity, nitrogen, phosphorus,
N:P ratio, invasive fish abundance, invasive fish richness and combinations of these

predictors (the full models are presented in the Table S2) on decline of insect orders and
Diptera families. Model selection was performed using function ‘/Ctab’ in ‘bbmle’ package.

AAICc = difference between the model with the lowest score and subsequent models. Only

the best subset models (AAICc <2) are presented.

Page 14 of 18

Response Models AICc  AAICc df Weight
Insect orders
Coleoptera (i) Turbidity + Invasive fish richness + N:P ratio 720.7 6 0.84
Megaloptera (1) Turbidity + Invasive fish richness + N:P ratio 650 6 0.65
(i1) Invasive fish richness + N:P ratio 651.2 1.3 5 0.35
Hemiptera (1) Invasive fish richness + N:P ratio 637.1 0 5 0.72
(i1) Turbidity + Invasive fish richness + N:P ratio 639.1 1.9 6 0.28
Trichoptera (1) Invasive fish richness + N:P ratio 649.9 0 5 0.74
Odonata (1) Invasive fish richness + N:P ratio 629.9 0 5 0.58
(i1) Turbidity + Invasive fish richness + N:P ratio 630.6 0.6 6 0.42
Ephemeroptera (1) Turbidity + Invasive fish richness + N:P ratio 751.3 0 6 0.55
(i1) Invasive fish richness + N:P ratio 752.1 0.7 5 0.38
Diptera families
Dolichopodidade (1) Invasive fish richness 533.4 0 3 0.23
(i1) Invasive fish richness + N:P ratio 533.7 0.2 5 0.203
(iii) Invasive fish abundance 533.7 0.3 3 0.197
(iv) Turbidity + Invasive fish richness 534.3 0.8 4 0.151
(v) Turbidity + Invasive fish richness + N:P ratio 534.3 0.8 6 0.15
Chaoboridae (1) Invasive fish richness 676.1 0 3 0.301
(i1) Invasive fish richness + N:P ratio 676.2 0.1 5 0.287
(iii) Turbidity + Invasive fish richness + N:P ratio 677 0.9 6 0.189
(iv) Turbidity + Invasive fish richness 677.5 1.4 4 0.15
Ceratopogonidae (1) Invasive fish richness + N:P ratio 667 0 5 0.64
Culicidae (i) Turbidity + Invasive fish richness + N:P ratio 619.8 0 6 0.5
(i1) Invasive fish richness + N:P ratio 619.8 0 5 0.5
Chironomidae (abund.) (1) Invasive fish richness + N:P ratio 798.4 0 5 0.465
(i1) Invasive fish richness 799.8 1.4 3 0.236
(iii) Turbidity + Invasive fish richness + N:P ratio 800.3 1.8 6 0.185
Chironomidae (richness) (i) Invasive fish richness + N:P ratio 461 0 5 0.503
(i1) Turbidity + Invasive fish richness + N:P ratio 461.2 0.2 6 0.449
Ephemeroptera families
Baetidae (1) Turbidity + Invasive fish richness + N:P ratio 600.5 6 0.961
Caenidae (i) Turbidity + Invasive fish richness + N:P ratio 579.7 0.97
Leptophlebiidae (i) Turbidity + Invasive fish richness + N:P ratio 577.7 0.996
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Figure captions

Figure 1. Average abundance of Coleoptera (a), Megaloptera (b), Hemiptera (c), Trichoptera
(d), Odonata (e), and Ephemeroptera (f) over 20 years in 12 different environments
(backwater, channels, lakes and rivers) in the Parané floodplain. Solid orange lines and
orange shadings are the model fitting (using ‘gam’ function) and 95% confidence intervals,
respectively.

Figure 2. Average water depth (a), turbidity (b), nitrogen concentration (c), nitrogen to
phosphorus (N:P) ratio (d), invasive fish abundance (e), and invasive fish richness (f) over 20
years in 12 different environments (backwater, channels, lakes and rivers) in the Parana
floodplain. Legend indicating the environments is presented in the Figure 1b. Solid orange
lines and orange shading are the model fitting (using ‘gam’ function) and 95% confidence
intervals, respectively.
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