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Joachim Pander ", Luis Habersetzer'", Roser Casas-Mulet’? and Juergen Geist'*

! Aquatic Systems Biology Unit, TUM School of Life Sciences, Technical University of Munich, Freising, Germany, 2Department of
Infrastructure Engineering, School of Engineering, University of Melbourne, Parkville, VIC, Australia

An increase in river water temperatures is being detected worldwide, with some
predictions of an up to 4°C rise by 2050. Such stream temperature increase is likely to
affect aquatic communities, with predicted declines and range shifts of cold stenothermic
species and a facilitated dispersal and population development in temperature-tolerant
species, including invasive ones. This study analyzed how thermal changes affect
macroinvertebrate community compositions in three differentiated thermal regions
within a single stream system. In each thermal region, we used standard surber
sampling in combination with in-stream cross-exposure experiments, comparing the
thermal response of native vs. non-native gammarids (Gammarus roeseli and
Dikerogammarus  villosus). Macroinvertebrate species composition was highly
dependent on temperature, with indigenous gammarids preferring colder sites and
invasive ones such as D. villosus being dominant at higher temperatures. Species
composition was also strongly affected by season, substratum and the presence of
macrophytes. In light of climate change, consideration of shifts in community composition
highly driven by temperature needs to become integrated with biological response
patterns related to morphological and flow degradation, chemical pollution and fine
sediment. Such an approach is crucial for the effective conservation and restoration of
native biodiversity and for a realistic prediction of the ability to reach policy targets for
aquatic ecosystems.

Keywords: climate change, spatio-temporal thermal variability, water temperature, invasive species, gammarids,
thermal heterogeneity

1 INTRODUCTION

An increase in stream water temperatures is being detected worldwide because of global
warming. Mean increases of at least 0.5°C per decade have been observed (Daufresne et al.,
2004; Durance and Ormerod, 2009; O’Reilly et al., 2015; Liu et al., 2020; Niedrist and Fiireder,
2020). As global warming continues, stream temperature predictions suggest rises of 1.5°C by
2030, and, in some regions of the world, up to 4°C by 2050 (Wanders et al., 2019). Increased water
temperatures in rivers can be accelerated by anthropogenic structures like weirs and dams, which
slow the flow and promote warming of the upper water layers (Schneider et al., 2013; Zaidel et al,,
2021). Water temperature is directly related to oxygen concentrations which are crucial for biota

Frontiers in Environmental Science | www.frontiersin.org 1

April 2022 | Volume 10 | Article 869396


http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.869396&domain=pdf&date_stamp=2022-04-13
https://www.frontiersin.org/articles/10.3389/fenvs.2022.869396/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.869396/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.869396/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.869396/full
http://creativecommons.org/licenses/by/4.0/
mailto:geist@tum.de
https://doi.org/10.3389/fenvs.2022.869396
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.869396

Pander et al.

Temperature Drives Macroinvertebrate Community Composition

(1) Sampling:
~ %
A4
= ” (2) Cross-experiment:

prd &
@ > 2
'§;‘TS'}‘/“’ ~7 Q\) il ~

FIGURE 1 | Schematic view of the study concept including the dual experiments related to (A) the sampling of macroinvertebrates, and (B) cross-exposure of
selected MIV, and the hypotheses they each addressed. Colored pictograms of gammarids (orange = Dikerogammarus villosus and blue = Gammarus roeselii) represent

the species used in the cross-exposure experiment.
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in these systems (Piatka et al., 2021). Greater seasonal variation
in water temperature and higher temperature extremes in
summer can result in severe stress on riverine organisms
(Durance and Ormerod, 2009; van Vliet et al., 2013), with
cold stenothermic species being most heavily affected
(Fullerton et al., 2018). Consequences include the decline of
cold-water adapted native species and a potential increase of
opportunistic invasive species (Daufresne et al., 2004;
Haidekker and Hering, 2008; Rahel and Olden, 2008).
While cold-stenothermic fishes such as salmonids can
quickly move to more oxygen-rich cold-water patches
(reviewed in Smialek et al., 2021), these suitable thermal
habitats likely become scarcer, more distant and less
accessible in future climatic scenarios (Kuhn et al., 2021).
For other organisms such as macroinvertebrates (MIV)
during the aquatic phases of their life cycles, reaching
potentially cooler water may even be harder given their
limited mobility compared to fish, which may leave them
more exposed to short-term extremes in water temperature.
Especially in hot and dry summers, when the predicted
maximum temperatures have the potential to exceed the
upper tolerance levels of many MIV species (Leigh et al,
2015), pronounced changes in MIV community composition
can be expected (Lento et al.,, 2021). MIV play a key role in
regulating functional processes in streams and are an essential
food source for higher trophic levels (Wallace and Webster,
1996; Huryn, 1998; Ruetz et al., 2002). Therefore, MIV
community changes may have consequences for the entire
food web and the resilience of riverine ecosystems.

The effects of thermal-induced seasonal changes in stream
community composition are not fully clear. Still, shifts driven by
species-specific thermal tolerances, especially in those having
their entire life cycle in aquatic environments—such as
gammarids—(Kolding and Fenchel, 1979), should be expected.
Gammarids are ideal indicators to study stream temperature
effects in aquatic habitats given their functional importance
for these systems (Boecker and Geist, 2015) as well as their
sensitivity to habitat structure and temperature, with clearly
different thermal thresholds between species (Wijnhoven et al.,
2003; Cottin et al., 2012; Halle et al., 2016).

The aim of this study was to analyze how spatio-temporal
thermal changes may affect MIV communities, placing special
emphasis on the comparison of native vs. non-native gammarids
(Gammarus roeselii and Dikerogammarus villosus, respectively).
We carried out sampling in combination with a cross-experiment
(Figure 1) in a single restored stream system with three
differentiated thermal regions [TR: cold (C), intermixed (I)
and warm (W)] during spring and summer, to test the
following hypotheses:

1) Differences in temperature between the three thermal regions
will result in pronounced differences in MIV abundance and
community composition.

Such differences in community composition will be most
pronounced during the warmest season when maximum
water temperatures and upper temperature tolerance
thresholds of certain species are reached. During these
periods, we expect 1) a decrease of temperature-sensitive
taxa as water temperatures approach their upper thermal
limits; 2) an increase of species with greater temperature
tolerances (often non-indigenous species) as they will be
able to colonize warmer habitats.

Specifically, native vs. non-native gammarid species (with
more and less sensitivity to upper thermal limits,
respectively) will show differentiated mortality rates under
different thermal regions based on their thermal tolerances.

2

~

3

~

In order to test our three hypotheses, we designed a dual
experiment (Figure 1) to differentiate spatial vs. seasonal
thermal effects on overall macroinvertebrate community
composition and the targeted gammarids. The dual
experiment consisted of 1) the characterization of the in-
situ macroinvertebrate community during two seasons in
three thermal regions (TR) of an interconnected stream
system (hypotheses I and II), and 2) a cross-exposure of
two gammarid species typically found in that stream system
to investigate their survival in the 3 TR (hypothesis III), using
standardized exposure to ambient stream water in the so-called
“salmonid-egg floating boxes” (SEFLOBs, Pander and Geist,
2010).
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FIGURE 2 | Overview of the study area with referenced thermal regions and habitats. Surber samples were taken at marked white and black dots (GR- and MP-
dominated habitats, respectively), displayed in the top warm = W, C = cold and | = intermixed panels. The second row of W, C, and | panels displays the thermal regime
assessed in spring using UAV thermal imaging before the sampling started (26 May 2020) with noticeable differences in water temperature between habitats. Base
orthophoto: Landesamt fir Digitalisierung, Breitband und Vermessung (2020).
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TABLE 1 | Characterisation of the three different thermal regions (TR) cold, intermixed and warm. Temperature, dissolved oxygen, pH and electric conductance are given

as means.

Cold TR Intermixed TR Warm TR
Temperature ['C] 15.5 16.9 19.3
Stream-morphology Run Run Run
Max. depth [m] 1.2 1.4 1.0
Width [m] 7.0 75 7.5
Dissolved oxygen [mg L] 7.79 7.92 8.21
Electric conductance [uS cm'] 568 532 470
pH 7.79 7.92 8.21
Discharge [m3 s7'] 0.7 1.0 0.7
Grain D10 NA NA 2.4
Grain D50 9.6. 16.3. 10.5.
Grain D90 28.3. 48.4 32.3
Macropyte coverage spring/summer [%)] 50/65 69/77 30/44
TABLE 2 | Abiotic water parameters measured at the thermal regions (TR) during the study.

Cold TR Intermixed TR Warm TR

Date 1 2 3 4 1 2 3 4 1 2 3 4
T-min (°C) 12.0 12.2 12.3 16.3 13.7 12.9 12.0 16.3 16.1 151 15.3 19.0
T-mean ('C) 13.3 13.9 15.8 171 156.2 156.2 17.4 18.7 17.4 16.9 20.0 21.9
T-max (°C) 16.0 16.5 18.2 18.3 18.1 18.0 20.3 20.5 191 20.6 23.9 24.4
PH 7.89 7.82 7.74 7.72 8.03 7.95 7.86 7.85 8.35 7.99 8.41 8.08
O, (mg L-1) 8.59 6.73 5.68 5.43 9.54 7.96 6.85 6.51 10.79 9.42 10.37 8.06
05 (%) 86.4 68.6 70.1 58.5 99.5 83.0 75.0 Yans 119.0 99.9 123.6 92.6
EC (S cm-1) 594 587 554 536 555 520 531 523 495 413 474 499
v (m s-1) 0.38 0.26 0.31 - 0.38 0.29 0.33 - 0.59 0.57 0.34 -

Dates of measurement: 1) May 28th, 2) June 19th, 3) July 31st, and 4) 4th August 2020.

2 MATERIALS AND METHODS
2.1 Study Sites

The study area was located in a restored floodplain of the upper
River Danube near Ingolstadt, southern Germany (Figure 2;
River Danube, river km 2,472; Stammel et al., 2012; Fischer
and Cyffka, 2014; Pander et al, 2018). The three
interconnected TRs consisted of a cold (C), warm (W), and
intermixed (I) region located in close proximity (less than
300 m to each other) without physical barriers in between, and
had a similar river morphology that can be described as run
without deeper pools or shallow riffles (Table 1). Current
velocities range from 0.26 ms™' to 0.59ms™ (Table 2), and
substratum is mainly gravel with fine sediment patches in
combination with macrophytes. Macrophyte coverage ranges
between 30 and 77% and the most dominant species are
Potamogeton pectinatus, Myriophyllum spicatum, Elodea sp.,
Callitriche sp., and Ranunculus fluitans. The three sites are
similar in riparian vegetation with mostly alders (Alnus
glutinosa), willows (Salix alba and Salix fragilis) and poplar
trees (Populus x canadensis) at the river banks, the understory
is dominated by nitrophilic shrubs such as Urtica dioica,
Filipendula ulmaria, and Solidago canadensis. The trees are
15-20 m high, approximately 40 years old, and grow as a
sparse riparian woody fringe partly shading the river corridor
(Figure 2).

2.2 Abiotic Characterization of Thermal

Regions and Habitats

During the study period, abiotic and hydraulic habitat
characteristics were monitored to relate them to changes in
MIV community and mortality of gammarids exposed (Tables
1,2). Sediment composition was determined using a box
substratum sampler described in Pander et al. (2015a).
Dissolved oxygen, O, [mg I"' and %], electric conductance,
EC [uS cm™, corrected to 20°C], and pH were measured with
a hand-held WTW® Multimeter 340i (WTW GmbH, Weilheim,
Germany), and current speed [ms™'] was recorded using Seba
Flow-Sens (SEBA Hydrometrie, Kaufbeuren, Germany). Water
temperature ['C] was measured in a resolution of 10 min using
HOBO Pendant® Temperature/Light 8 K Data Loggers with three
devices each installed in the 3 TRs (Figure 3).

2.3 Experimental Setup of the Study

Concept

2.3.1 Community Composition in Different Thermal
Regions and Habitats

Macroinvertebrates were collected at the 3 TRs in spring and
summer using a standardized surber sampler (Surber, 1937;
Hauer and Lamberti, 2017). Within each TR, two sets of
samples (three replicates in each) were collected at gravel
(GR)—as well as macrophytes (MP)—dominated habitats
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FIGURE 3 | Mean water temperature of the three thermal regions over the study period generated from logger data. Hydrograph of the Danube measured at the
nearest water gauge Neuburg a.d. Donau (Bayerisches Landesamt fUr Umwelt, 2020).

(Figure 2). These sampling locations in each TR are further
referred to as habitats. The sampling was repeated in two
different seasons in spring and summer, adding up to
36 surber-samples, 18 taken in spring and another 18 in
summer. The surber sampler was evenly placed on the
corresponding habitat, and a metal fork was used to rework
a defined area (0.096 m?) in front of the sampler to a depth of
10 cm, for 2 min. The MIV were then collected in a mesh net
(mesh size 250 uM) and preserved in 70% ethanol following the
procedure  described in  Mueller et al.  (2011).
Macroinvertebrates were pre-sorted in the laboratory
according to Haase and Sundermann (2004) and assigned to
the orders of Crustacea, Ephemeroptera, Plecoptera and
Trichoptera (EPT-Taxa). Orders were then classified to the
finest taxonomic resolution possible according to keys by
Schmedtje and Kohmann (1992), Eggers and Martens
(2001), Lechthaler (2009), and Eiseler (2010) using a
binocular microscope (Stemi 305, Carl Zeiss Microscopy
Deutschland GmbH, Oberkochen, Germany).

2.3.2 Thermal Cross-Exposure With Gammarids
2.3.2.1 Species Selection

For the thermal cross-exposure experiment, Dikerogammarus
villosus and Gammarus roeselii were identified as the most
suitable gammarid indicator species, representative of non-
native and native species, respectively. Species selection was
based on the following criteria: 1) robust enough to survive the
handling; 2) easily distinguishable for life sorting; 3) expected
different thermal optima; 4) part of the MIV community in the
study streams and readily available in sufficient numbers
(Pander et al., 2016); and 5) comprising one native and one

non-native species. Although other gammarid species may be
perceived as ‘more’ native in contrast to the naturalized G.
roeselii, we selected this species given its easiness of
determination in the field and its typical distribution in
colder areas. Gammarids have been described to distinctly
affect the physico-chemical and microbiological properties of
freshwater substrates (Boeker and Geist, 2015), increasing the
relevance of understanding changes in their community
structure under climate change conditions.

The Ponto-Caspian invasive D. villosus has populated rivers
all over Europe and with a mean reported optimum
temperature of 20.2-25.8°C under optimal environmental
conditions (Dick and Platvoet, 2000; Bruijs et al., 2001;
Miiller, 2001; Wijnhoven et al., 2003; Rewicz et al., 2015;
Halle et al., 2016). This species tolerates more than 20%
higher mean temperatures than G. roeselii. D. villosus has in
general a larger brood size, higher partial fecundity and earlier
maturation compared to G. roeselii (Grabowski et al., 2007a;
Pockl, 2007). G. roeselii is considered naturalised, meanwhile
co-existing with native amphipods (Karaman and Pinkster,
1977; Miiller, 2001; Grabowski et al., 2007b; Grabowski et al.,
2017; Kugi et al,, 2017; Mauchart et al., 2017). It is easy to
distinguish from any other gammarids by its dorsal spines and,
therefore, clearly differs from D. villosus. (Karaman and
Pinkster, 1977; Eggers and Martens, 2001; Lechthaler, 2009).
The mean optimum temperature of G. roeselii has been
determined to range between 17.45 and 17.88°C, with the
ability to cope with temperatures above 20°C, however,
resulting in increased stress and reduced egg survival rates
(Pockl, 1992; Sutcliffe, 1992; Wijnhoven et al., 2003; Halle
et al., 2016).
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2.3.2.2 Experimental Setup, Installation, Maintenance, and
Retrieval

Salmonid-egg floating boxes were used to house the gammarids
during the cross-exposure experiment ensuring the same physical
environment for both MIV indicators. Each of the SEFLOBs
(56 cm x 56cm width and 15cm depth, Pander and Geist,
2010) was subdivided into four compartments by sealed plastic
plates. Each of the four compartments was 9.5 cm x 38 cm. Thirty
individuals of each species were placed alternating by species in
three compartments and a temperature logger was placed in the
remaining compartment. Overall, this resulted in three
compartments per species (G. roeselii and D. villosus) and
thermal region (cold, warm and intermixed) resulting overall in
18 exposed compartments (Figure 1). Before installation, each of
the perforated aluminum openings in the SEFLOBs were covered
with a fine mesh gaze of 500 uM to prevent the gammarids from
escaping and changing compartments. The fine mesh gaze also
hindered other species that could harm or compete with the
experimental subjects from entering. Two SEFLOBs were
installed in each of the 3 TRs and were anchored within the
riverbed close to the shore in moderate flow velocities (Pander
and Geist, 2010) by attaching them to steel poles. Onset® HOBO
Pendant® Temperature/Light 8 K data loggers were placed in each
box to monitor potential temperature differences in the respective
TRs. The two gammarid species had previously been collected
within the study area using a modified kick-sampling method
(Hauer and Lamberti, 2017, sampler opening 35 x 35 cm, mesh
size 500 uM). The contents of the kick sample were placed in
aerated water containers and immediately transported to the
laboratory, where they were identified and sorted. A total of
270 individuals of each gammarid species were identified and
used to populate the compartments in the SEFLOBS. Back in the
field, three SEFLOB compartments were filled with 30 individuals
each (Figure 1 (D-G-D; G-D-G)). After 3 days of acclimatization,
gammarids were fed with a weekly dose of 1.5 g of fresh alder leaves
(Alnus glutinosa) per compartment, according to Maltby et al.
(2002). The functionality of the SEFLOBs was checked weekly to
ensure no damage until their recovery 71 days of exposure (May
27-August 5). The exposure time of 71days was to allow a
heatwave to occur and retrieve. The SEFLOBs were then placed
in large plastic trays, carried to shore, and gammarid individuals
were collected from each compartment using large pipettes and
subsequently preserved in 70% ethanol following the procedure
described in Mueller et al. (2011). Species determination was
carried out in the laboratory using the binocular microscope
OLYMPUS SZX10 with mount camera module and computer
software cellSens® (Olympus Europa SE & Co. KG, Hamburg,
Germany). Only individuals with a body size >10 mm were
considered.

2.4 Data Analysis

2.4.1 Community Composition in Different Thermal
Habitats

Macroinvertebrates community composition was analyzed using
multivariate statistics with R (R Core Team, 2020). In order to
understand distribution patterns of macroinvertebrates, a non-

Temperature Drives Macroinvertebrate Community Composition

metric multi-dimensional scaling (NMDS) on family- or species
level combined with environmental variables was processed based
on species abundance data and Bray-Curtis similarity using the
R-package vegan. A permutational analysis of variance
(PERMANOVA, R-package vegan; Anderson, 2001) based on
Bray-Curtis similarities was applied to test for significant
differences between the three different thermal regions (C, W,
and I), and GR- and MP-dominated habitats. We used the same
test to assess the differences in macroinvertebrate community
composition during the two sampled seasons, spring and
summer. In addition, a multilevel pairwise comparison was
applied to identify species which contributed significantly to
the differences of community composition between TRs using
the R package pairwise Adonis (Martinez Arbizu, 2020). A
multilevel pattern analysis of the library indicspecies was
further used to identify those species that were significantly
abundant for a particular habitat grouping parameter (Caceres
and Legendre, 2009). Species and environmental variables that
showed a significant relation to the ordination of the NMDS were
fitted to the plot with vectors (p < 0.05 based on 999
permutations).

Diversity indices were calculated for species abundance,
species richness, Shannon-index and Evenness based on TR
and season and tested univariately in R. In addition, all
recorded habitat variables such as water temperature, dissolved
oxygen, electric conductance, pH and current speed were tested
univariately between TRs. Each dataset was tested for normal
distribution (Shapiro-Wilk test) and homoscedasticity (Levene
test). Since data did not fulfil the criteria for parametric testing,
the non-parametric Kruskal Wallis test was applied to test for
significant differences. A subsequent post-hoc Wilcoxon test with
Bonferroni correction for multiple comparisons was used to
determine whether values differed significantly.

2.4.2 Thermal Cross-Exposure Experiment

Gammarid data of the cross-exposure experiment were analyzed
using univariate statistics in R. Gammarid mortality was tested
for normal distribution using the Shapiro-Wilk test and
homogeneity of variance across groups using the Levene-test.
Since data fulfilled the criteria for parametric testing, a univariate
analysis of variance (ANOVA) was computed, followed by a Post-
Hoc-Tukey-Test with Bonferroni correction for multiple
comparisons.

3 RESULTS

3.1 Abiotic Habitat Variables

The three thermal regions W, C, and I differed significantly in
mean temperature (Figure 3., Wilcoxon post-hoc test, p < 0.001),
whereas other habitat variables such as pH, EC, O,, V, water
depth, substratum composition and macrophytes coverage did
not differ significantly between the three sites (Wilcoxon post-hoc
test, p > 0.05). However, MP coverage in MP-dominated habitats
was significantly higher in summer in all 3 TRs (Wilcoxon post-
hoc test, p < 0.05). In addition, MP-dominated habitats comprised
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TABLE 3 | Most abundant Species determined by thermal region (TR), and season spring and summer. N = number of detected indiciduals.

Species spring
TR cold Gammarus fossarum
Gammarus pulex
Gammarus roeselii
Baetis sp
Gammarus sp
Ephemera danica
Dikerogammarus villosus
Anabolia furcata
Caenis robusta
Crangonyx pseudogracilis

Gammarus fossarum
Chelicorophium curvispinum
Gammarus roeselii
Gammarus pulex
Dikerogammarus villosus
Baetis sp

Gammarus sp

Ephemera danica
Potamanthus luteus

Caenis robusta

TR intermixed

TR warm Serratella ignita

Baetis sp

Brachycentrus montanus
Brachycentrus subnubilus
Dikerogammarus villosus
Gammarus roeselii
Chelicorophium curvispinum
Potamanthus luteus

Caenis macrura
Psychomyia pusilla

a higher share of sand and fines than GR-dominated habitats
(Wilcoxon post-hoc test, p < 0.05).

3.2 Community Composition in Different

Thermal Habitats

In total 10,956 individuals of 75 MIV taxa were identified, of
which 43.7% individuals were collected in spring and 56.3% in
summer. In the cold thermal region C (42.3%), the highest
number of MIV-individuals was detected, followed by the
warm thermal region W (32.8%) and the intermixed thermal
region I (24.8%) (Table 3). In thermal region W, species richness
was highest (overall 56 species) both in summer and spring, with
42 species detected in each season. In thermal region I, species
richness was overall 54 species, with 36 species detected in each
season. Thermal region C had the lowest species richness (overall
39 species) with 26 species detected in spring and 25 species in
summer, resulting in significant differences between C and W in
summer, and significant differences between all TR in spring
(Wilcoxon post-hoc test, p < 0.05). Individual numbers of aquatic
species which complete their full life cycle in aquatic habitats were
detected with 39% in spring and 61% in summer with a 2.3 fold
higher density in cold TR in summer compared to spring. In the
warm TR only a slight increase of 1.4 fold in individual numbers
was detectable. Individuals of semi-aquatic species such as

N Species summer N
610 Gammarus fossarum 1,840
270 Gammarus roeselii 619
219 Baetis sp 354
108 Gammarus pulex 194
94 Gammarus sp 85
27 Silo nigricornis 39
10 Hydropsyche angustipennis 29
5 Asellus aquaticus 25
4 Proasellus coxalis 18
4 Ephemera danica 12
420 Gammarus fossarum 432
215 Baetis sp 315
175 Gammarus roeselii 196
134 Chelicorophium curvispinum 113
108 Hydropsyche angustipennis 65
80 Silo nigricornis 63
54 Gammarus pulex 47
51 Dikerogammarus villosus 32
13 Ephemera danica 29
12 Gammarus sp 21
703 Baetis sp 423
307 Brachycentrus subnubilus 187
297 Dikerogammarus villosus 164
173 Gammarus roeselii 115
120 Hydropsyche bulbifera 112
100 Psychomyia pusilla 102
68 Asellus aquaticus 80
53 Cheumatopsyche lepida 60
35 Hydropsyche modesta 41
34 Proasellus coxalis 37

Ephemeroptera, Trichoptera, and Plecoptera were caught 51%
in spring and 49% in summer with 40% fewer individuals
detected in the warm TR in summer compared to spring. This
depletion was not evident in the cold TR where in summer 2.7
fold more individuals could be detected.

The most abundant taxa in the samples were amphipoda
such as Gammarus fossarum (n total = 3329, In Cn = 2450, in I
n=2852,in W n =27), Gammarus roeselii (n total = 1424,in Cn
=838,in 1371, in W n = 215), Gammarus pulex (n total = 648,
inCn=464,inIn=181,in W n = 3), Dikerogammarus villosus
(n total = 445, in Cn = 21, in I n = 140, in W n = 284) and
mayflies such as Baetis spec. (n = 1587) and Serratella ignita (n
= 718). Only Serratella ignita had a strong lifecycle induced
seasonal occurrence with almost all individuals (703) found in
the thermal region W in spring. However, amphipods at the
thermal region C, such as Gammarus fossarum and Gammarus
roeselii were more abundant (by a factor of 3) in summer than
in spring (Table 3).

Shannon diversity was highest in the thermal regions W and I
and lowest at C. Significant differences in Shannon diversity were
found between the cold thermal region C and the other two
thermal regions I and W, which was true for spring and summer.
At thermal region C, significantly lower Eveness-values could be
detected only in summer compared to I and W (Wilcoxon post-
hoc test, p < 0.05, Figure 4).
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Multivariate comparison of species community composition
as illustrated in the NMDS (Figure 5) revealed significant
differences between TRs, seasons and GR- or MP-dominated
habitats (Table 4). The higher R-value detected by
PERMANOVA for the between TR-comparison (R 0.26, p <
0.001) indicates a stronger separation of the cold thermal region
C, intermixed I and warm W compared to the seasonal separation
of TR (R 0.13, p < 0.001) and the MP- or GR-dominated habitats
(R 0.05, p < 0.01) within TR. The ordination of TR was largely
driven by a distinct set of species. The two gammarid species
Gammarus fossarum and Gammarus pulex were more
characteristic of the cold thermal region C, while the warm W
was characterised by Dikerogammarus villosus and trichopterean
species e.g., of the genus Hydropsyche or Brachycentrus (Figure 5,
Table 5).

In addition to the differentiation of thermal regions by water
temperature, the PERMANOVA also revealed a correlation for
species abundances to spatial (habitat) and temporal (season)
grouping by other environmental variables such as macrophytes,
substratum composition (expressed as fines, sand or gravel) and
chemical variables such as O,, pH, and EC. MP-dominated
habitats were found to support gammarid populations in
summer, particularly in C, whilst in less MP-dominated
habitats Ephemeroptera and Trichoptera species were more
abundant.

Furthermore, a different niche separation of species within
families was detected. This was evident for Hydropsyche species,
which, in addition to the differentiation of GR- and MP-

dominated habitats, also showed an approximation to different
environmental factors and seasons within the warm thermal
region (Figure 5, Table 5).

All habitat variables correlated significantly with the
arrangement of the data points representing the community
composition in the NMDS (Figure 5). Positive correlations
were found for EC, fines, sand and MP with the community
composition in the thermal region C and Temperature, pH, GR,
and O, were positively correlated with the thermal region W.

3.3 Gammarids Survival During Thermal

Cross-Exposure

After 71 days of exposure in the SEFLOBs, a total of 470
gammarid individuals were recovered from the initially placed
540 individuals in the cross-exposure experiment. After species
determination and measurement of all individuals, a total of 157
individuals were analyzed, with 83 individuals of G. roeselii
(overall mortality in treatments 71%) and 74 individuals of D.
villosus (overall mortality in treatments 81%) (Post-Hoc-Tukey-
Test, p < 0.05). Thermal region-specific patterns of survival were
observed in general (both species pooled) with a significantly
higher survival rate in thermal region C, compared to W
(Figure 6, Post-Hoc-Tukey-Test, p < 0.05). At the species
level, differences in survival were found in I and W compared
to C. However, this result was only significant between TR, with
the decrease of the number of individuals of D. villosus being
more pronounced at the 10%-level (Post-Hoc-Tukey-Test, C:I p =
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TABLE 4 | Results of the multivariate analyses of overall macroinvertebrate community composition using PERMANOVA with pairwise comparisons.

Test Factors Df

Main test Thermal region
Habitat
Season
Thermal region x Habitat
Thermal region x Season
Thermal region x Habitat x Season
Habitat x Season
Pairwise test Cold x Warm
Cold x Intermixed
Warm x Intermixed
Spring x Summer

44 a4 A O NN 2 2N

SOS R? F p-value
2.41 0.26 8.49 0.001
0.45 0.05 3.18 0.002
1.22 0.13 8.62 0.001
0.42 0.05 1.48 0.083
0.52 0.06 1.82 0.017
0.38 0.04 1.33 0.119
0.35 0.04 2.46 0.011
1.79 0.28 8.61 0.003
0.74 0.14 3.73 0.003
1.09 0.19 5.25 0.003
1.22 0.13 5.25 0.001

Df = degrees of freedom, SOS = sum of squares, F = test statistics indicating the strength of separation between two groups of samples.

0.073; C:W p = 0.060). No significant differences between TR
were found for G. roeselii, but a survival trend was found with
most survivors in C, followed by I, and the least number of
survivors in the warm thermal region W (Figure 6).

4 DISCUSSION

This study examined the influence of water temperature and
other important habitat variables in warm, cold and intermixed

thermal regions on the composition of the MIV communities and
the presence and survival of native versus non-native gammarids.
Although very much influenced by season and the presence of
macrophytes or gravel as substratum, temperature most strongly
affected MIV species composition. Indigenous gammarids
preferred colder thermal regions, whilst the invasive one, D.
villosus, was dominant in warmer thermal regions. These
results indicate that during rising water temperatures,
community composition can change irrespective of other
factors which is in line with our hypothesis 1. It is well known
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TABLE 5 | Results of multilevel pattern analysis with species of significant
abundances for a specific Thermal region (TR), habitat (macrophytes or gravel
dominated) and season (spring or summer).

TR Species R p-value
Cold G.fos 0.765 0.001
G.pul 0.710 0.001
G.sp. 0.653 0.001
G.roe 0.457 0.016
A.fur 0.356 0.037
Intermixed C.cur 0.649 0.001
P.fla 0.501 0.008
E.dan 0.496 0.007
C.sp. 0.476 0.013
Warm C.mac 0.767 0.001
S.ign 0.706 0.001
C.lep 0.647 0.001
H.mod 0.584 0.001
H.inc 0.559 0.004
B.sub 0.547 0.001
H.bul 0.531 0.004
R.pra 0.516 0.007
P.pus 0.483 0.004
B.mon 0.474 0.009
H.sp.2 0.408 0.042
Intermixed + Warm D.vil 0.579 0.001
R.dor 0.417 0.036
Season
Spring P.lut 0.627 0.001
C.rob 0.561 0.001
H.sul 0.491 0.003
H.sil 0.407 0.02
B.mon 0.403 0.002
M.lat 0.381 0.031
E.aur 0.379 0.046
R.pra 0.365 0.032
S.ign 0.351 0.034
Summer H.ang 0.692 0.001
B.sp. 0.589 0.001
P.cox 0.539 0.001
H.bul 0.514 0.001
L.sp. 0.496 0.002
S.nig 0.490 0.001
L.hir 0.422 0.008
A.aqu 0.419 0.007
H.sp.2 0.383 0.043

that macroinvertebrate community composition can widely be
predicted based on structural habitat (Poff, 1997; Gore et al,
2001; Cortes et al, 2011) and that a high structural habitat
heterogeneity, particularly characteristic of the study system,
explains high species diversity (Pander et al., 2016; Pander
et al., 2018). Our findings provide evidence that temperature is
also a strong driver often impairing structural habitat quality,
particularly affecting cold-stenothermic species negatively. This is
indicated by the highest R-value detected by PERMANOVA
compared to the seasonal and habitat (GR-vs. MP-dominated
habitats) factors tested in each of the thermal regions.
Additionally, the comparatively low individual numbers of
indigenous gammarids and high numbers of the invasive D.
villosus in warm thermal region W compared to cold C
(where indigenous gammarids were more dominant) clearly
mirror the temperature effect. Other factors such as O,

Temperature Drives Macroinvertebrate Community Composition

current speed, water depth, or substratum composition were
less important in this study since they exerted similar effects
throughout all thermal regions and were overall differentiated on
a relatively low level.

We hypothesized (hypothesis II) that such differences in
community composition will be most pronounced during the
warmest season when maximum water temperatures and upper
temperature tolerance thresholds of certain species are reached.
Due to their evolutionary adaptation, species driving community
changes at increased temperatures are often Mediterranean and
Ponto-Caspian species which have already spread throughout the
middle and northern regions of Europe (Hesselschwerdt and
Wantzen, 2018). Some of them are potentially invasive, as evident
for D. villosus in this study. D. villosus is known to have colonized
all of the studied TRs since 2010, when a large-scale floodplain
restoration project connected all aquatic habitats (Pander et al.,
2016). In 2010, the species was detected in higher densities close
to the source (main River Danube) in GR-dominated habitats
with low-to-medium current speed. In contrast, currently, the
species prefer MP-dominated habitats in the W thermal regions
of the system. However, these habitats are also located close to the
Danube River - from where this species originally invaded the
system - excluding a potential distance to source effect as a driver
of spatial distribution patterns (Pander et al., 2016; Pander et al.,
2018). The MP-dominated habitats are characterized by less
current speed resulting from the denser vegetation compared
to habitats without macrophytes. The slower current results in
increased fine sediment accumulation, which seem particularly
attractive for D. villosus combined with high temperatures.
However, since all TRs comprised habitats with and without
macrophytes, this specific habitat structure does not play a major
role in the composition of the gammarid community among the
different TRs.

Either other gammarid species such as G. pulex or G.
roeselii, which are known to also colonize MP-dominated
habitats, are already above their preferred temperature
range or unable to compete with D. villosus when
temperatures are high and were therefore only recorded at
low densities in warm TR. This explanation is not fully
supported by the cross-exposure experiment that was used
to test hypothesis III. Here, D. villosus as well as the tested
indigenous gammarid species had highest survival rates in
SEFLOBs exposed in the cold thermal region C. This
indicates favorable conditions for both species there and it
contrasts the situation found in the TR habitats where
probably additional factors such as competition for food,
microhabitat and predation play a role. Predation can be
excluded in our study for both G. roeselii and D. villosus as
well since they were locked in their compartments not affecting
each other nor being affected from invaders outside of the
compartments. We cannot exclude cannibalism, which is
reported for D. villosus, however, we have no indication for
this effect in our study. We neither could observe direct
cannibalism during the SEFLOBs maintenance, nor did we
find gnawed carcasses of D. villosus in the compartments.
Alternatively, the mortality rate in cold water could be
related to the fact that the specimens are less active and so
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their predatory behaviour is weak. Also, cold water has higher
levels of oxygen saturation which may positively affect
gammarid survival. Preference of D. villosus for cold water
was to some extend also found in other studies, suggesting that
this species can tolerate a wide range of temperatures
(Wijnhoven et al., 2003) and that it can cope better with
colder temperatures compared to other gammarids (e.g.,
Maazouzi et al, 2011). In contrast to these laboratory
studies, both exposed gammarids herein seemed to persisted
better in the SEFLOBs exposed in the cold thermal region,
contrasting the results found in the natural habitats of the TRs.
However, we have to state that overall mortality in the
compartments was relatively high for both species. Findings
generated in laboratory studies do not seem to be directly
transferable to the natural environment where other factors
such as direct and indirect competition, the availability of
oxygen and shelter act together and may influence principle
physiological tolerances of the competing species, potentially
pushing indigenous species out of their preferred habitats. MP-
dominated habitats in the thermal region C had a higher
presence of indigenous gammarids as also detected in a
study carried out at Lake Constance (Hesselschwerdt and
Wantzen, 2018). This is in contrast with a laboratory study
about the effects of direct interactions of invasive and non-
invasive gammarids in combination with a fish predator.
Beggel et al. (2016) demonstrated that D. villosus is more
assertive when it comes to hiding in niches to avoid
predation and we would therefore have expected that D.
villosus would preferably colonize the macrophytic habitats
since a high predation risk due to the rich fish population in the
thermal regions is likely (Pander et al., 2015b). In the study

herein, temperature in combination with structure may have
affected competition between species, influencing indigenous
species’ assertiveness in terms of greater competitive strength
in cold and MP-dominated habitats.

Reaching thermal limits for macroinvertebrate communities
can depend on different factors such as the initial species
community, source habitats from which permanent
colonization can be driven and the degree of temperature-
related alteration these communities already experienced over
time. Since it is known that the Danube system has been
particularly affected by rising water temperatures for decades
(Bonacci et al,, 2008; Markovic et al, 2013), a warm-water
adapted macroinvertebrate community could already be found
in all TRs. This is evident from the absence of species favoring
cold water conditions such as plecopterans of the genera Isoperia,
which were quite regularly detected in that system until a decade
ago (Pander et al,, 2016; Pander et al., 2018). Such effects are
potentially strongest during time periods when temperatures
repeatedly exceed the thermal limits of cold-stenothermic
species. This effect may be disguised in our dataset because
several of those species have now disappeared from the system
without the possibility of recolonization due to the general
warming of the source habitats. However, our dataset still
indicates a shift in the community composition in the warm
TR where temperatures reached the detected maxima and
resistant species of the genus Assellus and Proassellus along
with D. villosus occurred in higher numbers compared to
cooler time periods.

In light of the ongoing climate change with increasing mean
temperatures and increasing numbers of extremes, it becomes
obvious that novel MIV communities will arise, largely driven by
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species with higher temperature optima. In a globalized world,
this can be dramatically boosted by the translocation of species
from warmer regions, often happening accidentally and
unnoticed (Walther et al, 2009; Brandner et al, 2015;
Ricciardi et al, 2021), resulting in novel communities being
permanently invaded and fast-changing (Rodriguez, 2006;
Walther et al., 2009; Belnap et al., 2012). Up to now, it is not
clear to which extent indigenous highly specialized species can
cope with these temperature changes and ongoing invasions.

5 CONCLUSION

This study provides evidence that regional thermal effects on
MIV community composition may exceed seasonal or meso-
habitat effects, commonly known to govern such composition.
Specifically, rising water temperatures have the potential to
favour invasive D. villosus, with higher thermal tolerances. In
light of climate change, our findings indicate that an impairment
of habitat quality by increased temperatures may provide
competitive advantage for invasive macroinvertebrate species.
Consideration of shifts in community composition related to
temperature needs to become integrated with biological response
patterns related to other, better-characterized stressors such as
morphological and flow degradation, chemical pollution and fine
sediment. Such an approach is crucial for effective conservation
and restoration of native biodiversity and for a realistic prediction
of the ability to reach policy target settings for aquatic ecosystems.
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