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Abstract

Alpine landscapes are notable regarding their sensitivity to environmental change. Surface waters are especially sensitive
as many are influenced by glacial meltwaters that are diminishing with the retreat of glaciers worldwide. The Macun Lakes
region, Swiss National Park, is an alpine cirque landscape housing a number of lakes interconnected by streams. The area
has been non-glaciated for decades, although rock glaciers are still present in the south basin. Surface waters, 10 stream
sites in the present study, have been monitored in mid-summer since the year 2001 for physico-chemistry, periphyton and
macroinvertebrates (including 74 species of chironomids). Water physico-chemistry revealed that the two main basins in
the catchment differed, reflecting the inputs of rock glacier waters in the south basin. However, trends suggest that waters
are becoming more similar as rock glacier inputs diminish over time along with a general decrease in nitrogen levels in all
waters. Periphyton biomass showed some spatial differences among sites and a general decrease after 2010. Macroinvertebrate
assemblages, including chironomids, clearly differed among basins and spatially along the stream network in each basin.
Notably, no significant temporal trend was observed in the long-term data for macroinvertebrates, including chironomids, at
the monitored sites. The results suggest that lotic macroinvertebrates may be buffered by the interconnectedness of streams
and lakes in the landscape, which mitigates major response patterns of running waters to environmental change.
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Introduction

Alpine landscapes and associated waters are being rapidly
transformed as climate-related warming continues, reflecting
ongoing glacial recession globally (Milner et al. 2017). The
reduction and loss of glaciers project a substantial decrease
in the influence of glacial waters on alpine fluvial networks
(Milner et al. 2009; Wilkes et al. 2023). Alpine waters are
inhabited by a unique diversity of organisms adapted to the
relatively insular landscape of high elevations with distinct
environmental conditions that limit the kinds and numbers
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of biota (Jacobsen et al. 2017; Fiireder et al. 2000). With
landscape transformation, alpine environments become
accessible to lower elevation flora and fauna, as currently
documented across the globe (Cauvy-Fraunie et al. 2016;
Brown et al. 2017). The increased invasibility of alpine
waters, which may in part be related to novel environmen-
tal conditions that increase habitat suitability for new taxa,
increasing the potential for biotic interactions such as preda-
tor—prey relations or competition that cause reductions in
and loss of alpine species. Long-term monitoring allows for
the documentation and understanding of shifts in the distri-
bution and abundance of organisms over time and in relation
to changes in the environment.

Freshwater macroinvertebrates are commonly used
as bio-indicators of environmental conditions of surface
waters. They are considered sensitive to alterations in
physico-chemistry associated with natural disturbances and
human-caused perturbations to freshwaters, in particular
landscape (wildfire, climate change) and land use (urban,
agriculture)-related changes (Allan 2004). In this regard,
alpine landscapes have been subject to intense and rapid
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transformations in response to climate-related environ-
mental change (IPCC 2023), with observed alterations in
the distribution and abundance of flora and fauna (Brown
et al. 2007; Jacobsen et al. 2014). Current models further
stress the reduction and potential loss of alpine aquatic mac-
roinvertebrates, especially cold-water specialists, as these
landscapes and their surface waters continue to change with
ongoing glacial recession, which has important implications
for the availability of potential refugia (Wilkes et al. 2023).
The present study documents spatial and temporal changes
in the distribution and abundance of lotic macroinvertebrates
in a high alpine cirque landscape over the past 21 years. We
also examine whether the juxtaposition of lakes and streams
in the landscape provide an environmental buffering effect
for macroinvertebrates to ongoing landscape transformation.

The aquatic dipterans Chironomidae are ubiquitous biota
of alpine waters (Lencioni and Rossaro 2005; Fiireder et al.
2006; Lods-Crozet et al. 2012; Montagna et al. 2016). There
are numerous species in the Chironomidae, particularly in
the subfamily Diamesinae, which are considered cold water
specialists and are mostly endemic to the cold waters of
alpine aquatic habitats (Robinson et al. 2007; Lods-Crozet
et al. 2012; Lencioni et al. 2015). Most alpine chironomids
are plurivoltine and thus can colonize and inhabit the inter-
mittent streams common in alpine fluvial networks (Cha-
nut et al. 2022). The Orthocladiinae are another common
subfamily that play important roles in alpine freshwaters
(Fiireder et al. 2006), often replacing the Diamesinae in
alpine waters less harsh than those flowing directly from
glaciers, so-called proglacial or kyral streams (Finn et al.
2010; Robinson et al. 2016). Because the Macun region
encompasses a diversity of water types (a composite of
lakes, ponds, streams and springs) influenced differentially
by glacial inputs (see Robinson et al. 2022), the potential
for a diverse assemblage of chironomids is expected. In fact,
some 46 species of chironomids were documented in our
earlier studies on the Macun catchment (Lods-Crozet et al.
2012), and the current study adds 28 species to that list (see
Supplementary Table 1). Due to this high diversity of taxa
and associated biotic traits, the chironomids are excellent
organisms, i.e. sentinels, for the study of long-term changes
in aquatic habitats of alpine landscapes (e.g., Lencioni et al.
2012).

The primary goal of this paper is to present the long-term
patterns (over a period of 21 years) in macroinvertebrate
assemblages associated with fluvial surface waters of the
Macun Lakes region. We predicted that assemblages would
differ spatially among sites in relation to differences in water
physico-chemistry. Our previous studies have demonstrated
that the physico-chemistry of surface waters differs spatially
in the catchment in relation to basin-scale differences associ-
ated with inputs from rock glacier waters (see site descrip-
tion below; Robinson et al. 2022). We further predicted a
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spatial change in macroinvertebrates associated with, first,
the merging of basin waters at the outlet site (site 9, see
Fig. 1) of the catchment and, second, water inputs of a large
rock glacier that influenced waters of the lowermost moni-
toring site (Zeznina, site 10). Previous analyses have shown
a change in surface water physico-chemistry, with surface
waters prior to 2010 differing significantly from waters post-
2010, and with surface waters showing a general homog-
enization over the 21-year study period (see Robinson et al.
2022). We thus expected macroinvertebrate assemblages
to reflect this temporal change in surface water physico-
chemistry over the study period, as was shown for diatoms
collected at the same sites over the same study period (see
Peszek et al. 2022). A highlight of the current study is the
identification of morphospecies of the Chironomidae for
most years (see Methods). Chironomids are a dominant
group of macroinvertebrates in alpine surface waters, not
only in number of individuals but also in number of species
(Lods-Crozet et al. 2012). Thus, another objective of this
paper is to summarize the results for the chironomids in
relation to the predictions generated for macroinvertebrates
in general (e.g., do the chironomid data add information that
is not evident in the general macroinvertebrate dataset?).

Site description

The Macun Lakes (46°44’N, 10°08’E) is an alpine cirque
[>2600 m above sea level (a.s.1.)] in the canton of Graubun-
den, Switzerland (Fig. 1). The 3.6-km?” region has been a
designated area for long-term monitoring of alpine surface
waters in the Swiss National Park since its annexation in
2000. Minimal livestock grazing (20-30 cows in summer)
occurred in the area prior to it becoming part of the national
park. Peaks around the catchment have elevations between
2800 and 3000 m a.s.l., and study site elevations range
between 2610-2650 m a.s.1. Precipitation is around 850 mm
year~!, and air temperature ranges from > 20 °C in summer
to <—25 °C in winter (Buffalora climate station ~ 14 km
southeast of Macun). Local geology is slow-weathering
crystalline (orthogneiss, meta-granitoid) rock. The study
area is above the tree line, thus the terrestrial vegetation
comprises typical alpine grasses and low-lying herbs, with
areas of bare rock.

The Macun drainage comprises a north and south basin
(Fig. 1), including 36 small lakes and temporary ponds.
Four large lakes (ca 0.12 km? each, <10 m deep) are
interconnected by streams, each <500 m in length (Rob-
inson and Oertli 2009). The outlet stream (Zeznina) of
the catchment flows into the Inn River near Lavin, Swit-
zerland. Catchment water sources include precipitation
and remnant rock glaciers in the south basin [there have
been no active glaciers in the catchment since the early
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Fig.1 Map of the Macun Lakes region in the Swiss National Park
with study sites labeled. Sites /—4 are located in the north basin and
sites 5—8 are in the south basin of the catchment. Note the large rock

1900s (https://map.geo.admin.ch/]. The water source in
each basin causes differences in water physico-chemis-
try; water temperatures are lower in the south than in the
north basin (Robinson et al. 2022). Inputs from a large,
active rock glacier [Macunl (Barsch 1969; Fehr and Reich
2015; Derungs and Tischhauser 2017)] influence surface
waters in Zeznina stream, where site 10 is located in this
study (see Fig. 1). Stream channels in each basin have
low gradients and contain mostly stable cobble substrate.
Fish (Salmo trutta fario, Salvenius namaycush, Phoxinus
phoxinus) are present in the large lakes, which were last
stocked in 1993 (P. Rey, personal communication).

glacier located between sites 9 (outlet stream) and /0 that strongly
influenced the physico-chemistry of the stream at site 10

Methods

Field monitoring was conducted each year from 2001 in
mid-summer, between 27 July and 1 August. Various kinds
of samples were collected from the 10 long-term moni-
toring sites used for the overall study (Fig. 1). As part of
the present study, water samples were collected in 0.5-L
pre-rinsed plastic bottles and sent to the Aua laboratory at
Eawag for the analysis of nitrogen- and phosphorus-con-
taining constituents, dissolved organic carbon, particulate
organic carbon, total inorganic carbon, pH, and silicate,
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following methods in Tockner et al. (1997) and Robinson
and Matthaei (2007). Further, spot measures of electrical
conductivity and temperature (WTW LF 323), and turbid-
ity (Cosmos; Ziillig, Switzerland), were recorded directly
in the field using portable meters.

Periphyton was collected at each site every year (except
2006 and 2014) by scraping the surface of five haphazardly
selected stones. Stones were scraped with a metal brush and
subsamples (10—15 ml) of the slurry filtered through What-
man GF/F glass fiber filters. The filters were sent to the labo-
ratory and frozen (-25 °C) until analysis. For analysis, each
filter was dried at 60 °C, weighed, combusted at 550 °C for
4 h, and then re-weighed for estimates of ash-free dry mass.

Benthic macroinvertebrates were sampled semi-quanti-
tatively using a timed (5 min) kick-net approach. Along a
30-m reach at each site, benthic substrata were disturbed
and the loosened material, including macroinvertebrates,
was collected in the net (250 um mesh). All major habitat
types (pools, runs, riffles) were sampled during the 5-min
sampling period. The material collected was preserved with
70% ethanol for later processing in the laboratory. Species
collections of chironomids were supplemented by using
Malaise traps and drift nets (2013, 2014) near three lakes
(Grond, Mezza Gluna, Immez) for 24-h drift samples [taken
in the last 2 years at the two inlets of Lai Immez and the
outlet stream of the large rock glacier, Macunl (Barsch
1969)], located ca. 50 m below site 9] and various samples
from selected lakes and ponds (see Lods-Crozet et al. 2012).
These latter collections, except the lake samples, were only
used to record and search for rare and new species living in
particular environments in the catchment and not for long-
term monitoring or analysis. In the laboratory, all macroin-
vertebrates were handpicked from each sample, identified
to the lowest possible taxonomic unit, and counted (after
Tachet et al. 2010). Notably, Chironomidae were identified
to morphospecies for most years (excluding 2003, 2004,
2005, 2008, 2009 and 2013), based on the examination
of slide mounts of larvae, pupae or male adults (Lehmann
1972; Wiederholm 1983, 1986, 1989; Sather 1990, 1995;
Schmid 1993; Langton 1991; Ekrem 2004; Stur and Ekrem
2006; Ilyashuk et al. 2010; Ferrington and Saether 2011; Stur
and Spies 2011; Langton et al. 2013; Rossaro et al. 2017).

Data analysis

The physico-chemistry data were summarized using princi-
pal components analysis (PCA) on log(x + 1)-transformed
data (except for pH). As a detailed assessment has been
presented in Robinson et al. (2022), only a general sum-
mary is given in this paper to present potential relationships
between habitats and macroinvertebrates. Periphyton bio-
mass among sites and dates was tested for differences using
two-way ANOVA on log(x + 1)-transformed data followed
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by a Tukey’s post hoc test when differences were significant
(Zar 1984). To better illustrate spatial patterns over time,
the periphyton data are summarized by basin (north and
south), Immez outlet and Zeznina over the study period.
As all the periphyton data have been summarized in Peszek
et al. (2022), data are presented in this paper to simply show
food resources available to macroinvertebrates for primary
consumption. Relations between periphyton biomass and
macroinvertebrate abundance and taxa richness were tested
using Pearson correlation (Zar 1984).

Macroinvertebrate assemblages were assessed using non-
metric dimensional scaling analysis (NMDS) to examine dif-
ferences among sites and over time. Data were log(x+ 1)
transformed prior to analysis. The chironomid data were
expressed as relative abundances and arcsine square root
transformed prior to running the NMDS. Permutational
multivariate ANOVA (PERMANOVA) was used following
each NMDS to test for differences among groups evident in
the NMDS results. The NMDS analyses were conducted in
R using the vegan package (R Core Team 2021). Macroin-
vertebrate data are also summarized with respect to taxa
richness, abundance and Simpson’s evenness index, with the
chironomids lumped as one taxon. The chironomids were
lumped as one taxon in the full dataset because species-
level identifications were not completed for some years, as
noted above. Species-level chironomid data (encompass-
ing the full 20-year period but excluding the missing dates)
were also summarized using these metrics. Based on the
NMDS groupings, the metrics above were tested for differ-
ences among basins (north, south), Immez outlet (site 9) and
Zeznina (site 10) using ANOVA on log(x+ 1)-transformed
values followed by a Tukey’s post hoc test when significant
(Zar 1984). Macroinvertebrate abundance and taxa richness
were also summarized across time, but as no clear trends
emerged, the data are shown in the Supplementary file.

Results

The PCA of the physico-chemistry of Macun surface
waters clearly separated north basin sites from south basin
sites, with intermediate scores for Immez outlet (site 9)
and Zeznina (site 10) in the PCA scatterplot (Fig. 2). Axes
1 and 2 of the PCA explained a cumulative 52.4% of the
variation among site groups. PCA-1 was best explained by
values of dissolved nitrogen, dissolved organic carbon and
total inorganic carbon, while PCA-2 was best explained
by values of particulate phosphorus, total phosphorus
and particulate organic carbon. PCA-1 clearly separated
years 2001-2010 from years 2011-2020, indicating major
changes in the measures explaining PCA-1. Notable was
the strong decrease in nitrogen levels in surface waters
over the study period (see Robinson et al. 2022). PCA-2
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Fig.2 Scatterplot of a principal components analysis (PCA) of the
physico-chemistry of the Macun streams over the 21 years of moni-
toring [graph modified from Robinson et al. (2022)]. Note the general
homogenization of surface waters after 2010. Shown are means +SE
of site scores among basins and time periods, grouped after the analy-
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Fig.3 Temporal changes in periphyton biomass (as ash-free dry
mass) seen when sites are combined within basins over the moni-
toring period. Data represent means + SE. Note the general decline in
biomass after 2010. The graph has been modified from Pezsek et al.
(2022)

distinguished basin-level differences in phosphorus and
particulate organic carbon, with higher values in the north
basin than south basin. Also evident in the scatterplot is
a general increase in the similarity of surface waters after
2010. Lastly, although associated with axis-3 of the PCA
(explaining 13.5% of the variation), average temperature
was 3 °C lower and average specific conductance was
higher (10.3 versus 6.5 S/cm) in the south compared to
the north basin (average turbidity was low among sites at
2-8 nephelometric turbidity units).

Periphyton biomass was summarized by basin (north,
south) and outlet sites 9 and 10 over the study period
(Fig. 3). In general, periphyton biomass on stones was
similar between north and south basin sites, with values at
Immez outlet (site 9) and Zeznina (site 10) being less than
those at the basin sites (F=31.3, p<0.001). Temporally,
a decrease in biomass was noted from 2002 to 2004 fol-
lowed by a substantial increase (2005-2009) and then a clear
decrease after 2010 at all sites (F=42.3, p <0.001). Correla-
tions (r-values) in periphyton biomass among groups ranged
from a low of 0.42-0.59 (Zeznina versus other groups) to
0.82 (north versus south basin). Basin sites (north and south)
usually had values that were over 10 g/m? prior to 2010 but
less than 10 g/m? after 2010. Immez outlet showed a peak
in biomass from 2005 to 2007 in concert with higher values
at basin sites, but values were less than 10 g/m2 in most
years. Zeznina had the lowest values of most of the study
years (Tukey’s test, p < 0.05), being typically less than 5 g/
m? (Fig. 3).

The NMDS analysis of macroinvertebrates revealed sig-
nificantly different assemblages among the grouped sites
(north basin, south basin, Immez outlet, Zeznina) (Fig. 4;
PERMANOVA, p <0.05). North basin sites were situated
on the right side of the plot along axis-1, whereas Immez
outlet and Zeznina were located on the far left of the plot.
South basin sites were intermediate and more central along
axis-1 of the NMDS. Along NMDS axis-2, Zeznina was
located near the top of the plot, whereas the other sites were
situated lower on the plot (Fig. 4). The NMDS showed that
Zeznina had higher abundances of Drusus melanchaetus,
Dictyogenus sp., Rhithrogena loyolaea and Baetis alpinus
than the other sites, whereas simuliids were most abundant
at north basin sites, and stoneflies (Leuctra spp., Protone-
mura sp., Perlodes sp.), oligochaetes, Crenobia alpina and
chironomids dominated south basin sites. Lastly, the NMDS
results indicated no major temporal changes in assemblage
structure over the study period at any of the sites.

The NMDS analysis of chironomids clearly differenti-
ated north basin from south basin sites along axis-2 (Fig. 5;
PERMANOVA, p <0.05). Immez outlet (site 9) was grouped
with north basin sites, whereas Zeznina (site 10) fell to the
right of but with some overlap with north basin sites. Sites
within the north or south basin tended to separate along
NMDS axis-1. Here, upper sites in the south basin were
situated more to the right of the plot than lower sites, sug-
gesting a potential longitudinal shift in assemblage struc-
ture. A similar pattern was observed in the north basin
with upper sites also situated more towards the right of the
plot than lower sites. The most common chironomids in
the south basin included Pseudodiamesa nivosa, Diamesa
zernyi gr./cinerella gr., Pseudodiamesa sp., and Parortho-
cladius nudipennis. Common chironomids at Zeznina (site
10) included Tvetenia bavarica/calvescens and Diamesa
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Fig.4 Scatterplot of a non-metric dimensional scaling analysis
(NMDS) of macroinvertebrates from study sites in the Macun Lakes
region during the study period. Data represent means +SE of sam-
pling years for each site. Stress=0.17 for the compiled data. ACRO
Acrophylax zerberus, AGAB Agabus bipustulatus, BAET Baetis alpi-
nus, CHIR Chironomidae, CREN Crenobia alpine, DICR Dicranota
sp., DICT Dictyogenus sp., DINO Dinocras sp., DIVE Others, DRUS
Drusus melanchaetus, EMPE Empedidae, HELO Helophorus gla-
cialis, HYDR Hydracarina, HYFO Hydroporus foveolatus, HYNI
Hydroporus nivalis, LEUC Leuctra spp., LIMN Limnephilus coeno-
sus, LIPE Limnius perrisi, NEMO Nemoura sp., OLIG Oligochaeta,
PERL Perlodes sp., PROS Prosimulium sp., PROT Protonemura
sp., PSEU Pseudopsilopteryx zimmeri, RHIT Rhithrogena loyolaea,
RHYP Rhypholophus sp., SIMU Simulium sp., THAU Thaumaleidae

latitarsis gr., whereas Corynoneura sp., Diamesa bertrami
and Pseudokiefferiella parva dominated the chironomid
assemblages at north basin sites (Fig. 5).

Mean macroinvertebrate taxa richness was highest at
Zeznina (site 10) when compared to that of north basin
sites, south basin sites and Immez outlet (site 9) (Fig. 6a;
Tukey’s test, p < 0.05). Mean macroinvertebrate abundance
was highest at south basin sites when compared to that of the
other sites (Fig. 6b; Tukey’s test, p <0.05). Mean Simpson’s
index was lowest at Zeznina when compared to that of the
other sites (Fig. 6¢; Tukey’s test, p <0.05), reflecting the
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Fig.5 Scatterplot of an NMDS analysis of chironomid species from
study sites in the Macun Lakes region during the study period. Data
represent means + SE of sampling years for each site. Stress=0.21
for the compiled data. CORY Corynoneura sp., COSC Corynoneura
scutellata gr., DIBE Diamesa bertrami, DILA Diamesa latitarsis gr.,
DIZE Diamesa zernyi, DIZC Diamesa zernyi gr./cinerella gr., EUMF
Eukiefferiella minor/fittkaui, HEMA Heterotrissocladius marcidus,
MIIN Micropsectra insignilobus-type, PAAU Paratanytarsus cf. aus-
triacus, PANU Parorthocladius nudipennis, PAST Parametriocnemus
stylatus, PSBR Pseudodiamesa branickii, PSEU Pseudodiamesa sp.,
PSNI Pseudodiamesa nivosa, PSPA Pseudokiefferiella parva, ORFR
Orthocladius (M.) frigidus, ORJU Orthocladiinae (juveniles), RHEF
Rheocricotopus effuses, TORE Tokunagaia rectangularis gr., TVBC
Tvetenia bavarica/calvescens

higher taxa richness at Zeznina. Temporal patterns in abun-
dance and richness showed high inter-annual variation and
no trends over the study period (Fig. S1). There was no cor-
relation between periphyton biomass and macroinvertebrate
abundance or taxa richness for any group (r-values ranged
from —0.16 to 0.21), indicating that the lower periphyton
values post-2010 at all sites had no relation with temporal
patterns in macroinvertebrate assemblages.

Thus far, a total of 74 chironomid species (Tanypodi-
nae, Diamesinae, Orthocladiinae, and Tanytarsini) have
been collected from surface waters of the Macun Lakes
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Fig. 6a—f Taxa richness, abundance and Simpson’s index for macroin-
vertebrates in the north basin (NB; sites 1-4 combined), south basin
(SB; sites 5—-8 combined), Immez outlet (IM; site 9) and Zeznina (ZE;

region, with three of these species new to science (see
Supplementary Table 1). Chironomid richness was lowest
at north basin sites when compared with that for the other
sites (Fig. 6d; Tukey’s test, p < 0.05), but usually only by
two or three taxa (data from kick-net sampling). Chirono-
mid abundances were notably higher at south basin sites

Basin Basin

site 10) averaged among years during the study period. a—c¢ Data for
all macroinvertebrates, d—f data for Chironomidae only. Bars repre-
sent means + SE

and Immez outlet (on average 185 individuals at both sites)
than north basin sites and Zeznina (both on average 55
individuals) (Fig. 6e; Tukey’s test, p < 0.05). Lastly, Simp-
son’s index for chironomids was lowest for Zeznina (site
10) when compared with those of the other sites (Fig. 6f;
Tukey’s test, p <0.05).
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Discussion

Alpine landscapes are being rapidly transformed in
response to a warming climate, which is causing the reduc-
tion and loss of glaciers globally. The hydrology of alpine
fluvial networks has been modified as a result, with alter-
ations in flow regimes, water permanency and physico-
chemistry (Brown et al. 2007; Milner et al. 2009; Paillex
et al. 2020). The fluvial network of Macun encompasses
a number of lakes along the longitudinal flow path, with
significant lake-order effects on surface waters (Robin-
son and Oertli 2009). Further, the stream network com-
prises two distinct basins, one with significant inputs from
rock glacier waters, which cause noticeable differences
in physico-chemistry between the two basins. Over the
study period, the inputs of rock glaciers diminished, with
a strong shift in physico-chemistry being observed around
2010 [summarized in Robinson et al. (2022)]. The reduced
rock glacier inputs have also caused homogenization of the
physico-chemistry of surface waters in the Macun catch-
ment. The question in this study was whether the tempo-
ral changes in physico-chemistry between Macun waters
would be reflected in the macroinvertebrate assemblages in
the catchment. A previous analysis of diatoms at the study
sites showed a clear relationship between the changes in
surface water physico-chemistry and changes in diatom
assemblage structure (Peszek et al. 2022), especially with
respect to pre- and post-2010 data.

Organic resources measured as periphyton biomass
displayed basin and site differences associated with the
differences in surface water physico-chemistry. For exam-
ple, water temperatures of north basin sites were generally
3 °C higher than those of south basin sites (see Robinson
et al. 2022). Further, site Zeznina had the lowest peri-
phyton biomass values during the study period; this was
likely related to the influx of waters from a large rock
glacier that resulted in a different physico-chemical sig-
nature than that seen in the other basins and sites. The
other notable observation was the decrease in periphyton
biomass in both basins after 2010 to levels similar to those
at site Zeznina, and also following the shift observed in
surface water physico-chemistry in the catchment in gen-
eral. For instance, the major reduction in nitrate levels
in the surface waters is likely related to the decrease in
periphyton biomass. The question relevant to this study
was whether levels of periphyton, as a food resource, lim-
ited the abundance of macroinvertebrates. In this regard,
no correlations were evident between periphyton biomass
and macroinvertebrate abundances or taxa richness over
the study period, from which we infer that abundances and
richness were not influenced by periphyton levels at the
study sites. Periphyton comprises mostly diatoms in alpine
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waters, and thus is a high-quality food resource for mac-
roinvertebrates inhabiting alpine streams (Lamberti and
Moore 1984; Jacobsen and Dangles 2017). The temporal
changes in diatom assemblages in the catchment pre- and
post-2010 apparently had no major influence on macroin-
vertebrate abundances.

Macroinvertebrate taxa richness was generally low in the
catchment (less thaneight taxa on average, with chironomids
grouped together), but was notably higher at site Zeznina,
at 11 taxa on average. Zeznina is the outflow stream of the
catchment and is larger (comprising waters from both basins
plus substantial rock glacier inputs) and more heterogene-
ous in habitat conditions than the other sites (CTR, CJ and
BL-C, personal observations). In contrast, chironomid rich-
ness ranged from five to seven taxa on average among sites in
the catchment, and was lowest in the north basin (mean=35
taxa). Alpine streams are known to be inhabited by a lower
number of taxa than lower elevation streams (Jacobsen and
Dangles 2017), and the Macun streams fit this general obser-
vation. Also, Simpson’s index was lowest for site Zeznina
(ca. 50% lower than for the other sites), suggesting that it
had a more evenly distributed macroinvertebrate assemblage
structure than the other sites. Macroinvertebrate abundances
were highest in the south basin (150 more individuals col-
lected per kick sample than at other sites), mostly due to
large numbers of chironomids. Chironomid abundances were
lowest in the north basin and Zeznina (30% of the abun-
dances noted for the south basin and the Immez outlet). The
assemblage evenness of chironomids was similar across sites
(mean Simpson’s index =0.4-0.5), and suggested multiple
species were relatively abundant at the sites. As noted ear-
lier, no obvious temporal trends were observed in the metrics
above, indicating that finer resolution data (or a longer time
series) may be needed to answer the study question.

The composition of the macroinvertebrate assemblages
displayed basin and site differences. North basin site assem-
blages differed from those of south basin sites as well as
those of the Immez outlet (site 9) and Zeznina (site 10). With
respect to the NMDS, site Zeznina clearly differed from all
the other sites (located in the upper left corner of the scat-
terplot), whereas Immez outlet differed from the other sites
mainly along axis-1. Zeznina was clearly more species rich
than the other sites; there, discharge was greater due to rock
glacier inputs, and it was three-fold steeper (>3° gradient,
fast-flowing waters) than the other sites (< 1° gradient, slow-
flowing waters), which made the system more physically
dynamic. The data further indicate that the spatial differ-
ences in surface water physico-chemistry and associated
organic resources (differences in primary producers between
basins) likely play a role in the distribution and abundance
of macroinvertebrates between basins and among sites. For
example, particulate organic matter as well as total phos-
phorus differed between basins (higher in the north basin
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than south basin), suggesting a stronger glacial legacy effect
in the south basin, where inputs of rock glaciers are still
evident (see Del Siro et al. 2023). It is notable that filter-
feeding simuliids (Prosimulium sp.) had high abundances
in north basin streams but were essentially absent from
south basin streams, reflecting the differences in particulate
organic matter between these basins. The glacial signature
in water physico-chemistry was also reflected in the differ-
ences in diatom assemblages between basins in the catch-
ment (Peszek et al. 2022). Similarly, it is well known that
macroinvertebrate assemblages differ among stream types
in glacial fluvial networks (Hieber et al. 2005; Brown et al.
2007).

Macroinvertebrate assemblages differed spatially among
sites in each basin, supporting a lake-order effect on streams,
as suggested by Robinson et al. (2012). This spatial pattern
was observed in macroinvertebrate assemblages overall, as
well as for the chironomids in particular. The juxtaposition
of lakes and streams in the Macun drainage network provides
a functionally heterogeneous environment that clearly affects
the biotic properties along fluvial flow paths. Lake-order
effects, influencing flow and temperature regimes as well as
nutrient dynamics of outflow streams, have been documented
previously (Kling et al. 2000; Epstein et al. 2013). The large
Macun lakes are functionally dynamic, with major seasonal
and diel fluctuations in physico-chemistry and metabolism
(Robinson et al. 2022) that extend to outlet streams along the
fluvial network. However, rock glacial inputs still maintain
the glacial chemical signature of streams in the south basin,
with the main-stem stream being 3 °C cooler than the main-
stem stream in the north basin, which clearly influences
macroinvertebrate assemblages between basins. These data
indicate a hierarchical habitat filtering process in the catch-
ment with surface water physico-chemistry effects (basin
differences) followed by lake-order effects (longitudinal pat-
terns) on the spatial distribution of macroinvertebrates (and
diatoms) (Robinson et al. 2012; Peszek et al. 2022).

The number of chironomid species has increased sub-
stantially over the period of study with the sampling of more
types of freshwater habitats. Up until now, 68 morphospe-
cies and six genera have been documented for the catch-
ment. Sampling has included sweep-netting of different
lakes (Oertli et al. 2008) and kick-netting of the 10 long-term
stream sites (Lods-Crozet et al. 2012; Robinson et al. 2016)
and tributaries (periodically over the years) (Ruegg and Rob-
inson 2004), Malaise trapping of adults in some years, and
24-h drift sampling for midge exuviae at selected streams
(e.g., rock glacier streams, main-stem channel in both
basins) in the last 2 years. The current list includes three
species new to science (Moubayed-Breil and Lods-Crozet
2018, 2021, 2023). Bryocolous and hygropetric habitats
seem to represent the most favorable aquatic microhabitats
for the larval populations. These new species, which belong

to the subfamily Orthocladiinae, are members of a creno-
philous community (Lindegaard 1995; Lencioni et al. 2000).
Chironomids are known to be common in alpine aquatic
habitats; for example, Lencioni et al. (2000) documented
33 morphospecies in alpine streams in northern Italy, and
Fiireder et al. (2006) noted over 60 chironomids among
various high-elevation lakes scattered throughout the Euro-
pean Alps. Many alpine chironomids are endemic and have
physiological adaptations (e.g., resistance to or tolerance of
freezing) to the relatively harsh conditions found in high-ele-
vation aquatic systems (e.g., pro-glacial streams) (Lencioni
2004). Our data indicate that chironomids have been under-
studied in alpine environments and that more effort should
be put into describing their biodiversity, including the use
of current methods involving environmental DNA and DNA
sequencing of species. The presence of the three new species
in this high alpine catchment highlights the importance of
some cold glacial enclaves, considered as hotspots of end-
emism, in the preservation and persistence of autochtho-
nous and sensitive alpine relic species. It is noteworthy that
other high alpine environments in the northern and southern
Alps are home to some other newly described species (Stur
and Spies 2011; Rossaro et al. 2017; Moubayed-Breil and
Lods-Crozet 2016, 2018, 2023). Such species are consid-
ered relevant from a biogeographical perspective, and their
loss would be indicative of environmental change in alpine
landscapes (e.g., Lencioni et al. 2021).

The endemism, taxonomic richness and abundance of
chironomids in alpine aquatic habitats suggest they may be
good sentinels of environmental change that is relative to
macroinvertebrates in general. The NMDS results showed a
clear separation between the chironomid assemblages in the
north and south basin, as well as a clear longitudinal change
within each basin. Importantly, these patterns were more
distinct than those observed with the macroinvertebrate data,
where chironomids were lumped together in the analysis;
this indicates that higher resolution macroinvertebrate data
provide a clearer picture of response in freshwater ecosys-
tems. The most common species in the south basin included
the chironomids Pseudodiamesa nivosa, Pseudodiamesa
sp., Parorthocladius nudipennis and Diamesa zernyi gr./
cinerella gr., all of which are found in cold alpine streams/
lakes (Lods-Crozet et al. 2001). As discussed above, the
south basin streams retain a glacial water signature and are
on average 3 °C colder than north basin streams. Further,
the larvae of Pseudodiamesa spp. are carnivores (Serra-
Tosio 1976) in freshwaters, and perhaps fill a predatory
niche in alpine streams (predatory stoneflies were present
in low numbers at some sites). Corynoneura sp., Diamesa
bertrami and Pseudokiefferiella parva dominated the chi-
ronomid assemblages at north basin sites. Diamesa spp. are
well-known cold water specialists (Lencioni 2004), whereas
Corynoneura sp. are typically found in ponds/lakes, and the
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slow-flowing waters of north basin streams likely allow
for its presence. Further, the orthoclads, which are known
to be found in warmer waters and usually at a longitudi-
nal sequence downstream of the Diamesinae, were mainly
found in north basin sites. The presence of chironomids Tvet-
enia bavarica/calvescens and Diamesa latitarsis at Zeznina
further indicate that the rock glacier water inputs influence
the physico-chemistry at this site. Lastly, no clear temporal
trends were evident in the long-term records of chironomids
for any sampling site, which supports the general idea of a
lake mitigation effect on the fluvial network in Macun.

To summarize, alpine surface waters are sensitive to cli-
mate-related changes in environmental conditions, especially
those associated with the ongoing glacial recession occur-
ring globally. Our results showed significant differences in
the physico-chemistry of waters between basins in the alpine
cirque landscape of the Macun Lakes region that partially
reflected the influence of rock glacier inputs in one basin.
The physico-chemical data revealed temporal changes as
well, especially when data from before and after 2010 were
compared, as well as a general homogenization of surface
waters over the study period. Periphyton biomass differed
between basins prior to 2010, but decreased across sites
post-2010 concomitant with the changes in physico-chem-
istry, which diminished biomass differences between basins.
In contrast, macroinvertebrates (as well as chironomids, in
particular) showed no temporal trends over the study period,
although basin differences occurred and persisted over this
period. These data suggest that the juxtaposition of lakes and
running waters, and the influence of lakes on outlet streams,
may buffer macroinvertebrate assemblages to subtle tempo-
ral changes in water physico-chemistry and food resources.
Lakes in the Macun catchment are metabolically active (see
Robinson et al. 2022) and likely play a role in the ecologi-
cal response of interconnected streams to environmental
changes, such as climate-related ones. We suggest that addi-
tional efforts should be made to compare temporal patterns
in alpine fluvial networks with and without interconnected
lakes to test this supposition.
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