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Abstract

Headwaters in alpine regions and their biodiversity are particularly threatened by climatic changes. Most predictions on their
response to climate change are based on modeling approaches. Empirically gained data rarely exist for glacially influenced
and groundwater-fed headwaters. In 2019, long-term monitoring was initiated at 15 springs, 8 springbrooks and 2 brooks in
the UNESCO Biosphere Reserve Engiadina Val Miistair. The goal was to gain data on hydro-ecological aspects over several
decades to understand whether (1) the environmental conditions change over time and (2) how these changes influence the
composition of the species assemblages. Water temperature loggers were installed, pH, electrical conductivity, oxygen,
nutrients and discharge were measured three times per year, and ecomorphological features were mapped two times per year.
The meio- and macrofauna was sampled in 2019, 2020 and 2021 with a semi-quantitative approach. The results of the first
5 years of monitoring show that the physico-chemistry, water temperature and discharge confirm the stable character typical
for groundwater-fed systems. Certain seasonal variability is evident, which possibly indicates an influence of permafrost or
snow meltwater. The composition of the species assemblages differs significantly between sites but stays relatively constant
over time within a site. Elevation and the availability of wood—parameters indicating forestation—significantly influence
the species composition. This study provides a solid baseline on the environmental conditions and the fauna in springs and
springbrooks in the Central Alps, which is needed for a proper interpretation of changes identified on a long-term basis.
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Introduction rainfall events in summer, which will have a strong impact

on the discharge regime (Michel et al. 2022). This could

Freshwater worldwide are faced with significant alterations
caused by global change. Small water bodies in particular
are threatened by climate and land use changes, which lead,
for example, to altered discharge regimes and high pesti-
cide loads (Biggs et al. 2017; Hogan et al. 2023; Liess et al.
2023). Alpine running waters are of special concern as their
discharge often depends on glacier meltwater, which, sce-
narios predict, will decrease significantly in the coming dec-
ades (Brighenti et al. 2019). The annual precipitation regime
will change considerably, with less snow in winter and fewer
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lead to an increase in water temperatures in Alpine rivers
(Michel et al. 2022) and periodic drying of certain streams
(Brighenti et al. 2019). The changing discharge regime as
well as potentially increasing water temperatures could influ-
ence the composition of invertebrate assemblages in sub-
alpine and alpine running waters (e.g., Kiiry et al. 2018).
Long-term data analyses of rivers in several ecoregions in
Europe demonstrate a shift in species composition in recent
decades (Jourdan et al. 2018). Climatic changes are likely to
lead to an expansion of the distribution range of generalists
and a loss of specialists, e.g., cold-stenothermal species, in
alpine freshwaters (Béssler et al. 2010; Timoner et al. 2020).
This also appears to apply for species adapted to streams fed
by glacier meltwater (e.g., Lencioni 2022).

Springs are usually relatively stable habitats fed by
groundwater (e.g., van der Kamp 1995; Fattorini et al.
2016), with less variation of the water temperature and
the discharge regime compared to springbrooks, i.e., the
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hypocrenal sensu Illies and Botosaneanu (1963), and brooks,
i.e., the epirhithral sections of streams (Illies 1961). In the
Alps, springs are additionally fed by glacier meltwater and
permafrost subsurface runoff. This buffers the water temper-
ature at a low but constant level and influences the discharge
regime (von Fumetti et al. 2017). Due to their environmental
stability, springs are partly inhabited by species adapted to
this particular environment. Taxa with a high proportion of
crenobiontic species, which are restricted to springs, i.e.,
the crenal, include Hydrachnidia, Trichoptera, and certain
Diptera families such as the Stratiomyidae. The proportion
of crenobiontic species in a spring seems to decrease with
altitude, probably because of the constantly low water tem-
peratures in high alpine springs (von Fumetti et al. 2017) and
the reduced availability of habitat and food (Wigger et al.
2015). In the future, crenobiontic species could benefit from
forest expansion (Wigger et al. 2015), while endemic alpine
taxa, also but not exclusively found in springs, appear to
be highly vulnerable to climatic changes (e.g., Niedrist and
Fiireder 2023).

Most studies investigating the potential impacts of cli-
mate change on freshwater species in running waters rely on
species traits (Hering et al. 2009; Niedrist and Fiireder 2023)
or on space-time models and often focus on rivers with large
catchments (Michel et al. 2022). Empirical approaches to
analyzing the effects of climate change on the physico-
chemical properties and the composition and function of
species assemblages in running waters are still rare. Due to
their supposed ecological and biological stability, springs
and their springbrooks are ideal field laboratories for moni-
toring possible changes in abiotic conditions and species
composition. To empirically record possible changes in spe-
cies diversity in springs, springs and their springbrooks have
to be studied over the long term. Environmental stability
seems to enhance the stability of spring faunal assemblages
(Gerecke et al. 2006). However, only a few demonstrate such
stability over time. Long-term studies currently exist for a
few springs in the Berchtesgaden National Park in Germany
(e.g., Gerecke et al. 2009) and the Adamello-Brenta Nature
Park in Italy (e.g., Cantonati et al. 2007), but they do not
include springbrooks. A review on methodological aspects
for long-term studies on springs is given by Cantonati et al.
(2022).

Protected areas are ideal model regions for observ-
ing environmental changes due to their comparatively
low anthropogenic pressures. This applies in particular to
the UNESCO Engiadina Val Miistair Biosphere Reserve
(UBEVM) with the Swiss National Park (SNP) as its core
zone, which has been strictly protected as an IUCN la
reserve since 1914. The first spring surveys were carried
out in the 1930s by Adolf Nadig (Nadig 1942), followed
by partly taxonomic investigations in the following decades
(e.g., Aubert 1965; Bader 1975; Robinson et al. 2008; von
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Fumetti and Blattner 2017). In 2019, long-term monitoring
of springs and springbrooks was initiated in the UBEVM. In
this paper, we present the conceptualization of our research
approach and report on initial results of the first 5 years. We
hypothesized (1) that the environmental conditions (water
temperature, discharge, and water chemistry) of the springs
are stable and variability increases downstream and (2) that
the faunistic assemblages are adapted to environmental sta-
bility and the species composition is not variable. With this
initial study we set the baseline to better understand in the
future how climate change is possibly altering environmental
conditions and influence the biodiversity of alpine springs
and brooks.

Materials and methods
Study site and study design

The UNESCO Engiadina Val Miistair Biosphere Reserve
(UBEVM) is located in the Engadine in the eastern part of
the canton of Grisons in Switzerland. With a total area of
449 km?, it is divided in three zones, the core zone (SNP)
(170 km?), buffer zone (174 km?) and transition zone (105
km?). Compared to other inner Alpine regions, the Enga-
dine has a relatively dry climate with the highest rainfall in
summer (~ 100 mm in July and August) (Haller et al. 2013).
Geologically, the region is very homogeneous and consists
mainly of carbonate Engadine dolomite. At some sites, evap-
orites are present that enrich the water with sulfate (e.g.,
Raibler group) (Schliichter et al. 2013). In some parts of the
UBEVM a certain influence of permafrost is evident (Keller
2013). Outside the SNP, extensive livestock farming and hay
meadows are common. The forested parts of the UBEVM
are dominated by Scots pine (Pinus sylvestris), Swiss stone
pine (Pinus cembra) and European larch (Larix decidua).

Fifteen springs, eight springbrooks and two larger brooks
were selected for long-term monitoring (Table 1). The
regions of Il Fuorn, Val Ftur, Buffalora and Spdl are located
in the SNP. Las Multas and Alp Champatsch are located
in Val Miistair, which is in the buffer zone and transition
zone of the UBEVM. The Ravitschana and Tiatscha Sot
sites in Val S-charl are situated in the transition zone of the
UBEVM, whereas the Tamangur sites are in the buffer zone.
In the buffer and transition zone of the UBEVM a certain
anthropogenic influence cannot be excluded because of the
presence of livestock. All springs and springbrooks were
known to have a perennial discharge. Earlier data are avail-
able for some of the springs (e.g., Nadig 1942; von Fumetti
and Felder 2014).

The altitude ranges from 1660 m a.s.l. (Punt Periv spring,
SNP) to 2230 m a.s.l. (Q1_Bescha, Val Miistair). Most of
the sites are situated in soft chaparral dominated by Scots
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Table 1 Locations of the 25 selected sites in the UBEVM

Site Code Coordinates [WGS 84] Elevation [m Region Section
a.s.l.]

VF1 spring Q_VF1 46.66563 10.20341 1835 11 Fuorn spring

VF1 brook Qbr_VF1 46.66443 10.20311 1770 11 Fuorn springbrook
VF2 spring Q_VEF2 46.67027 10.19580 1950 Val Ftur spring

VF2 brook Qbr_VF2 46.66961 10.19480 1900 Val Ftur springbrook
VE3 spring Q_VF3 46.67088 10.19491 1960 Val Ftur spring

VF3 brook Qbr_VF3 46.67037 10.19383 1890 Val Ftur springbrook
VFS5 spring Q_VF5 46.66445 10.20563 1780 11 Fuorn spring

VFS5 brook Qbr_VF5 46.66428 10.20462 1775 11 Fuorn springbrook
VA2 spring VA2 46.63998 10.17563 1760 Spol spring

Punt Periv spring Punt Periv 46.63498 10.18336 1660 Spol spring

Ova dals Pluogls spring Q_Pluogls 46.65127 10.26247 1960 Buffalora spring

Ova dals Pluogls brook Qbr_Pluogls 46.65176 10.25873 1940 Buffalora brook
Wegerhaus spring Weger 46.64823 10.26532 1958 Buffalora spring

Era da la Bescha spring 1 QI1_Bescha 46.60833 10.33147 2230 Las Multas spring

Era da la Bescha spring 2 Q2_Bescha 46.61007 10.33322 2155 Las Multas spring

Era da la Bescha brook Qbr_Bescha 46.61179 10.33513 2100 Las Multas brook

La Posa springl QI1_Posa 46.64187 10.35594 2140 Alp Champatsch spring

La Posa spring 2 Q2_Posa 46.64348 10.35885 2145 Alp Champatsch spring

Aua da Laider brook Laider 46.64168 10.35989 2085 Alp Champatsch brook
Ravitschana spring Q_Ravit 46.72254 10.31288 1730 Val S-charl spring
Ravitschana brook Qbr_Ravit 46.72349 10.31365 1705 Val S-charl springbrook
Tiatscha Sot spring Q_Tiats 46.72064 10.31760 1725 Val S-charl spring
Tiatscha Sot brook Qbr_Tiats 46.72131 10.31661 1715 Val S-charl springbrook
Tamangur spring Q_Taman 46.68800 10.36142 2033 Val S-charl spring
Tamangur brook Qbr_Taman 46.68831 10.36040 2010 Val S-charl springbrook

pine, Swiss stone pine and European larch. Only Q1_Bescha
is located above the tree line, whereas Q2_Bescha and the
corresponding brook are situated in open land extensively
frequented by livestock. The influence of livestock is also
apparent at the springs Q2_Posa, Q_Taman and Q_Tiats.
There is obviously no influence of livestock in the SNP, but
the frequent presence of deer and chamois is evident at the
springs Q_VF2, Q_VF3 and Punt Periv.

Sampling and measurements began at all springs in the
SNP and Val S-charl in May 2019, and at all other sites
in June 2020. The Tamangur springbrook was included in
the monitoring in June 2021. The sampling campaigns took
place in all years at the end of May (i.e., in spring), in mid
July (i.e., in summer) and in the first half of October (i.e., in
autumn). Physico-chemistry, ions and nutrients were meas-
ured three times per year until October 2023. Discharge was
measured at least twice a year (spring and autumn) at most
of the sites and the mapping of the sites was done at all
sites twice a year (spring and autumn) until October 2023.
In 2022, all measurements were done only once (July). In
accordance with Lubini et al. (2014), faunistic sampling was
always performed between 8 and 15 July in 2019, 2020 and

2021. In 2022 and 2023, faunistic sampling was replaced
by eDNA-metabarcoding, which has not yet been analyzed
and will be not included in this initial analysis. The total
number of samples and measurements per site is given in
Online Resource 1.

Environmental parameters

Temperature and light loggers (Hobo Pendant® MX2202
Temp/light Logger, Onset, Bourne, USA) were placed at
each site, ideally at the outflow or alternatively at a loca-
tion where a constant overflow was ensured. Loggers were
attached to a stone and secured using a large nail (~25 cm
long). Where possible, a shady location was chosen to pre-
vent the loggers from heating up because of solar radiation.
The loggers were read out in spring and autumn. Monthly
mean, minimum and maximum as well as amplitude were
calculated for each month where data were available. Water
temperatures < 0 °C were not considered as they indicate
that a logger was temporarily dry in winter. However, excep-
tionally high values in summer were not omitted as meas-
urements with the portable meter confirmed high water
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temperatures at some sites during this season. A certain
amount of data loss due to depleted batteries or the loss
of loggers, e.g., due to trampling by livestock, was inevita-
ble at almost all sites (Online Resource 1). For seven sites
(Q_VF2, Q_VF, Q_Tiats, Q_Ravit, Q1_Bescha, Qbr_Ravit
and Laider) continuous temperature data were available from
June 2020 until May 2023. These data were plotted, and
significance of change over time was tested using the Mann-
Kendall test. Plotting of the data and time series analysis
was performed with PAST 4.13 (Hammer & Harper 2006).

Electrical conductivity (EC; uS/cm at 25 °C), pH
value, oxygen content (mg/l) and saturation (%) in water
were measured using a portable meter (WTW Multiline®
Multi 3630 IDS, WTW). The measurements were taken
alongside the temperature and light loggers. A water sam-
ple was taken to analyze the nutrient [ammonia (-NH,*),
phosphate (-PO43') and nitrate (-NO;7)] and ion content
[natrium (-Na*), potassium (-K*), calcium (-Ca>*), magne-
sium (-Mg2+), sulfate (-SO42_), chloride (CI7) and fluoride
(-F7)]. The concentrations (all in mg/l) were measured with
ICP-OES (SPECTRO MS, Spectro Analytical Instruments
GmbH, Kleve, Germany) by the laboratory of Environmen-
tal Geosciences at the University of Basel.

Discharge was evaluated by measuring the cross sec-
tion and flow velocity as accurately as possible at a well-
defined cross section. The flow velocity was measured using
a hydrometric vane with a micro vane for shallow water
depths (Schiltknecht, Gossau, Switzerland). To account for
measurement inaccuracies the calculated discharge was also
converted into discharge classes according to Hoffsten and
Malmgvist (2000): 1 (<11/s); 2 (> 1—<51/5); 3 (>5—<10
1/5); 4 (> 10—<20 I/s); 5 (> 20 U/s).

The substrate composition and other ecomorphological
parameters were documented based on the evaluation sheet
of the Swiss Federal Office for the Environment (FOEN,
Lubini et al. 2014). The substrate cover was mapped in five
classes of areal coverage: 0 (0%); 1 (1-20%); 2 (20—40%); 3
(40-60%); 4: (60-90%), 5: (>90%). An average value was
calculated from all mapping events resulting in a substrate
cover per substrate and spring between 0 and 5. A certain
variation in the visual assessment was evident but only
between two classes, e.g., between class 1 (1-20% cover-
age) and 2 (20-40% coverage).

Faunistic sampling

For the faunistic sampling, a hand-net (mesh size: 200 pm)
was used. The sampling design was based on the technique
of the “Macrozoobenthos” module of the FOEN’s modular-
stepwise procedure of the (Bundesamt fiir Umwelt 1998;
2019) and the recommendations of Cantonati et al. (2022).
After mapping the substrate composition, eight sub-samples
were taken for each substrate present. The samples were
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taken in the uppermost 10 m of the spring or in a defined
section of the springbrook. If fewer than eight substrates
were present at a site, additional sub-samples were taken
from the substrates that covered a large area according to
the prior mapping. The entire sample was pooled and then
divided into a fine and a coarse fraction using a 200-um
hand net and a 1000-mm sieve. The fine fraction was pre-
served directly in 100% ethanol, whereas the coarse frac-
tion was first separated from coarse inorganic substrates,
i.e., gravel and stones, before preservation (Bundesamt fiir
Umwelt 2019). Large specimens visible by eye were pre-
served directly in small vials.

The samples were sorted in the laboratory, and speci-
mens were identified to the lowest possible taxonomic level,
mostly genus or species level (e.g., Studemann et al. 1992;
Amann et al. 1994; Waringer and Graf 2011; Lubini et al.
2012; Gloer 2017). Taxonomically challenging groups such
as Chironomidae, Ceratopogonidae, Copepoda and Ostra-
coda as well as small instars were only identified to fam-
ily level or higher. Not every indicator group proposed by
Gerecke et al. (2011) was considered: Ostracoda, Copepoda,
Chironomidae and diatoms are species rich taxa in springs
(see, e.g., Gerecke and Franz 2006; Cantonati et al. 2007;
Fattorini et al. 2016) but cannot be regularly identified [or
not considered on a regular basis (diatoms)] in the UBEVM
because of financial and time constraints.

Faunistic data analysis

For all springs except the springs in Val Miistair, a com-
parison among the years 2019, 2020 and 2021 was possible.
Species richness (i.e., the number of taxa), abundance and
Shannon diversity (H’) were calculated for each spring and
each year. The percentage of taxa occurring each year was
calculated as a measure of the stability of the invertebrate
assemblages. The similarity of the species assemblages
within a spring was calculated using Bray-Curtis similar-
ity after square root transformation. A Simper analysis was
performed to assess the similarity of invertebrate assem-
blages within each spring 2019-2021. A similarity analysis
(ANOSIM), which is analogous to an ANOVA, but relies on
a similarity matrix and makes few assumptions on data, was
used to test the significance of similarity within sites. Ordi-
nation was performed using a non-metric multidimensional
scaling (nMDS). An nMDS does not assume a normal dis-
tribution; only ranks are compared. The distances between
samples are relative and illustrate their similarities.

For the comparison of all sites, the mean abundances of
three (all springs except the springs in Val Miistair) or two
sampling occasions (all other sites except Qbr_Taman) were
calculated for all taxa. Again, species richness (S), Shan-
non diversity (H’loge) and abundance (N) were calculated
for each site. A redundancy analysis (RDA) was performed



Monitoring potential impacts of climate change on the biodiversity of springs and springbrooks...

Page50f15 80

using the mean values of the invertebrate assemblages from
all sites and the mean values of the environmental vari-
ables. Environmental variables were chosen based on for-
ward selection. Data were log, transformed prior to analy-
sis. Adjustment of the variation was done using Ezekiel’s
formula (Legendre et al. 2011).

RDA was performed using CANOCO 5.0 (ter Braak and
Smilauer 1998); all other analyses were performed using
PRIMER 7.0 (Clarke and Gorley 2006).

Results
Environmental parameters

The mean water temperature ranged from 1.5 °C in Q1_Bes-
cha to 7.0 °C in Punt Periv (Tab. 2). Some of the sites were
very stable, whereas others showed considerable variations
in water temperatures. The amplitude was lowest in the Punt
Periv spring (0.8) and highest in the Qbr_VF3 springbrook
(10.7). The lowest minimum temperatures were recorded in
Q1_Bescha and Q_Taman (0 °C). The highest maximum

Table2 Water temperature (°C): mean, minimum (min), maximum
(max) and amplitude (amp) calculated from the mean of the monthly
values available from May 2019 until September 2023

Site Mean Min Max Amp
Q_VF1 5.2 2.0 6.9 4.9
Q_VF2 5.4 2.1 8.9 6.8
Qbr_VF2 59 2.5 94 6.9
Q_VF3 4.5 1.9 6.5 4.6
Qbr_VF3 5.0 0.1 10.8 10.7
Q_VF5 5.6 35 8.6 5.1
Qbr_VF5 5.8 3.0 7.9 4.8
VA2 4.2 1.4 6.8 53
Punt Periv 7.0 6.6 74 0.8
Q_Pluogls 3.9 0.3 4.9 4.6
Qbr_Pluogls 4.5 3.0 6.6 3.6
Weger 5.5 0.6 11.1 10.5
Q1_Bescha 1.5 0.0 2.6 2.6
Q2_Bescha 3.6 2.6 4.6 2.0
Qbr_Bescha 3.1 0.1 7.5 7.4
Q1_Posa 4.8 0.3 6.3 6.0
Q2_Posa 5.0 0.7 9.3 8.6
Laider 4.4 2.3 7.0 4.7
Q_Ravit 4.4 3.9 4.9 1.0
Qbr_Ravit 4.4 3.9 5.0 1.1
Q_Tiats 4.1 0.2 8.9 8.7
Qbr_Tiats 5.4 3.0 8.4 53
Q_Taman 3.7 0.0 8.4 8.4
Qbr_Taman 3.3 0.3 10.2 9.8

temperatures were reached in the Wegerhaus spring (11.1°
C). The seven sites with continuous data from June 2020
to May 2023 show different degrees of variability (Fig. 1).
Q_VF2, Q_Tiats and the Laider brook show a relatively
high variability, while in Q_Ravit and its springbrook
QBr_Ravit the water temperature varies only slightly over
time. With the exception of Q_Tiats, where the water tem-
perature decreased significantly (S=- 195, Z=-2.6442,
p=0.00819), no significant trend of a temporal change in
water temperature was observed.

The physicochemical parameters varied only slightly dur-
ing the entire period; especially the pH was very constant
(Table 3). The EC was lowest at the uppermost sites Era da
la Bescha (Q2_Bescha: 31+ 3 uS/cm) in Val Miistair and
highest in the Ravitschana sites (Q_Ravit and Qbr_Ravit:
430+36 and 429 +35 puS/cm, respectively) in Val S-charl.
All springs were saturated with oxygen; only spring Q2_
Bescha had a slightly lower oxygen content. The discharge
was mostly < 10 1/s, while the larger brooks had a dis-
charge > 50 I/s. The highest discharge was measured in the
brook Tiatscha Sot (95.2 +33.3 1/s).

Ammonia (-NH,") and phosphate (-PO43_) concentrations
were below detection limit, and fluoride (-F™) was below
detection limit in some sites, mostly springbrooks. Nitrate
(-NO;™) was always detectable, and concentrations varied
from 0.36+0.14 mg/l in QBr_VF2 to 1.60+0.27 mg/l in
Q_VFI. Sulfate (—SO42) concentrations were particularly
high in the springs Punt Periv (77.71 +15.49 mg/l) and Q_
Ravit (90.68 +20.61 mg/l) and the springbrook Qbr_Ravit
(93.03 +22.72 mg/l) (Online Resource 2). The substrate
composition was dominated by moss in many springs, while
the share of sand and detritus increased downstream in the
springbrooks (Online Resource 3). The brooks were domi-
nated by coarse inorganic material. As there are no decidu-
ous trees around the sites, no leaf litter besides spruce and
pinus needles was found in the springs.

Faunistic assemblages: springs 2019-2021

The lowest number of taxa (n=16) was found in the
Wegerhaus spring in 2019 and the highest in springs Q_
VF2 and VA2 in 2021 (n=32). The variation in the number
of taxa in springs is low in springs Q_VF3 and Q_Pluogls
(30-31 taxa/year and 26-28 taxalyear, respectively),
whereas it is high in Q_VF5 (21-31 taxa/year). The similar-
ity of samples within as spring ranged from 57% (Q_Ravit)
to 72% (Q_Taman). The percentage of taxa found in each
year ranged from 30% in Punt Periv to 47% in Q_Pluogls
(Table 4).

Overall, the variability of taxa found in a spring within 3
years is very high. However, some species such as Crenobia
alpina, Nemoura mortoni and Protonemura lateralis occur
constantly in almost every spring. Despite the variability
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between years within springs, significant faunistic differ-
ences were found between springs for all springs sampled
in 2019, 2020 and 2021 (R: 0.817, p: 0.001) (Fig. 2).

Faunistic assemblages: all sites

Overall, 98 species and taxa at higher taxonomic level were
identified. The number of taxa per site ranged from 17 in
Q1_Bescha to 47 in Q_VF2. Shannon diversity was low-
est in Q1_Bescha (1.083) and highest in the brook Laider
(2.693). The highest abundance was found in the spring-
brook Qbr_Tiats (Table 5), which is mainly due to the high
density of Chironomidae, e.g., in the Wegerhaus spring.
Trichoptera were by far the most species-rich order with
22 taxa identified to species level. Seven water mite species
were identified, although the species-rich genus Lebertia and
Atractides were only identified to genus level. Amphipoda
were only found at four sites: Gammaus fossarum occurred
in high densities in spring Punt Periv and was found once
in Q_Pluogls. Niphargus cf. thienemanni was found in the
Wegerhaus spring and in Q2_Posa (Online Resource 4).
The constrained RDA performed for all sites revealed
differences between sites based on environmental variables
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selected by a forward selection (Monte-Carlo test: F=2.6;
P=0.002). The selected environmental variables wood, ele-
vation, pH and FPOM explained 34.3% of the total variance
among sites (adjusted variation among sites is 21.1%). Axis
1 explained 15% of the variation, axes 2 and 3 explained
9.86 and 5.92% of the variation, respectively, and axis 4
explained 3.47% of the variation. The three significant
explanatory variables accounted for 28.4% of the total vari-
ance: wood, elevation (both P <0.005) and pH (P <0.05)
(Table 6). The first two axes indicate a separation of sites
by altitude and pH and by the amount of wood and FPOM
(Fig. 3).

High altitude sites of the “Era da la Bescha” and “Taman-
gur” systems have the lowest pH and EC. They are inhabited
by alpine trichopteran species such as Drusus melanchaetes,
Drusus monticola and Allogamus uncatus. Sites with a high
share of wood are situated in Val Ftur and the Alp Cham-
patsch in Val Mistair. They are inhabited by many spring
specialists such as Drusus chrysotus, Partnunia steinmanni
and Nemoura sinuata. Many of the springbrooks and also
some springs had a high share of FPOM. These sites often
exhibited a relatively high discharge and were inhabited by
crenobiontic water mites such as Hygrobates norvegicus and
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Table 3 l?hysico—chcmical Site pH EC Oxygen Oxygen discharge discharge

characteristics of water

and discharge of all sites ' [uS/cm] (%] [mg/l] [1/s] class

f:ifézfz;_LusyDgligar;f?Qfels Q_VFI 80+0.15 2679 9942 103401  28+13 2

1 (< 1 l/s), 2 (> 1—<5 l/S), 3 le‘_VF] 8.3 10.06 275 =+ 10 1021 1 9.1 10.9 2.91 1.9 2

(>5—<101/s), 4 (>10—<20 Q_VE2 7.9+0.28 330+8 99+3 9.8+0.2 0.6+0.4 1

I/s), 5 (>20 1/s) Qbr_VF2 8.4+0.23 32749 100+ 1 9.7+0.5 0.3+0.1 1
Q_VF3 8.2+0.13 285+4 101+1 10.4+0.1 4.7+4.7 2
Qbr_VF3 8.3+0.19 278+ 19 101 +1 104+0.4 24+23 2
Q_VF5 8.3+0.18 279+7 103+3 9.9+04 7.4+45 3
Qbr_VF5 8.3+0.07 263+55 104+1 9.7+0.5 6.7+3.8 3
VA2 8.0+£0.18 316+52 102+2 10.5+0.2 42+59 3
Punt Periv 8.0+0.11 427 +£26 102+2 10.1+0.2 8.7+2.7 3
Q_Pluogls 8.1+0.09 192+6 100+2 10.3+0.2 20.4+13.3 5
Qbr_Pluogls 8.4+0.12 189+4 106+2 10.3+0.2 47.8+44.4 5
Weger 8.2+0.27 235+38 99 +5 9.7+0.6 88.4+39.1 5
Q1_Bescha 7.5+047 33+2 102+1 10.8+0.2 16.6+12.0 4
Q2_Bescha 6.9+0.38 31+3 93+17 9.6+19 1.7+1.5 1
Qbr_Bescha 7.5+0.13 31+2 103 +£1 10.2+0.5 63.2+40.6 5
Q1_Posa 8.3+0.11 348+9 103+1 10.3+0.1 19.4+16.7 5
Q2_Posa 8.1+0.08 343+11 100+1 9.5+04 1.0+0.6 1
Laider 8.2+0.13 321+10 102+1 9.7+04 24.6+11.0 5
Q_Ravit 8.0+0.08 430+36 99+0 10.7+0.1 50.4+8.5 5
Qbr_Ravit 8.1+0.08 429435 103+1 10.9+0.1 55.4+16.3 5
Q_Tiats 8.0+0.11 274+17 96+3 10.0+0.3 147+44 3
Qbr_Tiats 8.2+0.16 263+ 14 102+2 10.2+0.3 952+33.3 5
Q_Taman 7.6+0.23 66+8 101+1 9.9+0.4 41+1.6 2
Qbr_Taman 7.6+0.15 66+9 98+3 9.7+0.6 46+1.1 2

Sperchon violaceus, but also by rhithral species (e.g., Pro-
tonemura brevistyla and Isoperla rivulorum). The stonefly
Nemoura mortoni was especially abundant at sites with a
high FPOM content. It is a crenophilic species found from
the epirhithral to the eucrenal (Moog 1995).

Discussion
Conceptual framework for long-term studies

When initiating long-term monitoring, it is important to
consider certain aspects that help to assert the feasibility
and validity over time. Cantonati et al. (2022) gave a com-
prehensive overview of methodological aspects that need to
be considered. Their considerations are mostly based on the
long-term studies on springs in the Berchtesgaden National
Park in Germany (e.g., Gerecke and Franz 2006) and in the
Adamello-Brenta Nature Park in Italy (e.g., Cantonati et al.
2007). These and other routinely applied biodiversity moni-
toring programs are usually based on a 5-year interval for
flora and fauna surveys for financial reasons (Koordinations-
stelle BDM 2014). In contrast, we are confident that annual

faunistic sampling is needed: as shown by the first 3 years
of sampling in the UBEVM and former studies (e.g., von
Fumetti 2014; von Fumetti et al. 2017), a certain variability
of species assemblages due to demographic or stochastic
factors is common. Variability over time should therefore not
be over-interpreted. On the other hand, mid- or long-term
trends in species shifts may be overlooked if samples are
only taken every 5 years.

The intervals of abiotic measurements are always a trade-
off between financial and time constraints and the required
accuracy. In the UBEVM, we measured the physico-chemi-
cal parameters and analyzed the nutrients three times a year.
We detected slight seasonal variations and recommend not to
reduce the interval. Indeed, Cantonati et al. (2022) propose
four or at least three measurements per year. An even more
frequent sampling interval would be desirable if we want to
better understand how the change of glacier melt will influ-
ence environmental conditions in springs. This also applies
to discharge, which varies both during the year and between
years. Changes in the discharge regime, possibly induced
by climatic changes in the upcoming decades, may only be
detected if we know the basic fluctuations in discharge in
the investigated springs and springbrooks. However, one

@ Springer
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Table 4 Diversity measures for

j - Spring Year S N H'(loge) Similarity Taxa found
the springs sampled in 2019, [%] every year
2020 and 2021. S: number of (%]
taxa, N: abundance, H’(loge):

Shannon index. Similarity: 2019 29 1030 2.046
percentage of similarity of - Q_VFI1 2020 23 1000 1.724 61 34
invertebrate assemblages within
each spring 2019-2021 based 2021 22 466 1.685
on a Simper analysis, taxa found 2019 31 735 1.661
every year: Percemagfe of taxa Q_VF2 2020 27 1115 1.55 64 36
o w o m
2019 31 968 1.873
Q_VF3 2020 31 485 2.497 64 41
2021 30 400 2.628
2019 21 1104 1.512
Q_VF5 2020 31 984 2.356 64 32
2021 29 585 2422
2019 26 400 2452
VA2 2020 25 517 2.022 65 36
2021 32 430 2.463
2019 30 1045 2.203
Punt Periv 2020 25 944 2.116 61 30
2021 22 340 2.287
2019 26 723 2.286
Q_Pluogls 2020 27 1246 1.784 72 47
2021 28 867 2213
2019 16 703 1.674
Weger 2020 21 1917 1.218 69 43
2021 20 803 1.308
2019 22 463 1.487
Q_Ravit 2020 28 1476 1.8 57 31
2021 22 565 1.768
2019 24 755 1.751
Q_Tiats 2020 22 462 1.974 63 46
2021 27 1911 1.538
2019 25 984 1.275
Q_Taman 2020 29 727 2.029 72 42
2021 23 777 1.835

must always be aware that precise discharge measurements
in natural springs are challenging (e.g., Frisbee et al. 2013).
Discharge measurements calculated based on the flow veloc-
ity and the cross section must be generally considered as
relatively inaccurate as evidenced by the high standard
deviations at our sites. However, it is the best low-impact
method that can be applied in springs. Therefore, the meas-
urements must be carried out as accurately as possible on a
well-defined and fixed cross-section at every site.

Mapping the springs and springbrooks may be reduced to
once a year. Larger intervals of up to 5 years as proposed by
Cantonati et al. (2022) are not recommended. Despite being
much more stable than lower sections of rivers, also springs
and springbrooks are exposed to natural disturbances, and a

@ Springer

certain redistribution of the sediments is evident. Especially
in the Swiss National Park, we observe that trees around and
in springs start to die off. Fallen trees can change the flow
conditions and in consequence substrate composition con-
siderably. Even trampling by chamois and red deer is appar-
ent at some sites and should be documented as a potential
source of nutrient input. Sudden heavy rainfall during thun-
derstorms can lead to mudflows and alter freshwater systems
in the region dramatically (e.g., Miithlemann 2017, https://
nationalpark.ch/natur/prozesse/). Indeed, the very species-
rich springbrook Ova dals Pluogls became completely dry
in July 2022 because of a mudflow.

Water temperature logging devices are very appropriate
for long-term studies in springs. They deliver reliable data
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Fig.2 Non-metric multidimensional scaling (nMDS) based on
the faunistic data of all springs sampled three times. Black trian-
gle=2019, inverted gray triangle=2020, asterisk=2021). Distances
between points are relative and illustrate similarities between sam-

with high resolution with relatively low effort. Several stud-
ies on springs already applied them successfully for shorter
durations, but not longer than 1 year (e.g., Kiiry et al. 2017;
Schenkova et al. 2020; Vyravsky et al. 2023). When using
temperature loggers on a long-term basis, certain aspects
need to be considered. The battery life of the loggers guaran-
tees approximately 1.5 years of logging. Batteries should be
exchanged in time so there are no gaps in the data series. To
extend battery life, the logging interval may be increased to
2 hourly and potentially even a second logger can be placed
in the spring. When installing temperature loggers, one
should also consider the potential impact of solar radiation.
Loggers only heat up minimally in summer, but in springs
with a low water depth they should preferably be placed at
a shaded spot.

Environmental parameters—stability
versus variability

Results confirm the stability of the water temperature for
most of the springs as well as a higher amplitude in the
larger springbrooks and brooks. Stability of the water

ples. Transformation: square root, similarity index: Bray-Curtis simi-
larity. Stress < 0.2 useful 2-dimensional ordination of the high-dimen-
sional assemblage structure (Clarke & Gorley 2006). Significant
faunistic differences were found between springs (R: 0.817, p: 0.001)

temperature at the spring outflow depends on the depth of
the aquifer (Cantonati et al. 2006). The most stable sites
Punt Periv and Ravitschana seem to be fed by a deep aqui-
fer (Kiiry et al. 2017). Springs with a higher amplitude can
be influenced by rapid infiltration and shallower aquifers
(van der Kamp 1995), higher contributions of meltwater,
e.g., from rock glaciers (Brighenti et al. 2019) or unsatu-
rated flow, i.e., water flow in the unsaturated zone of the
soil (Frisbee et al. 2013). In the spring Q1_FEra da la Bescha,
water temperature never exceeded 2.6 °C. Meltwater from
rock glaciers might stabilize the water temperature of this
spring at~2.5 °C (Brighenti et al. 2019). Moreover, sudden
heavy rainfall can change the water temperature consider-
ably on a short-term basis also in springs (Kiiry et al. 2017).

In general, results confirm our first hypothesis that
springs and springbrooks are environmentally stable. Espe-
cially pH and EC were constant and showed no change over
time with only slight seasonal variations at some sites. Cer-
tain spatial differences of pH and EC can be seen: in most
of the sites the pH is > 8.0 and the EC > 200 uS/cm, while
in the Tamangur and Era da la Bescha sites pH and EC are
much lower. Despite being mainly situated in the Engadine

@ Springer
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Table 5 Diversity measures for all sites calculated from mean values
of 2-3 samplings (2019-2021 or 2020/2021)

Site S N H'(loge)
Q_VF1 38 832 2.003
Qbr_VF1 30 326 2.484
Q_VEF2 47 860 1.951
Qbr_VF2 34 554 2.024
Q_VF3 44 618 2.393
Qbr_VF3 30 372 2.348
Q_VF5 40 891 2.193
Qbr_VF5 34 1003 1.834
VA2 42 449 2.507
Punt Periv 40 776 2.32
Q_Pluogls 36 945 2.168
Qbr_Pluogls 31 737 1.589
Weger 28 1141 1.419
Q1_Bescha 17 643 1.083
Q2_Bescha 33 937 1.378
Qbr_Bescha 23 508 1.16
Q1_Posa 37 1037 1.789
Q2_Posa 37 744 2.335
Laider 35 475 2.693
Q_Ravit 39 835 1.864
Qbr_Ravit 30 460 1.576
Q_Tiats 35 1043 1.76
Qbr_Tiats 40 1690 2.099
Q_Taman 38 829 1.774
Qbr_Taman 19 226 1.742

S: number of taxa, N: abundance, H’(loge): Shannon index

Table6 Summary of RDA eigenvalues, cumulative percentage of
variance explained on the first four canonical axes, significance of all
canonical axes and significant environmental variables identified by a
forward selection of the explanatory variables

Axis 1 Axis2 Axis3 Axis4

Eigenvalue 0.15 0.10  0.06 0.03
Species environment correlation 0.89 0.80  0.80 0.80
Cumulative percentage of variance

Explained variation (cumulative)  15.04 2490 30.82 34.29
Explained fitted variation (cumu-  43.85 72.61 89.89 100.00
lative)
F ratio
Significance of all canonical axes ~ 2.6%*
Significant environmental vari-
ables
Wood 3.4k
Elevation 2.4%*
pH 2.1%

*P<0.05; **P <0.005

@ Springer

dolomite, it cannot be excluded that the sites at Tamangur
are geologically influenced by crystalline rocks (“Sesvenna-
Kristallin,” Triimpy 1997). However, these sites are at the
highest altitude and might also be influenced by ice-rich
permafrost (https://map.geo.admin.ch; Kenner et al. 2019). It
has been shown in the Pyrenees that a contribution of glacier
meltwater leads to a substantial decrease of the EC (Brown
et al. 2003). In the streams Aqua and Fuorn in the SNP, on
the other hand, long-term data hint at a higher EC in the
stream (Fuorn) influenced by ice fields (Sertié¢ Peri¢ et al.
2015). However, the EC in both streams was in the mean
range measured at our sites (~250 uS/cm) and much higher
than in the springs with the lowest EC (<70 uS/cm). Nitrate
values were in the same range as measured by Robinson
et al. (2008); in the Punt Periv spring, for example, almost
the same values were measured in 2004, proving the overall
stability of this spring. The influence of livestock, visible
by eye at the springs Q_Taman, Q_Tiats and Q2_Posa, did
not result in increased nitrate values. Relatively high nitrate
levels were measured several times in forested springs,
though, in areas where the presence of chamois and red deer
in the vicinity of the springs was evident. However, an even
higher nutrient input in livestock influenced springs might
be masked by the presence of moss and macrophytes which
take up nitrate (Thies et al. 2013) and are very abundant in
the springs influenced by livestock. Rock glacier meltwa-
ter can be enriched with ions (Schliichter et al. 2013; Thies
et al. 2013), which could explain the relatively high nitrate
concentrations at some sites, e.g., Q_VF1 and Q_Pluogls,
as well. Nitrate concentrations of 1-2 mg/l NO; seem to be
the airborne “pollution” of alpine headwaters deriving from
rainfall and meltwater input (Schliichter et al. 2013).
Discharge measurements are rarely implemented on a
regular basis in natural springs because of the aforemen-
tioned difficulties to measure discharge properly. Still, a
comparison of the discharge classes according to Hoffsten
and Malmgvist (2000) is possible. Most of the springs had a
low discharge of < 10 1/s, which is in accordance with meas-
urements of Robinson et al. (2008) at springs in the UBEVM
and of Cantonati et al. (2020) in the Northern Apennines. An
increase in the following springbrook sections was measured
at some sites, but some springbrooks had a very low dis-
charge as well. A shift of the discharge peak from mid-sum-
mer to spring is predicted for the future (Michel et al. 2022)
because of the varying input of snow and glacier meltwater
as well as rainfall. Discharge varied considerably throughout
the year and was lowest in summer and highest in October
at many sites. At some sites discharge already peaked in
late May. However, due to the methodological difficulties
one should interpret the seasonal fluctuations cautiously. For
Switzerland, an overall decrease of the discharge in streams
was shown for the past 50 years (Michel et al. 2020). A
slight trend of a decrease was visible from 2019 to 2022 in
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Fig.3 Ordination of 25 sites and 98 taxa by redundancy analysis
(RDA). The environmental parameters with the highest explanatory
power in the model are indicated with arrows. Only genus and spe-
cies of the most diverse taxa Trichoptera, Plecoptera and Hydrach-
nidia are displayed. AcrZerb Acrophylax zerberus, AllgUnct Alloga-
mus uncatus, AmphStand Amphinemura standfussi, ApatHelv
Apatania helvetica, BeraPull Beraea pullata, ConsCons Consorophy-
lax consors, DictFont Dictyogenus fontium, DrusBigt Drusus bigut-
tatus, DrusChrs Drusus chysotus, DrusDisc Drusus discolor, Drus-
Melan Drusus melanchaetes, DrusMont Drusus monticola, GamFoss
Gammarus fossarum, HalsRub Halesus rubricollis, HdyrPlac Hydro-

some sites in the UBEVM as well. This might already hint
at decreasing discharge values in the region.

Fauna of springs and springbrooks

Similar to the environmental parameters a certain variabil-
ity of the faunistic assemblages was evident, while stability

1.0

volzia placophora, HygrNorv Hygrobates norvegicus, IsopRivl Isop-
erla rivulorum, LeuctraGrBr Leuctra braueri group, LithNigr Lithax
niger, MelMel Melampophylax melampus, MetaFlav Metanoea fla-
vipennis, NemoMort Nemoura mortoni, NemoSinu Nemoura sinuata,
NemrPict Nemurella pictetii, PartStei Partnunia steinmanni, PhilMon
Philopotamus montanus, PhilVari Philopotamus variegatus, PlecGen
Plectrocnemia geniculata, ProtAub Protonemura auberti, ProtBrev
Protonemura brevistyla, ProtLatr Protonemura lateralis, Rhyalnt
Rhyacophila intermedia, RhyaTris Rhyacophila tristis, SperMutl
Sperchon mutilus, SperThie Sperchon thienemanni, SperVerr Sper-
chonopsis verrucosa, SperViol Sperchon violaceus

prevailed over time. This is in accordance with our sec-
ond hypothesis and other studies comparing the fauna in
springs over time (Gerecke et al. 2006; von Fumetti 2014;
von Fumetti et al. 2017). Similarity of the faunistic assem-
blages within the springs from 2019 to 2021 was gener-
ally much higher than in springs in the Bernese Alps (von
Fumetti et al. 2017). In the SNP, Knispel and Lubini (2015)
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found no considerable change of the Plecopteran fauna in the
headwaters including springs throughout the past 60 years.
Our sampling in 2019-2021 confirms that springs are stable
habitats with usually low disturbance frequency and inten-
sity. However, as mentioned above, mudflows can be cata-
strophic events, suddenly destroying brooks and their biota.
Despite overall stability, the observed fluctuations between
years show that sampling every 5 years would not display
the spring fauna properly. Due to seasonal fluctuations, we
already miss species in the one or the other year when only
sampling once a year. Even though emerging insects have a
distinct seasonal pattern (Gerecke et al. 2009), the exception-
ally cool and wet weather in spring 2021 (MeteoSchweiz
2022) possibly slowed down larval development.

One goal of the long-term approach initiated in 2019
is to investigate possible changes of the distribution of
species along the longitudinal gradient of streams. In the
past decades, a shift in the species composition of aquatic
macroinvertebrates occurred in lowland and low mountain
ranges (Jourdan et al. 2018): Plecoptera are vulnerable to
climatic changes, while Ephemeroptera could even profit
from a warming. For alpine regions, a high vulnerability
of cold stenothermal and crenobiontic species is generally
predicted (Kiiry et al. 2018). So far, most springs and cor-
responding springbrooks investigated in the UBEVM are
inhabited by very similar species assemblages. The spring-
brooks are more species rich as also rhithrobiontic species
such as Protonemura brevistyla co-occur with crenophilic
and crenobiontic species. Rhithrobiontic species such as
Isoperla rivulorum mostly occurred at sites with FPOM and
sand and a higher discharge, while crenobiontic species such
as Partnunia steinmanni prefer wooded springs. Due to the
different substrate compositions of springs and springbrooks
and the increasing discharge downstream, we conclude that
that rhithrobiontic species will probably not colonize springs
and replace crenobiontic species. This has to be confirmed
with ongoing monitoring in the upcoming decades.

Elevational differences were another factor influencing
species composition in springs in the UBEVM. Sites within
the forest are much more shaped by organic substrates such
as wood and moss. These are preferred substrates of typical
crenobiontic taxa such as certain water mite species. This
indicates that the tree line is a natural barrier for crenobion-
tic species in the Alps (Wigger et al. 2015; von Fumetti and
Blattner 2017). A reforestation might therefore be important
for a shift of the species composition in springs in alpine
regions; spring specialists could even profit from a rising
treeline and rising water temperatures as long as the springs
do not fall dry.

Among the water mites many crenobiontic species exist
(e.g., Blattner et al. 2019). Hydrachnidia often have very
specific demands concerning substratum composition (Di
Sabatino et al. 2000) and are indicators for spring habitat
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stability (Gerecke and Martin 2006). They are very well
studied in the UBEVM (e.g., Bader 1975; Blattner et al.
2022) and therefore of special importance when address-
ing possible changes of the species assemblages over time.
Chironomidae and also other Dipteran taxa are very abun-
dant in springs and springbrooks. Among the Chironomidae,
glacial specialists and cold-stenothermal taxa exist, which
are adapted to the harsh environments in glacially influenced
headwaters (e.g., Fiireder et al. 2001; Niedrist and Fiireder
2016). Inclusion of chironomids in our spring monitoring
would be very important as many crenobiontic chironomid
species exist as well: in Alpine and pre-Alpine springs in
Italy, 37% of all Chironomidae identified in 81 springs were
crenophilous-crenobiontic species (Lencioni et al. 2011).
Although it is not our goal to consider the whole spring biota
in our long-term approach, the inclusion of all Hydrach-
nidia on species level and Diptera would therefore be a
strong improvement. To overcome the dilemma of overly
demanding classical species identification, we implemented
an eDNA-Metabarcoding approach in 2022. Single species
detection of target species works well (Blattner et al. 2021)
for springs, and concepts exist for implementing eDNA
approaches in routinely applied freshwater monitoring pro-
grams (e.g., Fernandez et al. 2018; Pawlowski et al. 2020).
Springs are exceptionally well suited for eEDNA metabarcod-
ing as one can be sure that the sequenced DNA originates
from the spring and not from another river section. Despite
being a method still in its infancy, eDNA metabarcoding is
therefore already used for monitoring springs by biosphere
reserves, national parks and federal authorities in Europe
(e.g., https://www.bvd.be.ch/de/start/themen/wasser/gewae
sserqualitaet/quellen-als-lebensraum.html). By includ-
ing eDNA we are now able to (1) include taxonomically
demanding taxa in the analysis and (2) sample the macroin-
vertebrates in a much less invasive way.

Conclusion

All measured variables, including species assemblages,
show a certain variability but prove overall stability in the
environmental variables and species composition. The cur-
rent paper therefore provides a solid baseline of the environ-
mental conditions and species assemblages in springs and
springbrooks in the Alps, which possibly will change in the
upcoming decades because of climate change. From these
first years of monitoring in the UBEVM, we can conclude
that protected areas are very suitable for long-term stud-
ies, but a certain degree of anthropogenic impact is evident
nonetheless because of extensive farming activities. Moreo-
ver, natural disturbance events such as mudflows can extin-
guish life everywhere, and a loss of monitoring sites must
always be accepted. Continuous monitoring of all relevant
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environmental parameters and the faunistic assemblages is
inevitable to detect possible changes over time. To close the
“monitoring gap” of particularly the Dipterans and to over-
come the risk of “over-sampling” a spring when sampling
every year, the implementation of an eDNA metabarcoding
was important. In the future, 'classical' faunistic sampling
will be carried out every 4 years, with eDNA metabarcod-
ing serving as a non-invasive method in between. Intensi-
fied measurements of the abiotic parameters at selected sites
will help to better understand the influence of glacier and
permafrost meltwater. With this solid approach, we will be
able to observe climate-induced changes in alpine springs,
springbrooks and brooks on a long-term basis. This will also
be of high value for other regions and freshwater habitats.
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