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Abstract

Aims: The spring habitats of Central Europe are insular biotopes of high ecological value. Although subject to severe
exploitation pressures, they do not yet have a comprehensive protection status in Switzerland. Contributing to this chal-
lenge is the controversy involved with their syntaxonomic classification. In the context of the development of a regional
conservation strategy and the establishment of a national inventory of Swiss springs, we carried out a regional survey
of spring vegetation and aimed to translate this into a classification system. Study area: Montane and subalpine zones
of Parc Ela (Grisons, Switzerland). Methods: We selected 20 springs to cover different regions, elevations and bedrock
types within the park. In each of them we recorded complete vascular plant and bryophyte composition as well as a
range of environmental variables in three 1-m? plots that were placed to reflect the heterogeneity within the spring. After
running an unsupervised classification with modified TWINSPAN, the distinguished vegetation units were character-
ized in terms of diagnostic species, species richness and environmental variables and placed within the syntaxonomic
system. Results: Species richness was high (total species 264, mean 21.7 species in 1 m?). The two most important en-
vironmental gradients of the ordination were elevation/water conductivity and insolation/water pH/soil reaction EIV.
We distinguished seven communities within two main groups. Conclusions: All unshaded springs, including those
over siliceous bedrock, could be assigned to a broadly defined Cratoneurion. The petrifying springs were not strongly
distinguishable floristically from other base-rich springs. The forest springs, although often not clearly differentiated
from their unshaded counterparts, could be provisionally divided into the alliances Caricion remotae and Lycopodo eu-
ropaei-Cratoneurion commutati. As there is a certain threat to these habitats in the park due to anthropogenic influence,
protection measures are recommended, most importantly the appropriate management of alpine pastures.

Taxonomic reference: Juillerat et al. (2017) for vascular plants, Meier et al. (2013) for bryophytes.

Abbreviations: ANOVA = analysis of variance; DCA = detrended correspondence analysis; EIV = ecological indicator
value; FOEN = Federal Office of the Environment (Switzerland); NCHO = Ordinance on the Protection of Nature and
Cultural Heritage; SD = standard deviation; TWINSPAN = Two Way Indicator Species Analysis; WPA = Federal Act on
the Protection of Waters.
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Introduction

Central European springs are small but complex island
biotopes. Their unique environmental conditions exert
great influence on the vegetation and allow coloniza-
tion by many highly specialized organisms, including
glacial relicts (Wilmanns 1998). Around the spring
outlet, environmental conditions remain relatively con-
stant over time: spring water temperature remains close
to the annual mean air temperature (Pott and Remy
2000), and humidity near the surface of the substrate
is high, but the substrate is rarely fully saturated (Zech-
meister and Mucina 1994). Strong ecological gradients
(Brunke et al. 2015) and spatial heterogeneity (Illies
and Botosaneanu 1963; Weigand 1998) result in great
species richness.

Because of these conditions, as well as their small size
and relative isolation (Zollhofer 1997; Weigand 1998),
springs are sensitive habitats. Zollhofer (1999) estimat-
ed that 95% of the springs on the Swiss Plateau had been
tapped or otherwise impaired by 1999; this number has
likely increased in the intervening 20 years. Specialized
spring-habitat species are particularly disadvantaged by
habitat degradation (Heino et al. 2005; Juutinen 2011).
Threats also exist in the sparsely populated Alps, where
springs contribute strongly to regional biodiversity (Reiss
et al. 2016): in structural surveys of the springs in Parc
Ela (Grisons, CH), 24% were classified as moderately to
severely impaired (Kiiry 2020, unpublished). Although
spring habitats are ecologically valuable and subject to
strong anthropogenic pressures, they do not have a com-
prehensive protection status in Switzerland. Unshaded
spring habitats are listed in the Ordinance on the Protec-
tion of Nature and Cultural Heritage (NCHO) as “habitats
worthy of protection” (Annex 1 NCHO, see also Delarze
et al. 2016), but this unfortunately offers only limited pro-
tection, e.g., that encroachment must meet “an overrid-
ing need” (Art. 14 NCHO). The provisions of the Water
Protection Act implicitly apply to spring habitats (Art. 1-4
WPA), but this protection is “so broad and general as to be
ineffective” (Zollhofer 1997).

In order to develop a differentiated conservation strat-
egy for springs, it would be useful to put spring habitats
into a universal scheme. Although phytocoenoses are
particularly useful as reference units for conservation
(Dengler 2003), phytosociology has been of limited use
for spring conservation to date because the class Mon-
tio-Cardaminetea Br.-Bl. et Tiixen ex Klika et Hada¢ 1944
is fraught with controversy (e.g., Beierkuhnlein and Gol-
lan 1999). The importance of insolation and water chem-
istry for species composition are particularly contentious
points. The classification of spring habitats is even more
challenging in the mountains, where the differences be-
tween hard- and soft-water springs are less pronounced
(Braun-Blanquet 1949; Geissler 1976; Pott 1995; Pignatti
and Pignatti 2014). In these habitats, local climatic condi-
tions gain importance for the formation of spring vegeta-
tion (Beierkuhnlein and Gollan 1999).

Switzerland, unlike many other European countries
or regions (e.g. Valachovi¢ 2001; Berg et al. 2004; Chytry
2011), lacks a data-based, country-wide syntaxonomic
overview. For practical conservation purposes, parts of
the TypoCH habitat typology (Delarze et al. 2015) have
been adopted post-hoc into the List of Biotope Types de-
serving Protection (NCHO Annex 1) and other official
documents. However, this typology is poorly resolved.
The description of the base-rich and base-poor alliances
Cratoneurion commutati Koch 1928 and Cardamino-Mon-
tion Br.-Bl. 1926 hardly reflect the geological complexity
of Switzerland. Forest springs are not treated separately,
but rather blanketly assigned to the forest association
Fraxinion in agreement with Ellenberg and Klétzli (1972).
Such forests hardly occur above the montane level; thus,
the numerous springs within Swiss mountain forests are
excluded from the classification system entirely.

In general, the distinction between springs and their
contact associations is often ambiguous because of their
strong spatial variation and interlock with adjacent hab-
itats (Warncke 1980; Beierkuhnlein and Gollan 1999).
There are few diagnostic plant species that are not also
common in other habitats (e.g., fens) (Oberdorfer 1992;
Beierkuhnlein and Gollan 1999), and spring habitats with
similar environmental conditions often have very different
species compositions, especially in the mountains (Can-
tonati et al. 2006). The following general methodological
problems also arise in the syntaxonomic treatment of the
Montio-Cardaminetea:

« Older typologies are usually not based on sufficient-
ly large datasets (Dengler et al. 2005);

o The recording of bryophytes is rudimentary in some
works;

o Most studies comprise geographically narrowly re-
stricted regional surveys (Cantonati et al. 2006);

« Extreme variation in relevé size affects fidelity values
(Dengler et al. 2009).

Due to these difficulties, there is a need for a Eu-
rope-wide systematic review of the class Montio-Car-
daminetea, based on a comprehensive data basis. Hajek et
al. started a project to this end in 2020 (pers. comm.). The
data of this study will be included in Hajek’s project.

Springs of the Swiss Alps have been the subject of var-
ious vegetation surveys, mostly in the context of regional
studies of alpine vegetation in Grisons (Braun-Blanquet
1949; Trepp 1968) or of international studies of alpine
springs (e.g. Sekulovd et al. 2012). Other hydrobiological
studies of Swiss springs do not comprise detailed vegeta-
tion surveys (e.g. Nadig 1942; Zollhofer 1997). Geissler
(1976) identified typical associations for the eastern part
of the Swiss Alps, sampling in 27 localities and citing a gap
in the otherwise thorough investigation of Swiss alpine
vegetation which seems to have persisted to the present
day. It is hoped that the records of this study contribute
to a more complete understanding of spring vegetation in
the Swiss Alps.
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Parc Ela’s plan to develop a conservation concept for
their spring habitats, as well as the commission of a na-
tional inventory of spring habitats by the Federal Office
for the Environment FOEN (Kiiry et al. 2019), provide
the impetus for this work. To increase knowledge of
spring habitats, Audorff et al. (2011) cite the importance
of regional studies including physico-chemical parame-
ters and multiple organism groups. Since the patterns of
spring biodiversity differ greatly between mountain re-
gions, local studies can also be helpful in identifying the
relevant parameters (Sekulovd et al. 2012). In this sense,
this work aims to characterize the diversity of spring
habitats in Parc Ela and identify the underlying environ-
mental factors so that effective conservation measures
can be developed.

Study area

As the largest nature park in Switzerland, Parc Ela covers
548 km? in the canton of Grisons (Figure 1). The park area
includes the Surses and Albula valleys and the surround-
ing Albula, Plessur and Oberhalbsteiner Alps. As inner-al-
pine valleys in central Grisons, the Surses and Albula val-
leys have a continental climate (Figure 2). The year has up
to 190 days of frost, which shortens the vegetation period
to about 6 months.

The park is located on the Pennine and Eastern Alpine
nappes, with the Surses valley lying in the middle. A large
part of the park lies on basic bedrock, mainly biogenic
sediments and evaporites (Federal Office of Topography
swisstopo 2020). To the south, around the Albula, Septi-
mer and Julier passes, sedimentary and crystalline rocks
(granodiorite, gneiss) alternate on a small scale. In the
valleys, especially in the Surses valley, alluvial debris and
landslide deposits occur over large areas. The mountain
landscape is glacially influenced, its soils shallow and
young (ibid.). The springs of this study are located be-
tween 956 and 2,115 m a.s.], as shown in Figure 1.

The park is only sparsely populated. Agricultural use
consists mainly of alpine pasture. Park habitats include
moorlands, heathland, mountain grasslands, and richly
structured landscapes which had been historically cul-
tivated for subsistence agriculture. Tourism is of great
importance for the local economy and regional devel-
opment.

Methods

Vegetation survey

Sites were selected in accordance with the presumed
main environmental gradients of shading, elevation, and
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Figure 1. Maps of the study area. Left - location of Parc Ela in Switzerland; right — overview of all studied springs.

Thematic layers by the Federal Office of the Environment FOEN and swisstopo.
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Figure 2. The climate at Arosa (1,878 m, left) and Davos (1,594 m, right) is taken as representative for central
Grisons. The climate diagrams show mean values for the standard period 1981-2010. Annual precipitation Arosa
1,365 mm; annual mean temperature Arosa 3.6°C; annual precipitation Davos 1,022 mm; annual mean temperature
Davos 3.5°C (Federal Office of Meteorology and Climatology MeteoSwiss 2020).

spring water chemistry. The cantonal spring inventory
(GeoGR 2020) was used as a basis, as well as data from
the structural surveys of the springs of the Grisons parks
2016-2018 (Kiiry 2020, unpublished). Sites of natural
to semi-natural quality with high or medium conserva-
tion priority were preferred. Each spring was assigned
a hydrologic type based on the Steinmann-Thienemann
concept (Steinmann 1915; Thienemann 1922); in some
cases, springs were assigned to the so-called linear or
wandering type (Zollhofer 1997; Kiiry et al. 2019). Be-
cause natural limnocrenes are rare in the region, they
were omitted from the study.

Vegetation surveys were conducted in July and Au-
gust 2020. Three plots (relevés) of 1 m? were recorded per
spring site, arranged to best cover the variability evident
in the field. Although single plots were intended to be as
homogeneous as possible, neither ostensibly “fragmen-
tary” nor “atypical” sites were excluded from the surveys
in order to capture the real situation as completely as pos-
sible (Dengler et al. 2005). All vascular plants and bryo-
phytes were recorded, with percent cover as importance
measure. The nomenclature followed Juillerat et al. (2017)
for vascular plants and Meier et al. (2013) for bryophytes.
Vascular plants were determined using works by Hess et
al. (2015) and Eggenberg and Mohl (2013). For the bryo-
phyte determinations, the following works were drawn
upon: Burck (1947), Paton (1999), Frahm and Frey (2004),

Smith (2004), Frey et al. (2006), Atherton et al. (2010), and
Lith (2019). The species Bryum pseudotriquetrum and
B. bimum are summarized as B. pseudotriquetrum aggr.,
since hardly any fertile samples were found. Conservation
status of the species follows Schnyder et al. (2004) and
Bornand et al. (2016).

A variety of structural and physico-chemical param-
eters were included as possible explanatory variables for
species composition (Table 1). Water temperature at the
outlet, water pH, water conductivity (as an indicator of
mineral content, analogous to Sekulova et al. 2012), ox-
ygen content, and oxygen saturation were measured at
three locations per plot in open water. Signs of human or
animal use were noted in the field and compared with fed-
eral and cantonal geodata (Federal Office of Topography
swisstopo 2020; GeoGR 2020).

Structural survey

The structural surveys followed the method developed on
behalf of the FOEN for the national inventory of spring
habitats (Lubini et al. 2014; Kiiry et al. 2019) and the in-
structions for the structural surveys in the nature parks
of Grisons (Kiiry 2018, unpublished). Several parameters
from the structural records were included in the analysis
(Table 1).
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Table 1. Examined environmental parameters.

Parameter Unit Comment
Coordinates ° World Geodetic System WGS
1984
Topography
Elevation m Values extracted from the Swiss
topographical model TLM25
Slope °
Maximum microrelief cm Perpendicular deviation of the
surface from the plane
Hydrology
Spring size m? Area of open water immediately
around the spring outlet (Kiry
et al. 2019)
Discharge I/s Field approximation (Kury et al.
2019)
Maximum water depth cm
Vegetation
Vegetation cover % Total vegetation; tree, shrub,
herb, and cryptogam layers
(shoot presence)
Canopy cover % App. % cover
Maximum height of herb layer cm
Substrate
Coverage values % Open water, litter, dead wood,
stones / rocks, gravel / coarse
sand, fine soil
Carbonate content of soil - Ordinal scale (HCI test)
(Bodenmann et al. 1997,
modified)
Spring water
Water temperature at outlet °C Multiprobe HQ40d (Hach)
Water conductivity uS/cm Multiprobe HQ40d (Hach)
Water pH - Multiprobe HQ40d (Hach)
Oxygen content mg/I Multiprobe HQ40d (Hach)
Oxygen saturation % Multiprobe HQ40d (Hach)

Classification

Unsupervised classification was performed using the mod-
ified TWINSPAN (Two Way Indicator Species Analysis) al-
gorithm (Rolecek et al. 2009) in the software JUICE (Tichy
2002) (v.7.1.25, 2020), with a minimum group size of 3 and
the average Serenson coeflicient as similarity index. Pseu-
dospecies cut levels of 0, 5, and 40% coverage were used
to achieve the clearest possible diagnostic species for the
groups and to optimize the spatial distribution of types in
the ordination. Diagnostic species were determined based
on the standardized phi coefficient (Chytry et al. 2002;
Tichy and Chytry 2006), where phi values of 0.25 or greater
were considered diagnostic, those equal to 0.5 or greater
were considered highly diagnostic. Diagnostic species were
tested for significance with Fisher’s exact test (Fisher 1922).
Species with a frequency greater than 50% in the corre-
sponding type were defined as constant species. The result-
ing units were compared with syntaxa from the literature in
order to classify them and characterize them ecologically.
The dataset is not representative of all vegetation types in
the region, nor of all spring types in Switzerland.

Statistical analysis

The data were managed using Vegedaz (Kiichler 2019).
Statistical analyses were performed in R (v.3.1.2, R Core

Team 2017) within the RStudio environment (v.1.1.383,
RStudio Team 2016). All alternative hypotheses were
two-sided unless specifically stated. The significance level
was set at a = 0.05.

In Vegedaz, the square root-weighted means of eco-
logical indicator values (EIV) for moisture, soil reaction,
temperature, light, soil aeration, nutrient content (hereaf-
ter “nutrient EIV”), and humus content were calculated
for each relevé (Landolt et al. 2010). In accordance with
the Central Limit Theorem (Quinn and Keough 2002),
verification of normal distribution was not required. If
variances differed greatly (i.e., by a factor of 4), data were
transformed using decadic logarithm or square root;
if variances could not be brought within an acceptable
range through transformation, significance of differ-
ences was tested using Welch’s ANOVA (one-way), with
Games-Howell tests for post-hoc analyses. Otherwise, the
significance of differences in means was tested via one-
way analysis of variance (ANOVA). Tukey tests were per-
formed for the post-hoc analyses. In a few cases, Welch’s
t-test was used to determine the significance of differences
between two independent groups.

Detrended correspondence analysis (DCA) was per-
formed on the vegetation data using the R package “veg-
an” (v.2.5), with rare species downweighted (Oksanen et
al. 2019). Indicator values and recorded environmental
factors were passively projected onto a visualization of
the ordination.

Results
Species richness

A total of 95 bryophytes and 164 vascular plant species
were recorded. The mean species richness was 21.7 species
in 1 m? The most species-rich plot was located on a large
helocrene system used as summer pasture, characterized
by 31 vascular plant and 10 bryophyte species in 1 m?. The
most common species were Bryum pseudotriquetrum aggr.
(occurring in 70% of the relevés) and Aster bellidiastrum
(62%). Palustriella commutata was recorded in about half
of the plots, over both limestone and silicate. Seven spe-
cies in the vegetation plots are endangered or potential-
ly endangered in Switzerland, including Tofieldia pusilla,
Bryoerythrophyllum alpigenum and Catoscopium nigritum.

Classification

Comparing different divisions, seven was the highest
number of types for which each of the terminal groups
yielded a well floristically defined unit of more than five
relevés (Figure 3); this excludes Type 1, an outlier consist-
ing of one relevé. For the assignment to higher syntaxa,
types were grouped to best yield ecologically interpreta-
ble units. For most springs, all three relevés belonged to a
common type; for six springs, the relevés were split across
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1 2 3 4 5 6 7
Figure 3. Dendrogram of the TWINSPAN-classification.
The width of the bars is proportional to the number of
vegetation plots included (one plot in case of cluster 1).

two types. Table 2 displays an abbreviated synoptic table
(see Suppl. material 1 for full synoptic table and complete
relevé table).

Comparison of vegetation types

Water pH differed little between vegetation types (mean
7.5-7.9) and oxygen content was mostly high (Suppl. ma-
terial 3). Springs were mostly cold (water temperature at
outlet 3.7-7.0°C) to slightly warm (7.0-11.0°C) (Suppl.
material 3). The plots ranged from fully insolated to heav-
ily shaded. The maximum height of the herb layer, often

Table 2. Abbreviated synoptic table from the numerical classification. Constancies are given as percentages; diagnostic
(> 0.25) phi values are marked with (*), highly diagnostic (> 0.5) values with (**). Significant values are marked in light
grey, highly significant values in dark grey. Diagnostic species (upper part of the table) passed Fisher's exact test, com-
panion species did not pass the test. No diagnostic species are marked for Type 1 because it consists of a single relevé.

Type 1 2 3 4 5 6 7
No. relevés 1 5 9 21 5 6 13
Taxon

Rhizomnium magnifolium - 100 *x 22 10 - - -
Geranium sylvaticum - 60 *x - - - - -
Calamagrostis villosa 100 80 *x - - - - -
Epilobium alsinifolium - 20 78 *H - - - -
Saxifraga stellaris - - 67 i 14 - - -
Brachythecium rivulare - 80 100 * 14 20 - 15
Chaerophyllum hirsutum - 80 67 * - - - -
Pinguicula alpina - - - 71 *k - - _
Selaginella selaginoides - - - 67 £ - - 15
Salix foetida - - - 52 xx - - -
Palustriella falcata - 20 - 52 i - - -
Arabis subcoriacea - - 22 52 i - - -
Juncus alpinoarticulatus - - - 52 @ 20 - 15
Philonotis tomentella - - 22 43 * - - -
Fissidens dubius - - - 5 80 o - 15
Platydictya jungermannioides - - - - 60 * - -
Plagiochila asplenioides - - - - 80 *% 33 8
Knavutia dipsacifolia - 20 - 80 o0 33 8
Brachythecium glareosum - - - 5 - 83 i -
Plagiomnium medium - - - - - 50 *x -
Carex davalliana - - - 24 20 - 69 3
Cephalozia spec. - - - 5 - - _
Amblystegium serpens - - - - - 8
Agrostis stolonifera - - 56 5 40 - 38
Alchemilla alpina aggr. - - - 14 - - -
Equisetum variegatum - - m 43 - - 31
Aneura pinguis - - 33 57 20 67 46
Aster bellidiastrum - 40 33 76 100 67 54
Anastrophyllum minutum 100 - - - - - -
Achillea millefolium aggr. - - - 5 - - -
Amblystegium tenax - 20 il - - - -
Amblystegium fluviatile - 40 44 - - - -
Adenostyles alliariae - 20 Ll - - - -
Blindia acuta - - - 29 - - -
Alchemilla conjuncta aggr. - - m - - - -
Bartsia alpina - - - 19 - - -
Adenostyles alpina - - - 5 - 33 -
Alnus viridis - - - 10 - - -
Cephaloziella varians - - 1M - - - -
Carex sempervirens - - - 14 - - -
Angelica sylvestris - - - - - 8
Caltha palustris - 20 - 5 - - 15
Briza media - . - - - _ 8
Brachypodium rupestre - - - - 20 - 8
Aulacomnium palustre - - 1 - - - -
Avenella flexuosa - - - 5 - - -
Blepharostoma trichophyllum 100 20 - 5 - - -
Calypogeia azurea - 20 - 5 - - _
Cardamine amara - - - - - - 15
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Table 3. Arithmetic mean, minimum, and maximum values of environmental variables over the entire survey. Significant
differences are noted as follows: (***), highly significant (p < 0.001); (**), moderately significant (0.001 < p < 0.07); (*),
significant (0.01 < p < 0.05); (n.s.), not significant. The ordinal scale of the carbonate content of the soil should be inter-
preted as follows: O, no carbonate present; 1, only traces of carbonate; 2, < 2% carbonate; 3, 2-10% carbonate; 4, > 10%

carbonate (Bodenmann et al. 1997, modified).

Topography Mean Min. Max. Test, Transformation p-value Significance
Elevation (m) 1,575 964 2122 Welch's ANOVA < 0.001 ok
Slope (°) 19 4 46 ANOVA 091 n.s.
Maximum microrelief (cm) 22 4 77 ANOVA, log10 0.010 *
Hydrology

Spring size (m?) 7 1 20 Welch's ANOVA 0.183 n.s.
Discharge (I/s) 5 0.03 25 Welch's ANOVA 0.005 **
Maximum water depth (cm) 5 o] 26 ANOVA, log10 0.005 el
Vegetation

Canopy cover (%) 28 6] 82 ANOVA 0.415 n.s.
Maximum height of herb layer (cm) 54 16 150 ANOVA 0.559 n.s.
Coverage herb layer (%) 46 0.2 92 ANOVA 0.574 n.s.
Coverage moss layer (%) 50 5 96 Welch's ANOVA 0.503 n.s.
Species richness 21.7 10 41 ANOVA 0.845 el
Vascular plant species richness 13.6 5 31 Welch's ANOVA < 0.001

Bryophyte species richness 73 1 17 ANOVA 0.130 n.s.
Substrate

Open water (%) 22 o] 69 ANOVA 0.103 n.s.
Litter (%) 17 01 95 Welch's ANOVA 0.047 *
Dead wood (%) 3 0] 20 Welch's ANOVA 0.792 n.s.
Stone, rock (%) 29 ] 95 Welch's ANOVA <0.001 rrx
Gravel, coarse sand (%) 22 0 85 ANOVA 0.531 n.s.
Fine soil (%) 49 0 100 ANOVA 0.006 *x
Carbonate content of soil 1.6 ¢} 4 ANOVA < 0.001 e
Spring water

Water temperature at outlet (°C) 8.5 3.7 13.0 Welch's ANOVA < 0.001 rkx
Water conductivity (uS/cm) 487 131 1299 Welch's ANOVA < 0.001 el
Water pH 7.7 6.8 8.6 Welch's ANOVA 0.046 *
Oxygen content (mg/1) 7.37 07 10.81 Welch's ANOVA < 0.001 ok
Oxygen saturation (%) 787 19 108.6 Welch's ANOVA <0.001 ok

measured on culms of Deschampsia cespitosa, averaged
54 cm. In the following passages, the types of the numeri-
cal classification are described and provisionally assigned
to likely syntaxa. The full header data can be found in
Suppl. material 2, characterization of the surveyed envi-
ronmental parameters per vegetation type in Suppl. mate-
rial 3. Boxplots of a selection of ecological parameters are
displayed in Figure 4, while representative photos of each
type are shown in Figure 5.

Type 1: strongly flowing rheocrene over boulders

This type consisted of a single plot in sparse mountain
forest: a deep outlet of very cold water (3.8°C) under a
massive rock overhang with mostly saxicolous vegetation.
Many of the species present were unique in the survey (e.g.
Sphagnum capillifolium, Bryoerythrophyllum alpigenum).
In the ordination, this relevé lies more than 2 SD (stand-
ard deviation) away from its nearest neighbor (DCA axis
1). This type was excluded post-hoc from classification
and final ordination for these reasons. The other relevés
of this heterogeneous spring area belong to Types 2 and 3.

Type 2: Rhizomnium magnifolium-Chaerophyllum
hirsutum community: mineral-poor springs in subalpine
forest clearings

Diagnostic species: Calamagrostis villosa, Geranium syl-
vaticum, Rhizomnium magnifolium

This type was composed of many species that prefer
sheltered sites. Brachythecium rivulare occurred frequent-
ly, while Palustriella commutata was absent. Litter cover
was high, and the herb layer was vigorous (mean cover
58%, mean maximum height 88 cm). The spring water
had low conductivity, was often oxygen-rich and very cold
(mean water temperature at outlet 5.2°C). The type most-
ly consisted of rheocrenes with moderate to strong flow
(mean discharge 6.2 1/s). The average maximum microre-
lief was 48.2 cm, significantly greater than in many oth-
er types (Figure 4D). Nutrient EIV was also significantly
greater than in many other types (Figure 4G).

This type is difficult to classify. According to Hin-
terlang (1992) and Mucina et al. (2016), the Cardami-
no-Chrysosplenietalia Hinterlang 1992 always occurs
below the spruce stage. The well-developed herb layer,
predominance of shade-loving species, and strong flow
suggest the Caricion remotae Késtner 1941 (Table 3). This
alliance, although mostly associated with the montane
zone, is also recorded at higher elevations (e.g., Grabherr
and Mucina 1993; Chytry 2011). Some traditional charac-
ter species of the Cardamino-Chrysosplenietum alternifolii
Maas 1959 are not present here, but that should not ex-
clude the community: Carex remota does not grow above
the montane level, and Chrysosplenium alternifolium rare-
ly occurs in the area (Info Flora 2020). Some characteris-
tic and dominant species of the community described by
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Figure 4. Boxplots of a selection of ecological parameters. Bars without common letters differ significantly from

each other. Variables with (p) were assessed with parametric procedures (ANOVA, Tukey test), for variables with

(np) non-parametric tests were used (Welch's ANOVA, Games-Howell test).

Chytry (2011) are present (e.g. Chaerophyllum hirsutum,
Brachythecium rivulare, Conocephalum conicum).

Type 3: Epilobium alsinifolium-Brachythecieum riv-
ulare community: mineral-poor, cold-stenothermic,
unshaded springs

Diagnostic species: Brachythecium rivulare, Chaerophyl-
lum hirsutum, Epilobium alsinifolium, Saxifraga stellaris

This vegetation developed around rheocrenes of the sub-
alpine zone under the influence of oxygen-rich, cold spring
water (mean water temperature at outlet 5.1°C). Compared
to other unshaded springs in the study, the water was sig-
nificantly richer in oxygen (mean oxygen content 10.2 mg/1)
(Figure 4I). The mean cover of the moss layer was compara-
tively high at 60%, and Palustriella commutata strongly dom-
inated in many plots, which may explain the relatively low
species richness. These relevés were mostly strongly flowing
rheocrenes, with stone and rock cover exceeding many other
types significantly (Figure 4F). Mosses dominated over vas-
cular plants more strongly than in the other types.

This vegetation type shares a diagnostic species (Epi-
lobium alsinifolium) with the Cratoneuro-Philonotidetum
seriatae Geissler 1976. E. alsinifolium makes no special
demands on substrate chemistry, but prefers very wet,
cold sites (Geissler 1976; Oberdorfer 2001). The character
species Saxifraga stellaris is also a cold-water specialist.
Since there are certain similarities with the Cratoneu-
ro-Philonotidetum calcarae Geissler 1976, the type may be
an intermediate form between the two associations. Al-
though the mean water conductivity of 319 pS/cm is high
relative to other studies, Geissler gives 16 °dH (about 480
uS/cm) as the maximum value of total hardness for the
association. The Cratoneuro-Philonotidetum seriatae is
mostly found in the subalpine zone, where it is represent-
ed mainly by rheocrenes with considerable flow veloci-
ties. The Brachythecium rivulare-Cardamine amara vari-
ant described by Geissler (1976) includes stands along
rapidly flowing headwater streams with strong stands of
Brachythecium rivulare, as well as scattered occurrences
of Cardamine amara and tall shrubs (e.g. Petasites para-
doxus in this case).
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Figure 5. Representative photographs of each vegetation type. A Type 2, mineral-poor springs in subalpine forest
clearings; B Type 3, mineral-poor, cold-stenothermic, unshaded springs; C Type 4, mineral-poor springs in alpine

pastures; D Type 5, mineral-rich, montane forest springs; E Type 6, mineral-rich forest springs; F Type 7, montane

rich-fen springs. Photographs by Hallie Seiler (A-E) and JUrgen Dengler (F).

Type 4: Palustriella falcata-Pinguicula alpina commu-
nity: mineral-poor springs in alpine pastures

Diagnostic species: Arabis subcoriacea, Juncus alpinoartic-
ulatus, Palustriella falcata, Philonotis tomentella, Pinguicu-
la alpina, Salix foetida, Selaginella selaginoides

These relevés included oligotrophic springs on pastures
in the subalpine to alpine zones. The plots were evenly
divided between rheo- and helocrenes. The most spe-
cies-rich relevés in the survey belonged to this type (mean
24.3 species in 1 m?). These springs were mostly fully in-
solated or were only lightly shaded. In some cases, very
high water temperatures were recorded in shallow pools.

Water was significantly shallower than in Types 2 and 3
(Figure 4E). The nutrient EIV was significantly lower than
the other high elevation springs (Figure 4G).

The records of this type are similar to Philonoto fon-
tanae-Montietum rivularis Biiker et Tx. 1941. This com-
munity is found in moderately warm alpine springs over
siliceous bedrock and is associated with grazing. The char-
acter species Philonotis tomentella is also diagnostic here,
and the calcifuge Diobelonella palustris occurs sporadically.
Compared to Pinguicula vulgaris, the diagnostic species P,
alpina is more likely to occur in high mountains and is less
bound to limestone (Oberdorfer 2001). However, it is ques-
tionable whether this vegetation type could be assigned to a
siliceous alliance: although the substrate is carbonate-poor,
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many typical species of the Cratoneurion are present, in-
cluding the character species Pinguicula alpina and Pal-
ustriella falcata, which are diagnostic for this type. One
possible solution would be to understand the alliance Cra-
toneurion as a collection of subalpine-alpine spring com-
munities over both limestone and silicate, as proposed by
Geissler (1976). The Cratoneuro-Philonotidetum calcareae
Geissler 1976 appears to be a suitable match. Diverse cal-
cicoles are present, and the differential species Arabis sub-
coriacea is diagnostic and common. This species colonizes
base-rich, humic soils as well as weakly trickling springs
over gravel (Oberdorfer 2001). Brachythecium rivulare is
conspicuously rare, and Saxifraga aizoides is more com-
mon than S. stellaris, as is characteristic for the association.

Type 5: Fissidens dubius-Cratoneuron decipiens com-
munity: mineral-rich, montane forest springs

Diagnostic species: Fissidens dubius, Knautia dipsacifolia,
Plagiochila asplenioides, Platydictya jungermannioides

These helocrenes were found in forests of the montane
zone. The substrate was basic (soil reaction EIV), nutri-
ent-rich (nutrient EIV), and fine. The oxygen content of
the spring water was significantly lower than many other
types (mean 3.1 mg/l) (Figure 4I). Canopy cover varied
widely. Relevés included springs with severe trampling
damage from wildlife. Springs tended to be small and
weakly flowing (mean discharge 0.2 I/s). Herb layer cover
was mostly higher than that of the moss layer, which is
unusual for this study.

The alliance Lycopodo europaei-Cratoneurion commu-
tati Hada¢ 1983 could be considered here. These calcar-
eous forest springs, although mostly associated with the
colline and montane zones, occur almost to the timber-
line according to Chytry (2011), and have been recorded
in the Italian Alps (Giacomini 1939, assigned by Diers-
sen 1973). The only association of the alliance, Brachyth-
ecio rivularis-Cratoneuretum Dierssen 1973, has a similar
ecomorphology and species assemblage (e.g., Palustriella
commutata (diagnostic), Eucladium verticillatum (diag-
nostic) and Equisetum palustre (dominant)). According to
Hajek (1998), this community occurs in both heavily and
lightly shaded habitats. Tufa does not occur in the rele-
vés, probably due to local climatic conditions, although
microscopic carbonate crystals were observed in many
bryophyte samples. For three springs, assignments were
split across Types 5 and 7, presumably due to varying light
conditions in the spring area.

Type 6: Plagiomnium medium-Palustriella commutata
community: mineral-rich forest springs
Diagnostic species: Brachythecium glareosum, Plagiomni-
um medium

These records were superficially similar to Type 5: they
were also base-rich, shaded springs of the montane stage.
The springs were either rheocrenes or linear springs. Half
of the relevés were tufaceous, and the relevés were spe-
cies-poor on average (mean 18.3 species in 1 m?). Water
was better oxygenated in contrast to type 5 (Figure 4I),

and nutrient EIVs were low. These large springs occurred
on steep, wooded slopes.

The relevés of this type belong to two forest springs
with very different environmental conditions: a linear
spring without tufa formation and a very large, complex
rheocrene system with cascade tufa. The question arises
as to why they were combined in the classification. There
are only a few species that can persist under strong tufa
formation; however, these can often occur on other base-
rich, wet sites, so they are usually not strictly tied to pet-
rifying springs (Zemp et al. 2016). The rarity of true char-
acter species for petrifying springs leads to them being
distributed here over two types (6 and 7). Lyons and Kelly
(2017) note that the definition of Cratoneurion vegetation
has long been problematic, and that transitions between
petrifying springs and other habitats are poorly charac-
terized, although widely recognized in the literature. The
linear forest spring could probably be assigned to the
Brachythecio rivularis-Cratoneuretum, while the large
tufaceous spring potentially belongs to the Eucladietum
verticillati Allorge 1922. This community occurs on steep,
wet limestone rock faces, often in partial shade (Grab-
herr and Mucina 1993). Grabherr and Mucina (1993)
found the second association at elevations up to 1,500 m
in Austria, although the community has otherwise rarely
been recorded there. The character species Eucladium ver-
ticillatum is present, but not dominant, as indicated in the
literature. Otherwise, many of the numerous companion
species of the association are present: Tofieldia calycula-
ta, Carex flacca, Palustriella commutata, and Agrostis sto-
lonifera. Catoscopium nigritum, a pioneer species of tufa
cascades (Schubert et al. 2001), was found in one plot.
Although tufaceous springs also belong to Type 7, those
formations consist of terraces rather than slabs.

Type 7: Carex davalliana-Palustriella commutata com-
munity: montane rich fen-springs
Diagnostic species: Carex davalliana

This vegetation type was influenced by warm, base-rich
spring water, sometimes with tufa formation. With the ex-
ception of one plot, this type was located in helocrenes
(69%) or linear springs. Canopy cover varied from 14 to
68%, but species mostly had moderately high light EIVs
(mean 3.34). The water temperatures at the outlet were
significantly higher than in Type 3 (Figure 4H). The fine,
calcareous substrate was rather weakly percolated.

This type shares many species with rich fens, including
Carex davalliana (diagnostic), Carex lepidocarpa (constant),
and Tofieldia calyculata. However, character species of the
Cratoneurion (Palustriella commutata and Aneura pinguis)
occur frequently, and Hymenostylium recurvirostrum (char-
acter species) and Pinguicula vulgaris (companion species)
are also present. The Cratoneuretum commutati Aichinger
1913 could be considered: this vegetation occurs in calcare-
ous springs of the montane stage and possesses the charac-
ter species Cratoneuron filicinum aggr., present in the rele-
vés, a rather nitrophilous species that tolerates desiccation
better than Palustriella commutata (Lyons and Kelly 2017).
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The vectors shown correlate with at least |r| = 0.80 with one of the two axes. Above - vegetation types; below - the

20 most common species in the relevés, as well as the diagnostic species of the numerical classification, are shown:

"Arabsubc"” - Arabis subcoriacea; "Agrogiga” — Agrostis gigantea; "Aneuping” — Aneura pinguis; "Astebell” — Aster bel-

lidiastrum; "Bracglar” — Brachythecium glareosum; "Bracrivu" — Brachythecium rivulare; "Bryupseu” — Bryum pseudo-

triquetrum aggr.; "Caredava” - Carex davalliana; "Careflac” — Carex flacca; "Chaehirs" — Chaerophyllum hirsutum;

"Cratdeci" - Cratoneuron decipiens; "Desccesp” - Deschampsia cespitosa; "Epilalsi” — Epilobium alsinifolium; "Equivari”

- Equisetum variegatum: "Gerasylv" — Geranium sylvaticum; "Knauaggr” — Knautia dipsacifolia; "Palufalc” — Palustriel-

la falcata; "Palucomm” — Palustriella commutata; "Plagaspl” — Plagiochila asplenioides; "Plagmedi” — Plagiomnium me-

dium; "Polyvivi" — Polygonum viviparum; "Poteerec” — Potentilla erecta; "Rhizmagn"” — Rhizomnium magnifolium; "Sal-

ifoet" — Salix foetida; "Saxiaizo" — Saxifraga aizoides; "Seslcaer" — Sesleria caerulea; "Toficaly"- Tofieldia calyculata.

The frequent interlocking with the Caricion davallianae is
also mentioned in the literature (Knapp and Stoffers 1962;
Grabherr and Mucina 1993); indeed, some plots of this
type might be better assigned to that alliance. This type in-
cludes spring sites whose relevés were sometimes assigned
to Types 2 and 3 (both mineral-poor types of the subalpine
zone), underscoring the difficulty of differentiating spring
vegetation on the basis of water chemistry.

Environmental gradients

DCA axes 1 and 2 explain much of the variation in spe-
cies composition (eigenvalues 0.66 and 0.54, respectively,
Figure 6). The length of axis 1 is 5.09 standard deviations
(SD), signaling high B-diversity, so the two ends of the
gradient share few common species. Axis 2 has gradient
length 3.51, justifying the use of DCA. DCA axis 1 cor-
relates most strongly with water pH (|r| = 0.998), light
EIV (|]r| = 0.984), soil reaction EIV (|r| = 0.935), and nu-
trient EIV (|| = 0.799), while DCA axis 2 correlates most
strongly with water conductivity (|r| = 0.984) and eleva-
tion (|r| = 0.825). Vegetation Type 1 (n = 1) was omitted
from the ordination.

Discussion
Species richness
The species richness of the records (95 moss species, 164

vascular plant species) is high compared to similar stud-
ies. In Geséduse National Park (AT), 97 vascular plants and

60 bryophyte species were recorded in 46 plots of less than
1 m? (Suanjak 2007). Mogna et al. (2015) found 135 spe-
cies of bryophytes and vascular plants in 48 springs in the
Ligurian Alps (Italy). In the Kalkalpen (Austria), Weigand
(1998) recorded 77 bryophyte species in 22 springs. In a
study of 19 springs in the Adamello-Brenta Regional Park
(Italy), Cantonati and Ortler (1998) found only 58 bryo-
phyte species, but an astonishing 245 vascular plant spe-
cies. For springs in the Swiss Alps, western Carpathians,
and mountains of Bulgaria, Sekulova et al. (2012) found
a mean species richness of 25.0, 22.2, and 17.3 species in
16 m?, respectively. The GrassPlot database (Dengler et al.
2018; Biurrun et al. 2019) gives a mean total species count
of 15.4 species in 1 m? (n = 493) for wetlands in alpine, bo-
real, and temperate climates (GrassPlot Diversity Explorer
v. 2.10; https://edgg.org/databases/GrasslandDiversityEx-
plorer; see Biurrun et al. 2021); in this study, a mean spe-
cies count of 21.7 species in 1 m?* was recorded. However,
few records of Montio-Cardaminetea are represented in
the database at present, and other wetlands (e.g., reedbeds
and riparian habitats) are generally species-poorer on av-
erage. It is unclear why the records in Parc Ela were so
species rich, especially when the species-area relationship
is considered (Chytry and Otypkova 2003). One possible
explanation is the inclusion of springs with widely varying
environmental conditions.

Site conditions
The ecological conditions of springs are generally difficult

to assess because they are small habitats characterized by
strong ecotones (Brunke et al. 2015). For this study, only
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a single measurement of the physico-chemical parameters
was made, although Cantonati et al. (2006) recommend
that these parameters be recorded over at least one year.
Although spring water generally undergoes only minor
physico-chemical changes during the course of a year
(Odum 1971), it is unknown how parameters vary sea-
sonally within the study area. The FOEN method (Kiiry et
al. 2019) is practical for rapid survey of key characteristics,
but many parameters are rough estimates.

Vegetation types are clearly separated by elevation and
water conductivity (Figure 4A and 4B). The first group
(Types 1 to 4) includes springs of the subalpine-alpine
levels with a mean water conductivity around 297 uS/
cm (SD = 126 uS/cm). The moderately low conductivi-
ty could be related to the geology of the aquifer and/or
short groundwater residence time (Catonati and Ortler
1998). The mean soil reaction EIV corresponds to a pH
between weakly acidic and neutral (mean 3.31, SD = 0.43).
The second group consists of montane springs with high-
er water conductivities (mean 748 uS/cm, extreme values
up to 1,299 uS/cm). Here, according to the soil reaction
EIV, the substrate is somewhat more base-rich than in the
first group (mean 3.68, SD = 0.37). The differences within
mean elevation and water conductivity are statistically sig-
nificant (p < 0.001 and p = 0.002, Welch’s t-test, one-sid-
ed). The average temperature EIV of the second group is
significantly higher (p = 0.018, Welch’s t-test, one-sided),
but the difference in means is not large (mean group 1 =
2.27, group 2 = 2.60).

There is an apparent gradient of shading within the
main groups, but it is not statistically significant in the
overall data set, although it explains much of the variability
in the ordination (light EIV; |#| = 0.984 with DCA axis 1).

Classification and syntaxonomy

This study was affected by the oft-cited paucity of diag-
nostic species particular to spring habitats (Oberdorfer
1992; Beierkuhnlein and Gollan 1999). Of the 21 diagnos-
tic species calculated, less than half belong to the classic
character species for syntaxa of the Montio-Cardaminetea.
However, this is presumably related to methodological
limitations: since only spring vegetation data were includ-
ed, many of the diagnostic species are probably differen-
tial species that are more common in other habitats.
Epilobium alsinifolium, listed as a class character spe-
cies of Montio-Cardaminetea, appears in these records
only in the Types 2 and 3, presumably due to tempera-
ture-related effects. The class character species Stellaria
alsine and Bryum schleicheri (Schubert et al. 2001) do not
occur in the records; Stellaria alsine is a calcifuge forest
species which does not occur in the region. According to
Oberdorfer (2001), Cardamine amara prefers humic, nu-
trient-rich sites, and occurs only sporadically in springs;
in this study, it was encountered in only three relevés. In
addition, Pott (1995) notes that the species transgresses

too much into reedbeds and alder carrs to be a strong
character species of the class.

Although the water conductivity was mostly not very
low (Figure 4), species of the Cardamino-Montion did oc-
cur. The alliance character species Diobelonella palustris
was observed sporadically, but the main distributional
range of Montia spp. ceases north of the Alps (Hinterlang
2017) and the genus, like the alliance character species Ep-
ilobium obscurum, is rare in the mountains of Switzerland
(Info Flora 2020). Other differential species of the alli-
ance, Calliergonella cuspidata and Juncus articulatus (Hin-
terlang 2017), occur as well, but are not strictly tied to si-
liceous substrate (Oberdorfer 2001; Atherton et al. 2010).
The species assemblage of the unshaded springs mostly
agrees with the classic Cratoneurion commutati; the prob-
lem is rather that the typical species of the alliance (e.g.
Palustriella commutata, Saxifraga aizoides) are also quite
common over siliceous bedrock in the Alps.

The delimitation between spring and contact commu-
nity is challenging, which complicates the selection of ar-
eas for vegetation surveys: in the literature, very different
area sizes are recorded, between 0.04 to 80 m* (Chytry
and Otypkova 2003; see also Pott 1995). Fragmentary or
weakly developed stands are often ignored in favor of ho-
mogeneous small-scale sites (Cantonati et al. 2006), which
was not done in this study; therefore, comparisons with
existing syntaxa should be viewed critically.

The numerical classification results in seven vegeta-
tion types which seem to occupy a rank between alliance
and association. For this classification, the forest springs
were neither simply split off into a separate alliance,
nor were they merged with unshaded springs of simi-
lar chemistry. Although some researchers (e.g., Delarze
et al. 2015) treat forest spring synusia as components of
forest communities, we share the view of Kastner (1941).
The vegetation of forest springs, although dependent
on shading, has characteristic species compositions
which have been attested by numerous authors as sepa-
rate types (e.g. Braun-Blanquet 1926; Tiixen 1937; Maas
1959; Hinterlang 1992).

The description and comparison of types results in the
proposed syntaxonomy in Table 4. All unshaded commu-
nities can be assigned to the Cratoneurion, a TypoCH-alli-
ance which is listed in the Ordinance on the Protection of
Nature and Cultural Heritage as “deserving of protection”
These communities can be provisionally divided into two
“suballiances” of the Cratoneurion: a montane group,
and a group sensu Geissler (1976), which includes subal-
pine-alpine springs over calcareous and siliceous bedrock.
The position of the alliances is controversial. Mucina et al.
(2016) place the Caricion remotae within a separate or-
der (Cardamino-Chrysosplenietalia Hinterlang 1992) and
note that the Cratoneurion may better be placed in the
Adiantetea Br.-Bl. et al. 1952. Additionally, they suggest
reducing the Lycopodo-Cratoneurion to a synonym of the
Cratoneurion. This may be justified in our case, since no
clear separation between shaded and unshaded springs
over limestone could be shown.
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Table 4. Proposed syntaxonomy for the studied spring sites.

Montio-Cardaminetea Br.-Bl. et Tuxen ex Klika et Hadaé 1944
Montio-Cardaminetalia Pawtowski et al. 1928
Cratoneurion commutati Koch 1928
Montane associations
© Eucladietum verticillati Allorge 1922
© Cratoneuretum commutati Aichinger 1913
Subal

pine-alpine iations

° Cratoneuro-Philonotidetum calcareae Geissler 1976
° Cratoneuro-Philonotidetum seriatae Geissler 1976
Lycopodo europaei-Cratoneurion commutati Hadaé 1983
© Brachythecio rivularis-Cratoneuretum Dierssen 1973
Cardamino-Chrysosplenietalia Hinterlang 1992
Caricion remotae Késtner 1941

© Cardamino-Chrysosplenietum alternifolii Maas 1959

Environmental gradients

The two visualized DCA axes show high heterogeneity
along their lengths. DCA axis 1 can be interpreted as a gra-
dient from highly insolated, oligotrophic springs to some-
what more nutrient-rich forest springs with base-rich water
(Figure 6). Nutrient EIV increases with increasing shading,
possibly due to the allochthonous input of organic material.
Temperature EIV also increases slightly in association with
this gradient, as shaded springs are better sheltered from cold
and usually occur below the timberline. As the axis value in-
creases, typical species of forests and tall forb communities
occur (e.g. Geranium sylvaticum, Chaerophyllum hirsutum).
At the lower end of the axis, species of the subalpine-alpine
unshaded springs are more likely to be found, such as Palus-
triella falcata and Saxifraga aizoides. DCA axis 2 is most
strongly correlated with water conductivity and elevation.
In the lowest range of values are the species of cold springs,
such as Saxifraga stellaris and Epilobium alsinifolium. Carex
davalliana, as a calcicole, lies in the highest range of the axis.

In the ordination it can be clearly seen that elevation
is a sum parameter which integrates diverse factors and
catchment processes (Strohbach et al. 2009). As elevation
increases, the mineral content of the spring water decreases
and the mean annual temperature decreases. Habitats be-
come more strongly insolated and nutrient-poor. However,
no strong pattern is evident in the ordination with respect
to soil reaction, despite high correlation with DCA axis 1.
The intermingling of calcifuges and calciphiles in the ordi-
nation is consistent with the observed reality in the field. As
in other studies (e.g., Beierkuhnlein and Grisle 1998; Hajek
et al. 2002; Hajkova et al. 2008), water pH was found to be
an important parameter for species composition, although
the effect is likely obscured by the discrepancy between
spring water chemistry and substrate chemistry at the sites.

Implications for conservation efforts

The ordination confirms that nutrient EIV is an important
factor for species composition (|r] = 0.799 with DCA axis

1). Since eutrophication quickly leads to the depletion of
specialized bryophytes in oligotrophic wetlands (Bergamini
and Pauli 2001; Hedenis et al. 2003), local farmers in Parc
Ela carry particular responsibility for these sites. Interesting-
ly, the most species-rich areas in the study were on low-in-
tensity grazed pastures; however, it is possible that highly
specialized spring species are adversely affected by this dis-
turbance. Trampling by game or livestock was observed in
20% of the relevés in this study, with the most severely dam-
aged springs located in montane forests. Helocrenes were
observed to be impacted by forest management, through
trampling and inputs of forest debris during timber har-
vesting. Zollhofer (1997) reports that such springs also fall
victim to logging trails. For this reason, we consider it neces-
sary to involve forestry operations in conservation projects.

Parc Ela has a good ecological infrastructure which is
continuously being reinforced. Spring restoration projects,
rare in Switzerland to date, likely have a good chance of
success within the park; however, Cantonati et al. (2006)
note that research is needed to understand how typical
spring flora can be effectively restored, if at all. This survey
was limited to relatively natural springs of the montane and
subalpine levels, providing basic knowledge on the ecolog-
ical potential of many local springs. For further develop-
ment of a protection concept, comparable studies for im-
paired springs or those near settlements are recommended.

Outlook

This study confirms the oft-cited species richness of
spring habitats. For the protection of these valuable habi-
tats, many new developments can be expected in the com-
ing years, such as the planned European revision of the
class Montio-Cardaminetea (cf. Héjek et al., pers. comm.)
and completion of the national inventory of spring hab-
itats in Switzerland. However, regional projects remain
important. Since many species of bryophytes are highly
specialized to springs (Cantonati et al. 2006), they should
be used for monitoring and evaluations of the effective-
ness of conservation measures.

In the future, a refined typology must be considered
for spring conservation. This study identifies three major
challenges to typifying the montane-subalpine springs of
the central Alps: the complex geological and topograph-
ical conditions prevent simple division by groundwater
chemistry; petrifying springs are floristically hardly dis-
tinguishable from other base-rich springs (and definition
based on tufa formation is unsatisfactory; Lyons and Kelly
2017); and subalpine forest springs, although clearly dis-
tinguishable, are not taken into account in the existing
Swiss classification system. These points should be con-
sidered for future conservation efforts.

Although the network of spring habitats is more intact
in the high mountains than in the lowlands, many threats
still exist. In this study, the importance of nutrient bal-
ance for plant species composition is confirmed; however,
for the numerous oligotrophic springs on alpine pastures,
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the extent of the ecological influence of this type of land
use is still unclear. Climatic conditions may also become
problematic in the coming years: because high-elevation
springs depend on catchment snowpack and glaciers
(Brown et al. 2003; Hannah et al. 2007), these disjunct
habitats and their communities will react strongly to cli-
mate change (Woodward et al. 2010; Kiiry et al. 2018).
Further studies of alpine springs, including long-term
monitoring, could provide important information.

As the “water castle of Europe,” Switzerland bears a
strong responsibility to preserve its natural springs. Al-
though there are many challenges facing spring conserva-
tion, renewed national scientific interest should do much
to protect these valuable habitats.

Data availability

The data are provided as supplementary material and also
included in the GrassPlot database (https://edgg.org/data-
bases/GrassPlot).
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