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Abstract: We studied diatoms from the fifteen springs selected in the Berchtesgaden National Park
on behalf of the Bavarian State Ministry for the Environment to be sentinel environments of climate-
change effects. For three of these springs, diatom data based on samples taken in 1997 were also
available. A total of 162 species belonging to 49 genera were found sampling three microhabitat
types (lithic materials, bryophytes, surface sediments). The cumulative percentage of all species
included in a threat category including endangered species was 43%, confirming previous findings
for comparable environments of the Alps. We could find a statistically significant positive association
between the Meinzer variability index for discharge and the cumulative relative abundance of aerial
diatom species. This study thus highlighted once again the relevance of discharge (and associated
water-level) variability as an environmental determinant of diatom assemblages in spring ecosystems.
Increased nitrate concentrations in some springs, likely due to diffuse airborne pollution and, locally,
to impacts such as forest management, game, and cattle, led to a relevant occurrence of eutraphentic
diatom species. Our results show a segregation of the older data in non-parametric diatom-based
ordinations, suggesting a strong potential for the use of spring diatoms in studies aiming at tracking
the effects of climate and environmental change.

Keywords: diatoms; springs; ecological characteristics; climate-change effects; discharge variability;
Berchtesgaden National Park; North-eastern Alps

1. Introduction

Diatoms are a group of unicellular microalgae characterised by a silica frustule—with a
structure often compared to a pillbox—that encloses the cell. Diatoms are very diverse and
numerous microorganisms, with an estimated 100,000 species and infraspecies, and at least
30,000 currently extant taxa [1]. Ecologically, diatoms are common in fresh, brackish, and
salty waters, and also in all terrestrial habitats where some moisture is at least sporadically
available. Diatoms have a major role among the primary producers in the biosphere—
about one-fifth of the net oxygen available in the atmosphere is consistently produced by
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diatoms (abundant also in the plankton of the oceans) [2]. Many diatom species have been
documented to have very specific environmental preferences, and consequently, diatom
ecology has been rigorously investigated [3].

A notable diatom-taxa richness is typically found in oligotrophic freshwater systems
(e.g., [4]). Notwithstanding the special role of these systems for biodiversity conservation,
revealed, for instance, by high numbers of rare and endangered Red-List taxa [5,6] and
the relevant occurrence of endemic diatom taxa in the most isolated ones [7], diatoms in
oligotrophic aquatic environments have been less-intensively studied than those in more
impacted fresh waters [8]. However, oligotrophic aquatic habitats, such as headwaters, if in-
depth studied, may provide important evidence for the identification of pristine/reference
sites to inform conservation and restoration efforts. The aforementioned reasons have
sometimes resulted in the inclusion of such aquatic systems in nature preserves. In spite
of that, these kinds of habitats are becoming increasingly rare due to direct and indirect
human impacts.

Headwater streams should be key elements in the building of protected-area networks,
are characterised by close terrestrial-aquatic linkage, are very sensitive to natural or anthro-
pogenic disturbance of the surrounding lands, are critical habitat for rare and endangered
freshwater species, and in addition, they can play a significant role in the protection of
riverine species during critical and specific periods of the year [9].

Springs, which are the source of many headwater streams, are probably the most
representative oligotrophic aquatic habitats. They have unique qualities, such as a high
degree of environmental organisation (differentiated conditions as regards e.g., ecomor-
phology, lithology, isolation, shading, the permanence of flow, current velocity, etc.) that
provides a high heterogeneity, a multiple ecotone nature (groundwater—surface water,
aquatic—terrestrial, spring mouth—running water system), a pronounced microhabitat-
mosaic structure, and the opportunity to be a kind of shelter for the most sensitive species
in densely populated and highly exploited areas [5].

Diatoms are excellent indicators for many reasons, the main ones being the high species
diversity in almost any aquatic habitat and the distinct and thus informative ecological
preferences of many species. Diatoms can, thus be successfully used as indicators in spring
habitats with manifold applications [10]:

- Value for nature conservation. Cantonati et al. [11] highlighted the potential of Diatom
Red Lists [6,12] which allow a characterisation of the ecological integrity and of the
diatom diversity of inland water ecosystems (also of practical importance to designate
the most relevant habitats for conservation purposes), including a clear assessment of
the threat status of the habitat. Furthermore, they offer ample possibilities to track the
effects of stressors and of environmental change. The cumulative proportion of diatom
species belonging to threat categories is a good indicator of spring-habitat ecological
integrity as it consistently decreases with changes such as the increase in groundwater
nitrates or spring-morphology alteration [5,11]. By comparison with an extensive
stream-diatom database, we could recently show [13] that, in densely populated and
exploited areas, springs are the last high integrity refugium for Red-List and sensitive
(oligotraphentic) diatom species (Least-Impaired Habitat Relicts concept—LIHRe, [5]).

- Water quality, including factors and parameters that are particularly relevant in springs
(e.g., nitrates, often used as proxies of aquifer contamination in spring studies).

- Contamination by metals and trace elements. Cantonati et al. [14] showed pecu-
liar valve deformities of the widespread species Achnanthidium minutissimum (Kütz.)
Czarn. could be used as indicators of copper, zinc, and antimony natural or anthro-
pogenic contamination.

- Spring classification. Spring types can be straightforwardly identified using di-
atoms [10] as many species respond with high sensitivity to the main parameters
used in most spring classifications (current velocity, mineral content, substrata, light
conditions, etc.).
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- Flow variability. Diatoms live not only in the wetted perimeter of springs, but also
in microhabitats that are only periodically (discharge fluctuations) or intermittently
(spray zones) provided with water. Thus, the composition of diatom assemblages can
provide information on hydroperiod and flow variability and persistence (e.g., [10]),
which is very useful in particular in explorative hydrogeological studies.

- Springs-dependent species. Though no diatom species found exclusively in springs
have been identified, there are species that occur mainly in the spring-fed headwa-
ters of carbonate streams [15], and can thus even be used as indicators of “spring
conditions” as opposed to “stream conditions”.

- Geological substratum. The distribution of some diatom species is influenced by the
geological substratum of the aquifer feeding the spring. Achnanthidium dolomiticum
Cantonati et Lange-Bert. [16], for instance, is found in springs (and other aquatic
habitats) with drainage basins formed by rocks that confer to the water above-average
magnesium values as in the case of dolomites and ophiolites.

Due to their key ecological functions, springs play an important role in terms of
climate-change effects on water balance and biodiversity. The Berchtesgaden National Park
recognized many years ago the need for research to document the effects of climate change
on its spring ecosystems. Data surveys on spring locations have been available for the
area for more than 25 years, and this long-term monitoring is now of great importance
for assessing the effects of climate change on ecosystems. The Bavarian State Ministry
for the Environment financed and supported a project (2018–2020) on springs in the two
Bavarian National Parks as sentinels of climate change [17]. Diatoms have been shown to
have great potential as sensitive indicators of environmental change in mountains (namely
Alpine) and subarctic regions (e.g., [18,19]). Diatoms from spring ecosystems have regularly
been used for this purpose in the south-eastern (Adamello-Brenta Nature Park) and, more
sporadically [20], in the north-eastern (Berchtesgaden National Park) Alps [21].

Assuming diatom assemblages in springs to be an excellent indicator component of the
biota to reveal and track the effects of environmental change, the present contribution aims
at providing solid and detailed background information on the diatom communities of the
springs of the Berchtesgaden National Park selected for the above-mentioned initiative. As
far as the limited available data allow it, we will also try to compare these data with others
we gathered more than 20 years ago [20].

2. Materials and Methods
2.1. Study Area

The study area is located in the Berchtesgaden National Park (BeNP), which is the only
German National Park in the Alps. Highly productive aquifers are present, characterised
by large outcrops of Triassic and Jurassic limestones and dolomites with a thickness of more
than 2000 m. The plateaus in the area, which are formed by carbonate rocks, show typical
karst phenomena. Permian-Triassic fissured aquifers are also present in the northern part
of the Park (Figure 1).

2.2. Field Work & Sampling

The fieldwork/sampling campaign in the BeNP was carried out on 3–7 July 2018. The
following parameters were measured: discharge, water temperature, conductivity, pH,
dissolved O2, percentage O2, and hydrochemistry (main ions and algal nutrients).

The 33 samples come from different substrata (stones, bryophytes + green filamentous
algae, and surface sediment) taken in four kinds of springs. As concerns the rheocrenic
type: 2 samples of epiphyton, 3 of epilithon, 3 of epipelon; for the helocrenic type: 1 of
epiphyton; with reference to the rheo-limnocrenic type: 2 of epiphyton, 2 of epilithon, 2 of
epipelon; finally, for the rheo-helocrenic type: 4 + 1 of epiphyton (4 bryophytes + 1 sample
of green filamentous algae), 6 of epilithon, 2 of epipelon.
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For three springs (BeNP-312, BeNP-350, BeNP-459), our data could be compared with
those based on diatom samples taken on 24–25 June 1997 in the frame of the Spring-Habitat
Sampling Workshop (Quellwoche) organised in that year.
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Figure 1. Geological map showing the Berchtesgaden National Park with the location of the
springs studied.

2.3. Geology and Hydrogeology

Lithological and geological data used for this work were derived from the Geological
Map of Germany 1:1,000,000 and from the 1:5 million International Geological Map of
Europe and adjacent areas, developed by the Federal Institute for Geosciences and Natural
Resources (BGR) under the umbrella of the Commission of the Geological Map of the World.

A ‘lithology’ variable was defined to express the main composition subdivisions
present in the area studied and their influence on the hydrochemistry of the springs studied
(details in Table 1).

The springs were classified on the basis of discharge variability using the Meinzer [22]
variability index (Rv). This index is a function of the maximum (QM), minimum (Qm), and
mean (Qmed) discharge in a hydrological year: Rv = ((QM − Qm)/Qmed)*100). Values of
Rv < 25% indicate springs with constant discharge, whereas Rv between 25% and 100%
classify a spring as sub-variable. Higher values (Rv > 100%) identify springs with variable
discharge. This index was also implemented for temperature and conductivity data.

2.4. Hydrochemistry

Water samples were collected using polyethylene (PE) bottles cleaned with ultra-pure
HNO3 (Ultrapure grade, Romil, Cambridge, UK), and rinsed with ultra-pure water (Purelab
Ultra Analytic, Elga Lab Water, High Wycombe, UK). Samples for major ions and nutrients
were kept chilled (ca. 4 ◦C) in fridge bags until analysis. Hydrochemical analyses followed
standard methodology [23]. Ca2+, Mg2+, Na+, K+, NH4

+, Cl−, NO3
−, SO4

2−, Br−, F−

were analysed by ion chromatography (ICS 1500 Dionex Corp., Sunnyvale, CA, USA), and
nutrients (N-NO2

−, N-NH4
+, P-PO4

3−, TP, TN, Si) by standard absorption spectrometry
(details in [10]).
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Table 1. Morphological, physical, and chemical characteristics of the 15 springs studied in the Berchtesgaden National Park. When several data were available,
mean (in bold) and minimum/maximum value are provided. Shading: 1: Springs exposed to full light, but with the presence of tall grass, exposition S, SW or
W. 2: Tree-canopy cover, shrubs, rock walls, or other objects, max 25%. 3: Cover from trees, shrubs, rock walls or other objects, max 50%. 4: Shaded by trees and
shrubs, max 75%, but SE, S, SW, or W exposition. 5: Heavily shaded by trees and shrubs, > 75%. Pure carbonate rocks (PCR): (L)—Limestone, (M)—marlstone,
(D)—dolostone, Mix carbonate rocks (MCR): (CC)—clastic conglomerate, (Q)—quartzite, (CM)—clastic mudstone. Disch. = Discharge. MVID = Meinzer Variability
Index for Discharge. MVIT = Meinzer Variability Index for Temperature. MVIC = Meinzer Variability Index for Conductivity.

SPRING CODE BeNP-300 BeNP-312 BeNP-350 BeNP-441 BeNP-459 BeNP-462 BeNP-503 BeNP-519 BeNP-536 BeNP-592 BeNP-615 BeNP-816 BeNP-828 BeNP-862 BeNP-863

Coordinates
47◦57′73.92” N 47◦57′93.04” N 47◦58′16.47” N 47◦55′71.19”

N
47◦56′93.39”

N 47◦57′58.25” N 47◦58′42.57” N 47◦59′81.83” N 47◦59′93.69” N 47◦59′52.7” N 47◦59′24.89” N 47◦56′78.85”
N

47◦56′66.04”
N

47◦52′11.97”
N 47◦52′23.71” N

12◦97′10.68” E 12◦97′23.28” E 12◦95′78.32” E 12◦80′34.1”
E

12◦80′42.86”
E 12◦80′68.39” E 12◦83′02.67” E 12◦85′36.37” E 12◦89′60.88” E 12◦92′00.8” E 12◦92′88.67” E 13◦03′07.77”

E
13◦01′55.53”

E
12◦97′51.52”

E 12◦96′52.67” E

Altitude, m.a.s.l. 1250 1150 1170 1270 1100 960 860 800 905 730 880 1575 1200 604 604

Shading, sc. 1–5 2 1–2 3–4 3–4 2 4 4–5 3 5 4–5 4–5 1 3–4 2 1

Spring type Rheo-helo Helo Rheo Rheo-helo Rheo Rheo-helo Rheo Rheo-helo Rheo-helo Rheo Rheo-helo Rheo-helo Rheo-helo Rheo-limno Rheo-limno

Lithology PCR (L, M) PCR (L, M) PCR (L, D) PCR (L, D) PCR (L, M) PCR (L, D) MCR (CC, Q, CM) PCR (L, D) MCR (CC, Q, CM) MCR (CC, Q, CM) MCR (CC, Q, CM) PCR(L, M) PCR (L, D) PCR (L, D) PCR (L, D)

Disch., L s−1 0.13 (0.01/0.70) 0.03 (0.00/0.25) 12.89 (2.00/25.0) - 23.75
(10.00/50.00) - 200 (70.00/500.00) 0.19 (0.00/0.75) 0.32 (0.01/0.75) 3.29 (7.50/70.00) 1.83 (0.10/5.00) 0.38

(0.05/2.00) - - 3.92 (1.00/10.00)

MVID 531 833 178 - 168 - 215 395 231 1900 268 513 - - 229

Water T, ◦C 6.85 (5.30/9.40) 8.02 (5.70/10.30) 5.02 (4.80/5.20) - 4.23
(4.00/4.50) - 4.68 (4.50/4.90) 9.4 (6.70/12.70) 8.24 (6.90/9.77) 5.41 (5.11/5.92) 6.98 (6.01/7.72) 6.21

(5.50/6.80) - - 6.47 (5.88/7.86)

MVIT 60.00 57.00 8.00 - 12.00 - 8.50 64.00 35.00 15.00 24.50 21.00 - - 31.00

Cond., µS cm−1 341 (295/382) 333 (324/346) 273 (271/276) 347 164
(143/183) - 155 (129/177) 309 (276/331) 307 (285/326) 192 (168/217) 336 (320/351) 377

(357/404) 283 260 152 (119/168)

MVIC 26 7 2 - 24 - 31 18 13 26 9 13 - - 32

pH 7.72 (7.37/8.14) 7.91 (7.74/8.31) 7.85 (7.74/8.02) 7.69 8.14
(7.97/8.35) - 8.19 (8.02/8.37) 8.18 (7.82/8.35) 7.81 (7.56/8.07) 8.2 (7.95/8.54) 7.92 (7.71/8.03) 7.65

(7.39/7.89) 7.66 7.73 8.39 (8.07/8.94)

% O2 sat. 87.18
(76.90/94.90)

85.54
(73.30/96.80)

98.52
(93.00/101.90) 92 100.13

(96.80/104.90) - 100.48
(97.00/103.20)

97.01
(92.10/101.00) 96.95 (92.80/99.50) 98.33

(93.20/103.60) 98.2 (93.70/101.40) 95.14
(92.80/101.30) 93 63 106.72

(99.70/121.00)

Mg2+, mg L−1 2.46 (1.98/2.89) 1.93 (1.62/2.25) 4.34 (3.76/5.03) 8.13 4.96
(3.53/7.68) - 487 (3.86/6.15) 3.53 (2.43/5.06) 6.28 (4.98/7.58) 3.92 (2.13/6.28) 18.37 (15.57/21.35) 8.7

(7.87/9.30) 3.18 3.14 1.15 (0.55/1.66)

Ca2+, mg L−1 72.15
(60.01/83.49)

69.1
(67.34/71.35)

53.23
(50.84/55.08) 61.57 28.46

(22.94/34.03) - 26.94 (21.60/32.28) 62.18
(55.23/70.31) 57.23 (51.41/61.09) 35.62 (29.95/47.02) 47.1 (43.54/54.10) 73.3

(64.11/88.29) 63.47 56.87 30.51
(24.47/34.69)

Na+, mg L−1 0.39 (0.14/0.63) 0.66 (0.22/1.19) 0.51 (0.45/0.54) 0.231 0.1
(0.04/0.14) - 0.09 (0.08/0.12) 0.65 (0.44/1.06) 0.24 (0.17/0.31) 0.14 (0.06/0.31) 0.23 (0.10/0.32) 0.43

(0.19/0.52) 0.53 0.59 0.11 (0.04/0.20)

K+, mg L−1 0.15 (0.05/0.34) 0.19 (0.00/0.52) 0.19 (0.16/0.23) 0.08 0.06
(0.00/0.11) - 0.07 (0.00/0.15) 0.4 (0.22/0.66) 0.16 (0.09/0.29) 0.11 (0.04/0.29) 0.17 (0.08/0.26) 0.38

(0.20/0.48) 0.46 0.12 0.06 (0.00/0.13)

Cl− , mg L−1 0.33 (0.15/0.58) 0.42 (0.35/0.57) 0.42 (0.23/0.71) 0.33 0.2
(0.09/0.42) - 0.19 (0.07/0.39) 0.39 (0.22/0.65) 0.4 (0.19/0.90) 0.25 (0.09/0.85) 0.42 (0.33/0.78) 0.24

(0.08/0.39) 0.26 0.26 1.13 (0.10/0.18)

NO3
− , mg L−1 3.65 (1.33/10.14) 1.35 (0.68/2.49) 3.52 (2.59/6.38) 2.29 2.22

(1.42/4.68) - 2.1 (1.60/3.84) 7.14 (4.70/10.89) 5.38 (3.49/9.38) 3.37 (1.43/9.18) 5.13 (3.89/11.32) 1.29
(0.02/2.49) 3.1 2.60 1.6 (0.67/3.34)

SO4
2− , mg L−1 3.79 (2.56/7.16) 3.96 (3.04/6.08) 5.14 (3.78/9.09) 0.91 1.24

(0.67/2.62) - 1.3 (0.89/2.42) 3.87 (2.67/7.59) 2.66 (1.31/5.86) 1.53 (0.61/3.29) 3.11 (2.29/4.36) 1.05
(0.01/1.73) 2.19 1.26 0.71 (0.34/1.11)
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2.5. Diatom Sampling, Identification, and Quantification

Diatom assemblages were sampled and treated following Cantonati et al. [10], with spe-
cific designation of the spring-head area (= eucrenal), choice of substrata, and sample prepa-
ration. Epilithic diatoms were collected by brushing ten stones. The epibryon (= diatoms
living on mosses) was collected from the most frequent and abundant bryophytes in each
sample location. Epipelic diatoms (= on surface sediment, upper few mm) were sampled
using a large bore syringe. The collected materials, including the bryophytes, were cut into
small pieces and were digested using hydrogen peroxide [10]. The cleaned material was
mounted in Naphrax (refractive index of 1.74). For each sample, three cover-slips were
prepared on one permanent slide, and a pooled total of 400 valves were counted. All slides
were then scanned for taxa with low relative abundances for several hours. All samples
(original samples, suspensions of digested material, and permanent mounts) have been
catalogued and deposited in the collections of the MUSE—Museo delle Scienze (Trento)
(access codes: cLIM007 DIAT 3469-3512) along with information about the abundance of
the species found and the main environmental variables.

Counting was conducted with a Zeiss Axioskop 2 at ×1000 magnification (Zeiss,
Oberkochen, Germany). The most updated taxonomy and nomenclature was applied, and
identification reference works were as in Cantonati et al. [10]. Also the following were
consulted: Cantonati et al. [24], AlgaeBase [25], DiatomBase [26], Diatoms of North Amer-
ica [27], the Freshwater Diatom Flora of Britain and Ireland [28]. To confirm identifications
and document taxa with poorly-observed ultrastructure, several taxa were examined with
SEM (Zeiss-EVO40XVP, Carl Zeiss SMT Ltd., Cambridge, UK) at the MUSE—Museo delle
Scienze (Trento) at high vacuum on gold-coated stubs.

2.6. Bryophytes

Within the springhead, the bryophyte species submerged or closest to the water were
collected from three spots, with the main goal to study the epiphytic diatoms (diatom
epibryon). Species nomenclature follows Hodgetts et al. [29]. For all bryophyte species
collected in this study, a threat status was assigned according to current [30] and previous
Red List data [31]. The habitat preferences of the species were obtained from the dataset
BRYOATT [32].

2.7. Data Processing and Statistical Analyses

A threat status (used also as a measure of rarity) was assigned to all diatom species,
according to current [6] and previous Red List data [12]. Hofmann et al. [6] provide further
ecological attributes (trophic and mineralization preferences, aerial species) used in this
study. Preferences of the individual taxa with respect to moisture, trophic state, nitrate
content, and pH were obtained from Van Dam et al. [33] and Rott et al. [34].

Shannon-Wiener diversity [35] was calculated using a base-2 logarithm. Canonical
Correspondence Analysis (CCA) was carried out with the R [36] package vegan [37]. CCA
was selected over other ordination techniques, after evaluation of the length of the gradient.
Model selection was performed with the orddistep function of vegan, with an automatic,
stepwise model with constrained ordination. The significance of the CCA model was tested
with an ANOVA-like permutation test (999 permutations). Ordination of samples was
performed using the Nonmetric Multidimensional Scaling (NMDS) and the Bray-Curtis
dissimilarity index. The NMDS was performed using all the available diatom samples
(1997 and 2018 using all the substrates) in order to inspect if any segregation was present
in the community data. In addition, we tested possible differences among factors using a
permutational multivariate analysis of variance using distance matrices (a.k.a. Adonis in
the vegan package).
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3. Results
3.1. Morphological, Physical, and Chemical Characterization of the Springs Studied

The 15 springs considered for this work (Table 1) were: Sommerbichel—source area
N Herrenroint, top source (point a) (Watzmann-Nord) (BeNP-300) and headwaters N
Herrenroint, lower helocrene (point d) (Watzmann-Nord) (BeNP-312); Schapbach source
(Watzmann-North) (BeNP-350); source between Mittereisalm and Hirschbichl (Klaustal-
Hintersee) (BeNP-441); Engertalm, rheocrene 1 and Klauswandl (Klaustal-Hintersee)
(BeNP-459) and source on the right bank of Klausbach (Klaustal-Hintersee) (BeNP-462);
Schwarzbrunnen, western source (Klaustal-Hintersee) (BeNP-503); Klausbach, source flow-
ing from N oh Hintersee (Klaustal-Hintersee) (BeNP-519); Eckau, source in the Eckaugraben
(Klaustal-Hintersee) (BeNP-536); rheocrene near Bartler, Wimbachklamm S-exit (Wimbach)
(BeNP-592); Koppenwand, source area exposure NW, rheocrene (Wimbach) (BeNP-615);
western spring NE Bärenwand (Königssee-Ost) Königsbach-Alm (BeNP-816), source to the
left of BGL 826, SO Holzstube (Königssee-Ost) (BeNP-828); Salet-Alm, source between the
Obersee and Königssee outflow (Königssee West-Steinernes Meer) (BeNP-862); limnocrene
with drain below Sagereckwand (Königssee West-Steinernes Meer) (BeNP-863).

The springs studied are located at medium to low elevations (from c. 600 to c. 1600 m
a.s.l.), and were assigned to ecomorphological types as follows: 4 rheocrenes (BeNP-350,
BeNP-459, BeNP-503, BeNP-592; Figure 2A); 1 helocrene (BeNP-312; Figure 2B); 8 rheo-
helocrenes (BeNP-300, BeNP-441, BeNP-462, BeNP-519, BeNP-536, BeNP-615, BeNP-816,
BeNP-828; Figure 2C); 2 rheo-limnocrenes (BeNP-862, BeNP-863; Figure 2D).
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Figure 2. Examples of springs belonging to the four typologies identified: (A) Rheocrenic spring
(BeNP-459), (B) Helocrenic spring (BeNP-312), (C) Rheo-helocrenic spring (BeNP-615), (D) Rheo-
limnocrenic spring (BeNP-862).

Conductivity (average values ranging from 152 to 377 µS cm−1) and pH (average
values ranging from 7.65 to 8.39) were consistent with the carbonate substratum. Sulphate
values were medium to low (mostly 1–4 mg L−1). Low chloride values suggested an
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absence of contamination for most of the sites. Nitrates (average values ranging from 1.35
to 7.14 mg L−1) were mostly compatible with an oligotrophic status but still somewhat
increased in several sites (Table 1).

Table 2 provides a comparison of the main physical and chemical factors and parame-
ters for the three springs studied in the Berchtesgaden National Park for which also older
(1997) diatom data were available. Also, basic key parameters for the tracking of climate
change, such as water temperature, discharge, and conductivity show recent (2018) values
which are remarkably similar to those measured in 1997.

Table 2. Comparison of the main physical, and chemical characteristics of the 3 springs studied in
the Berchtesgaden National Park for which also older (1997) diatom data were available. Mean (in
bold) and minimum/maximum value.

CODE BeNP-312 BeNP-350 BeNP-459

Year 2018 1997 2018 1997 2018 1997

Disch., L s−1 0.03 (0.00/0.25) 0.01 13 (2/25) 10 (2/20) 24 (10/50) 25 (10/40)
Water T, ◦C 8.0 (5.7/10.3) 7.7 (5.7/10.3) 5.0 (4.8/5.2) 5 (4.8/5.1) 4.2 (4.0/4.5) 4.2 (4.1/4.5)

Cond., µS cm−1 333 (324/346) 332 (324–346) 273 (271/276) 273 (271–276) 164 (143/183) 170 (149–183)
pH 7.91 (7.74/8.31) 7.8 (7.7–7.9) 7.85 (7.74/8.02) 7.8 (7.7–7.9) 8.14 (7.97/8.35) 8.14 (7.97–8.35)

Mg2+, mg L−1 1.9 (1.6/2.2) 1.9 (1.6–2.1) 4.3 (3.8/5.03) 4.4 (3.8–5.0) 5.0 (3.53/7.68) 4.9 (4.6–5.9)
Ca2+, mg L−1 69.1 (67.3/71.3) 69.0 (67.3–71.4) 53.2 (50.8/55.1) 53.7 (52.8–55.1) 28.5 (22.9/34.0) 29 (25.5–34)
Na+, mg L−1 0.7 (0.2/1.2) 0.6 (0.6–0.7) 0.5 (0.4/0.5) 0.5 0.1 (0.04/0.14) 0.1
K+, mg L−1 0.19 (0.00/0.52) 0.3 (0.1–0.5) 0.19 (0.16/0.23) 0.2 0.06 (0.00/0.11) 0.1

Cl−, mg L−1 0.4 (0.3/0.6) 0.4 (0.4–0.6) 0.4 (0.2/0.7) 0.4 (0.2–0.7) 0.2 (0.1/0.4) 0.2 (0.1–0.4)
NO3

−, mg L−1 1.35 (0.68/2.49) 1.0 (0.8–1.9) 3.52 (2.59/6.38) 2.8 (2.7–6.4) 2.22 (1.42/4.68) 2.0 (1.4–4.7)
SO4

2−, mg L−1 4.0 (3.0/6.1) 3.7 (3.6–4.0) 5.1 (3.8/9.1) 4.3 (3.9–9.1) 1.2 (0.7/2.6) 1.2 (1.0–2.6)

3.2. Bryophytes (Sampled to Study Epiphytic Diatoms)

The most common moss was Palustriella commutata (Hedw.) Ochyra (Table 3), a
eurasiatic species normally found in mineral-rich springs on carbonate substrata, under
relatively mild climatic conditions. It is regarded as the only character species of the
association Cratoneuretum commutati Aichinger to which most of the springs studied here
probably belong. Associated species can be Bryum pseudotriquetrum (Hedw.) G.Gaertn. et al.,
which was usually found in sunlit habitats as those recorded in BeNP-300 and BeNP-816.
Cratoneuron filicinum (Hedw.) Spruce, Palustriella falcata (Brid.) Hedenäs and P. decipiens (De
Not.) Ochyra are again species commonly found associated with Palustriella commutata. The
phytocoenon of Cratoneuron filicinum (Hedw.) Spruce is a mostly colline crenic vegetation,
sometimes occurring at anthropogenically disturbed sites. The dominant moss is relatively
common at lower elevations, and it seems to be characteristic of somewhat eutrophic
waters. Palustriella falcata, is a circumboreal species that can colonise irrigated calcareous
rocks, springs, and fens often at a higher altitude than P. commutata. Rhizomnium punctatum
(Hedw.) T.J. Kop. can be common on the mountains of Central Europe, where it colonises
montane springs in shaded situations.

3.3. Diatom Species Found in the Different Spring Types and on the Different Substrata

In some samples the diatoms’ amounts were very low, making them incompatible with
quantitative or semi-quantitative, and sometimes even with qualitative analysis. During
preliminary observations of the permanent mounts, on the sample from Schwarzbrunnen,
westliche Quelle (Klaustal-Hintersee) (BGL_503) and Klausbach, source flowing from N
upstream Hintersee (Klaustal-Hintersee) (BGL_519), the diatoms were found to be virtually
absent. Therefore, these samples could not be considered.

A total of 162 diatom species belonging to 49 genera was found in the three habitat
types (epiphytic, epilithic, epipelic) of the Berchtesgaden National Park springs sampled
in 2018. The findings on the different substratum types were as follows:—bryophytes:
110 species (39 genera);—stones: 95 species (36 genera);—surface sediment: 90 species
(37 genera) (Table 4).
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Table 3. Bryophyte species sampled to study diatom epiphytes.

Ellenberg Values Red List
Be
NP-
300

Be
NP-
312

Be
NP-
350

Be
NP-
441

Be
NP-
459

Be
NP-
462

Be
NP-
519

Be
NP-
536

Be
NP-
592

Be
NP-
615

Be
NP-
816

Be
NP-
828

Be
NP-
862

Be
NP-
863

tot
occ

Species L M R N HM (′18) (′96)

Brachythecium rivulare Schimp. 6 8 6 5 0 * * 1 1
Bryum pseudotriquetrum (Hedw.)
G.Gaertn. et al. 8 9 6 3 0 * ** 1 1 2

Calliergonella cuspidata (Hedw.) Loeske 7 7 7 4 1 * ** 1 1
Cratoneuron filicinum (Hedw.) Spruce 6 8 7 5 2 * * 1 1 2
Palustriella commutata (Hedw.) Ochyra 6 9 8 2 0 V 3 1 1 1 1 1 1 1 1 1 9
Palustriella decipiens (De Not.) Ochyra 7 9 6 2 0 3 3 1 1
Palustriella falcata (Brid.) Hedenäs 8 9 6 2 0 G D 1 1 2
Plagiomnium medium (Bruch & Schimp.)
T.J.Kop. 6 7 5 3 0 * 3 1 1

Rhizomnium punctatum (Hedw.) T.J. Kop. 5 8 5 4 1 * * 1 1 2

Ellenberg’s values [38] for codes: L (light): 0—Plant in darkness; 1—plant in deep shade; 2—between 1 and 3; 3—shade plant, mostly less than 5%, relative illumination, seldom more
than 30% illumination when trees are in full leaf; 4—between 3 and 5; 5—semi-shade plant, rarely in full light, but generally with more than 10% relative illumination when trees are in
leaf; 6—between 5 and 7; 7—plant generally in well-lit places, but also occurring in partial shade; 8—light-loving plant rarely found where relative illumination in summer is less
than 40%; 9—plant in full light, found mostly in full sun. M (moisture): 1—indicator of extreme dryness, restricted to situations that often dry out for some time; 2—between 1 and 3;
1 –; 3—dry-site indicator, more often found on dry substrata than on moist places; 4—on well-drained terrestrial substrata; 5—on moderately moist soils; 6—on moist soils; 7—on
constantly moist or damp, but not permanently waterlogged substrata; 8—between 7 and 9; 9—in waterlogged sites, either in streams and flushes; 10—in pools and by streams that may
intermittently lack water; 11—on surface of still water; 12—normally submerged. R (reaction): 1—indicator of extreme acidity, never found on weakly acid or basic substrata; 2—between
1 and 3; 3—on acid substrata, often on base-poor mineral soils or in acid flushes; 4—between 3 and 5; 5—on moderately acid soils; 6—on basic soil; 7—on strongly basic substrata,
sometimes on siliceous rocks or soil; 8—between 7 and 9; 9—on substrata with free calcium carbonate, mainly chalk and limestone. N (nitrogen): 1—indicator of extremely infertile sites,
almost all are calcifuges; 2—indicator of infertile sites, these include calcifuges; 3—indicator of moderately infertile sites, N= 3 species, like N = 2 species, include a range of calcifuges;
4—between 3 and 5, these plants are found in the lowlands, but include calcifuges; 5—indicator of moderately fertile sites, these are almost without exception lowland species with a few
calcifuges; 6—between 5 and 7, these are mostly plants of eutrophic lowlands; 7—plant often found in richly fertile places. HM (heavy metal tolerance): 0—species that are absent from
substrates with moderate or high concentrations of heavy metals (87% of the flora); 1—species that are recorded on the substrates with moderate or high concentrations of heavy metals
but only rarely. They are much more frequent elsewhere and may have occurred on rocks or soil that were locally lacking high metal content; 2—species that are occasional or frequent
on substrates with moderate or high concentrations of heavy metals, and within particular regions may be restricted to such sites, but do not occur as dominants over large areas, they
are much more frequent in other habitats; 3—species that are frequent and often abundant on substrates with moderate or high concentrations of heavy metals, sometimes occurring as
dominants over large areas, but are also frequent in other habitats; 4—species that are much more frequent on substrates with moderate or high concentrations of heavy metals than on
unpolluted substrates, but are sometimes present on non-polluted sites; 5—species that are confined to substrates with moderate of high concentrations of heavy metals. Red List
(’18)—the species categories according to [30,31] and Red List (’96)—according to [12]: 0—presumed extinct, 1—threatened with extinction, 2—strongly threatened, 3—threatened,
G—threat of unknown extent, R—extremely rare, V—declining, D—data insufficient, *—not threatened, **—surely not threatened.
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Table 4. Diatom taxa list grouped into microhabitat/substrate type: bryophytes (br, epiphytic), lithic
material (lm, epilithic), surface sediments (ss, epipelic), and with diatom Red List and ecological-
groups information [6].

Species List RL
(′18)

RL
(′96) br lm ss Ec

Achnanthidium affine (Grunow) Czarn. * * + - - ?
A. atomoides Monnier, Lange-Bert. et Ector * - - + - ?
A. dolomiticum Cantonati et Lange-Bert. 2 - + + + ?
A. jackii Rabenh. D D + + + ?
A. lineare W.Smith G � - + + eu
A. minutissimum (Kütz.) Czarn. * ** +++ +++ +++ ?
A. pfisteri Lange-Bert. D - + ++ + ?
A. pyrenaicum (Hust.) Kobayasi * ** + ++ + ?
A. rostropyrenaicum Jüttner et Cox (G) + + - -
A. sublineare Van de Vijver, Jarlman et Ector (R) - ++ - -
Adlafia bryophila (J.B.Petersen) Lange-Bert. * V + + + ?
A. minuscula (Grunow) Lange-Bert. * * + + ++ ?
Amphipleura pellucida (Kütz.) Kütz. * * + + + ?
Amphora copulata (Kütz.) Schoeman et Archibald * ** - - + ?
A. eximia J.R. Carter R R + + + o
A. inariensis Krammer * 3 - + - o
A. indistincta Levkov * - + + + ?
A. micra Levkov Do + + - -
A. pediculus (Kütz.) Grunow * ** + + + ?
A. pellucida W.Greg. + + + -
Brachysira neoexilis Lange-Bert. * * + - + o
Caloneis constans E.Reichardt R - + - - oc
C. fontinalis (Grunow) Lange-Bert. et E.Reichardt * - ++ + + ?
C. lancettula (Schulz-Danzing) Lange-Bert.
et Witkowski * � + + - eu

C. langebertalotioides E.Reichardt G - + - - oc
C. schumanniana (Grunow) Cleve - + - o
C. tenuis (W.Greg.) Krammer 3 G + - - o
Cavinula jaernefeltii (Hust.) D.G. Mann et Stickle 3 3 - - + ?
Cocconeis euglypta Ehrenb. * ** + + + ?
C. lineata Ehrenb. * ** + + + ?
C. pseudolineata (Geitler) Lange-Bert. * D + + + ?
Cymbella affinis Kütz. 2 � + + + ?
C. tridentina Lange-Bert., Cantonati et A.Scalfi 2 - - + - oc
C. vulgata Krammer 3 - + - - ?
Cymbopleura austriaca (Grunow) Krammer 2 V + - - ae/oc
Cymbella diminuta (Grunow) Krammer (3) + - - o
C. korana Krammer Do - - - + oc
C. naviculiformis (Auersw. ex Heib.) Krammer * * - - + ?
C. subaequalis (Grunow) Krammer 3 � + - - o
Cyclotella sp. (Kütz.) Bréb. + - - -
Delicata delicatula (Kütz.) Krammer 3 G - - + oc
D. minuta Krammer G - + + - ae/oc
Denticula tenuis Kütz. * * ++ +++ ++ o
Diploneis krammeri Lange-Bert. et E.Reichardt V � + + + oc
D. oculata (Bréb.) Cleve * * + + + ?
D. petersenii Hust. 3 3 - + - o
D. separanda Lange-Bert. D � + + + oc
D. tirolensis Lange-Bert. D - + - - oc
Diploneis sp. (Ehrenb.) Cleve + - - -
Ellerbeckia arenaria (Moore ex Ralfs) Crawford * ** - - + ?
Encyonema alpinum (Grunow) D.G.Mann D.G.Mann G G + + - ae/oc
E. auerswaldii Rabenh. D - - + - ?
E. lange-bertalotii Krammer * - + + ++ ?



Water 2022, 14, 381 11 of 22

Table 4. Cont.

Species List RL
(′18)

RL
(′96) br lm ss Ec

E. minutum (Hilse) D.G. Mann * * + ++ + ?
E. silesiacum (Bleisch) D.G. Mann * � - - + ?
E. sublangebertalotii Lange-Bert. & Cantonati G - + + + oc
E. ventricosum (Agardh) Grunow * � + + - ?
Encyonopsis cesatii (Rabenh.) Krammer V � + + + o
E. falaisensis (Grunow) Krammer G G + - - o
E. fonticola (Hust.) Krammer (3) + + - -
E. hibernica Kennedy, Buckley et Allott + - - -
E. krammeri E.Reichardt G - + + + oc
E. minuta Krammer et E.Reichardt D - + + + ?
E. subminuta Krammer et E.Reichardt G - + - + o
Encyonopsis sp. Krammer + - - -
Eucocconeis laevis (Østrup) Lange-Bert. V * + + ++ o
Eunotia arcubus Nörpel et Lange-Bert. 2 2 + + - oc
E. bilunaris (Ehrenb.) Schaarschm. * ** + - - ?
E. glacialispinosa Cantonati et Lange-Bert. G - + - - o
Fallacia lenzii (Hust.) Lange-Bert. * 3 + - - ?
F. subhamulata (Grunow) D.G.Mann D.G.Mann * * - - + eu
Fragilaria gracilis Østrup * * - - + ?
F. vaucheriae (Kütz.) J.B.Petersen * ** - + + eu
Geissleria gereckei Cantonati & Lange-Bert. (2) - + - -
Gomphonema angustum C. Agardh G V ++ ++ + oc
G. elegantissimum E.Reichardt et Lange-Bert. * - + ++ - oc
G. hebridense W.Greg. V V - + - ?
G. innocens E.Reichardt * - - + + ?
G. longiceps Ehrenb. D � + - - ?
G. minutum (C.Agardh) C.Agardh * ** - + - eu
G. micropus Kütz. * � ++ - + ?
G. pala E.Reichardt G - + - - o
G. parvulum (Kütz.) Kütz. * ** + - - ?
G. sarcophagus W.Greg. (R) + - - ?
G. subclavatum (Grunow) M. Schmidt * � + - - ?
G. utae Lange-Bertalot et E.Reichardt * D + - - ?
Gyrosigma acuminatum (Kütz.) Rabenh. * � - - + eu
G. attenuatum (Kütz.) Rabenh. * * - + - ?
Humidophila contenta (Grunow) Lowe,
Kociolek, Johansen,
Van de Vijver, Lange-Bert. et Kopalová

D � + + - ae

H. paracontenta (Lange-Bert. & Werum)
Lowe, Kociolek,
Johansen, Van de Vijver, Lange-Bert. et Kopalová

Do - - + + ae/o

H. perpusilla (Grunow) R.L.Lowe, Kociolek,
J.R.Johans., Van de Vijver, Lange-Bert. et Kopalová * ** + + - ae/o

Karayevia clevei (Grunow) Bukht. * * + + + eu
Lindavia radiosa (Grunow) De Toni et Forti - + + ?
Luticola frequentissima Levkov, Metzeltin et A.Pavlov D 0 + - - ?
Meridion circulare (Gréville) C. Agardh * ** + + + ?
Navicula antonii Lange-Bert. * ** + + ++ eu
N. sp. aff. metareichardtiana Lange-Bert. et Kusber + - + -
N. cataracta-rheni Lange-Bert. G R + + + oc
N. cryptocephela Kütz. * ** + + +++ eu
N. cryptotenella Lange-Bert. * - +++ ++ +++ ?
N. dealpina Lange-Bert. 2 V + + - oc
N. lanceolata (C.Agardh) Ehrenb. * ** - + + eu
N. leistikowii Lange-Bert. G G + + + oc
N. radiosa Kütz. * ** + - - ?



Water 2022, 14, 381 12 of 22

Table 4. Cont.

Species List RL
(′18)

RL
(′96) br lm ss Ec

N. recens (Lange-Bert.) Lange-Bert. * * + - - eu
N. subalpina E.Reichardt 3 V - + - oc
N. upsaliensis (Grunow) Perag. * R - - + eu
N. wildii Lange-Bert. 2 3 + - - oc
N. wygaschii Lange-Bert. G - - - + oc
Naviculadicta sp. Lange-Bert. + - - -
Neidiomorpha binodiformis (Krammer) Cantonati,
Lange-Bert. et N.Angeli G G - + - oc

Neidium cuneatiforme Levkov R+ - - + -
Nitzschia acidoclinata Lange-Bert. V * + - + ?
N. alpina Hust. 3 G - - + o
N. dissipata (Kütz.) Grunow * ** + + +++ eu
N. fonticola Grunow * ** ++ + ++ eu
N. linearis (C. Agardh) W. Smith * ** + - + eu
N. cf. palea (Kütz.) W.Smith * ** - - + eu
N. perminuta (Grunow) H.Perag. * * + - + ?
N. puriformis Hlúbiková & Ector D � + - - eu
N. sigmoidea (Nitzsch) W. Smith * ** - + + eu
N. sublinearis Hust. * * + - + ?
N. tenuis W.Smith * * - - + ?
Odontidium mesodon (Ehrenb.) Ralfs * * +++ ++ + ?
O. neomaximum Jüttner, D.M.Williams, Levkov,
E.Falasco,
M.Battegazzore, Cantonati, Van de Vijver, C.Angele
et Ector

(3) + + - -

Pinnularia viridiformis Krammer D G + - - o
Pinnularia sp. “small” 18 str/10 µm - + - -
Placoneis paraelginensis Lange-Bert. D - + - - ?
P. undulata(Østrup) Lange-Bert. * - + + - ?
Planothidium dubium (Grunow) Round et Bukht. * * - + ++ eu
P. frequentissimum (Lange-Bert.) Lange-Bert. * ** + + + eu
P. lanceolatum (Bréb. ex Kütz.) Lange-Bert. * ** +++ +++ +++ ?
P. reichardtii Lange-Bert. et Werum D - + + +++ ?
Platessa montana (Krasske) Lange-Bert. 3 3 - + - o
Psammothidium sp. Bukht. et Round + - - -
P. bioretii (Germain) Bukht. et Round * V - + + ?
P. grischunum (Wuthrich) Bukht. et Round V - + + ++ ?
Pseudostaurosira parasitica (W.Smith) E.Morales * ** - - + eu
P. robusta (Fusey) D.M. Williams et Round G * + - - ?
Reimeria capitata (Cleve-Euler) Levkov & Ector (R) - + - -
R. fontinalis Levkov et Ector (R) + + + -
R. ovata (Hust.) Levkov et Ector (R) - + - -
R. sinuata (W.Greg.) Kociolek et Stoermer * � - + - ?
Rossithidium petersenii (Hust.) Round et Bukht. 3 +++ + - o
Sellaphora bacillum (Ehrenb.) D.G. Mann * V + - - eu
S. gologonica Lai, Ector et C.E.Wetzel (G) + + + -
S. nigri (De Not.) C.E.Wetzel et Ector - + + -
S. pseudopupula (Krasske) Lange-Bert. G G + + - od
S. pupula (Kütz.) Mereschk. D ** - + + eu
S. aff. schadei (Krasske) C.E.Wetzel, Ector,
Van de Vijver,
Compère et D.G.Mann

2 2 + - - o

S. seminulum (Grunow) D.G.Mann * ** + + + ?
S. stroemii (Hust.) D.G.Mann 2 3 - + + oc
S. cf. labernardierei A.Beauger, C.E.Wetzel et Ector (G) - - + -
S. aff. circumborealis (Lange-Bert.) C.E.Wetzel, Ector,
Van de Vijver, Compère et D.G.Mann - + - -



Water 2022, 14, 381 13 of 22

Table 4. Cont.

Species List RL
(′18)

RL
(′96) br lm ss Ec

Stauroforma exiguiformis (Lange-Bert.) Flower, Jones
et Round 3 + - - ?

Stauroneis separanda Lange-Bertalot et Werum V - - - + oc
S. smithii Grunow R � + - + eu
Staurosira venter (Ehrenb.) Grunow * ** + + + ?
S. leptostauron (Ehrenb.) Kulikovskiy et Genkal - - + ?
S. leptostauron var. dubia (Grunow) M.B.Edlund + - - ?
Staurosirella neopinnata E.A.Morales, C.E.Wetzel,
Haworth et Ector D + + + -

Surirella angusta Kütz. * * - - + eu

For less than 50% of sampling sites—“+”, 50% and more of sampling sites—“++”, 80% and more of sampling
sites—“+++”. RL (′18)—Red List of diatoms for Germany [6], and RL (′96)—previous version of Red list for
Germany [12]. Red List categories [6,12]: 0—presumed extinct, 1—threatened with extinction, 2—strongly
threatened, 3—threatened, G—threat of unknown extent, R—extremely rare, V—declining, D—data insufficient,
Do—D “oligotraphentic”, *—not threatened, **—surely not threatened, �—not evaluated. Threat categories in
round brackets were assigned on the basis of expert judgement. Ec—Ecology according to Hofmann et al. [6]: ae
= aerial, o = oligotraphentic, oc = oligotraphentic carbonate, od = oligotraphentic distrophic, eu = eutraphentic to
tolerant, ? = unknown.

In the following, the most abundant and frequent species (relative abundance 10% and
more) are presented for each spring type. The rheocrenic springs were colonised mostly by
the following species: Achnanthidium jackii Rabenh., A. minutissimum, A. pfisteri Lange-Bert.,
A. pyrenaicum (Hust.) Kobayasi, A. rostropyrenaicum Jüttner & Cox, Amphora micra Levkov,
Nitzschia fonticola Grunow, Odontidium mesodon (Ehrenb.) Ralfs, Planothidium lanceolatum
(Bréb. ex Kütz.) Lange-Bert., P. reichardtii Lange-Bert. et Werum & Lange-Bert. (Figure 3).
The most abundant species in helocrenic springs were A. minutissimum and Navicula cryptotenella
Lange-Bert. whilst the most abundant species rheo-limnocrenic springs were: A. minutissimum,
Denticula tenuis Kütz., and Rossithidium petersenii (Hust.) Round et Bukhtiyarova. The
species most abundant in the most common spring type of the present study, i.e., rheo-
helocrenes, were as follows: Achnanthidium lineare W. Smith, A. minutissimum, A. pfisteri,
A. pyrenaicum, A. rostropyrenaicum, A. sublineare Van de Vijver, Jarlman & Ector, Amphora micra,
A. pediculus (Kütz.) Grunow, Cocconeis lineata Ehrenb., Denticula tenuis, Encyonopsis krammeri
E.Reichardt, Fragilaria vaucheriae (Kütz.) J.B.Petersen, Gomphonema elegantissimum E.Reichardt et
Lange-Bert., G. micropus Kütz., Meridion circulare (Gréville) C. Agardh, Nitzschia perminuta
(Grunow) H. Perag., Odontidium mesodon, O. neomaximum Jüttner et al., Planothidium lanceolatum,
Psammothidium grischunum (Wuthrich) Bukhtiyarova et Round.

3.4. Red-List Species

Red List [6] status was available for 83% (134 out of 162) of the taxa. The distribution
of these species in the threat categories was found to be as follows: 7% “2” (=strongly threat-
ened), 9% “3” (=threatened), 14% “G” (=threat of unknown extent), 2% “R” (=extremely
rare), 6% “V” (=declining), 12% “D” (=data insufficient), 50% “*” (=not threatened). Several
characteristic, rare, and Red-List species are shown in Figure 4.

The nine species classified as “2” were: Achnanthidium dolomiticum, Cymbella affinis
Kütz, C. tridentina Lange-Bert., Cantonati et A.Scalfi, Cymbopleura austriaca (Grunow) Kram-
mer, Eunotia arcubus Nörpel et Lange-Bert., Navicula dealpina Lange-Bert., N. wildii Lange-
Bert., Sellaphora schadei (Krasske) C.E.Wetzel, Ector, Van de Vijver, Compère et D.G.Mann,
S. stroemii (Hust.) D.G.Mann.

The 11 species classified as “3” were: Caloneis tenuis (W.Greg.) Krammer [39], Cavinula
jaernefeltii (Hust.) D.G. Mann et Stickle, Cymbella vulgata Krammer [40], Cymbopleura
subaequalis (Grunow) Krammer, Delicata delicatula (Kütz.) Krammer, Diploneis petersenii
Hust., Navicula subalpina E.Reichardt, Nitzschia alpina Hust., Platessa montana (Krasske)
Lange-Bert., Rossithidium petersenii, Stauroforma exiguiformis (Lange-Bert.) Flower, Jones
et Round.
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Figure 3. Micrographs of the most frequent and abundant species. (A) Achnanthidium minutissimum,
(B) Achnanthidium jackii, (C–E) Achnanthidium lineare, (F) Achnanthidium pfisteri, (G,H) Achnanthid-
ium pyrenaicum, (I,J) Achnanthidium rostropyrenaicum, (K) Achnanthidium sublineare, (L) Amphora mi-
cra, (M) Amphora pediculus, (N) Cocconeis lineata, (O,P) Denticula tenuis, (Q,R) Encyonopsis krammeri,
(S,T) Fragilaria pectinalis, (U) Gomphonema elegantissimum, (V,W) Gomphonema micropus, (X) Merid-
ion circulare, (Y) Navicula cryptotenella, (Z)—(AA) Nitzschia fonticola, (AB) Nitzschia perminuta,
(AC,AD) Odontidium mesodon, (AE) Odontidium neomaximum, (AF,AG) Planothidium lanceolatum,
(AH) Planothidium reichardtii, (AI) Psammothidium grischunum, (AJ,AL) Rossithidium petersenii.
(E,G,AL) = SEM; (D,I,P,R,T,V,Z,AD,AG,AH,AJ,AK) = Nomarski (DIC); all the other bright fields.
Scale bars: long (LM) 10 µm; short (SEM) 1 µm.

Of the 15 species with data insufficient, the following can be classified to be oligo-
traphentic (and thus sensitive) (“Do”) on the basis of experience and literature: Amphora micra,
Cymbopleura korana Krammer, Humidophila paracontenta (Lange-Bert. et Werum) Lowe,
Kociolek, Johansen, Van de Vijver, Lange-Bert. et Kopalová. Of the 35 species not present
in the current Red List [6], the following can be assigned to threat categories as follows
on the basis of experience and literature: Achnanthidium rostropyrenaicum (G), A. sublineare
(R), Cymbella diminuta (Grunow) Krammer (3), Encyonopsis fonticola (Hust.) Krammer (3),
Geissleria gereckei Cantonati & Lange-Bert. (2) [41], Gomphonema sarcophagus W.Greg (R),
Odontidium neomaximum (3), Reimeria capitata (Cleve-Euler) Levkov et Ector (R), R. fontinalis
Levkov et Ector (R), R. ovata (Hust.) Levkov et Ector (R), Sellaphora gologonica Lai, Ector
et C.E.Wetzel (G) [42], S. labernardierei A.Beauger, C.E.Wetzel et Ector (G). In this way, the
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cumulative percentage of all species included in a threat category including endangered
species (2,3,G,R,V,Do) becomes 43%.
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Figure 4. Micrographs of characteristic, rare, and Red-List species. (A) Achnanthidium dolomiticum,
(B) Caloneis tenuis, (C) Cavinula jaernefeltii, (D) Cymbella affinis, (E) Cymbella tridentina, (F) Cymbopleura
subaequalis, (G) Delicata delicatula, (H) Diploneis petersenii, (I) Eunotia arcubus, (J) Navicula dealpina,
(K) Navicula subalpina, (L) Navicula wildii, (M) Nitzschia alpina, (N) Platessa montana, (O) Sellaphora sp.
aff. schadei. (B,H,M) = Nomarski (DIC); all the other bright field. Scale bar 10 µm.

3.5. Ecological Preferences of the Species Found

From the total list of species revealed for fifteen springs of the Berchtesgaden National
Park by the sampling campaign in 2018, 138 species (85%) had ecological preferences
listed in [6] (Table 3). The indicators distributed among the ecological groups, as shown in
Figure 5, included 18% of eutraphentic species and 4% of aerial species.

We also grouped the species list with a focus on moisture preferences (M), as reported
in Van Dam et al. [33]. However, these data were available for a limited (about 30%) number
of species. Of these, 17% usually can be found on wet and moist or temporarily dry places
(group 4), 4% can be observed nearly exclusively outside water bodies (group 5), 46%
mainly exist in water bodies, also rather regularly on wet and moist places (group 3), 23%
can be observed mainly in water bodies, sometimes on wet places (group 2), and, finally,
10% can be found never, or only very rarely, outside water bodies (group 1) (Figure 6).

Van Dam et al. [33] Trophic state (T) values (not shown) were available for 36% of
the diatom species we found. Of these, 26% were eutraphentic, 17% mesotraphentic, 15%
oligotraphentic, 14% oligo-mesotraphentic, 14% oligo- to eutraphentic (hypereutraphentic),
12% meso-eutaphentic, and 2% hypereutraphentic. Thus, as can be noted by prevailing
indicator taxa of the trophic state, some of the springs studied are obviously affected by
some eutrophication impact.
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Figure 6. Moisture (M) groups of diatoms (according to [33]) from spring ecosystems in the Bercht-
esgaden National Park (Moisture preferences: 1—almost never occurring outside water bodies,
2—mainly occurring in water bodies, sometimes on wet places, 3—mainly occurring in water bodies,
also rather regularly on wet and moist places, 4—mainly occurring on wet and moist or temporarily
dry places, 5—nearly exclusively occurring outside water bodies).

3.6. Relations with Environmental Factors

We could find a statistically significant positive association (r Pearson = 0.733; df = 6,
P = 0.038, Figure 7) between the Meinzer variability index for discharge (MVID) and the
cumulative relative abundance (sum of percentages) of aerial diatom species (Van Dam
et al. [33] moisture categories 4&5 + aerial species “ae” listed in [6]). Even though the
relationship was based on a limited number of data, the trend was clear.
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Figure 7. Scatterplot diagram of the positive association between the Meinzer variability index for
discharge (MVID) and the cumulative relative abundance (sum of percentages) of aerial diatom
species (Van Dam et al. [33] moisture categories 4&5 + aerial species “ae” listed in [6]).

The canonical correspondence analysis (CCA) performed between the community
data matrix and the environmental factors as constrained variables were not significant,
even after deleting the least important variables. The final model, which included water
conductivity and magnesium concentration as finally selected variables, was not significant
(F = 0.916, P = 0.655).

3.7. Comparison with the Data of 1997–1998

Nonmetric Multidimensional Scaling ordination showed that the 1997 samples were
partially segregated from those collected in 2018 (asterisks in Figure 8 were all on the left
side of the plot). The analysis of variance using Bray Curtis distance matrix and years
(1997, 2018), showed that this difference was significant for the factor year (F = 2.109,
P = 0.032, Table 4) but not for substrates. This was visually clear also by inspecting the
points’ distribution in the NMDS (Figure 8), since bryophyte (br), lithic material (lm), and
surface sediment (ss) dots were mixed.

The box and whisker plots in Figure 9, comparing diatom Shannon-Wiener diversity
on the three substrata studied, confirm what was seen in the results of the Nonmetric
Multidimensional Scaling ordination (Figure 8) and confirmed by the analysis of variance
using Bray Curtis distance matrix (Table 5), i.e., that differences were significant for the
factor year but not for substrata. In spite of this, the box plots hint at higher diversity in
the epibryon diatom assemblages. The higher diversity of the surface sediment could be
an artefact: the method that we used indeed does not allow us to distinguish cells living
at the time of sampling from dead and empty frustules that typically accumulate in the
deposition zones where surface sediment is found (Figure 9).
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Table 5. Analysis of variance using Bray Curtis distance matrix and years (1997, 2018) + substrates
(epiphytic, epilithic, epipelic) as dependent factors.

Df SS MS F R2 P

Year 1 0.586 0.586 2.109 0.061 0.032
Substratum 2 0.611 0.306 1.1 0.064 0.351
Residuals 30 8.337 0.278 0.874

Total 33 9.534 1
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4. Discussion

This study confirmed the relevance of discharge (and associated water-level) vari-
ability as an environmental determinant of diatom assemblages in spring ecosystems. In
particular, we could demonstrate a statistically significant relationship (positive association)
between discharge variability (Meinzer variability index for discharge) and the cumulative
percentage of aerial diatom species. We found 21% of species belonging to categories
4+5 of the Van Dam et al. [33] moisture index, which is in perfect agreement of 20–25%
of such species reported for springs of the Alps by Cantonati et al. [10]. Besides well-
known aerial species, we found other diatoms typical of freshwater environments with
fluctuating discharge and water levels, such as Achnanthidium dolomiticum [10,16], Denticula
tenuis [43], Eunotia arcubus [10], Geissleria gereckei [44], Meridion circulare [10], Planothidium
frequentissimum (Lange-Bert.) Lange-Bert. [10].

Hydrology, and in particular discharge and its variability, has recently been pointed out
as an environmental factor of overwhelming importance in structuring diatom assemblages,
e.g., in the Mediterranean [45] and Neotropical [46] streams. Cantonati et al. [11] found
higher than expected proportions of diatom species in threat categories of the Red List
in the Van Dam et al. [33] moisture categories 4+5, which include most aerial species and
attributed this to the fact that diatoms from subaerial habitats (soils, etc.) were less studied
and surveyed than those from frankly aquatic environments.

In spring habitats, Taxböck et al. [47] found that discharge was an important variable
influencing diatom specie richness along elevational gradients and that higher flow rates
tended to lead to higher similarities among diatom communities developing on different
substrata (= in different microhabitats within a spring). Cantonati et al. [48] noted that
the relevance of discharge variability sometimes tends to be underestimated in spring
investigations because permanent, stable springs are often selected for this type of study.

Considering that two of the most important possible effects of climate change are
warming and reduction of precipitations, discharge is also a key variable in the few studies
using spring ecosystems and their biota as sentinels of environmental change [21]. Though
in our study data collected more than twenty years ago were limited to three springs
only, our results still show a segregation of the older data in non-parametric diatom-based
ordinations, suggesting a strong potential for the use of spring diatoms in studies aiming at
tracking the effects of climate and environmental change.

Finally, our study confirmed important, meanwhile well-known features [e.g., 10] of
diatom assemblages in Alpine spring ecotones:

- a relevant occurrence of eutraphentic diatom species and reduction in taxa number
and diversity in some springs (compare [20]), resulting from increased nitrate con-
centrations, likely due to diffuse airborne pollution or local impacts such as forest
management, game, and cattle;

- an important occurrence of species included in threat categories of the diatom Red
List ([6,12]) in springs on carbonate substrata (40–50%, [10,11]);

- a higher species richness on bryophytes (compare [10]), suggesting this substra-
tum to be best suitable for studies focussing on biodiversity inventories (whilst
stones should be preferred to investigate relationships between diatom assemblages
and hydrochemistry).
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