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Plant community ecology of petrifying springs (Cratoneurion) — a priority
habitat

Melinda D. Lyons* & Daniel L. Kelly

Abstract

Aims: To investigate the floristic and abiotic characteristics of the Habitats Directive priority habitat ‘Petrifying
springs with tufa formation (Cratoneurion)’. Location: The island of Ireland, north-western Europe. Methods:
Vascular plants, bryophytes and abiotic variables were recorded in a field survey of 186 relevés (4 m?). Relevés
were assigned to groups based on species composition, using fuzzy clustering and Indicator Species Analysis.
Eight plant communities were described. Results: Group 1 Eucladium verticillatum-Pellia endiviifolia Tufa
Cascades, of steep slopes, are related to Continental Eucladietum verticillati and Adiantion communities.
Group 2 Palustriella commutata-Geraninm robertianum Springheads and Group 3 Brachythecium rivulare-
Platybypnidium riparioides Tufaceous Streams and Flushes are woodland communities related to the Equiseto
telmatejae-Fraxinetum and the Pellio endiviifoliae-Cratoneuretum commautati. Groups 1 to 3 fall broadly with-
in the Brachythecio rivularis-Cratonenretum forest spring vegetation type. Group 4 Palustriella commutata-
Agrostis stolonifera Springheads are intermediate between Groups 1 to 3 and Groups 5 to 8. Group 5 Schoenus
nigricans Springs, Group 6 Carex lepidocarpa Small Sedge Springs and Group 7 Palustriella falcata-Carex pan-
icea Springs are transitional to Caricion davallianae small-sedge fen communities. Group 8 Saxifraga aizoides-
Seligeria oelandica Springs are ecologically distinctive, species-rich assemblages confined to montane cliffs,
with a restricted distribution in upland limestone regions, containing a number of nationally and internation-
ally rare taxa. Of our eight groups, Groups 7 and 8 have the closest affinities with Cratoneunretum falcati spring
communities. Abiotic variables differ significantly among the eight groups. Slope, macronutrient levels and
shading by tree canopies are highly significantly related to the main axes of variation in the floristic data. Species
diversity is inversely related to phosphate levels. Group 8 communities are irrigated by water of the highest pH
and lowest solute concentrations. Conclusions: Our eight groups characterise variation within the habitat,
elucidate ecological gradients with related habitats and facilitate conservation of this ecologically distinctive
habitat.
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Introduction

Petrifying springs with tufa formation (Cratonenrion)
constitute a priority habitat (7220) under Annex I of the
European Union Habitats Directive (92/43/EEC) owing
to their ecological significance, vulnerability and small
spatial extent. Lime-rich spring water, on contact with
the atmosphere, loses carbon dioxide and precipitates
tufa (travertine), a porous calcium carbonate deposit.
Plants, especially bryophytes, and microbial biofilms are
intimately associated with the deposition process (Emeis
et al. 1987; Pentecost 1996; Golubic et al. 2008; Pedley et
al. 2009). Tufa can also form in other hydrogeological set-
tings, for example on streams and at waterfalls (Arenas et
al. 2014; Auqué et al. 2014).

Cratoneurion commutati Koch 1928 (commonly
shortened to Cratoneurion) falls within the spring vege-
tation class Montio-Cardaminetea Br.-Bl. et Tx. 1943 and
the order Montio-Cardaminetalia Pawlowski 1928. It
takes its name from the pleurocarpous moss Cratonenron
commutatum (Hedw.) Roth, which was reclassified as
Palustriella commutata (Hedw.) Ochyra in 1989. Palus-
triella falcata (Brid.) Hedends was not considered spe-
cifically distinct from the preceding taxon in many older
floras (e.g. Smith 1978) and data for this segregate are
lacking in some major vegetation studies (e.g. Rodwell
1998b).

Definition of Cratoneurion vegetation has from the
outset been problematic and the ecological continuum
between petrifying springs and other habitats remains
widely acknowledged but poorly defined. Unusually for
a phytosociological entity, this alliance was defined prin-
cipally by abiotic attributes — lime-rich spring communi-
ties, which are moss-dominated and often tufa-forming
— rather than species composition (Koch 1928; Braun-
Blanquet 1949). However, the presence or absence of tufa
is insufficient as a means of delimiting one habitat from
another, and indeed tufa formation is not a prerequisite in
Cratoneurion communities (Koch 1928; Braun-Blanquet
1949). The shortcomings of a definition based on tufa
formation are illustrated by the British National Vegeta-
tion Classification (NVC): M37 Cratoneuron commu-
tatum-Festuca rubra Springs and M38 Cratoneuron com-
mutatum-Carex nigra Springs (the only British commu-
nities synonymous with the Annex I priority habitat,
Commission of the European Communities 2013) are
often — though not necessarily — tufa-forming, while so
too is the British alkaline fen M10 Carex dioica-Pinguic-
ula vulgaris mire (Rodwell 1998b). Thus, Cratoneunrion
communities are ecologically similar to, and often grade
into, small sedge fen vegetation of the alliance Caricion
davallianae Klika 1934 (Class Scheuchzerio-Caricetea ni-
grae (Nordh. 1936) Tx. 1937).

Similarly, the close floristic connection of bryophyte-
rich waterfall communities with those of springs was
noted in an Irish context by Ivimey-Cook & Proctor
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(1966). Irish Adiantum capillus-veneris Stands reported
by those authors are indicative of the close association
between Adiantion communities (which include the Eu-
cladietum wverticillati Allorge 1922) and Cratoneurion
communities (e.g. Deil 1994; Philippi 1965). The Adian-
tion is included in an overview of priority habitat 7220
for Spain (Carcavilla Urqui et al. 2009), but is excluded
from overviews for France (Anonymous 2002) and Italy
(Biondi & Blasi 2009).

Petrifying springs in woodlands remain poorly de-
scribed. The Equiseto telmatejae-Fraxinetum Oberd. ex
Seib. 1987 is described as containing woodland flushes
rather than strongly petrifying springheads (Oberdorfer
1992) and the British NVC lacks a woodland spring cate-
gory altogether (Rodwell 1998a).

Revisions within the class Montio-Cardaminetea have
been attempted but not widely adopted (Maas 1959;
Zechmeister & Mucina 1994).

This detailed field survey of the vegetation of Irish
petrifying springs aims to elucidate the variation in floris-
tic composition within petrifying spring communities
and their relationships with other kinds of vegetation.
This bryophyte-dominated community is well repre-
sented in the mild Atlantic climate of Ireland, showing
patterns of variation that are reflected in the wider Euro-
pean context. It also contains some species-rich assem-
blages with rare species of international importance. The
present study combines a detailed analysis of both floris-
tics and abiotic variables of this habitat; previous studies
elsewhere have focused on only one or other of these as-
pects.

Methods

In total, 186 relevés were recorded between April 2011
and September 2013 from 110 separate water sources
spread across the island of Ireland (including Northern
Ireland). Most samples (90.3%) were from semi-natural,
tufa-forming springheads, seepages and flushes with
Cratoneurion-type vegetation; 18 samples (9.7%) were
from tufa-forming streams, waterfalls or anthropogeni-
cally-modified hydrogeological settings. Plant species
(vascular plants and bryophytes) were recorded in 4 m?
quadrats by per cent cover. Woody species occurring
>2 m above ground level over the quadrat were recorded
as tree canopy cover. Tufa was recorded as per cent of
surface area within each quadrat, classified according to
Pentecost & Viles (1994) and Pentecost (1995, 2005): cas-
cade tufa (consolidated, often massive deposits of steep
slopes), paludal tufa (on low gradients, accumulating
around the bases of plants and often poorly consoli-
dated), stream crust tufa (sheet-like deposits beneath
flowing water), oncoids/ooids (coated grains) and tufa
dams (impounding water on streams). Paludal tufa was
recorded in three categories: (1) weakly formed, discon-
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tinuous, inconspicuous tufa forming traces on soil or at
base of plants, (2) intermediate, (3) strongly formed tufa,
often crunchy underfoot, coating the ground with a con-
spicuous white layer, often with detached chunks of con-
solidated tufa. Hydrological characteristics (flowing/
trickling water, dripping water, pools and damp ground)
were estimated as percentage areas in each quadrat, as
were bare (unvegetated) tufa, stone, soil, etc. Water sam-
ples were collected from 91 individual water sources (115
samples in total) and analysed for pH, alkalinity (bicar-
bonate), calcium, magnesium, potassium, sodium, chlo-
ride, nitrate, phosphate (as soluble reactive phosphate)
and sulphate using standard laboratory procedures (Ly-
ons 2015).

Data were analysed using R (Version 3.0.3) and PC-
ORD Version 5.33 (McCune & Mefford 2006). A square
root transformation was performed on relevé data to re-
duce the skewness of species distributions and to reduce
overall variance. The Serensen (Bray-Curtis) coefficient
was used to create a distance matrix. Relevés were as-
signed to fuzzy cluster groups using the ‘fanny’ function
in the R package Cluster, a non-hierarchical clustering
method based on the differences between objects (Kauf-
man & Rousseeuw 2005). The membership exponent was
setat 1.1. Membership coefficients (MC) are a measure of
how strongly a sample belongs to a particular fuzzy clus-
ter group. Indicator Species Analysis (ISA) of fuzzy clus-
ter outputs led to the selection of eight groups as the op-
timal arrangement of relevés into clusters, with 108 statis-
tically significant indicator species and a mean p-value of
0.0092 (Dufréne & Legendre 1997). Multi-level Pattern
Analysis of species was carried out using the ‘multipatt’
function in the R package Indicspecies (Version 1.7.1) to
investigate the association between species patterns and
combinations of groups of sites, rather than just the sin-
gle groups tested by ISA (De Céceres et al. 2010).

The differences among groups were tested using
Multi-response Permutation Procedure (MRPP) in PC-
ORD, on ten environmental characteristics (relating to
tufa formation types, hydrological characteristics, slope,
tree canopy cover and the proportion of ground surface
covered by tufa) and ten water chemistry parameters
(listed above). Variables were relativised (by column to-
tal) before analysis and the distance measure used was the
Serensen coefficient. MRPP produces a statistic A that
describes within-group homogeneity compared to ran-
dom expectation.

Ordinations of relevé data were produced by Non-
metric Multidimensional Scaling (NMS) in PC-ORD.
Species occurring in less than four samples were removed
from the data set to reduce noise caused by incidental
species (leaving a total of 162 species) and a square-root
transformation was performed on relevé data (McCune
& Grace 2002). The ordinations were produced in ‘slow
and thorough autopilot’ mode using the distance measure
Serensen (Bray-Curtis). An NMS ordination of our
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groups along with previously published communities
was produced by the same method; the data used were
species frequencies.

Synoptic tables (Electronic Supplement 1) contain fre-
quency data in classes to facilitate comparison with other
syntaxa described in the literature: Class I = up to 20%,
Class IT = 21% to 40%, Class III = 41% to 60%, Class IV
=61% to 80% and Class V = 81% to 100%. All species
in Classes V, IV and III (and all that are significant indica-
tor species of the group) are included for the relevant
fuzzy cluster group in each table; species in Classes V and
IV for the published communities with which our group
is being compared are also shown. Percentage frequencies
for all species are given in Electronic Supplement 2 and
the full data set has been submitted to the Irish National
Biodiversity Data Centre. In general, ‘constant’ indicates
species in Classes V or IV, “frequent” indicates Class III
and ‘occasional’ Class IT (Rodwell 1998a, 1998b, 1998c).
The statistical significance of the results of Indicator Spe-
cies Analysis and Multi-level Pattern Analysis is denoted

as *** p-value < 0.001; ** p-value < 0.01; * p-value <
0.05.
Results

The eight plant communities of Irish petrifying springs,
derived from fuzzy cluster analysis of floristic data, are
summarised in Table 1. MRPP showed a highly statisti-
cally significant difference among groups based on abi-
otic characteristics (A = 0.2347, p < 0.001; for pairwise
comparisons of Groups, see Electronic Supplement 3
(a)). An NMS ordination indicating the relationship of
the Irish communities to selected published communities
can be found in Electronic Supplement 4 (a).

Tufa formation type and extent in each group is shown
in Fig. 1.

Group 1 Eucladium verticillatum-Pellia endiviifolia
Tufa Cascades

This group contains massive, steep cascade tufa deposits
and exemplifies extreme tufa-forming habitats in which
few plant species can survive (Fig. 2). The calcicole moss
Eucladium verticillatum is constant along with the liver-
wort Pellia endiviifolia, frequently accompanied by
Didymodon tophaceus; all three are highly significant in-
dicators of Group 1 (see Electronic Supplement 1 for
synoptic table). E. verticillatum is the most abundant
species (mean cover 25%), typically colonising vertical
tufa surfaces and often somewhat shaded by aspect, mi-
crotopography or overhanging vegetation (cf. Pentecost
& Zhaohui 2006). Palustriella commutata is constant and
almost as abundant as E. verticillatum. Bryophytes dom-
inate the vegetation more than in any other group (Elec-
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Table 1. The eight plant communities of Irish petrifying springs (n = 186). Mean silhouette width (S)) is a measure of similarity
among samples within our fuzzy cluster groups; high S; values indicate well-clustered groups.

Group Name and Description n Mean S;

1 Eucladium verticillatum-Pellia endiviifolia Tufa Cascades: Bryophyte-dominated, strongly 18 0.20
tufa-forming spring communities on steep slopes (both coastal and inland) with low species
diversity.

2 Palustriella commutata-Geranium robertianum Springheads: Woodland springhead tufa 26 0.16
cascades, dominated by P. commutata, on moderately steep slopes.

3 Brachythecium rivulare-Platyhypnidium riparioides Tufaceous Streams and Flushes: 29 -0.01
Woodland communities with flowing water, typically forming in hydrological sequence below
Group 2 springheads.

4 Palustriella commutata-Agrostis stolonifera Springheads: A group of moderately steep 28 0.04
slopes, intermediate between Group 1-3 and Groups 5-8.

5 Schoenus nigricans Springs: Springs on level ground forming paludal tufa amongst 22 0.17
Schoenus nigricans tussocks, with an underlayer of ‘brown mosses’.

6 Carex lepidocarpa Small Sedge Springs: Weakly tufaceous springs with high species 30 0.09
diversity, on level ground, associated with small-sedge fens.

7 Palustriella falcata-Carex panicea Springs: Springs of level or gently sloping ground, 20 0.08
especially characteristic of karst landscapes, and often with bare, unvegetated tufa or
exposed bedrock; P. falcata-dominated.

8 Saxifraga aizoides-Seligeria oelandica Springs: Species-rich springs with S. aizoides and 13 0.17

a suite of rare bryophyte species; weakly tufa-forming, on steep slopes, centred on the

Benbulbin Range of NW Ireland.

tronic Supplement 4 (b)). The most frequently occurring
vascular plants are Agrostis stolonifera and Festuca rubra;
these have low cover values (mean 1% each) and total
graminoid cover is at its lowest in Group 1. This group
has the lowest overall species diversity (mean 8.7 species
per 4 m? relevé, Electronic Supplement 4 (c)). It is a cohe-
sive group, with the highest mean silhouette width (0.20,
Table 1).

This group is strongly tufa-forming. Tufa cascades oc-
cupy, on average, 89% of surface area — the highest pro-
portion for any group (Fig. 1). Bare, unvegetated patches
of tufa are often present (mean 24% of ground surface),
sometimes with stalactites or intricate assemblages of
‘petrified’ plant fragments. Group 1 occurs on the most
steeply sloping sites (mean slope 70°, Electronic Supple-
ment 4 (c)). Dripping water is characteristic and, occa-
sionally, thin sheets of water flow over the surface of the
tufa. Samples are divided almost equally between springs
on coastal spray zone cliffs and at inland (mostly wooded)
locations. Accordingly, canopy cover is variable: absent
from coastal cliffs but often dense at inland sites. Most
samples were recorded at springheads but one sample
with highly typical vegetation (MC 99%) occurred at a
tufa-forming waterfall.

The Central European Eucladietum wverticillati Al-
lorge 1922 of steep, irrigated rock faces (Philippi 1965;
Braun 1968; Anonymous 2002), is similar to our Group
1. E. verticillatum is constant in both and P. commutata is

frequent, but Pellia endiviifolia, constant in Group 1, was
seldom reported from the Continental European com-
munity. Our Group 1 also has affinities with Hada&’s
lowland Lycopo-Cratonenrion commutati Alliance (Pel-
lio endiviifoliae-Cratonenrion commutati Rivola 1982
community), but Campylium stellatum — constant in
Hada&’s community — is absent from our Group 1 and
occurs instead in our fen-related communities. E. verti-
cillatum, although named as a characteristic species of
Hada&’s community, occurs in < 40% of his samples
(Hada¢ 1983). Furthermore, Scrophularia umbrosa and
Lycopus europaeus, characteristic of Hada¢’s community,
are absent from all our groups. Both species occur in less
base-rich communities in Ireland.

Eucladium verticillatum-Pellia endiviifolia Tufa Cas-
cades are intermediate between Adiantion communities
(bryophyte-rich communities of damp calcareous rock
faces with Adiantum capillus-veneris, especially charac-
teristic of the Mediterranean region, Deil 1994, de Fou-
cault 2015) and the Central European Cratoneunretum fi-
licino-commutati (Oberdorfer 1977). The Adiantion
communities of southern France include E. verticillatum
as a characteristic species (de Foucault 2015). The author
makes no mention of tufa; he notes that the Adiantion is
found largely on base-rich substrata but that a variant is
found on more acid substrata. A. capillus-veneris has a
very limited biogeographical range in Ireland and was
not recorded in Group 1 samples.



Petrifying spring (Cratoneurion) communities & ecology

17

o 8 i M Cascade
o 7 | ® Paludal 3 (strong)
2 6 -
F | m Paludal 2 (intermediate)
€ 5
g A Paludal 1 (weak)
§ W Stream crust
o 3
‘é 2 . W Other tufa
= 1 Non-tufa
0% 20% 40% 60% 80% 100%

Mean Proportion of Ground Surface

Fig. 1. Tufa formation type in plant communities (after Pentecost & Viles 1994 and Pentecost 1995, 2005).

Fig. 2. Group 1 Eucladium verticillatum-Pellia endiviifolia
Tufa Cascade on coastal cliff at Ardmore Pt, Co. Wicklow
(Sept. 2013). Palustriella commutata is abundant (centre top)
along with the less conspicuous acrocarps E. verticillatum
and Didymodon tophaceus.

Fig. 3. Group 2 Palustriella commutata-Geranium rober-
tianum Springhead (centre) in woodland at Moneyduff, Co.
Leitrim (May 2010). P. commutata dominates this large tufa
cascade; G. robertianum, Hedera helix, Rubus fruticosus and
Asplenium scolopendrium are occasional. Fraxinus excelsior
is the most frequent tree species.

Fig. 4. Group 3 Brachythecium rivulare-Platyhypnidium ripari-
oides Tufaceous Stream and Flush community on a wooded
hillside at Glenasmole, Co. Dublin (April 2013). Shoots of Equi-
setum telmateia are emerging on the stream margins. Bare tufa
and flowing water are characteristic of this community.

Fig. 5. Group 4 Palustriella commutata-Agrostis stolonifera
Springhead on the lower slopes of the Benbulbin Range, Co.
Sligo (Sept. 2012). P commutata is dominant on this spring-
head tufa cascade. A. stolonifera, Festuca rubra, Carex flacca,
C. panicea and Bryum pseudotriquetrum are occasional
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Group 2 Palustriella commutata-Geranium
robertianum Springheads

This group is characterised by large mounds of Palustri-
ella commutata at woodland springheads (Fig. 3). P. com-
mutata — constant/frequent in all eight groups — is at its
most abundant here (ISA*** mean cover 61%). Gera-
nium robertianum is also constant but rarely covers large
areas (mean cover 4%, ISA***). It is one of the few vas-
cular plant species found rooting in consolidated tufa or
within mounds of P. commutata. The following are also
statistically significantly linked to this group: Rubus fru-
ticosus (small shoots rooted on tufa, seldom thriving),
Hedera helix, Carex remota, Equisetum telmateia and
Aspleninm scolopendrium. The Group 1 indicator species
Pellia endiviifolia and Eucladium verticillatum are fre-
quent but much less abundant in Group 2, with mean
covers of 2% and 1% respectively. Fraxinus excelsior
seedlings are also frequent (mean cover 0.4%). They are
absent from the most strongly tufaceous microhabitats
and, even on weakly formed tufa, they seldom survive
beyond the seedling stage. This is a cohesive group with a
high mean silhouette width (0.16, Table 1).

Bryophytes dominate the vegetation, with total cover
of 69% (joint highest with Group 6). Dominance by
Palustriella commutata results in relatively low species
diversity (mean 14.1 species per relevé). Graminoids and
forbs cover 9% and 8% respectively. Woody plants make
a bigger contribution to the field layer in this group than
in any other, albeit only 3% of total ground cover.

These samples are strongly tufa-forming. Tufa cas-
cades occupy on average 70% of the ground surface (sec-
ond only to Group 1; Fig. 1). Cascades are sometimes
massive, measuring 100 m? or more. Elsewhere, smaller,
more fragmented cascades are combined with paludal
tufa or oncoids/ ooids. Slope is very variable (mean 36°).
Water sometimes trickles or drips over the tufa, but
mostly (81% of surface area, on average) the surface is
damp without obvious surface water. Where dripping
water is plentiful, Palustriella commutata mounds are
sometimes irrigated from above, as in the ‘Cratoneuron
Drip-Zone’ facies of Ferreira (1978). Tree canopy cover is
high (mean 51%) and only Group 3 has a comparable
level of shading.

Group 2 Palustriella commutata-Geranium rober-
tianum Springheads falls between the Cratoneuretum fil-
icino-commutati (Kuhn 1937) Oberd. 1977 and the Equi-
seto telmatejae-Fraxinetum Oberd. ex Seib. 1987. The
former lacks woodland species and the latter is character-
istic of woodland flushes rather than spring heads (Ober-
dorfer 1977, 1992). Group 2 falls within the Brachythecio
rivularis-Cratonenretum Dierflen 1973 (Hijkovd &
Hijek 2011), which broadly encompasses our Groups 1,
2 and 3. However, Brachythecium rivulare, Bryum pseu-
dotriguetrum and Philonotis calcarea (diagnostic of
Dierflen’s community) are infrequent in our Group 2,
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but are significant indicators of other groups in our study.
Group 2 also has affinities with the Pellio endiviifoliae-
Cratoneuretum commutati Rivola 1982 community
(Hada¢ 1983), but the Group 2 woodland species are
lacking in that community.

Group 3 Brachythecium rivulare-Platyhypnidium
riparioides Tufaceous Streams and Flushes

This group is characterised by the presence of trickling
water in tufa-forming streams, waterfalls, flushes and
seepage zones, with the mosses Brachythecium rivulare,
Palustriella commutata, Cratoneuron filicinum and Pla-
tybhypnidium riparioides. B. rivulare and P. riparioides are
highly significant indicators, along with Ranunculus re-
pens ISA**%). C. filicinum and P. riparioides sometimes
dominate the vegetation. They are more tolerant of inter-
mittent dry periods than P. commutata and their abun-
dance is positively correlated with increased macronutri-
ent levels (P. riparioides is favoured by eutrophication,
Blockeel et al. 2014). Forbs, of which Ranunculus repens,
Geranium robertianum and Mentha aquatica are most
frequent, make an important contribution to the vegeta-
tion. Bryophyte cover is at its lowest in this group; the
ratio of forb to bryophyte cover, 1:2.1, is higher than in
any other group. Overall, species diversity is relatively
low (mean 13.8 species per relevé).

Trickling water is present in 90% of samples, flowing
over more gently sloping ground (mean slope 27°). Tufa
formation is variable both in type and extent: tufa cas-
cades are most frequent, but paludal tufa, stream crust
tufa, oncoids/ooids and dams are also present. Bare tufa
is characteristic (mean 29% of ground surface); it is espe-
cially prevalent below flowing water (Fig. 4). Most sam-
ples are situated in woodland and mean canopy cover
(50%) 1s comparable to Group 2. This somewhat dispa-
rate group has the lowest mean silhouette width (-0.01,
Table 1; negative values can occur when several samples
lie between two or more groups, rather than having clear
affinities with a single group). The group contains three
poorly clustered samples (7% of the total) from locations
where the hydrology had been strongly modified by an-
thropogenic activities: two tufa cascades located below
pipe outfalls and a third in the overflow from a golf-
course pond. Other samples are semi-natural, with no
indications of human interference; several of these have
affinities with Group 2 and/or Group 4.

Group 3, like Group 2, lies between the Equiseto tel-
matejae-Fraxinetum Oberd. ex Seib. 1987 and the Crato-
neuretum filicino-commutati (Kuhn 1937) Oberd. 1977
in terms of species composition (Oberdorfer 1977, 1992).
Physiognomically, Group 3 comes closer to the Equiseto
telmatejae-Fraxinetum, woodland flushes being a feature
of both. Of our eight groups, Group 3 comes closest to
the Pellio endiviifoliae-Cratonenretum commutati Riv-
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ola 1982 community (Hada¢ 1983) with close agreement
of constant species — apart from Campylium stellatum
which is almost exclusive to our fen-related groups.

Group 4 Palustriella commutata-Agrostis
stolonifera Springheads

This group consists of hillside springheads, seepages and
flushes, usually in unshaded places, dominated by Palus-
triella commutata. The grasses Festuca rubra and Agrostis
stolonifera are constant (Fig. 5). After Group 2, this is the
group in which P. commutata is most frequent and abun-
dant (mean cover 37%). Accompanying species are var-
ied but most often consist of wetland generalists such as
Filipendula ulmaria, Mentha aquatica, Juncus articulatus,
Carex flacca, Calliergonella cuspidata, Cratoneuron fil-
icinum and Bryum psendotriguetrum. This is a somewhat
disparate group with a low mean silhouette width of 0.04
(Table 1, n = 28). The statistically significant indicators of
the group, Agrostis stolonifera and Filipendula ulmaria
(ISA **), have relatively broad ecological ranges and the
group lacks a distinctive set of characteristic species.
Overall, Group 4 is more diverse in species composition
than Groups 1 to 3, with a mean of 19.7 species per relevé;
bryophytes contribute the greatest amount of cover
(56%), but graminoids are also prominent (33% cover).

Within this group, a subset of samples consists of
Palustriella commutata-dominated springheads (Fig. 5);
these are, in effect, the unwooded equivalent of Group 2,
lacking the woodland plants of that group, and instead
containing Festuca rubra. The remaining samples consist
of diffuse seepages and flushes. In these, Filipendula ul-
maria, Eupatorium cannabinum, Crepis paludosa, Agros-
tis stolonifera, Carex flacca, Equisetum telmateia,
Brachythecium rivulare and Calliergonella cuspidata are
more abundant, along with smaller amounts of Palustri-
ella commutata.

The extent of tufa formation in Group 4 samples is
variable: 39% of samples contain tufa over the entire re-
levé surface area, but several have very low tufa cover (in
two cases only a trace). Paludal and cascade tufa are pre-
sent in approximately equal quantities (mean cover 38%
and 36% respectively, Fig. 1). Slope is variable, ranging
from 0° to 80°, with a mean of 26°. In most cases, the
ground surface is damp, as water seeps through the soil
just below the surface (damp ground occupies 75% of
surface area, on average). Occasionally, the water emerges
above the ground surface, as small rivulets or pools. Most
samples have no tree canopy cover, but five samples (18%)
are situated in woodland. Four samples (14%) are in the
coastal spray zone and a further three (11%) are within
100m of the high tide mark.

Sorensen coefficients of similarity (SCS) between pairs
of communities indicate that, of our eight groups, Group
4 comes closest to the British M37 Cratoneuron commu-
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tatum-Festuca rubra Springs (SCS 40%, Lyons 2015;
Rodwell 1998b). M37 constant species are constant/fre-
quent in Group 4. Group 4 contains the same bryophyte
species as the Cratoneuretum filicino-commutati but dif-
fers somewhat for vascular plants. It has closest affinities
with the Molinia-rich facies of that community (Ober-
dorfer 1977) and is indicative of the shift away from
Brachythecio rivularis-Cratoneuretumn communities to-
wards small-sedge vegetation of the Caricion davallianae.

Group 5 Schoenus nigricans Springs

Schoenus nigricans is conspicuously dominant in Group 5
vegetation, colonising unshaded springs on level ground,
typically with strongly-formed paludal tufa (Fig. 6).
Graminoids and bryophytes cover the surface in equal
measure, often forming a hummock-hollow pattern.
Campylium stellatum is the most abundant bryophyte
(mean cover 22%). Scorpidium cossonii and S. scorpioides
are frequent, sometimes with high cover values, up to
50% and 65% respectively — the latter species is especially
typical of shallow pools. Ctenidium molluscum is con-
stant but seldom occupies large areas (mean cover 4%); it
typically occurs in drier places, e.g. on the tops of hum-
mocks. Molinia caerulea is frequent, but with mean cover
only 9%. All of the above-named species are highly sig-
nificant indicators of this group (ISA***). This is a cohe-
sive group, with a high mean silhouette width (0.17, Table
1).

The flora is relatively diverse, with 21.7 species per re-
levé on average. Palustriella commutata and P. falcata
each occur in approximately half the samples (mean cover
values 8% and 1% respectively). S. nigricans, M. caerulea,
Festuca rubra, Carex panicea and C. lepidocarpa are fre-
quent in the graminoid layer. Forbs and other non-grami-
noid vascular plants make a small contribution: the most
frequent are Selaginella selaginoides, Pinguicula vulgaris,
Anagallis tenella, Potentilla erecta and Succisa pratensis,
with occasional Pinguicula lusitanica, Cirsinm dissectum,
Potamogeton coloratus, Samolus valerandi and Dacty-
lorhiza fuchsii. Two calcifuge species, Calluna vulgaris
and Drosera rotundifolia, are present infrequently; they
colonise microhabitats (such as hummock tops) which
have least contact with the calcareous spring water.

Paludal tufa is at its most abundant in this group (Fig.
1) and is often heavily precipitated, forming a conspicu-
ous white, crunchy layer on the ground surface. Cascade
tufa is absent. Tufa covers 63% of the ground surface on
average, but the degree of tufa formation is highly varia-
ble. Two samples which are highly characteristic of this
group (both with MC 100%) are almost devoid of tufa,
yet in other characteristic samples (also MC 100%) the
surface consists almost entirely of strongly precipitated
paludal tufa. These springs nearly always occur on level
ground. The mean slope is 5°, joint lowest with Group 6.
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Fig. 6. Group 5 Schoenus nigricans Springs at Corhawnagh,
Co. Sligo (Sept. 2012). S. nigricans is dominant, strongly-
formed paludal tufa is conspicuous and the ‘brown moss’
underlayer contains Palustriella commutata, P. falcata,
Campylium stellatum, Scorpidium cossonii and Ctenidium
molluscum.

Fig. 7. Group 6 Carex lepidocarpa Small-sedge Springs at
Louisa Bridge, Co. Kildare (Oct. 2010). The mixed sward in-
cludes C. lepidocarpa, Molinia caerulea and Juncus inflexus.
Paludal tufa (intermediate in strength) forms amongst the
bryophytes — Palustriella commutata is the dominant spe-
cies. Forbs include Anagallis tenella and Parnassia palustris.

Pools are characteristic, occupying, on average, 19% of
ground surface, the highest mean cover by pools. Con-
versely, trickling water is at its lowest in this group. All
sites are open, lacking any woody canopy cover.

This group conforms to the alkaline fen association
Schoenetum nigricantis (Allorge 1922) Koch 1926 in the
alliance Caricion davallianae Klika 1934 (O Crioddin &
Doyle 1997; Rodwell 1998b; Hajek & Hdjkova 2011b;
Jiménez-Alfaro et al. 2014). Group 5 vegetation lies at the
calcicole extreme of this association, with a well-devel-
oped ‘brown moss’ layer and an abundance of base-rich
indicator species, such as Campylium stellatum, Scorpid-
ium cossonii and Selaginella selaginoides. Group 5 stands
correspond to ‘short-fen’ vegetation indicative of main
seepage tracks which feed into taller fen vegetation
(Boyer & Wheeler 1989). Taller graminoids, such as Jun-
cus subnodulosus and Phragmites australis, are infrequent
and never dominate the vegetation.

Fig. 8. Group 7 Palustriella falcata-Carex panicea Springs on
Moneen Mtn, Burren, Co. Clare (detail of 2x2m quadrat, May
2012). Spring water deposits thin, stream crust tufa on lime-
stone pavement. C. panicea and Pinguicula grandiflora grow
amongst a mat of P. falcata (centre, foreground).

Fig. 9. Group 8 Saxifraga aizoides-Seligeria oelandica
Springs near Eagle’s Rock, Benbulbin Range, Co. Leitrim
(July 2013). S. aizoides and the red pleurocarp, Orthothe-
cium rufescens (centre), grow on flushed cliff faces. Thin
stream crust tufa forms on rock surfaces, amongst which the
tiny moss S. oelandica grows.

Group 6 Carex lepidocarpa Small Sedge Springs

The vegetation in this group consists of a sward of small
sedges with a ‘brown moss” underlayer. Carex lepido-
carpa is often conspicuous amongst the sedges and Palus-
triella commutata and Calliergonella cuspidata are the
dominant bryophyte species (Fig. 7). Samples have high
species diversity and are, on the whole, only weakly tufa-
ceous. Succisa pratensis, C. lepidocarpa and Calliergo-
nella cuspidata are constant and highly significant indica-
tors (ISA ***). Anagallis tenella, Triglochin palustris,
Pedicularis palustris, Mentha aquatica, Festuca rubra,
Carex panicea, C. flacca, Eriophorum angustifolium, Jun-
cus articulatus, Equisetum palustre and Bryum pseundotri-
quetrum are also characteristic (constant and/or signifi-
cant indicators, p < 0.01). Species composition is more
diverse than in Groups 1 to 5 (mean 26.8 species per re-
levé). Overall, graminoids and bryophytes provide simi-
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lar levels of cover (means of 60% and 69% respectively).
Bryophytes can be locally dominant with few sedges or,
conversely —in the absence of grazing — sedges and rushes
can dominate, reducing bryophyte cover and diversity.

Paludal tufa — mostly of intermediate strength — is the
dominant form in Carex lepidocarpa Small Sedge Springs,
occupying on average 51% of ground surface (Fig. 1).
Overall, tufa cover is lowest in this group (only 55% of
ground surface on average is tufa-covered); four samples
(13%, with MCs 35%-93%) are almost entirely devoid
of tufa. Group 6 samples are located, for the most part,
on level ground and, jointly with Group 5, have the low-
est mean slope (5°). Shallow, almost static pools of water
are characteristic on these level sites, occupying 11% of
surface area on average. Canopy cover is absent in all but
one (lightly shaded) sample. Cohesion of the group is in-
termediate (mean silhouette width 0.09, Table 1). With
30 samples, this is the best-represented group in our
survey.

Group 6 consists of small-sedge Caricion davallianae
vegetation equivalent to the British M10 Carex dioica-
Pinguicula vulgaris Mire and the mainland European Ca-
rici flavae-Cratoneuretum filicini Kovécs et Felfoldy
1960 (Rodwell 1998b; Héjek & Hijkova 2011a). Carex
davalliana is absent from Ireland, and Carex flava agg. is
represented in Group 6 by C. lepidocarpa (ISA ***), the
most strongly calcicole member of the C. flava group.
Group 6 is also the group that comes closest to M38 Cra-
toneuron commutatum-Carex nigra Springs (SCS 49%,
Lyons 2015), but the prevalence of species such as Carex
nigra, C. demissa and Philonotis fontana in that commu-
nity suggest that it is less strongly calcicole than Group 6.
Group 6 (like Group 5) is indicative of localised areas of
intense seepage which, at many sites, irrigate larger ex-
panses of less species-rich wetland vegetation (Boyer &
Wheeler 1989).

Group 7 Palustriella falcata-Carex panicea Springs

This group is dominated by Palustriella falcata, which is
accompanied by small sedges, most notably Carex pani-
cea. The group occurs on level or gently sloping, un-
shaded sites and typically forms paludal tufa of interme-
diate strength. Bryophytes occupy almost twice as much
of the ground surface as graminoids. Cover values of P,
falcata greatly exceed those of all other species (mean
cover 23%). Palustriella commutata is frequent but never
abundant (mean cover 4%). Philonotis calcarea (ISA*¥),
Bryum psendotriguetrum, Calliergonella cuspidata and
Aneura pinguis are frequent, while Campylium stellatum,
Ctenidium molluscum, Breutelia chrysocoma, Cratonen-
ron filicinum, Fissidens adianthoides, Jungermannia atro-
virens and Pellia endiviifolia occur occasionally, some-
times with high cover values. The rare moss, Catoscopium
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nigritum (on the candidate Red List for European bryo-
phytes, Hodgetts 2015), was found in one sample.

Graminoids comprise a diverse mix: Carex panicea,
C. lepidocarpa and C. flacca are constant (mean cover
6%, 5% and 4% respectively). Other graminoids include
Briza media (ISA**), Agrostis stolonifera, Festuca rubra,
Juncus articulatus and Eriophorum angustifolium (mean
cover =< 2%). Forbs are infrequent: they include the rare
species Pinguicula grandiflora (ISA***, Fig. 8), also P,
vulgaris, P. lusitanica, Anagallis tenella, Parnassia palus-
tris, Samolus valerandi, Potamogeton coloratus, Polygala
vulgaris, Leontodon saxatilis, Linum catharticum, Bellis
perennis and Prunella vulgaris (mean cover of each
< 2%). Species diversity in this group is relatively high
(mean 22.1 species per relevé) and the group is moder-
ately cohesive (mean silhouette width 0.08, Table 1).

Bare, unvegetated ground is characteristic of Group 7
(45% of surface area on average, comparable only to
Group 8, 44%). Forty percent of samples are from the
ecologically distinctive Burren region of Co. Clare (Fig.
8), at sites where spring water issues over karst limestone
pavement, forming thin, unvegetated, stream crust tufa,
and species-rich vegetation is confined to pockets of soil
in grykes. Across Group 7 as a whole, paludal tufa is the
most abundant form (mean cover 35%, usually of inter-
mediate strength, Fig. 1). Cascade tufa is occasionally
present. Overall tufa cover is low (mean 66%); one sam-
ple contained only a faint trace of tufa even though its
vegetation was highly characteristic of the group (MC
90%). Trickling water is plentiful, occupying 16% of the
ground surface on average; small pools occupied 11% on
average. All samples are unshaded, on level to gently
sloping ground (mean slope 12°).

Group 7 is similar to Group 6 in many respects; the
most significant floristic difference lies in the relative
proportions of Palustriella falcata and P. commutata. The
two groups are also separated biogeographically in Ire-
land: Group 7 has a westerly distribution, (best repre-
sented in the Burren, Co. Clare and in the Benbulbin
Range, Counties Sligo and Leitrim) while Group 6 is
most frequent on the plains of the midlands and east of
the country. Like Group 6, Group 7 has affinities with
the British NVC communities M10 Carex dioica-Pin-
guicula vulgaris Mires and M38 Cratoneuron commau-
tatum-Carex nigra Springs (Rodwell 1998b). Carex pani-
cea and Bryum pseudotriqguetrum are constant in all three
communities and there is a broad overlap in general spe-
cies composition. As noted above, data for Palustriella
falcata are lacking for the NVC communities, the taxon
not being considered specifically distinct. However,
again, M10 and M38 vegetation are both less calcicole in
character than Group 7. Group 7 falls within the Crato-
neuretum falcati Gams 1927 in the constancy and domi-
nance of Palustriella falcata, although lacking the alpine
specialists of that community.
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Group 8 Saxifraga aizoides-Seligeria oelandica
Springs

This community is exceptionally species-rich, and is
characterised by the presence of Saxifraga aizoides and a
suite of rare bryophyte species (Fig. 9). It is best exempli-
fied on montane cliffs of the Benbulbin Range in the
north-west of Ireland. Saxifraga aizoides (rare in Ireland,
confined to uplands of the north-west and one coastal lo-
cation in the north-east) and Festuca rubra are constant,
very highly significant indicators of the group (ISA***).
The rare bryophytes Seligeria oelandica, S. patula, Hy-
menostylium recurvirostrum var. insigne and Orthothe-
cium rufescens are frequent and characteristic compo-
nents (ISA***). Bryophytes occupy the greatest propor-
tion of the vegetated area, but their cover is almost
matched by graminoids, while forbs amount to only one-
third of the area of bryophyte cover.

Seligeria oelandica colonises steep, flushed rock sur-
faces. It has a very limited biogeographical range in Ire-
land (confined to the north-west, in Counties Sligo,
Leitrim and Fermanagh, Lockhart et al. 2012). It has only
a single station in Britain (Bosanquet & Motley 2009) and
is “Vulnerable’ throughout continental Europe (Hodgetts
2015). Seligeria patula often grows in close proximity to
S. oelandica. 1t is endemic to Europe and is assessed as
“Vulnerable’ throughout most of continental Europe
(Hodgetts 2015). Hymenostylium recurvirostrum var. in-
signe is restricted in Ireland to spring-irrigated cliffs in
the Benbulbin Range and its status is ‘Near Threatened’.
It is rare in Europe, occurring also in NW Scotland and
Spain. Irish specimens are distinct from var. recurviros-
trum, but plants with intermediate morphological char-
acteristics have been found in Scotland and Canada
(Lockhart et al. 2012). The pleurocarp Orthothecium
rufescens is ‘Near Threatened” in Ireland (Lockhart et al.
2012) but common in parts of the Scottish Highlands on
base-rich ground (Porley & Hodgetts 2005).

These rare species are accompanied by a diverse range
of more familiar plants. Sesleria caerulea, Carex flacca,
Palustriella commutata, Breutelia chrysocoma, Bryum
psendotriquetrum, Jungermannia atrovirens, Pellia endi-
viifolia and Aneura pinguis are constant. Other frequent
associates include Parnassia palustris, Pinguicula vulgaris,
Succisa pratensis, Bellis perennis, Prunella vulgaris, Cam-
panula rotundifolia, Fissidens adianthoides and Palustri-
ella falcata. One non-native species, Epilobinm brunnes-
cens, is present in small amounts (constancy class II, mean
cover 0.1%). Group 8 has the greatest diversity of species
(33.8 species per sample on average), and the highest
number of statistically significant indicator species. This
group is one of the most strongly cohesive (mean silhou-
ette width 0.17, Table 1). It is the smallest group, with just
13 samples from eight sites.

Group 8 occurs on sparsely vegetated montane cliffs
(mean altitude 243 m); on average, 50% of the surface
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area is unvegetated, consisting of bare tufa and rocky
outcrops. Stream crust tufa is predominant and is much
more prevalent here than in any other group (mean cover
33%, Fig. 1). This tufa is here mostly devoid of vascular
plants and bryophytes, but almost always associated with
a thin algal film. Overall, tufa occupies only 60% of
ground surface. Bare rock covers 13% of the surface area,
second only to Group 7. Sites are steeply inclined, with a
mean slope of 53°, second only to Group 1. Most of the
ground surface is damp (74%). Dripping water irrigates
12% of the surface area and trickling water 8% on aver-
age. One sample was recorded at a waterfall (MC 89%).
Canopy cover is almost entirely absent but the northerly
aspect of most samples (85% of samples) moderates sum-
mer temperature and insolation.

The constancy of Saxifraga aizoides links this group to
a number of described communities. The strongest af-
finities are with British Saxifragetum aizoidis communi-
ties, represented in the NVC classification by U15 Saxi-
fraga aizoides-Alchemilla glabra Banks (Rodwell 1998¢;
Group 8 and U15 have SCS 46%, compared to 39% for
M37 Springs, Lyons 2015). S. aizoides and Festuca rubra
are constant in both Group 8 and the U15 community,
and there is a broad overlap in species composition.
However, apart from Orthothecium rufescens, the Group
8 rare bryophytes were not recorded in the British com-
munities. S. oelandica is unknown within the biogeo-
graphical range of U15 samples in Britain, although
ranges of S. patula and Hymenostylium recurvirostrum
var. insigne potentially overlap with that community.
Seligeria oelandica and Saxifraga aizoides were jointly re-
corded in a high-altitude community in Norway (Coker
1983), but there were few other species in common with
Group 8. Saxifraga aizoides and Palustriella falcata are
indicative of the Alpine Cratonenretum falcati commu-
nity (e.g. Koch 1928; Braun-Blanquet 1949, 1978), al-
though the character taxon of that community, Arabis
soyeri ssp. subcoriacea, is absent from Ireland.

Relationships among groups

Multi-level pattern analysis yielded 123 species signifi-
cantly linked to a group or set of groups (compared to
108 species found by ISA to be significantly linked to a
single group); these are summarised in Table 2 (see Elec-
tronic Supplement 2 for full synoptic table). Of the five
most frequent species of Irish petrifying springs, Palus-
triella commutata and Agrostis stolonifera are constant
across nearly all groups. Festuca rubra and Carex flacca
are more abundant in the graminoid-rich Groups 4 to 8,
while Pellia endiviifolia is most abundant in the steeply-
sloping Groups 1 to 3 and Group 8. The remaining spe-
cies in Table 2 illustrate the contrast between Groups 1 to
3 and Groups 5 to 7, also the intermediate position of
Group 4. Groups 1 to 3 (Brachythecio rivularis-Crato-
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Table 2. Synoptic table showing per cent frequencies of selected species, with Indicator Species Analysis (ISA; significant
values shown by superscripts) and Multi-level Pattern Analysis (MPA; significant values within groups shown by shaded cells;
significant values for 'All Groups' shown by superscripts). Species present in = 40% of samples are listed at top of table;

remainder are sorted by group. See Electronic Supplement 2 for full synoptic table.

Gr. 1 Gr. 2 Gr. 3 Gr. 4 Gr. 5 Gr. 6 Gr. 7 Gr. 8 All
Groups

0/0 ISA 0/0 ISA % ISA OA) ISA OA’ ISA 0/0 ISA 0/o ISA 0/o ISA 0/0 MPA
Palustriella commutata 78 100 66 96 45 73 60 69 75
Agrostis stolonifera 61 58 83 96 ** 23 53 65 92 66 ***
Festuca rubra 50 12 10 89 45 83 60 100 *** 54 ***
Carex flacca 11 15 14 79 36 80 90 92 ** 51 **
Pellia endiviifolia 61 ** 62 48 29 14 23 20 85 40 ***
Eucladium verticillatum 100 ** 50 10 11 9 15 23
Didymodon tophaceus 56 23 10 21 23 16 **
Rubus fruticosus 11 50 *** 21 7 12 =
Geranium robertianum 22 77 52 25 25 =
Equisetum telmateia 42 * 34 32 7 10 18 =
Carex remota 38 ** 21 4 9 =
Brachythecium rivulare 11 35 83 ™ 36 5 10 26 ™~
Platyhypnidium riparioides 4 28 *** 5
Cratoneuron filicinum 17 31 69 * 43 37 10 38 33 **
Filipendula ulmaria Sil 21 43 ** 5 10 Sil 18 **
Schoenus nigricans 6 14 95 = 30 20 21
Campylium stellatum 14 86 60 30 25
Selaginella selaginoides 6 45 ** 13 30 31 13 =
Scorpidium cossonii 4 45 = 33 5 12
Scorpidium scorpioides 49 = 5
Ctenidium molluscum 4 7 68 *** 27 30 62 22
Molinia caerulea 11 11 68 *** 60 35 15 25 =
Carex lepidocarpa 36 55 80 *** 95 38 38 ***
Mentha aquatica 15 41 46 23 63 ** 30 32
Anagallis tenella 41 57 = 40 20 ™
Eriophorum angustifolium 7 23 50 ** 20 15 15
Eleocharis quinqueflora 32 B8 20 11 =
Pedicularis palustris 5 23 4
Juncus subnodulosus 11 27 23~ 5 9
Succisa pratensis 6 11 41 87 = 60 46 31
Calliergonella cuspidata 15 3 68 32 80 *** 50 62 39 **
Juncus articulatus 15 3 68 27 70 ** 65 69 39
Bryum pseudotriquetrum 11 4 17 54 23 70 * 65 62 38 ***
Palustriella falcata 11 11 41 30 90 *** 54 26 ™
Carex panicea 6 25 59 83 85 *** 3il 36 ™
Philonotis calcarea 6 18 23 33 50 ** 31 19
Pinguicula grandiflora 25 3
Saxifraga aizoides 4 5 85 *** 7
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Table 2. cont.
Gr. 1 Gr. 2 Gr. 3 Gr. 4 Gr. 5 Gr. 6 Gr. 7 Gr. 8 All
Groups

% ISA % ISA OA) ISA OA, ISA 0/o ISA 0/0 ISA 0/o ISA % ISA % MPA
Jungermannia atrovirens 7 9 . 15 77 10
Aneura pinguis 11 4 14 55 47 55 77 29 **
Sesleria caerulea 11 14 3 10 69 *** 10 =
Breutelia chrysocoma 6 23 35 62 * 13 =
Pinguicula vulgaris 6 7 41 37 25 54 ~ 19 =
Orthothecium rufescens 54 *** 4 =
Seligeria oelandica 6 9 5 46 ** 5
Bellis perennis . 4 4 10 15 46 *** 8 ™
Parnassia palustris 9 30 25 46 ** 12
Seligeria patula 6 46 ™ 4
Campanula rotundifolia 4 . . . 46 *** 4
Hymenostylium recurviro- . 4 46 ** 4
strum var. insigne
Hymenostylium recurviro- 6 4 5 5 31 = 4
strum var. recurvirostrum
Alchemilla glabra 31 3
Epilobium brunnescens . 4 3 23 ** 3

neuretum communities) are characterised by the bryo-
phytes Eucladinm verticillatum, Brachythecium rivulare,
Cratoneuron filicinum, Didymodon tophaceus and Platy-
hypnidium riparioides. In contrast, Succisa pratensis, An-
agallis tenella, Pinguicula vulgaris, Parnassia palustris,
Carex lepidocarpa, C. panicea, Schoenus nigricans, Erio-
phorum  angustifolium, Eleocharis quingueflora, Se-
laginella selaginoides and the bryophytes Campylium
stellatum, Palustriella falcata, Philonotis calcarea, Scor-
pidium cossonii, S. scorpioides and Aneura pinguis are
characteristic of Groups 5 to 7 (Caricion davallianae-re-
lated groups). Group 8 stands apart in having the greatest
number of unique significant indicator species.

NMS of relevé data recommended a 3-dimensional
ordination (representing 78.7% of total variance; final
stress 16.34 (p = 0.004); final instability < 0.00001, Fig.
10). Group 4 occupies a central position, with Groups 1
to 3 opposed to Groups 5 to 7. Group 8 is, on the whole,
more closely aligned with the unshaded, fen-type vegeta-
tion of Groups 5 to 7, but the vegetation is also influ-
enced by the steep slopes on which it occurs, and in this
respect it comes closer to Groups 1 to 3. Palustriella com-
mutata, Eucladium verticillatum, Brachythecium rivu-
lare and Geranium robertianum are most strongly asso-
ciated with Groups 1 to 3; Schoenus nigricans, Carex lepi-
docarpa, C. panicea, Molinia caerulea, Mentha aquatica,
Campylium  stellatum, Palustriella falcata, Ctenidium

molluscum and Calliergonella cuspidata are closely asso-
ciated with Groups 5 to 8 (Fig. 10, Pearson correlation
coefficients calculated in PC-ORD). Spearman rank cor-
relation coefficients (r,, not available in PC-ORD, but
more statistically appropriate than Pearson correlation
coefficients) were calculated separately for environmen-
tal variables (Electronic Supplement 3 (c)). Axis 1 (which
represents the greatest amount of variance, 7> = 0.303) is
most strongly correlated with decreasing tree canopy
cover (r, = -0.685), decreasing cascade tufa (r, = -0.530)
and increasing species numbers (r, = 0.521). Most wooded
sites were located on hillsides, an artefact of anthropo-
genic influences, and species diversity was lower at
wooded sites than in unshaded springs. We surmise that
the combination of low light levels and extreme edaphic
conditions makes for an environment to which few plants
can adapt. Slope and cascade tufa are significantly op-
posed to paludal tufa on all three axes. Increasing slope is
most strongly associated with Axis 3 (r, = 0.753). Axis 2
is most strongly correlated with increasing phosphate
levels (r, = 0.530; water chemistry is discussed further be-
low).

Two or more of the communities described sometimes
occur in combination along ecological gradients within
spring complexes. The most evident sequences are found
on wooded hillsides: they consist of either Group 1 Eu-
cladium wverticillatum-Pellia endiviifolia Tufa Cascades
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Fig. 10. Non-metric Multidimensional Scaling (NMS) ordination of relevés (n = 186) showing plant communities and strongly
correlated plant species (r2> 0.2). Variance (r?) represented by Axis 1 = 0.303, Axis 2 = 0.268 and Axis 3 = 0.216.
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(on steep slopes) or Group 2 Palustriella commutata-Ge-
raninm robertianum Springheads (on moderate slopes)
giving way below to Group 3 Brachythecium rivulare-
Platybypnidinm  riparioides Tufaceous Streams and
Flushes. Often, the springhead vegetation occupies only
a few square metres while the flush below extends over
tens or even hundreds of square metres. The Group 3
community sometimes forms in the absence of a separate
springhead community, but such instances often occur in
settings which have been modified by anthropogenic ac-
tivities, resulting in depauperate variants of the vegeta-
tion. Group 4 Palustriella commutata-Agrostis stoloni-
fera Springheads are associated with Group 6 Carex lepi-
docarpa Small Sedge Springs at four separate sites studied;
the former community occurs at discrete areas of up-
welling ground water and the latter colonises a more dis-
persed seepage zone from which the spring water dissi-
pates. Occasionally, in the Burren, discrete Group 7
Palustriella falcata-Carex panicea Springs flow out over
limestone pavement, flanked by diffuse Group 5 Schoe-
nus nigricans Springs.

In twelve relevés (6%), only a trace of tufa was found,
sparsely deposited on the stems of plants or on the
ground surface. These samples are not confined to a sin-
gle community, but distributed across Groups 4 to 8.
Several of them have high membership coefficients —
eight samples (67%) have MC > 80% - indicating that
their floristic composition is very similar to the other
(more strongly tufa-forming) members of their respec-
tive groups.

Water chemistry

Analy31s of Irish petr1fy1ng spring water shows that there
is considerable variation in chemical composition but all

Melinda D. Lyons & Daniel L. Kelly

samples have high pH values and high alkalinity and cal-
cium concentrations compared to most naturally occur-
ring waters (Table 3). On the whole, pH and alkalinity
levels are slightly higher, while calcium, magnesium and
potassium concentrations are slightly lower in Irish pet-
rifying springs compared to data reported in other stud-
ies of this habitat (Pentecost 1999; Pentecost & Zhaohui
2002; Hajek et al. 2002; Keppel et al. 2011; Arenas et al.
2014). Sodium and chloride levels are very variable, in
part due to the coastal influence at many sites, but the
highest levels, both in Ireland and elsewhere, are usually
associated with deep artesian (inland) springs (Pentecost
1999; Kuczynska & Bartley 2008; Keppel et al. 2011). Ni-
trate levels in Irish petrifying springs are comparable to
levels elsewhere, but phosphate levels are lower and sul-
phate levels are especially low (e.g. Pentecost 2005; Are-
nas et al. 2014). Outlying values recorded in some Irish
petrifying springs coincide with some of the more atypi-
cal manifestations of the habitat, in terms of both tufa
type and vegetation composition. An exceptionally high
pH value (11.38) was recorded at one unusual tufa cas-
cade on the coast in Co. Clare; the tufa was almost en-
tirely devoid of plants and the surface consisted of a
‘honeycomb’ pattern not seen elsewhere during our
study (Electronic Supplement 4 (d)). The cause of this ex-
treme pH value is unknown.

MRPP indicated that there are statistically significant
differences in the composition of the spring waters of dif-
ferent plant communities (A = 0.1749, p < 0.001). Pair-
wise comparisons showed that the chemical composition
of spring water in Group 8 Saxifraga aizoides-Seligeria
oelandica Springs is highly significantly different to that
of all other groups except Group 7 Palustriella falcata-
Carex panicea Springs (p < 0.01 with Dunn-Sid4k correc-
tion for multiple comparisons; Electronic Supplement 3
(b)). Compared to other groups, the spring water of

Table 3. Chemical composition of Irish petrifying spring waters (n = 115; extreme outliers excluded from means, standard
deviations and medians; ageometric mean; Punexplained; cassociated with road drainage waters; dinland artesian spring influ-
ence; ¢coastal site, probable evaporation; funknown nutrient source; 9golf course; "tufa being eroded).

Parameter Mean (SD) Median Range Outlying Values

pH 7.882 7.97 7.00-8.47 11.38°

HCO;4 mg/| 293.7 (93.0) 292.8 109.1-644.2

Ca? mg/| 87.80 (29.10) 84.50 19.08-181.22

Mg2+ mg/| 10.11 (7.91) 8.15 0.22-30.56

K+ mg/| 1.75 (2.30) 0.91 0.14-10.40 22.97¢

Na* mg/| 15.52 (15.27) 8.97 5.10-82.31 209.424, 210.929, 225.38¢, 265.88°
CI- mg/I 24.16 (24.77) 14.61 6.98-131.89 258.54¢, 410.229, 413.89¢, 423.139,
NOg mg/I 5.09 (8.78) 1.56 < 0.07-44.05 64.70f

PO pg/l 16 (19) 13 2-140 9919

SO~ mg/I 14.27 (16.09) 8.28 < 0.06-96.25 142.22°h, 146.88 ¢h
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Fig. 11. Comparison of chemical composition of spring waters in plant communities (Groups 1 to 8) for pH, alkalinity, calcium,
magnesium, nitrate and phosphate. Ten extreme outlying values were omitted for clarity of diagrams: pH Gr. 7 (11.38); Nitrate
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Group 8 has high pH values and low concentrations of
solutes (Fig. 11). The lowest pH values were recorded in
Group 5 Schoenus nigricans Springs and Group 6 Carex
lepidocarpa Small Sedge Springs (geometric means of 7.50
and 7.64 respectively). These two groups have relatively
high alkalinity levels. Groups 1 to 4, the most strongly
tufa-forming communities, have high pH values along
with moderate to high alkalinity and calcium levels com-
pared to other groups; they also contain somewhat higher
levels of the macronutrients nitrate, phosphate and po-
tassium. Phosphate levels were inversely related to spe-
cies diversity (r, = -0.321, p < 0.001; Lyons 2015). The
highest phosphate concentrations occurred in Group 3
(Fig. 11).

Detailed data on the chemical composition of the
spring waters irrigating plant communities are scanty, but
the available data indicate that our communities are from
waters of higher pH and calcium concentrations than
closely related communities studied elsewhere (Table 4).
Thus, Groups 4 and 8 have significantly higher pH and
calcium levels than M37 Cratoneuron commutatum-Fes-
tuca rubra Springs, and the same is true of Groups 6 and
7 compared to M10 Carex dioica-Pinguicula vulgaris
Mires (p < 0.01). Spring waters in Group 5 have pH and
calcium levels which lie in the upper half of the range for
those of Irish Schoenetum nigricantis communities.

Discussion

Irish petrifying springs have been shown to encompass a
wide range of habitat and vegetation types. Slope exerts a
dominant effect on community formation, influencing
the rate of water movement and aeration, and the form of
tufa deposition (notably cascade versus paludal tufa). The
shading effect of tree canopy cover is also significant, and
is inversely related to ground flora species diversity.
Spring water composition, whilst highly distinctive for
the habitat type as a whole, is less clearly differentiated
amongst groups. Nevertheless, water composition in
Group 8 is distinctive and the rare bryophytes character-
istic of this group are confined to waters with high pH
and very low concentrations of solutes.

Elevated macronutrient levels (especially phosphates)
are significantly correlated with one of the main axes of
variation (Axis 2) within the vegetation of the habitat as a
whole, and phosphate concentrations are inversely re-
lated to species diversity. Tufa-forming short-fen vegeta-
tion is phosphate-limited (Boyer & Wheeler 1989; Roz-
brojova & Hdjek 2008; Pawlikowski et al. 2013). On the
whole, the spring waters of our species-rich Groups 5-8
(Caricion davallianae and Cratonenretum falcati com-
munities) contained very low phosphate levels, while
Groups 1-3  (Brachythecio rivularis-Cratonenretum
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Table 4. Comparison of pH and calcium concentrations (mean (range)) between published communities and Irish petrifying
spring communities. M-W U = Mann Whitney U test; a, b, ¢, x and y represent statistically significant differences. M37 Crato-
neuron commutatum-Festuca rubra Spring samples are from the Cratoneuron commutatum-Saxifraga aizoides nodum
(McVean & Ratcliffe 1962 (n = 3) and Birks 1973 (n = 4)). M10 Carex dioica-Pinguicula vulgaris mire samples are from the
Eriophorum latifolium-Carex hostiana Association (n = 6) and Carex panicea-Campylium stellatum Association (n = 6) (Birks
1973). S. nig. = Schoenetum nigricantis (O Criodain & Doyle 1997). ¢ geometric mean; ™ median value; nd = no data. Outlying

pH 11.38 omitted from Gr. 7 data.

pH M-W U Ca? M-W U n
p < 0.01 (mg/1) p < 0.01
M37 7.29 (6.8-7.4) a 21 (8-49) a 7
Gr. 4 7.89 (7.3-8.5) b 83 (51-124) b 15
Gr. 8 7.99 (7.2-8.4) b 48 (19-68) c 10
M10 6.39 (5.6-7.2) X 6 (2-15) X 12
Gr. 6 7.69 (7.3-8.3) 91 (41-126) y 17
Gr.7 7.99 (7.4-8.4) 71 (49-115) y 9
S. nig. 6.0m (5.0-8.1) nd nd nd 22
Gr. 5 7.6m(7.0-8.2) 92 (57-129) 12

communities) tolerated higher phosphate levels. There
was no evidence of high phosphate levels impeding tufa
formation.

Group 8 Saxifraga aizoides-Seligeria oelandica Springs
stands apart from the other seven groups in its floristic
composition. The proportion of species which are rare,
some in a European or even worldwide context, makes
this a community of exceptionally high conservation
value. In Ireland, its fullest expression is confined to per-
manently irrigated springs, usually on north-facing cliffs
of the limestone uplands of north-western Ireland
(Counties Sligo, Leitrim and Fermanagh). This commu-
nity, though striking in its species richness, is not strongly
tufa forming, and very often there is little more than a
thin layer of soft, unconsolidated tufa over part of the
ground surface. In contrast, spring communities which
are spectacular in their ability to form tufa typically con-
tain few species, the extreme chemical environment being
hostile to most. Such springs are best exemplified in the
Group 1 Eucladinm verticillatum-Pellia endiviifolia Tufa
Cascade community; in contrast to Group 8, the thick-
ness and extent of tufa in Group 1 provides fewer micro-
niches.

Most characteristic of lowland Atlantic Cratoneurion
vegetation are the two communities in which Palustriella
commutata is dominant. Group 4 Palustriella commutata-
Agrostis stolonifera Springheads forms the central expres-
sion of the Irish petrifying spring habitat, from which
other communities depart along various ecological gradi-
ents. This community has a wide geographical distribu-
tion but is somewhat lacking in distinctive species, en-

compassing both springhead Palustriella commutata-
dominated vegetation and associated flushes with
increased numbers of vascular wetland generalists. The
samples show a continuous gradation from springhead to
flush, contributing to a low mean silhouette width for the
group as a whole; further sampling might show that divi-
sion into separate spring and flush communities is war-
ranted. The woodland counterpart, Group 2 Palustriella
commutata-Geranium robertianum Springhead commu-
nity, is a more tightly defined community; associated
flushes usually constitute separate Group 3 Brachythe-
cium  rivulare-Platybypnidium  riparioides Tufaceous
Stream and Flush communities. Like Group 1, the Group
3 community is often very strongly tufa-forming but low
in species diversity. The presence of several atypical, an-
thropogenically modified samples within this group con-
tributes to the disparate nature of the group and its low
mean silhouette width. Woodland springs are poorly re-
presented in the NVC; our Groups 2 and 3 confirm that
recognition of a separate woodland community contain-
ing Palustriella commutata and Equisetum telmateia is
warranted, as speculated by Rodwell (1998a) in relation to
W7 Alnus glutinosa-Fraxinus excelsior-Lysimachia nemo-
rum Woodland.

The small-sedge communities — Group 5 Schoenus ni-
gricans Springs, Group 6 Carex lepidocarpa Small-Sedge
Springs and Group 7 Palustriella falcata-Carex panicea
Springs — correspond to the alkaline extremes of Caricion
davallianae small-sedge vegetation. We regard these
communities as being indicative of the zones of most in-
tense seepage of highly calcareous groundwater which
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feed the broader fen habitats, and as characterising the
ecological transition between petrifying spring and fen
habitat types. The aeration of water in these seepages
compared to often more extensive, adjacent tall-fen habi-
tats gives rise to higher pH values, promotes tufa precipi-
tation and limits peat formation (Héjkova et al. 2006).

The biogeographic separation in Ireland of Group 6
(eastern, lowlands) and Group 7 (western, limestone up-
lands of Benbulbin and The Burren) and the correspond-
ing shift in proportions of Palustriella commutata and P,
falcata mirrors the separation of the low-altitude Crato-
neunretum filicino-commautati from the alpine Cratonen-
retum falcati (Oberdorfer 1977). The altitudinal differ-
ences are much less between Groups 6 and 7, but the
presence of alpine species close to sea-level is a character-
istic feature of the Burren (Webb & Scannell 1983). The
Massenerhebung effect (Grubb 1971) is a likely factor
at the Benbulbin Range: its maximum elevation is only
643 m but it occupies an isolated Atlantic position.

Specialists of base-rich fen which span the major Eu-
ropean biogeographic regions (Jiménez-Alfaro et al.
2014) are well represented in our groups, especially
Groups 5 to 8. However, there are no strong links be-
tween our groups (individually or combined) and the
biogeographic fen types or vegetation clusters identified
by those authors. Rather, species assigned in that study to
alpine, montane and lowland vegetation clusters are dis-
tributed broadly among our groups.

The NVC spring communities corresponding to the
Habitats Directive priority habitat, M37 Cratoneuron
commutatum-Festuca rubra Springs and M38 Cratonen-
ron commutatum-Carex nigra Springs, are upland com-
munities of limited biogeographical range in the north of
Britain. There is no direct counterpart amongst our Irish
samples, although there are clear affinities between those
two communities and our Groups 4, 6, 7 and 8. Once
again, our groups are on the whole more calcicole in flo-
ristic composition and more base-rich in their spring wa-
ter composition. Our most montane community, Group
8 Saxifraga aizoides-Seligeria oelandica Springs (which
clearly constitutes an important and distinctive facies of
the Habitats Directive priority habitat) has more in com-
mon with U15 Saxifraga aizoides-Alchemilla glabra
Banks than with M37 or M38 Springs. However, the U15
community — of continuously irrigated, calcareous cliffs
and banks — has not hitherto been recognised as corres-
ponding to the priority petrifying spring habitat (Com-
mission of the European Communities 2013). The degree
of tufa formation in this habitat may warrant further in-
vestigation.
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Conclusions

The eight plant communities of Irish petrifying springs,
in combination, represent a robust characterisation of the
priority habitat. Individually, they illustrate and explain
much of the variation within the habitat, and they eluci-
date the ecological gradients between the Cratoneunrion
vegetation of petrifying springs and the related Adian-
tion, Equisetum telmatejae-Fraxinetum, Schoenetum nig-
ricantis and Caricion davallianae vegetation types.

Characteristic species of the Habitats Directive prior-
ity habitat 7220 *Petrifying springs with tufa formation
(Cratonenrion) — Pinguicula vulgaris, Saxifraga aizoides,
Palustriella commutata, P. falcata, Cratoneuron filici-
num, Eucladium verticillatum, Hymenostylium recurvi-
rostrum, Philonotis calcarea, S. cossonii and Bryum psen-
dotriguetrum (Commission of the European Communi-
ties 2013) — are well represented in and broadly spread
across the eight Irish groups. In fact, with the exception
of Group 4, every group was allocated one or more of the
above species as a statistically significant indicator by
ISA (p < 0.05). Clearly, the priority habitat is widely dis-
tributed across Europe, with a more or less constant suite
of bryophyte species. Cratoneurion vegetation, however,
is not necessarily confined to springs and seepages — typ-
ical examples were also found in flushes, at waterfalls and
along streams — nor is it always tufa-forming. We suggest
that the priority habitat should be interpreted in the
broad sense to accommodate such hydrogeological varia-
tion, unless and until a wider range of more clearly de-
fined habitats are designated for conservation under Eu-
ropean legislation.

All eight groups described are worthy of conservation;
they contain highly specialised and ecologically distinc-
tive plant communities of very small spatial extent.
Group 8 Saxifraga aizoides-Seligeria oelandica Springs
are of the highest conservation value. The Irish popula-
tions of Seligeria oelandica are of significance on a world
scale (Lockhart et al. 2012) and the co-occurrence of this
species with other rare bryophytes - S. patula, Hymeno-
stylium recurvirostrum var. insigne and Orthothecium
rufescens — makes this a distinctive and ecologically im-
portant community.
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(a) NMS ordination of selected previously published communities along with the plant communities

of Irish petrifying springs (Groups 1 to 8). Final stress 12.4, p<0.001. Ordination represents 82.2% of

total variance; variance (r?) of Axis 1 = 0.391 and of Axis 2 = 0.431.
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pattern on surface.
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Group 1: Frequency (and mean % cover) of statistically significant indicator species (ISA) and other

frequently occurring species in Eucladium verticillatum-Pellia endiviifolia Tufa Cascades (Gr. 1),
compared to Eucladietum verticillati (Ev) (Philippi 1965; Braun 1968), Pellio endiviifoliae-
Cratoneuretum commutati Rivola 1982 (Pe-Cc) (Hadac¢ 1983) and Adiantion (Ad) (Deil 1994). ns = not

stated.
Gr.1 Ev  Pe- Ad
Cc
ISA n=18 30 ns c¢.500
***  Eucladium verticillatum VvV (25) Vv 1l \%
**  Pellia endiviifolia vV (11) | v 1]
Palustriella commutata IV (20) 1 Vv |
Agrostis stolonifera vV (1) | n |
***  Didymodon tophaceus 1 (3) |
Festuca rubra 1 (1)
Brachythecium rivulare 1 (<1)
Campylium stellatum
Adiantum capillus-veneris \Y
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Group 2: Frequency (and mean % cover) of statistically significant indicator species (ISA) and other
frequently occurring species in Palustriella commutata-Geranium robertianum Springheads (Gr. 2),
compared to Equiseto telmatejae-Fraxinetum (Et-F) (Oberdorfer 1992), Brachythecio rivularis-
Cratoneuretum DierRen 1973 (Br-C) (Hajkova & Hajek 2011) and Pellio endiviifoliae-Cratoneuretum
commutati Rivola 1982 (Pe-Cc) (Hadac 1983). ns = not stated. N1 = listed in text but omitted from
table. Dg = diagnostic species, C = constant species, Dm = dominant species.

ISA Species Gr.2 Et-F Br-C Pe-Cc
n=26 n=56 ns ns
***  Palustriella commutata VvV (61) I Dg, C, \Y
Dm
***  Geranium robertianum IV (4) Il
Pellia endiviifolia IV (2) | Dg, C, \Y]
Dm
***  Rubus fruticosus I (2) |
*  Equisetum telmateia I (2) Vv
Agrostis stolonifera - (3) 1]l
Eucladium verticillatum (1) Dg Il
Fraxinus excelsior (seedlings) - (<1) \Y
**  Carex remota I (1) I
**  Asplenium scolopendrium (1)
**  Hedera helix (1) |
Brachypodium sylvaticum I (1) \%
Plagiomnium undulatum I (<1) 1\
Brachythecium rivulare I (1) Il Dg, C \Y
Eupatorium cannabinum (1) I Dg
Carex sylvatica I (<1) I\
Stachys sylvatica I (<1) I\
Bryum pseudotriquetrum I (<1) | Dg, Dm N1
Calliergonella cuspidata I (<1) Il Dm
Philonotis calcarea Dg |
Carex panicea Dm
Campylium stellatum Vv
Lyons & Kelly 2016 2
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Group 3: Frequency (and mean % cover) of statistically significant indicator species (ISA) and other

frequently occurring species in Brachythecium rivulare-Platyhypnidium riparioides Tufaceous

Streams and Flushes (Gr. 3), compared to Equiseto telmatejae-Fraxinetum (Et-F) (Oberdorfer 1992),
Pellio endiviifoliae-Cratoneuretum commutati Rivola 1982 (Pe-Cc) (Hadac 1983) and Cratoneuretum
filicino-commutati (Cf-c) (Oberdorfer 1977) communities.

ISA

Species

Gr.3

n=

29

Et-F

n=56

Pe-Cc

ns

Cf-c
n=60

Brachythecium rivulare

Agrostis stolonifera

(4)
(5)

\"
1l

Cratoneuron filicinum

Palustriella commutata

(5)
(8)

Ranunculus repens
Pellia endiviifolia
Geranium robertianum

Mentha aquatica

3)
(6)
1
1

* %k

Platyhypnidium riparioides
Equisetum telmateia
Fraxinus excelsior
Plagiomnium undulatum

Brachypodium sylvaticum

(6)
(5)
(<1)
(1
(1

Carex sylvatica
Stachys sylvatica

Campylium stellatum

Group 4: Frequency (and mean % cover) of statistically significant indicator species (ISA) and other
frequently occurring species in Palustriella commutata-Agrostis stolonifera Springheads (Gr. 4)
compared to M37 Cratoneuron commutatum-Festuca rubra Springs (Rodwell 1998b) and
Cratoneuretum filicino-commutati (Cf-c) (Oberdorfer 1977) communities. sl = sensu lato.

ISA

Species

Gr.4
n=28

Mm37
n=33

Cf-c
n=60

*%

EEd

Agrostis stolonifera
Palustriella commutata
Festuca rubra

Carex flacca

Calliergonella
cuspidata

Juncus articulatus
Filipendula ulmaria
Cratoneuron filicinum

Bryum
pseudotriquetrum

Mentha aquatica

< <

(3)
(37)
(10)
(8)
(6)

3)
1
(3)
()

1

I
v (sl)
WY
|

Il
Vv

Lyons & Kelly 2016

Phytocoenologia Elec. Sup. 1







Group 5: Frequency (and mean % cover) of statistically significant indicator species (ISA) and other

frequently occurring species in Schoenus nigricans Springs (Gr. 5), compared to Irish Schoenetum
nigricantis (Sn) (O Criodain & Doyle 1997) and continental European Junco subnodulosi-Schoenetum
nigricantis (Js-Sn) (Hajek & Hajkova 2011b). Dg = diagnostic, C = constant, Dm = dominant.

ISA

Species

Gr.5
n=22

Sn
108

Js-Sn

ns

Schoenus nigricans

Campylium stellatum

\

(35)
(22)

Dg, C, Dm
Dm

Molinia caerulea

Ctenidium molluscum

I\

(9)
(4)

Dg, C, Dm

* %k

**

Scorpidium
scorpioides

Scorpidium cossonii
Potentilla erecta

Selaginella
selaginoides

Palustriella
commutata

Palustriella falcata
Carex lepidocarpa
Festuca rubra
Succisa pratensis
Carex panicea
Aneura pinguis
Pinguicula vulgaris
Anagallis tenella
Phragmites australis
Juncus subnodulosus

Calliergonella
cuspidata

(10)

(5)
1

(<1)

(8)

(1)
(3)
3)
)
(1)
(<1)
(<1)
(<1)
(<1)
(1)

1

Dg, C

Dg, C
Dg, C, Dm

Dg

Dg, C
Dg
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Group 6: Frequency (and mean % cover) of statistically significant indicator species (ISA) and other
frequently occurring species in Carex lepidocarpa Small Sedge Springs (Gr. 6), compared to M10
Carex dioica-Pinguicula vulgaris Mires (Caricion davallianae), M38 Cratoneuron commutatum-Carex
nigra Springs (Cratoneurion; Rodwell 1998b) and Carici flavae-Cratoneuretum filicini Kovacs et
Felfoldy 1960 (Cf-Cf) (Hajek & Hajkova 2011a). sl = sensu lato, Dg = diagnostic, C = constant, Dm =
dominant. N2: In Cf-Cf, C. flava is Dg, C, Dm. C. flava ss is absent from Ireland but C. lepidocarpa is
part of C. flava sl.

ISA  Species Gr.6 M10 M38 cf-cf
n=30 n=217 n=26 ns
***  Succisa pratensis vV (5 1]
Festuca rubra vV (9) | I\ C
Carex panicea vV (5 Vv Vv Dg, C, Dm
***  Calliergonella cuspidata IV (23) | I Dg, C, Dm
**%  Carex lepidocarpa v (12) 1\ | N2
** Juncus articulatus vV (5) \Y 1] Dg, C, Dm
** Mentha aquatica v (1)
* Bryum pseudotriquetrum v (2) v \" Dg, C, Dm
Palustriella commutata IV (23) 11 (sl) V (sl) Dg, C, Dm
Carex flacca vV (8) Il I Dg, C, Dm
***  Equisetum palustre - (3) Il n C,Dm
***  Anagallis tenella - (2)
** Eriophorum angustifolium nm (1) v | Dg, C, Dm
* Cardamine pratensis (1) | Vv
Molinia caerulea - (8) 1l Dm
Campylium stellatum I (6) v 1 Dg, C, Dm
Agrostis stolonifera - (2) Il 1]
Cirsium palustre m (1) | 1
Potentilla erecta (1) I} 1] Dg, C
Aneura pinguis n - (<1) \Y ] Dg
*EX Triglochin palustris I (2) 1] 1 Dg
*AX Pedicularis palustris I (1) |
** Carex nigra I (1) 1] Vv C
** Epilobium parviflorum I (<1)
Cratoneuron filicinum I (6) | \% Dg
Ctenidium molluscum I (2) v 1
Pinguicula vulgaris I (1) \Y
Philonotis calcarea I (1) I Dg
Carex dioica I (<1) 1\ l
Carex hostiana I (<1) [\
Scorzoneroides autumnalis I (<1) | \
Selaginella selaginoides I (<1) 1] I\
Trifolium repens I (<1) \%
Carex pulicaris I (<1) 1\ 1
Eriophorum latifolium I (<1) Il Dg, C
Fissidens adianthoides I (<1) 1] ] Dg, C, Dm
Hypericum tetrapterum I (<1) Dg
Parnassia palustris I (<1) Il | Dg, C
Carex demissa 1] \%
Polygonum viviparum | \Y,
Agrostis canina \Y
Philonotis fontana [\,
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Group 7: Frequency (and mean % cover) of statistically significant indicator species (ISA) and other

frequently occurring species in Palustriella falcata-Carex panicea Springs (Gr. 7), compared to M10

Carex dioica-Pinguicula vulgaris Mires and M38 Cratoneuron commutatum-Carex nigra Springs

(Rodwell 1998b). nd = no data. sl = sensu lato.

ISA  Species Gr.7 M10 M38

n=20 n=217 n=26

**%  Palustriella falcata Vv (23) nd nd

*¥**  Carex panicea vV  (6) Vv \Y,
Carex lepidocarpa vV (5 1\ |
Carex flacca vV (4) Il Il
Bryum pseudotriquetrum v (1) v Vv
Juncus articulatus v (1) 1\ 1[I
Agrostis stolonifera v (1) Il Il

**  Philonotis calcarea - (4) 1!
Palustriella commutata i (4) I (sl) V (sl)
Festuca rubra - (2) | v
Aneura pinguis (1) v 1}
Succisa pratensis nm (1) 1]l
Calliergonella cuspidata nm (1) | Il

***  Pinguicula grandiflora I (<1)

*x Briza media I (<1) 1] 1]
Campylium stellatum I (5) \Y I
Ctenidium molluscum I (1) v 1}
Pinguicula vulgaris I (<1) Vv
Selaginella selaginoides I (<1) 1] \"
Cratoneuron filicinum I (2) | \Y,
Eriophorum angustifolium I (1) \% |
Carex nigra I (<1) 1
Scorzoneroides autumnalis I (<1) |
Carex pulicaris I (<1) v 1l
Carex dioica I (<1) 1\ Il
Carex hostiana v
Carex demissa 1 v
Cardamine pratensis | Y
Polygonum viviparum | \%
Agrostis canina \Y
Philonotis fontana \%
Trifolium repens I\
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Group 8: Frequency (and mean % cover) of statistically significant indicator species (ISA) and other

frequently occurring species in Saxifraga aizoides-Seligeria oelandica Springs (Gr. 8), compared to

U15 Saxifraga aizoides-Alchemilla glabra Banks and M37 Cratoneuron commutatum-Festuca rubra

Springs (Rodwell 1998b,1998c). Species constant in U15 but absent from Group 8 were Alchemilla

alpina, Saxifraga oppositifolia, Festuca ovina, Ranunculus acris, Thalictrum alpinum and Polygonum

vivipara. nd = no data; sl = sensu lato.

ISA Species Gr.8 u1s5 mM37
n=13 n=24 n=33
***  Festuca rubra vV (8) Vv v
***  Saxifraga aizoides vV (4) Vv I}
** Carex flacca vV (6) 1l |
Pellia endiviifolia vV (3) | |
Agrostis stolonifera vV (2) Il
***  Sesleria caerulea IV (5)
**¥*  Aneura pinguis v (1) n Il
**%  Jungermannia atrovirens v (1)
***  linum catharticum IV (<1) n
** Cirsium palustre v (1)
*k Taraxacum officinale agg. IV (<1) I |
* Breutelia chrysocoma v (1) | |
Palustriella commutata vV (5) 111 (sl) V (sl)
Juncus articulatus v (2) | |
Ctenidium molluscum v (2) 1\ |
Calliergonella cuspidata v (2) n
Bryum pseudotriquetrum v (1) 1\ v
***  Seligeria oelandica (1)
**%  Seligeria patula (1)
. Hym'em'Jsty/ium recurvirostrum T
var. insigne
*Ex Orthothecium rufescens (1) I
***  Pprunella vulgaris - (<1) |
*EX Campanula rotundifolia n - (<1) n
*kx Bellis perennis I (<1)
** Fissidens adianthoides - (<1) n
** Parnassia palustris n - (<1) n
* Pinguicula vulgaris n - (<1) I\ |
Palustriella falcata - (5) nd nd
Succisa pratensis (1) |
. Hymenosty./ium recurvirostrum (<)
var. recurvirostrum
***%  Alchemilla glabra I (<1) \" |
ok Gymnostomum aeruginosum I (<1)
***  Scorzoneroides autumnalis I (<1)
** Tussilago farfara I (1) |
** Primula vulgaris I (<1)
** Epilobium brunnescens I (<1)
*k Rhytidiadelphus squarrosus I (<1) Il
** Rhytidiadelphus triquetrus I (<1) n
** Pohlia wahlenbergii I (<1)
* Deschampsia cespitosa I (<1) Vv Il
Selaginella selaginoides I (<1) Vv |
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Supporting information to the paper

Melinda D. Lyons & Daniel L. Kelly

Plant Community Ecology of Petrifying Springs (Cratoneurion ) - a Priority Habitat
Phytocoenologia

Electronic Supplement 2: Synoptic Table for all Species and Groups

Key to Synoptic Table:

FC Fuzzy Cluster Group in which species has highest ISA score

F % Frequency in Group [significant by 15A and mpA [sienificant by mpa
Min Minimum % cover value in Group

Max Maximum % cover value in Group

1SA Indicator Species Analysis: *** p<0.001; ** p<0.01; * p<0.05

186R % frequency in all relevés (n=186)

MPA  Multi-level Pattern Analysis: *** p<0.001; ** p<0.01; * p<0.05

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 Group 8
FC Species F  Min Max ISA F  Min Max ISA F  Min Max ISA F  Min Max ISA F  Min Max ISA F  Min Max ISA F  Min Max ISA F  Min Max ISA 186R MPA

ALL GROUPS / WIDESPREAD

2 Palustriella 10 95 55 80 60 1 20 69 01 15 75%
4 Agrostis stolonifera 0,5 10 ** 5 20 65|05 10 [92]05 10 66% ***
8 Festuca rubra 55 40 40 60(05 10 2 15 *** 549 *x*
8 Carex flacca 35 10 40 90( 05 10 05 20 ** 51% ***
1 Pellia endiviifolia 30 14 01 1 2 20 05 30 85|01 10 40% ***
6 Bryum pseudotriquetrum 40 23 01 05 20 * 01 2 62|01 5 38% ***
3 Cratoneuron filicinum 50 40 10 01 30 38| 1 60 33% **
GROUPS 1-4
1 Eucladium verticillatum 2 70 *** 2 1 01 10 9 1 2 3 05 05 15 01 0,2 23% ***
1 Didymodon tophaceus 01 20 *** 20 21 01 10 5 5 5 3 5 5 23 01 1 16% **
1 Conocephalum conicum agg. 3 5 5 [15]01 o1 7% *
1 Cochlearia officinalis 6 05 05 1 2%
2 Geranium robertianum 22 05 3 ok 30 1 25% ***
2 Equisetum telmateia * 60 3. 25 7 5 10 10 01 1 18% ***
2 Carex remota ** 40 4 5 9% ***
2 Chr ium oppositifolium * 3 7 05 05 8% **
3 Brachythecium rivulare 1 01 3 01 10 a0 =+ [3 25 5 01 01 10 05 10 26% ***
3 Platyhypnidium riparioides 4 15 15 80 *** 5%  ***
3 Glyceria notata 25 * 5 4% *
GROUPS 5-8
5 Schoenus nigricans 6 3 3 14 1 45 15 65 *** 20 20 05 5 21% ***
5 Campylium stellatum 14 05 15 1 65 *** 30 30 0,1 80 25% ***
5 i inoi 6 01 01 1o 5 05 2 01 01 13% ***
5 Scorpidium cossonii 4 1 1 50 *** 60 5 5 5 12% ***
5 Scorpidium scorpioides 65 *** 5 3 3 5% ***
5 Pinguicula lusitanica 1 * 0,1 4% *
5 Chara vulgaris 1 05 2 30 2 10% **
5P coloratus 3 4 4%  *
5 Carex hostiana 4 05 05 3 3%
5 Cirsium dissectum 5 2% *
5 Eriophorum latifoli 4 1 1 1 2%
- Cladium mariscus 10 1%
- Dactylorhiza majalis ssp. traunsteineroides 0,5 1%
- Leiocolea bantriensis 1 8 05 05 1%
- Utricularia australis/vulgaris 20 1%
6 Carex lepidocarpa 6 1 1 36 05 30 20 2 45 *** 95|05 15 1 10 38% ***
6 Anagallis tenella 6 01 01 7 01 05 2 01 20 *** 14005 20 20%  ***
6 Eriophorum angustifolium 7 01 05 3 0,1 10 ** 20|01 15 1 25 15% ***
6 Triglochin palustris 14 1 5 0,5 0,1 20 *** 15 0,5 0,5 12% **
6 Eleocharis qui a 20 01 15 [20] 5 10 11% ***
6 Plagi ium elatum 5 01 3 * 10 01 1 9% ***
6 Juncus 10 15 3 75 % 5 15 15 9% ***
6 Pedicularis palustris 5 01 01 0,5 10 *** 4%  *F**
6 Carex dioica 5 05 05 01 5 3 1 6% **
6 Dactylorhiza incarnata 9 01 01 7 05 05 2%
7 Palustriella falcata 1 5 25 15 41 1 10 10 1 75 *** 54 105 40 26% ***
7 Carex panicea 6 05 05 5 01 10 15 05 40 *** [31]1 10 36% ***
7 Philonotis calcarea 6 1 1 20 [23]o05 15 10 01 40 ** [31]o01 1 19% ***
7 Pinguicula grandiflora 0,1 3 *** 3% ***
8 Saxifraga aizoides 4 5 5 5 2 2 0,5 15 *** T% ***
8 Jungermannia atrovirens 8 05 05 7 01 01 9 01 05 15 0,1 3 0,1 5 ***  10% ***
8 Aneura pinguis 1 01 1 4 10 10 14 01 3 IEI 01 5 2 01 2 01 5 ***  29% **x
8 Sesleria caerulea 1 5 5 4 3 3 4 3 3 14 05 2 10 05 3 1 15 ***  10% ***
8 Breutelia chrysocoma 6 3 3 4 10 10 23|01 40 10 35|01 10 01 4 * 13% ***
8 Fissidens adianthoides 8 05 3 3 3 3 7 01 05 23101 2 3 15|05 10 01 1 ** 13%  *
8 Pinguicula vulgaris 6 1 1 7 01 05 41105 2 15 25| 1 2 05 2 * 19% ***
8 Orthothecium rufescens 5 05 05 01 5 *** 4% ***
8 Seligeria oelandica 6 1 1 9 05 2 5 01 01 05 5 *** 5% ***
8 Bellis perennis 4 05 05 4 05 05 15 0,1 5 0,1 1 *** 8% ***
8 Parnassia palustris 9 01 01 01 1 01 1 ** 12% ***
8 Seligeria patula 6 01 01 0,1 5 *** 4%  *F**
8 Dicranella varia 8 01 01 4 01 01 01 05 *** 5% ***
8 Campanula rotundifolia 4 3 3 0,1 2 *** 4%  *F**
8 t ium insigne 4 3 3 0,1 5 *** 4%  *F**
8t ium recurvirostrum 6 11 4 11 5 01 01 5 01 01 01 3 *** 4% ***
8 aerugi 4 1 1 5 1 1 01 1 *** 3% **
8 Alchemilla glabra 4 05 05 0,1 1 *** 3% ***
8 Tussilago farfara 3 01 5 1 05 5 ** 7% **
8 Pohlia wahlenbergii 6 05 05 4 01 01 10 01 05 01 02 ** 5%  **
8 Preissia quadrata 5 01 01 01 2 3%
8 Leiocolea collaris 01 1 * 2% *
- Hieracium cf. anglicum 15 05 1 1%
- Hygrohypnum luridum 15 01 5 1%
DISPERSED ACROSS GROUPS
4 Crepis paludosa 4 2 2 14 1 2 18 2 10 13 1 5 5 05 05 9%
4 Lysimachia nemorum 4 01 01 3 05 05 7 1 2 3%
1 Plantago maritima 2 s 10 3 5 5 05 3 0% *
1 Carex distans 4 1 1 3 2%
5 Samolus valerandi 7 1 1 3 7 01 01 10 01 05 8 05 05 5%
6 Isolepis cernua 4 05 05 1 7 01 1 2%
6 Galium 7 01 1 10 01 1 3%
7 Equisetum variegatum 7 05 3 5 3 3 3 2 2 5 20 20 3%
WIDESPREAD; LOW ECOLOGICAL SIGNIFICANCE
3 Ranunculus repens 30 0,5 40 *** 1 3 5 05 05 7 05 1 10 01 1 @ 05 1 17% ***
3 Nasturtium officinale agg. 5 55 * 0,1 10 9 1 1 10 15 0,1 0,5 13%
2 Fraxinus excelsior 1 01 01 5 5 01 05 18 01 05 1 10 01 05 25%  *
4 Eupatorium i 6 1 1 5 3 2 45 14 05 1 10 01 3 01 01 2%  *
4 Fili ulmaria 31101 2 3 05 10 ** 5 1 1 1 01 1 18%  **

Lyons & Kelly 2016 1 Phytocoenologia Elec. Sup. 2







6 Holcus lanatus 5 45 3 10 8 1 1 17%  *

6 Mentha aquatica 6 05 05 15 05 2 15 [46] 01 10 23 01 1 5 *x 32% ***

8 Thuidium tamariscinum 8 01 05 10 2 5 01 01 3 1 1 01 05 * 9%

8 Taraxacum officinale agg. 4 01 01 1 2 5 01 01 20 01 1 01 2 **  20% ***
WIDESPREAD IN OR RESTRICTED TO GROUPS 1-4

3 i undulatum 6 1 1 23 01 05 24 01 30 21 01 1 10 05 1 8 01 01 13%

3 Cardamine flexuosa 1 1 4 01 01 3 01 01 5% *

3 Plagiomnium rostratum 8 01 01 10 0,1 05 3%

3 Ficaria verna 15 (01 1 01 2 6% *

3 Brachypodium sylvaticum 27 |01 10 05 15 1%  **

2 Poa trivialis 31 |o1 1 01 3 5 1 1 3 3 3 5 5 13% *

2 Hedera helix o1 5 ** [38]o1 2 7 05 05 15% ***

2 Asplenium scolopendrium 0,5 10 ** 10 05 3 5% **

2 Rubus fruticosus 05 10 *** 21 05 3 7 01 2 12% ***

2 Thamnobryum alopecurum 05 2 05 15 3 1 1 4% *

2 Glechoma hederacea 3 1 1 4 01 01 3%

2 Lonicera periclymenum 01 1 3% *

2 Oxalis acetosella 2%

4 Ajuga reptans 3%

6 Cardamine pratensis 6 01 01 2 [B]o1 10 * 15 01 05 23% ***

- Geum rivale 1%
WIDESPREAD IN GROUPS 5-8

5 Calluna vulgaris 01 3 * 3 1 1 5 05 05 05 0,5 4% *

5 Carex pulicaris 1 5 * 3 01 01 01 1 8 1 1 6% **

5 Ctenidium molluscum 4 5 5 7 1 1 01 20 *** 05 20 30 01 10 [62]o05 10 22% ***

5 Dactylorhiza fuchsii 0,1 05 01 1 3% *

5 Drosera rotundifolia 01 2 * 05 05 5 05 05 3%

5 Frullania tamarisci 8 01 01 2%

5 Juncus bufonius agg. 01 1 2% *

5 Lotus corniculatus 2%

5 Molinia caerulea 11 1 1 35 05 2 15 1 5 25% ***

5 Phragmites australis 9%  **

5 Polygala vulgaris 10 01 05 8 05 05 4%

5 Potentilla erecta 4 05 05 [30] o1 o5 18% ***

5 Pseudoscleropodium purum 4 01 01 15 0,1 0,1 4%

6 Calliergonella cuspidata 15 01 5 3 05 05 01 30 e 01 5 0,1 10 39% **

6 Caltha palustris * 2% *

6 Carex disticha 7 1 1 * 3% *

6 Carex echinata 5 01 01 8 01 01 2%

6 Carex nigra ** 15101 3 7% **

6 Carex rostrata * 100,55 20 5% *

6 Equisetum arvense 4 01 01 3 05 05 2 01 01 [20] 05 10 25|01 05 1 1% **

6 Equisetum fluviatile 01 60 * 5 05 05 3% *

6 Equisetum palustre 7 01 01 5 [32] 01 10 01 20 *** [20] 1 10 [23]o5 2 2% ***

6 Hydrocotyle vulgaris [23]o01 10 01 35 10|01 10 6% **

6 Juncus articulatus 15 01 2 3 05 05 01 20 27 2 5 ** [65]05 3 01 10 39% ***

6 Menyanthes trifoliata El 20 25 * 4%  **

6 Pulicaria dysenterica 5 01 01 2%

6 Succisa pratensis 6 05 05 1 05 2 20 *++ Teo] o1 10 3 31% ***

6 Valeriana officinalis 5 1 1 2%

7 Briza media 6 1 1 7 01 2 5 01 01 [Bo]os 3 * 8% **

7 Ditrichum gracile 4 1 1 5 01 01 11 8 01 01 3%

7 Hypericum tetrapterum 4 1 1 7 01 05 4 01 01 9 01 01 25 01 05 15 01 01 9%

7L saxatilis 5 1 1 10 1 3 2%

7 Salix repens 5 1 1 3 1 1 5 1 1 2%

8 Campylium protensum 5 1 1 01 02 * 2% *

8 Cirsium palustre 8 05 1 7 1 1 9 01 05 5 01 05 01 2 **  23% ***

8 Dactylis glomerata 3 3 3 8 2 2 2%

8 Didymodon fallax 4 01 01 5 01 01 01 01 * 2% *

8 Epilobium brunnescens 4 01 01 3 05 05 0,1 05 ** 3% ***

8 palustre 4 01 01 5 01 01 3 01 01 05 05 2%

8 H i 5 01 01 3 10 10 5 01 01 15 01 05 3%

8 Juncus bulbosus 3 05 05 5 1 1 8 10 10 2%

8 Linum catharticum 14 01 05 7 01 01 20 01 0,1 01 05 ***  10% ***

8 Primula vulgaris 4 05 05 3 1 1 4 3 3 05 1 ** 3% *

8 Prunella vulgaris 1 05 1 0,1 27 01 5 20 01 05 01 2 *** 14% ***

8 minor 0,1 3 01 01 5 01 01 8 01 01 2%

8 Rhy squarrosus 3 01 01 0,1 3 5 5 10 01 01 01 05 ** 5% **

8 Riccardia chamedryfolia 4 01 01 3 5 5 4 05 05 0,1 7 01 01 01 2 * 8% **

8 Scorzoneroides autumnalis 7 05 1 3 05 05 5 01 01 01 05 *** 4% **

8 Thymus polytrichus 5 01 01 3 01 01 8 05 05 2%

8 Tortella tortuosa 5 05 05 5 01 01 8 01 01 2%
OTHER SPECIES (LOW ECOLOGICAL SIGNIFICANCE)

3 Acer pseudoplatanus 4 2 2 14 0,1 0,5 8 01 01 3%

3 Apium nodiflorum [ 1w 4 1 1 5 2 2 3 1 1 5 05 05 2%

3 Lysimachi ia 4 05 05 7 05 15 2%

3 Potentilla reptans 4 05 05 7 01 01 4 01 01 5 01 01 3%

3 Ranunculus acris 10 05 1 4 1 1 3 01 01 3%

2 Arrhenatherum elatius 12 05 1 7 1 1 7 05 1 15 01 0,1 5%

2 Galium palustre 12 01 5 7 05 5 3 10 10 3%

2 Juncus effusus 15 05 10 10 1 3 9 2 2 8 01 01 5%

2 Pohlia melanodon 4 2 2 8 01 01 2%

2 Veronica beccabunga 1 7 05 2 3 5%

4 Juncus inflexus 20 3 1 1 10 13% ***

4 Lophocol 1 3% *

4 Potentilla anserina 1 5 05 05 2%

4 Ranunculus flammula 3 05 05 5 2 2 3 5 2 2 8% *

4 Schedonorus arundinaceus 4 11 3 5 1 1 4% *

6 Centaurea nigra 6 1 1 5 1 1 3 8 1 1 4%

6 parviflorum 4 2 2 10 01 1 1 ** 9% *

6 Salix cinerea 3 10 10 3 5 5 01 01 7% *

7 Ant odoratum 05 5 15 05 2 4%

7 Crataegus monogyna 6 01 01 3 01 01 5 01 01 15 01 01 4%

7 Plantago lanceolata 3 2 2 7 05 1 05 1 5% *

8 Angelica sylvestris 7 01 01 9 05 2 13 1 3 8%

8 Deschampsia cespitosa 8 [10] 2 15 3 01 01 * O 10%  **

8 Fissidens taxifolius 17 01 05 0,1 10 01 05 9 05 1 10 01 05 10%

8 Leiocolea turbinata 6 05 05 4 01 01 * 2%

8 Rhy triquetrus 4 1 1 5 02 02 ** 3% *

8 Trichostomum crispulum 4 01 01 3 15 15 5 05 05 5 01 01 01 05 * 4% *

- Iris pseudacorus 4 5 5 4 05 05 1%

- Plagiochila porelloides 5 01 01 8 01 01 1%

- Rhi i 3 01 01 4 1 1 1%

- Scrophularia auriculata 7 2 5 1%

FC Fuzzy Cluster Group in which species has highest ISA score

F % Frequency in Group [significant by 15A and mpA [sienificant by mpa

Min Minimum % cover value in Group

Max Maximum % cover value in Group

1SA Indicator Species Analysis: *** p<0.001; ** p<0.01; * p<0.05
186R % frequency in all relevés (n=186)

MPA  Multi-level Pattern Analysis: *** p<0.001; ** p<0.01; * p<0.05
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Supporting information to the paper:

Melinda D. Lyons & Daniel L. Kelly

Plant Community Ecology of Petrifying Springs (Cratoneurion) - a Priority Habitat
Phytocoenologia

Electronic Supplement 3: Additional Tables

(a) MRPP results for differences between pairs of groups using 10 abiotic variables. Dunn- Sidak
correction for multiple comparisons applied to p-values. Abiotic variables tested: cascade tufa,
paludal tufa, stream crust tufa, non-tufa, flowing/trickling water, pools, slope, canopy cover, leaf
litter and bare stone.

Group 1 2 3 4 5 6 7 8
1 - * ¥k %k k ok k¥ kk ok ¥k k 3k k% ¥k %k
2 _ * k¥ kk ok k% 3k k ok %k k
3 _ 3k k¥ 3k k ok 3k k% 3k k% %k %
4 _ 3k %k %k %k %k %k ns %k k%
5 . ns * %k * k%
6 _ * ok *ok ok
7 - *

(b) MRPP results for differences between pairs of groups using 10 water chemistry parameters.
Dunn-Siddk correction for multiple comparisons applied to p-values. Chemical parameters tested:
pH, alkalinity (bicarbonate), calcium, magnesium, potassium, sodium, chloride, nitrate, phosphate
(as soluble reactive phosphate) and sulphate.

Group 1 2 3 4 5 6 7 8
1 - ns ns ns * ns * **
2 _ * ns % %k %k % %k %k % %k %k * %k %k
3 - ns k% ns %k %k %k k
4 - ns ns * Hkk
5 - ns ns *x
6 - ns **
7 - ns
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(c) Spearman rank correlation coefficients (r;) for environmental variables, including chemical
composition of spring water (and number of species per sample), with NMS axes. Correlation
coefficients which are both statistically significant at p<0.001 and have r, >0.500 are shaded. Dunn-
Sidak method applied to correct for multiple comparisons.

Variable Axis 1 Axis 2 Axis 3

r* 0.303 r’ 0.268 r0.216
Slope -0.420 (*** 0.280 ** 0.753 ***
TUFA EXTENT AND TYPE
Cascade tufa (% cover) -0.530 *** 0.322 *** 0.504 ***
Paludal tufa (% cover) 0.354 *** -0.358 *** -0.574 ***
Stream crust tufa (% cover) 0.209 0.050 0.346 ***
Total tufa (% cover) -0.435 *** 0.100 0.173

WATER CHARACTERISTICS

Dripping water (% cover) -0.329  *** -0.015 0.536 ***
Trickling water (% cover) -0.167 0.349 *** 0.234
Pools (% cover) 0.239 * -0.195 -0.411  ***

CHEMICAL COMPOSOTION OF SPRING WATER

pH -0.239 0.162 0.480 ***
Alkalinity (mg/I bicarbonate) -0.208 0.171 -0.340 ***
Calcium (mg/1) -0.190 0.206 -0.243
Magnesium (mg/I) -0.094 -0.130 -0.278 **
Potassium (mg/l) -0.256 * 0.159 0.029
Sodium (mg/l) -0.078 -0.099 0.039
Chloride (mg/1) -0.041 -0.061 -0.038
Nitrate (mg/l) -0.445 *** 0.323 *** 0.092
Phosphate (pg/1) -0.383  *** 0.530 *** -0.024
Sulphate (mg/1) -0.171 0.221 0.022
OTHER FACTORS

Altitude -0.119 0.318 *** 0.039

Tree canopy (% cover) -0.685 *** 0.418 *** 0.275 **
Bare tufa (% cover) -0.094 0.048 0.392 ***
Bare stone (% cover) 0.181 -0.067 0.443 ***
Leaf litter (% cover) 0.139 -0.176 -0.404 ***
No. of species per relevé 0.521 *** -0.131 -0.457 ***
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