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ABSTRACT
First data on the biological richness of Mediterranean springs

The taxonomic richness of the main biological groups in springs in the Mediterranean biogeographical region has been investi-
gated for the first time. This work has focused on two mountainous areas of mainly limestone substrata: the Montsant massif
(south of the Catalan pre-coastal ranges, NE Iberian Peninsula) and the Serra de Tramuntana (north of the island of Mallorca).
The taxa of macroalgae, diatoms, bryophytes, cormophytes, aquatic invertebrates and vertebrates have been analysed in ten
springs of each area, and a total of 500 taxa have been identified in Montsant (ranging between 82-152 taxa per site) and 363
taxa in Serra de Tramuntana (ranging between 55-119 taxa per site). Depending on each spring, the biological groups showing
the greatest richness value are either cormophytes, diatoms or invertebrates. The resulting biological richness, which is reported
for the first time in Mediterranean crenic systems, is similar to the values found in other published works on springs in the
Euro-Siberian biogeographic region, showing their role as outstanding biodiversity hot spots also in Mediterranean environ-
ments. The similarity analysis showed that the springs shared a low number of taxa, resulting in a low value of similarity. In
conclusion, the results suggested that each spring could represent a unique, unrepeatable community.
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RESUMEN
Primeros datos sobre la riqueza biologica de las fuentes mediterraneas

Se investiga por primera vez la estructura biocendtica y la riqueza taxonomica asociada a los habitats fontanales de la region
biogeogrdfica mediterrdanea, tanto en ecosistemas continentales como insulares, a través del inventariado de sus principales
grupos biologicos. El trabajo se ha centrado en dos dreas montariosas de naturaleza calcdrea: el macizo de Montsant (sur de
las sierras prelitorales catalanas) y la Serra de Tramuntana (norte de la isla de Mallorca). Se ha analizado sistematicamente
los taxones de macroalgas, diatomeas, bridfitos, cormdfitos, invertebrados acudticos y vertebrados en 10 fuentes de cada
region, y se ha identificado un total de 500 taxones en Montsant (con un rango de 82-152 taxones por fuente) y de 363 taxones
en la Serra de Tramuntana (con un rango de 55-119 taxones por fuente). Dependiendo de cada fuente, los grupos biologicos
que exhiben mayor riqueza son los cormdfitos, las diatomeas o los invertebrados. La riqueza biologica hallada y que reporta-
mos por primera vez para ecosistemas fontanales mediterraneos, es similar a la encontrada por otros autores en fuentes de la
region biogeogrdfica eurosiberiana y demuestra su papel como focos excepcionales de biodiversidad también en ambientes
mediterraneos. El andlisis de similitud muestra que las fuentes presentan una baja proporcion de taxones coincidentes entre
ellas, lo que resulta en un valor bajo de similitud. En consecuencia, los resultados sugieren que cada fuente podria conformar
en si misma una comunidad unica e irrepetible.

Palabras clave: fuentes, riqueza biologica, crenocenosis, biorregion mediterrdanea, Montsant, Serra de Tramuntana
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INTRODUCTION

Natural springs are the result of the upwelling of
underground water on the earth’s surface (Van der
Kamp, 1995). As aquifers are often large and are
found relatively isolated from atmospheric
factors, the springs they nourish usually show a
proverbial stability in their flow and the physi-
co-chemical characteristics of the water, in
contrast with other freshwater ecosystems
(Thienemann, 1922; Odum, 1971; Margalef,
1983). Moreover, springs are transitional ecosys-
tems constituting ecoclines among subterranean
and fluvial aquatic ecosystems (Williams, 1991)
and also forming ecotones between the first and
terrestrial ecosystems (Gibert et al., 1991). This
transitional nature causes springs to present a
great variety of microhabitats in a relatively small
area, which is deciphered as high levels of biolog-
ical richness (Cantonati et al., 2006; Cantonati et
al.,2012a; Reiss, 2013; Reiss & Chiftlard, 2015).
Springs also play a fundamental role in the ecolo-
gy of both intermittent and temporary streams in
the Mediterranean basin by acting as a reservoir
and a source of the species that will colonise them
during the months of greatest flow (Thorp &
Covich, 2015).

In spite of their ecological relevance, these
unique ecosystems barely attracted the attention
of ecologists and limnologists until 1990s. This
was when a series of studies focusing on the
analysis of several biological groups present in
the springs began, mainly in Europe, North
America and Australia (e.g. Sabater & Roca,
1992; Webb et al., 1995; Aboal et al., 1998;
Hatton & Evans, 1998). The biological groups
most frequently studied were diatoms or aquatic
invertebrates, mainly because of the relatively
deep knowledge of their taxonomy and ecological
requirements which has allowed their use as
bioindicators in monitoring programs (Lai et al.,
2016; Rosati, 2016).

All this shows the ecological importance of
springs, particularly considering that they consti-
tute important hot spots of biodiversity in a small
area of occupancy (Botosaneanu, 1995; Scars-
brook et al., 2007; Cantonati ef al., 2012a). How-
ever, full biota studies associated with crenoceno-
sis (at least regarding the most relevant taxonomic
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groups) have been practically non-existent. Only
the work of Cantonati & Ortler (1998), in which
30 springs located in the montane and Alpine
stages from the south-eastern Alps were sampled
and a total of 730 taxa were identified, is worth
mentioning. The unusual taxonomic richness of
the spring environments has been linked to their
transitional nature: their organisation in an
intricate mosaic of microhabitats, offering a gath-
ering of crenophilous and crenobiont organisms
(which live mostly or only in springs, respective-
ly), styghophilous and stygobiont organisms
(which develop mostly or only in underground
water bodies, respectively), rheophilous organ-
isms (those living in flowing waters), limnophil-
ous organisms (which inhabit stagnant lenitic
waters), as well as species typical of water films
on rocky or other kinds of substrates (hygropetric
and liminaria) and terrestrial taxa adapted to wet
and moist substrata (Gerecke ef al., 1998; Reiss,
2013; Reiss & Chifflard, 2015).

In the Mediterranean biogeographic region, as
in the rest of arid and semiarid bioclimates of the
Earth, springs are often the only permanent fresh-
water systems in large areas and they are therefore
crucially important for the survival of some organ-
isms (Stevens & Meretsky, 2008). Research
focused on the biodiversity associated with the
Mediterranean spring ecosystems is scarce, with
few studies of certain biological groups having
been reported up to now: diatoms (Aboal et al.,
1998; Delgado et al., 2013: Lai et al., 2016), bryo-
phytes (Bes et al., 2017), water mites (Di Sabatino
et al., 2003) and copepods (Fiasca et al., 2014).

Although these works reported high biodiver-
sity levels, Mediterranean springs have surpris-
ingly not been subject to systematic studies
considering the main biological groups that inhab-
it them in an integrated way. In order to offset this
lack of basic knowledge of our natural systems,
the aim of the present study has focused on: 1)
obtaining a first approach to the taxonomic
richness of Mediterranean spring ecosystems
(both continental and insular), and particularly of
their most representative biological groups, and 2)
assessing to what extent the biotic communities
from the different studied springs are connected.
Both are essential not only to discover the biologi-
cal richness that depends on crenic habitats, but
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Figure 1. Location of the western Mediterranean mountainous areas where the spring biodiversity sampling has been performed.
Situacion de las areas montaiiosas del Mediterraneo occidental donde se ha realizado el muestreo de biodiversidad de las fuentes.

also to understand whether the spring network in
mountain ranges with ephemeral or temporary
streams could increase the ecological resilience of
other inland freshwater habitats.

MATERIALS AND METHODS
Study areas

This study was carried out at a total of 20 springs,
half of them located in the Montsant massif (a
region of Priorat in the south of Catalonia) and
the other half in Serra de Tramuntana (northwest
of Mallorca), both natural areas with special
protection (Natural Park in Montsant and Natural
Site in Serra de Tramuntana, Fig. 1). All the
springs selected have continuous discharge, even
during the summer drought period. The location
and geological features of the springs studied are
displayed in Tables 1 and 2. Both mountain
ranges are mainly characterised by permeable
carbonaceous materials. Conglomerates are
predominant in Montsant and limestones and
dolomites are prevalent in Serra de Tramuntana.

Both areas are in the Mediterranean climatic
region, pluviseasonal oceanic variant, with a
thermal regime that turns from the mesomediter-
ranean at low and medium levels to supramediter-
ranean in higher areas (Rivas-Martinez &
Rivas-Saenz 1996-2009), reaching a maximum
altitude of 1163 m in Montsant and 1436 m in
Serra de Tramuntana. Nevertheless, both areas
show significant differences in relation to their
microclimatic characteristics. On one hand, in
Montsant, the climate in the lowlands shows a
clear continental tendency, with cold winters (5-7
°C), high annual thermal amplitude of 17-20 °C
and a rainfall system with two peaks (autumn and
spring) and a winter minimum in February, in
addition to the summer minimum (Ninyerola et
al.,2001). On the other hand, in Serra de Tramun-
tana, maritime influence are much stronger,
favouring temperate winters (10-12 °C), lower
thermal amplitude (13-15 °C) and a rain regime
with just one maximum in autumn, while the
winter minimum is non-existent or very small
(Guijarro, 1986). It is also worth mentioning that
the average annual rainfall totals 450-700 mm in
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Table 1. List of the springs of the Montsant sampled in this study, with the detail of the local geology. The location is provided in
geographic coordinates with ETRS89 datum. ID: identifier; h: topographic altitude (m a.s.l.). Relacion de las fuentes de Montsant
objeto de estudio, con el detalle de la geologia local. La ubicacion se proporciona en coordenadas geogrdficas con datum ETRSS89.

ID: identificador; h: altitud topogrdfica (m).

Coordinates (°)

1D Spring name h  Era Period / Epoch Main lithology
Lon. Lat.
MOl  FontdeCavaloca 076037 4125560 579 Cenozoic  Eocene Yellow lutites, sandstones and
conglomerates
MI2  Fontdel Baranc 072569 4122556 291 Mesozoic ddle Triassic Fine grain sandstones and red clay,
(Muschelkalk) with gypsum levels
mis  Degotalldel Clot o ¢ros 4128068 993 Cenozoic  Eocene/ Oligocene  Cimestone, conglomerates, sandstones
del Cirer and red and ochre marls
Mig Fontdel Masde 0.85577 4126178 547 Paleozoic  Carboniferous Fine grain sandstones, slates, phyllites,
Sant Blai andesites and conglomerates
Mpo FontdelMasdel o030 4130341 457 Cenozoic  Eocene/Oligocene  Limestone, conglomerates, sandstones
Soleras and red and ochre marls
M23  Font Pregona 0.81465 41.26709 645 Cenozoic  Eocene / Oligocene Limestone, conglomerates, sandstones
and red and ochre marls
M26  Font de les Planes 0.74619  41.22265 200 Cenozoic  Quaternary Cobbles, gravels and sands
M27  La Fonteta 0.76654 41.22304 211 Cenozoic  Quaternary Cobbles, gravels and sands
M35 FontdelaGleva 084483 4131496 545 Cenozoic  Eocene Yellow lutites, sandstones and
conglomerates
M38  Font del Peret 0.87881 4130335 750 Cenozoic Eocene Yellow lutites, sandstones and
conglomerates

Montsant, while in Serra de Tramuntana it rises
from 500 mm approximately in the south-eastern
basal area to 1400 mm at the highest altitudes.

Spring sampling

In this study, a total of 20 springs were sampled.
The surveys for the examination of the spring
ecosystems in Montsant were developed during
the summer of 2015 (from 23 June to 5 August),
while the samples from the springs in Serra de
Tramuntana were obtained during late summer of
2017 (from 4 to 7 September). The sampling
routine formerly consisted of delimiting the
springs’ area of influence and measuring the flow
and the main water physico-chemical features:
temperature, conductivity, dissolved solids, pH,
and dissolved oxygen, using a multiparameter
probe: EUTECH PCD650. The physico-chemical
characterisation of each spring preceded the
sampling of the different biological groups on
which the study is focused. The sampling proce-
dure was organised in the following order: begin-
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ning with cormophytes and bryophytes, followed
by vertebrates, macroalgae, diatoms and, finally,
macroinvertebrates and microcrustaceans.
Sampling of cormophytes. This consisted of
the identification of the taxa in the spring envi-
ronment at the specific level, according to Bolos
& Vigo keys (1984-2001). Only samples of the
plants which could not be identified directly in
the field were botanised for further accurate
examination. The sampling effort was that strictly
necessary to identify all the possible different
taxa in the area influenced by the spring.
Sampling of bryophytes. Both submerged
habitats and peripheral wet substrates and
carbonate precipitates (wet or dry) were exam-
ined. Samples of the various mosses or liverworts
distinguishable at first sight in each one of the
environments were extracted, paying attention to
possible microspecies among the dominant ones,
while the amount of each specimen collected was
the minimum necessary for its correct identifica-
tion. The excess water was removed from the
samples in the field, which were subsequently
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preserved in paper envelopes labelled with the
corresponding code until further analysis. The
sampling lasted until no new taxa were found.
The taxa determination was performed in the
laboratory, with the general review of the sample,
the selection of specimens under binocular mag-
nifying glass and the observation of phyllids and
cross sections of phyllids and stems as well as
other microscopic structures under the optical
microscope. The keys of the bryophyte floras that
cover the studied areas were Casas et al. (2004,
2006) and Guerra et al. (2006, 2010, 2014).
Sampling of macroalgae. The different micro-
habitats were thoroughly examined and samples
of algae perceptible at plain sight were picked up.
They were introduced in 5 ml tubes in which 4.5
ml of water from the environment was added. In
the case of Charophyceae, 100 ml plastic bottles

125

filled with water from the environment were
used. After adding the required volume of
concentrated formaldehyde (38-40 %) to obtain a
final concentration of = 1 %, samples were kept at
4 °C until their analysis. They were examined in
the laboratory with the optical microscope, iden-
tifying the macroalgae taxa with the highest
possible resolution. Several bibliographical
sources were used to identify them (John et al.,
2005; Cirujano et al., 2007; Komarek & Anag-
nostidis, 2008; Bellinger & Sigee, 2010). Some of
the taxa — particularly from Zygnematales,
Oedogoniales and Oscillatoriales — could not be
specifically identified because they did not show
reproductive structures. In this case, the speci-
mens were classified in morphotypes according
to their cellular features.

Sampling of diatoms. Whenever possible, the

Table 2. List of the springs of the Serra de Tramuntana sampled in this study, with the detail of the local geology. The location is
provided in geographic coordinates with ETRS89 datum. ID: identifier; h: topographic altitude (m a.s.l.). ¥ Coordinates for these
springs correspond to the sampled environment at the discharge point, since the original upwelling is completely piped. Relacion de
las fuentes de la Serra de Tramuntana objeto de estudio, con el detalle de la geologia local. La ubicacion se proporciona en coordena-
das geograficas con datum ETRS89. ID: identificador; h: altitud topogrdfica (m). * En estas fuentes se dan las coordenadas del
ambiente muestreado en el punto de emergencia del agua, puesto que la surgencia original esta entubada completamente.

Coordinates (°)

1D Spring name h  Era Period / Epoch Main lithology
Lon. Lat.
TOl  Font de sa Menta 249772 39.67196 189 Cenozoic  Holocene Gravels and boulders
T02  Font des Albellons*  2.90954  39.83842 617 Mesozoic  Jurassic (Lias) It:;:éecitlones, dolomites and
Upper Triassic Lutites, sandstones, gypsum and
TO03  Font des Puig Ferrer 2.89720 39.81740 542 Mesozoic pp . volcanic rocks / Dolomites, dolomitic
(Keuper/Rhaetian) . .
breccia and cellular dolomites
TO6  Font de s’Olla 271146 3975700 77 Mesozoic  pper Triassic Dolomites, dolomitic breccia and
(Rhaetian) cellular dolomites
Limestones, dolomites, marls,
TO8  Font des Pi 2.80737 39.77131 470 Mesozoic  Jurassic (Lias) sandstones and chalcodolomitic
breccia in the base
T09  Fontde Muntanya  2.92210 39.85003 521 Mesozoic ~ PPCT Triassic Dolomites, dolomitic breccia and
(Rhaetian) cellular dolomites
T10  Font des Molinet* 2.94875 39.85833 159 Mesozoic Upper Triassic Lutltes., sandstones, gypsum and
(Keuper) volcanic rocks
T11  Font de I'Assarell* 297641 39.84693 433 Cenozoic Mlddle'Mlocene Marls, siltstones and sandstones
(Langhian)
Font de son Tries de Limestones, dolomites, marls,
T12 Dalt 2.57148  39.66461 293 Mesozoic  Jurassic (Lias) sandstones and chalcodolomitic
breccia in the base
T13 F'ont dg Balitx 273195  39.80529 367 Mesozoic Upper Trlass1c Lutltes_, sandstones, gypsum and
d'Enmig 1 (Rhaetian) volcanic rocks

Limnetica, 39(1): 121-139 (2020)
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biofilm that grows on hard surfaces, such as
rocks, pebbles or artificial substrates, was
sampled by scraping it with a brush and resus-
pending the collected material in a tube with 25
ml of water from the environment. The sampling
was extended to the surface of bryophytes,
cormophytes and submerged or wet plant struc-
tures. For all the different substrates up to 10 cm2
were sampled whenever possible. The unit
samples from each spring were fixed with 3.2 ml
of buffered formaldehyde 38-40 %, to obtain a
final concentration of =~ 4 % and were kept at 4 °C
until the final treatment and later analysis. In the
laboratory, 5-10 ml of sample were treated with
the usual protocol for eliminating the cellular
content with hydrogen peroxide. The frustules
recovered by sedimentation were resuspended
until the proper concentration (about 10-15 per
field at 1000x). Samples were mounted with
Naphrax® in a permanent preparation and were
examined in the POLY VAR microscope with the
immersion objective (1000x). The present taxa
were identified at lower taxonomical level when-
ever possible — with the help of different refer-
ence works (Krammer & Lange-Bertalot, 1986,
1988, 1991a, 1991b; Lange-Bertalot, 2000-2003;
Lange-Bertalot, 2003; Hofmann et al., 2011). At
least 400 valves were counted in each sample.
Sampling of aquatic macroinvertebrates and
microcrustaceans. For the collection of these
organisms, after the identification of the different
microhabitats present in each spring, a circular
hand net 20 cm in diameter, with a mesh of 100
um, was used. This type of hand net is used in
some of the current sampling protocols for the
evaluation of the ecological status of the lenitic
habitats (IBCAEL-2013 or QAELS¢1¢). Firstly,
the pleustonic invertebrates were sampled,
followed by the benthic ones. Microhabitats
smaller than 2 m2 were thoroughly sampled, while
up to 3 m2 were sampled in those with a higher
surface. The sample collected was cleaned in situ
through a 100 pum sieve rinsed with water from the
environment and, once the largest solid waste had
been removed, it was introduced into a hermetic
vial and fixed with buffered formalin (ca. concen-
tration of 10 %). Once in the laboratory, the
samples were passed through a column of sieves
of 5 mm, 1 mm and 0.1 mm in order to separate
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organisms by size and facilitate the sorting of the
specimens. All the samples were fully processed,
without previous sub-sampling. The invertebrates
were identified using a stereoscopic microscope
with up to 60 magnifications, and using an optical
microscope up to 1000 magnifications whenever
necessary (mainly for microcrustaceans). Within
the invertebrates, the microcrustaceans, character-
ised by their small size, were dissected and mount-
ed under a stereoscopic microscope and their iden-
tification was carried out using an optical micro-
scope (1000x). The taxonomic resolution was the
lowest possible for the stage of the life cycle of the
specimens. For their identification numerous
taxonomic works specialised on the different
groups of invertebrates were used (e.g. Branchio-
poda: Alonso, 1996; Margaritora, 1985 — Coleop-
tera: Foster et al., 2011, 2014; Franciscolo, 1979;
- Copepoda: Dussart, 1967, 1969 - Elmidae: Olmi,
1976; Berthélemy, 1979; Rico, 1992, 1998;
Ciampor & Kodada, 2010 — Hydraenidae:
Balfour-Browne, 1978; Berthélemy, 1986; Lagar
& Fresneda, 1990; Garrido et al., 2004 - Odonata:
Askew, 2004; Heidemann & Seidenbush, 2002 —
Ostracoda: Henderson, 1990; Meisch, 2000 —
Trichoptera: Malicky, 2004; Waringer & Graff,
2011, among others).

Sampling of vertebrates. The only group of
vertebrate fauna that includes organisms which
spend part of their life cycle in the aquatic envi-
ronment are the amphibians, whose larvae live in
very different types of still waters. To avoid
collecting them, amphibians were identified in
situ with the help of specific keys (Rivera, 2011).
Other vertebrates that use the resources of the
spring environment were determined basically
from the traces and signals that they produce (on
a few occasions they were directly observed).

Diversity appraisal

Biological richness, i.e. the number of taxa, was
used as the indicator for both a-diversity (in each
spring) and y-diversity (in each study area).
Several indicators for B-diversity were chosen
to compare the taxa lists of different springs.
Euclidean distance, Jaccard distance (Jaccard,
1901) and Bray-Curtis dissimilarity (Bray &
Curtis, 1957) allowed the determination of
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Table 3. Basic physico-chemical parameters of the sampled springs. Q: water discharge; T: water temperature; Cond.: water electrical
conductivity; TDS: total dissolved solids; Op: dissolved oxygen. * The temperature is skewed because the water is piped on the ground
along 150 m. Parametros fisicoquimicos basicos de las fuentes objeto de estudio. Q: caudal; T: temperatura del agua,; Cond.: conduc-
tividad del agua; TDS: solidos disueltos totales; O): oxigeno disuelto del agua. * La temperatura se ve sesgada, porqué el agua

circula entubada por la superficie durante 150 m.

Spring Q (I/s) T (°C) pH Cond. (uS/cm)  TDS (ppm) 0O, (mg/l)
MONTSANT

MO1-Font de Cavaloca 2.460 15.3 7.40 368 111 8.70
M12-Font del Barranc 1.100 17.2 8.11 1038 341 8.84
M15-Degotall del Clot del Cirer 0.008 17.1 8.21 331 108 8.16
M19-Font del Mas de Sant Blai 0.225 15.3 6.90 1146 355 7.51
M20-Font del Mas del Soleras 0.450 15.0 8.07 411 119 8.64
M23-Font Pregona 0.167 15.5 7.19 410 124 8.89
M26-Font de les Planes 0.788 17.3 7.32 891 296 8.68
M27-la Fonteta 0.350 17.3 7.42 795 262 7.81
M35-Font de la Gleva 1.250 15.4 7.29 474 131 8.65
M38-Font del Peret 0.400 13.0 8.17 499 132 8.40
SERRA DE TRAMUNTANA

TO1-Font de sa Menta 1.450 17.1 7.28 979 323 9.60
T02-Font dels Albellons 0.013 16.3 7.26 623 196 8.34
TO03-Font des Puig Ferrer 0.400 15.9 7.07 665 205 9.20
T06-Font de s’Olla - 17.2 7.21 900 298 10.46
T08-Font des Pi - 17.3 7.35 475 160 9.02
T09-Font de Muntanya 0.060 16.1 7.50 802 266 9.59
T10-Font des Molinet 0.350 15.3 7.18 529 148 9.23
T11-Font de 1'Assarell 0.950 22.0% 7.66 466 192 8.70
T12-Font de son Tries de Dalt 0.840 16.0 7.72 545 170 10.75
T13-Font de Balitx d'Enmig 1 0.045 15.0 7.54 413 122 9.89

B-diversity between each pair of springs. In addi-
tion, the true B-diversity (Whittaker, 1960) was
also assessed in each study area as the ratio
between y- and B-diversity

The Jaccard index, the one-complement of the
Jaccard distance, was used to estimate the simi-
larity between springs and study areas.

RESULTS
Physico-chemical parameters

The measurement of the flow discharge of the
springs provided very variable results, ranging
from 0.008 1/s to 2.460 1/s. In two springs of the
Serra de Tramuntana, the flow could not be mea-
sured, either because the water filled a pool with
no effluent downstream (Font des Pi) or because
the effluent circulated in an irrigation ditch where
there was no opportunity to make any measure-

ment (Font de s'Olla). However, in the latter case,
the flow was high when compared with other
springs. The springs of Montsant and Serra de
Tramuntana show similar values for the basic
physico-chemical variables (Table 3). These are
low to medium mineralisation waters as judged
by its conductivity (331-1146 uS/cm), from
neutral to slightly alkaline (pH range 6.9-8.2) and
with upwelling temperature ranging from 13.0 to
17.3 °C. On the other hand, dissolved oxygen
concentration is slightly higher in springs of Serra
de Tramuntana (8.3-10.7 mg/l) than in those of
Montsant (7.5-8.9 mg/1).

Biological richness of Mediterranean spring
systems

Cormophytes

Floristic inventories show 135 taxa in Montsant

Limnetica, 39(1): 121-139 (2020)
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(10-40 taxa per spring) and 102 taxa in Serra de
Tramuntana (7-41 taxa per spring). The lists
include a significant but variable proportion of
hygrophilous or aquatic taxa, which rises in
average to 42 % in springs of Montsant (range
13-74 %) and to 30 % in Serra de Tramuntana
(range 10-40 %). Among the most frequent species
in the studied environments (present in half or more
of the springs) there are hygrophytes like Brachy-
podium  sylvaticum, Sonchus maritimus subsp.
aquatilis ~ and  Equisetum  ramosissimum
(Montsant), Pteridium aquilinum (Serra de
Tramuntana), or Adiantum capillus-veneris (both
areas), although taxa from the zonal vegetation
predominate in the insular springs, particularly
those from the holm oak forest. Regarding the
chorology of the identified flora, there are impor-
tant differences between the two zones studied. In
both, Mediterranean taxa predominate, but
Euro-Siberian taxa represent only 6.9 % in Serra de
Tramuntana and rise to 27.4 % in Montsant. Final-
ly, it is worth highlighting the seven endemic taxa
found in the Serra de Tramuntana springs, five of
which are exclusive to the Balearic Islands (Hyperi-
cum balearicum, Rhamnus alaternus var. latifolius,
Rubia angustifolia, Sibthorpia africana and Smilax
aspera var. balearica) and the other two of Tyrrhe-
nian-Balearic distribution (Bellium bellidioides and
Satureja microphylla subsp. filiformis).

Bryophytes

25 taxa were identified in Montsant (3-10 taxa per
spring) and 31 in Serra de Tramuntana (3-10 taxa
per spring). The taxa which can be considered
hygrophilous/hydrophilous average 54 % in
Montsant (range 50-100 %) and 42 % in Serra de
Tramuntana (range 22-100 %), higher than those
shown by the vascular flora. Only two taxa of
Serra de Tramuntana have been collected in half
or more of the springs: Scorpiurium circinatum
(7) and Eucladium verticillatum (5). In Montsant,
the most frequent ones are Pellia endiviifolia (8),
E. verticillatum (7), Cratoneuron filicinum (7)
and Oxyrrhynchium speciosum (5).

Macroalgae

This group is the most diversified taxonomically
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speaking, since three biological kingdoms are
represented in it: Eubacteria, Chromista and Plan-
tae. A total of 40 taxa have been determined in
Montsant (1-16 taxa per spring) and 46 taxa in
Serra de Tramuntana (0-17 taxa per spring). In
Montsant only three taxa have been found in half
or more of the springs: Oedogonium sp. (7),
Spirogyra cf. subsalsa (5) and Tolypothrix sp. (5),
while in Serra de Tramuntana the most frequent
algae are Oedogonium sp. (4), Tolypothrix cf.
tenuis (4) and Zygnema sp. (4).

Diatoms

The richness of diatoms reaches 119 taxa in
Montsant (19-42 taxa per spring), a figure that is
much higher than the 82 taxa of Serra de Tramun-
tana (12-30 taxa per spring). From an ecological
point of view, the majority of taxa are freshwater,
benthic, alkaliphilous, and oligosaprobic or
B-mesosaprobic. Many are common in fluvial
environments (lenitic or lotic), but some taxa are
crenophilous. Among these, Caloneis alpestris,
Encyonopsis cesatii and Meridion circulare are
found in both Montsant and Serra de Tramuntana,
while Delicata delicatula (var. alpestris and var.
angusta) and Eucocconeis flexella, have only
been identified in the Montsant springs. We here
report the first citations of Diploneis krammeri
for the Iberian Peninsula (identified in eight
springs of Montsant) and its second location in
Mallorca, in Font des Molinet (cited in Font de
s’Olla by Delgado et al., 2013). Finally, it should
be noted that some frustules that could not be
identified at a specific level could belong to new
taxa, yet to be described.

Aquatic macroinvertebrates and microcrustaceans

This is the group that showed the highest taxo-
nomic richness in the springs studied. We identi-
fied 168 taxa in Montsant (28-66 taxa per spring)
and 101 taxa in Serra de Tramuntana (12-38 taxa
per spring). Among them, the taxonomic richness
of microcrustaceans reached 18 taxa in Montsant
and 16 taxa in Serra de Tramuntana (1-6 taxa per
spring in both areas). The richest group was
insects, which represented 72 % and 56 % of taxa
of Montsant and Serra de Tramuntana, respec-
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tively. The orders with greater representation
were the dipterans, which contributed to 25 % and
19 % of the macroinvertebrate taxa found in the
respective orographic units, and the water beetles,
with 17 % and 16 %. Among the taxa of interest,
it is worth mentioning the amphipod crustacean
Niphargus sp., a stygobiont that was identified
in two springs of Montsant. Also, in Montsant,
the invasive alien gastropod Potamopyrgus
antipodarum, originally from New Zealand, was
found in five springs.

Vertebrates

The only group of vertebrates that can be consid-
ered resident in the aquatic environment is that of
amphibians. Usually these have been identified
through direct observation. In Montsant, the
presence of three amphibians has been document-
ed: Alytes obstetricans (4 springs), Epidalea
calamita (2 springs) and Pelophylax perezii (1
spring), while in Serra de Tramuntana only the
last species was detected in three springs. For the
rest of the vertebrates, Montsant has appeared to
be a richer area than Serra de Tramuntana, where
no other vertebrate species was detected apart
from the amphibians. While several species of
birds could be identified by direct observation,
the recognition of signs has been useful in
Montsant for the detection of wild boar, fox,
badger and water vole in the spring environment.
The richness thus obtained, observed directly or
by means of signs, was limited to 0-10 taxa.

Biodiversity levels

Mean alpha diversity (local diversity), as
assessed in terms of biological richness, is higher
in Montsant (113.0 + 23.8; range 82-152
taxa/spring) than in springs of Serra de Tramun-
tana (77.8 + 19.6; range 55-119 taxa/spring), and
the difference is mainly due to the contribution of
macroinvertebrates and diatoms (see above).
Gamma diversity, that is the biological richness
of each full set of springs is also higher in the first
area (500) than in the second one (363).

There are various ways to estimate beta diversi-
ty, i.e. the extent of change in the taxa list between
springs of the same area, and all of them yield a
great extent of change (Table 4). Mean values for
Jaccard distance, Bray-Curtis dissimilarity and
true B-diversity are slightly higher between the
springs of Serra de Tramuntana than between those
of Montsant. On the contrary, Euclidean distance
is higher in Montsant, most probably due to the
significantly higher number of taxa.

Considering both study areas, mean alpha
diversity would be 431.5 £ 96.9 and gamma
diversity rises up to 711 taxa, being aquatic
macroinvertebrates — including the microcrusta-
ceans — (221 taxa), cormophytes (205 taxa) and
diatoms (154 taxa) the most abundant biological
groups. Thus, there is still an important extent of
change, with values of beta diversity indices only
slightly lower than the mean values obtained
between individual springs (Table 4).

The results are illustrated in Figure 2 and the

Table 4. Diversity indices of the springs of Montsant and Serra de Tramuntana, as well as those of both study areas. For alpha diversi-
ty and for beta indices of Montsant and Serra de Tramuntana (excluding true beta) the mean value + standard deviation is given. /ndices
de diversidad de las fuentes de Montsant y Serra de Tramuntana, asi como de ambas zonas de estudio. Para la diversidad alfa y para
los indices beta de Montsant y Serra de Tramuntana (exceptuando la beta verdadera) se proporciona la media + desviacion estandar.

Diversity Index MONTSANT (n=10) SERRA DE TRAMUNTANA (n=10) BOTH AREAS (n=2)
o Biological richness (S) 113.0+23.8 77.8+19.6 431.5+96.9
Euclidean distance 12.41 +£0.90 10.66 +£0.78 23.64
Bray-Curtis dissimilarity 0.688 +0.076 0.737 £ 0.058 0.645
B Jaccard distance 0.813 +£0.053 0.848 +0.039 0.785
True B-diversity (y/ @) 4.425 4.653 1.648
Y Biological richness (S) 500 363 711
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Figure 2. Bar diagram showing the biological richness achieved for the sampled springs. A. Richness of the different biological
groups in the two study areas. B. Taxonomic richness of each spring. ALG: macroalgae; DIA: diatoms; BRY: bryophytes; COR:
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complete list of taxa in each spring can be found
in the supplementary material, Tables S1 and
S2, available at http://www.limnetica.net/en/
limnetica.

Level of biotic similarity of the springs

Taking into account all the organisms identified,
up to 52.2 % of the taxa of Montsant and 50.1 %
of those of Serra de Tramuntana were only found
in one spring; in the set of both zones, the propor-
tion of organisms only found in one of the 20
springs reached 48.8 %. On the contrary, the
proportion of organisms found in half or more of
the localities studied was remarkably low: 12.6 %
in Montsant, 9.1 % in Serra de Tramuntana and
only 3.2 % considering both study areas.

The proportion of the number of matching
taxa respect to the number of taxa identified in
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each pair of compared springs (using the Jaccard
index —J), has values between 0.081 and 0.291 in
the case of Montsant (mean: 0.187 £+ 0.053), and
between 0.063 and 0.238 in Serra de Tramuntana
(mean: 0.152 +0.040). The values are lower if we
compare the springs of both zones, between 0.049
and 0.167 (mean: 0.098 + 0.026), but it should be
stressed that there was a greater biotic coinci-
dence between some pairs of springs of Montsant
and Serra de Tramuntana than between other
pairs belonging to the same area. In Montsant
(Fig. 3) a significant, though modest, inverse
correlation between J and the difference in
altitude is observed (r =-0.580; p <0.01), but not
in Serra de Tramuntana (r =-0.173; p > 0.05). In
both areas J value correlates inversely and very
weakly with the distance between the springs
(Montsant: r=-0.297, p <0.05; Serra de Tramun-
tana: r =-0.343, p < 0.05).
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DISCUSSION

The data provided in this study constitute the first
integral approach to the biocenotic structure and
the biological richness of Mediterranean spring
ecosystems, both continental and insular, and
confirm that the spring environments are excep-
tional sources of biodiversity, given that extreme-
ly rich biocenoses that could harbour a large part
of continental and insular biological diversity
develop in a very small area . The biological
richness values found are close to those reported
by Cantonati & Ortler (1998) from the systematic
sampling of a very similar taxonomic spectrum in
the Adamello-Brenta Park (Southeast Alps,
1073-2172 m), in the Euro-Siberian biogeograph-
ical region, where they identified 730 taxa in 19
or 30 springs, depending on the biological group
(50-113 taxa per spring). The three biological

groups with highest richness match with those
found in our work (Fig. 4), although in an inverse
order: in the Alps, the richest group was the
diatoms (250 taxa) followed by the cormophytes
(245 taxa) and the macroinvertebrates (137 taxa).
It should be noted that the overall results conceal
a significant fact: without considering verte-
brates, a group not addressed in Alpine springs,
six out of the 20 Mediterranean springs investi-
gated have a biological richness higher than the
maximum reached in Alpine springs.

Concerning vertebrates, in addition to those
dwelling in aquatic habitats (amphibians), we
took into account terrestrial species which use the
springs by recognising signs or through direct
observation. However, these methods are not
sensitive enough to be considered exhaustive. To
approach the vertebrate species which visit crenic
environments, after obtaining the corresponding
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Figure 4. Comparison of the taxonomic richness of different biological groups in Mediterranean (this study) and Alpine (Cantonati &
Ortler, 1998) springs. The amount of Alpine springs studied is 30 for diatoms and some groups of macroinvertebrates (water mites,
microcrustaceans and gastropods) and 19 for cormophytes, macroalgae, bryophytes and the rest of macroinvertebrates. Comparacion
de la riqueza taxonomica de distintos grupos biologicos en fuentes mediterrdaneas (este estudio) y alpinas (Cantonati & Ortler, 1998).
El numero de fuentes alpinas estudiadas es de 30 para las diatomeas y algunos grupos de macroinvertebrados (hidrdcaros, microcrus-
taceos y gasteropodos) y de 19 para cormdfitos, macroalgas, bridfitos y el resto de macroinvertebrados.

permissions, we placed a camera trap in a spring
— not included in this study — over five daily
cycles. This test allowed us to confirm that camera
recording is the most effective way of performing
systematic inventories of the vertebrates that
make use of the springs. It is particularly useful
for birds, as they rarely leave any trace.

One of the peculiarities of the Mediterranean
springs is their function as a refuge for Euro-Siber-
ian taxa, by eliminating or decreasing the summer
drought in its immediate surroundings. In the
springs of Montsant, these represent 27.4 % of the
vascular flora, compared to 22.2 % in the whole
massif (Pascual, 2007), which undoubtedly
contributes to cormophyte richness being, on a
small scale, much higher than in the zonal vegeta-
tion. The richness of bryophytes is much lower,
comparable to that reported in a recent study from
springs in eastern Catalonia, where 1 to 12 taxa
per spring were identified (Bes ef al., 2017). In
Euro-Siberian and Alpine bioclimates the bryo-
phyte richness is greater, as evidenced by the
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works of Cantonati & Ortler (1998), who identi-
fied 58 taxa in 19 springs in the south-eastern
Alps, and Weigand (1998), 77 taxa in 22 springs
of the Austrian Alps, as compared to the 45 taxa
determined in the 20 Mediterranean springs of
this study. On the other hand, the greater or lesser
participation of hygrophilous/hydrophilous
vascular plants and bryophytes in the courtship of
each spring seems to be related to water extrac-
tion and the effectiveness of transport and storage
associated structures as, for their development,
the presence of more or less permanently wet
substrata is necessary. In this sense, the springs of
Serra de Tramuntana, in general more regulated
by these structures than those of Montsant, have a
lower percentage of hygrophytes/hydrophytes.
The richness of macroalgae is highly variable
and seems to be related to the number of suitable
microhabitats and the effective illumination on
them, as other authors reported (Cantonati et al.,
2012b). The lowest rates occur in springs located in
a forest environment (low lighting) and that do not
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generate aquatic environments (water masses or
wet surfaces) of sufficient size. The overall value of
the present study (74 taxa in the 20 springs) is
notoriously higher than the one found by Cantonati
et al. (2012b) in springs from the south-eastern
Alps (47 taxa in 70 springs) or by Stevenson et al.
(2007) in Florida (23 taxa in 29 springs).

The group of diatoms has been the most
profusely studied in springs, with results compa-
rable to those reported here. There are data from
the springs of the Alps, the Carpathians, Poland,
Switzerland, France, Belgium, Sardinia or Gali-
cia. Other works have explored geographic areas
near ours, like Sabater & Roca (1992), who
identified 192 taxa in 28 Pyrenean springs
between 670 and 2000 m or Aboal et al. (1998),
who determined 145 taxa in 135 springs of the
province of Castelld (0-1340 m). Delgado et al.
(2013) were able to classify 111 taxa in two
springs (Font de s’Olla and Font des Pi, also
included in this study) and four spring-fed
streams in Mallorca. These data, together with the
results of other studies of springs in Alps and
various places of the central and western Europe,
allow affirming that, on the one hand, the richness
of diatoms contributed by all the studies is closely
related to the number of springs sampled and, on
the other hand, the courtship of species and their
abundance in a locality can vary considerably
throughout the year. In Font de s'Olla (T06)
Delgado et al. (2013) found as most abundant taxa
(> 5 %) Achnanthidium minutissimum, Amphora
pediculus, Diadesmis contenta and Plantothidium
frequentissimum. The first two are also abundant
in this work, while D. contenta has not been identi-
fied in our sample and P. frequentissimum does not
reach 5 % of the frustules (3.68 %). On the contra-
ry, Ulnaria ulna and Encyonopsis minuta, which
surpass 5 % in our results, were found only
sparingly (< 1.5 %) in the cited reference. In the
case of Font des Pi, Delgado et al. found abundant
the taxa A. minutissimum, Achnanthidium pyrenai-
cum, Denticula tenuis, Diadesmis contenta, Ency-
onopsis krammeri and Navicula reichardtiana.
Only the first two also abound in our sample. In
contrast, E. krammeri is frequent and D. tenuis is
rare, whereas D. contenta and N. reichardtiana
have not appeared. We found E. minuta very abun-
dant and Gomphonema lateripunctatum abundant:

only the latter appeared sparsely in the samples of
Delgado ef al. As in the majority of bibliographic
references (e.g. Angeli ef al., 2010, Mogna et al.,
2015), the most diversified genera are Nitzschia,
Navicula, Gomphonema and Cymbella. On the
other hand, Achnanthidium minutissimum has been
identified in all the springs studied, which
coincides with its high frequency in Alpine springs
(Cantonati & Lange-Bertalot, 2010, Gesierich &
Kofler, 2010, Mogna et al., 2015).

The overall results for aquatic macroinverte-
brate and microcrustacean richness are similar to
those in other published works, but the richness
exhibited by the springs of Montsant (average of
40 taxa per spring) is only slightly surpassed by
the results of Webb et al. (1995) in ten springs at
Sinkhole Plain, Illinois (average of 42 taxa per
spring) and clearly exceeds the average values
per spring in New Zealand (16 taxa per spring,
Scarsbrook et al., 2007), Shawnee Hills, Illinois
(27 taxa per spring, Webb et al., 1995), Devils
Tower, Wyoming (18 taxa per spring, Tronstad &
Griscom, 2012), or Monti della Laga, central
Apennines (16 taxa per spring, Di Sabatino et al.,
2009) — values closer to the average richness
found in the springs of Serra de Tramuntana (21.5
taxa per spring).

Several authors have underlined the low coin-
cidence in the lists of taxa of certain biological
groups, even among nearby springs in space with
close ecological characteristics. In the south-east-
ern Alps, Bonettini & Cantonati (1996) highlight-
ed this for macroinvertebrates, Maiolini et al.
(2011), for Plecoptera and Trichoptera, and
Lencioni et al. (2011) for Chironomidae. In
Belgium, Denys & Oosterlynck (2015) reported
the same for diatoms. This phenomenon is
evident in the different biological groups
addressed in this study because of the low
frequency of appearance of most taxa. In this
regard, the results obtained in the diversity and
similarity analyses seem to reinforce the hypothe-
sis, already pointed out by other authors, that each
spring environment could have a particular and
characteristic community. However, alternative-
ly, they could indicate the insufficiency of
sampling protocols used to catch the entire
biological richness, at least for certain groups. On
the one hand, several studies have demonstrated
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the seasonal variability of crenocenoses, specifi-
cally in the case of diatoms (Cantonati, 1998, Lai
et al., 2016). In addition, the sampling effort and
the time devoted to the analysis of the samples
should also be considered: for example, a longer
time and effort should be spent to detect the less
frequent taxa of diatoms, which can represent a
significant fraction of the richness (Angeli et al.,
2010). In any case, the consequences derived
from the results obtained are of the greatest inter-
est: if the different springs really share only a
small fraction of the biological richness between
them, it would mean that each spring ecosystem
is unique and unrepeatable; if, on the contrary, the
differences were due mainly to the insufficiency
of the sampling methods, springs would consti-
tute even more exceptional hot spots of biodiver-
sity, since the biological richness found in most
studies, already very high on its own, would
clearly be underestimated.

The circum-Mediterranean biogeographical
arch is the region historically subjected to a great-
er anthropic transformation. Additionally, given
the implicit singularities of the Mediterranean
climate and its expression in the water cycle and in
the aquatic environments dependent on this cycle,
it seems likely that the Mediterranean springs
could be especially sensitive to the climate change
of anthropogenic origin that is being reported in
the scientific literature. The climate alterations, in
concomitance with other pressures, could be
slowly and silently modelling the biological
richness of Mediterranean springs. In relation to
this, the present study notes the worrying lack of
data and scientific knowledge about the operation
and the ecological role played by the Mediter-
ranean spring ecosystems with respect to the
biological richness that depends on it.

All this draws a paradoxical scenario in the
field of conservation biology: the striking contrast
among the importance of springs (biodiversity
hot spots, biological reservoirs, ecosystem ser-
vices...), their vulnerability (climate change, phys-
ical fragility...), the lack of any specific legal
protection and the poor knowledge of how they
should be managed. The conservation of the
spring ecosystems should be placed as one of the
priorities in the agenda of the policies and strate-
gies of biodiversity conservation for the upcoming
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years. In this context, the involvement of protect-
ed natural areas in their direct management on the
ground will be of the utmost importance.
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