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Introduction:While the biodiversity value of springs is recognised, it has not been
systematically compiled. The aim of the current study is to highlight the
extraordinary endemism associated with the isolated habitat of arid-land
springs at three locations in two continents.

Methods: The habitat endemism of the eukaryote species associated with the
aquatic and terrestrial habitats at Ash Meadows in the USA, Byarri in Australia and
Cuatro Ciénegas in Mexico was assembled based on their geographic distribution.

Results: The currently-known aquatic and semi-aquatic endemic species number
27 at Ash Meadows, 31 at Byarri and 34 at Cuatro Ciénegas. Terrestrial endemic
species are represented by two species at Ash Meadows, five at Byarri and 26 at
Cuatro Ciénegas. The terrestrial endemics are associated with the scalded areas
surrounding the springs impregnated with soda and gypsum. The persistence of
the endemics is astonishing given that the wetlands represent tiny islands of
habitat (216 small wetlands over 40 km2 in the case of Byarri).

Discussion: A key factor for the persistence and radiation of endemic species is the
stability and permanence of the wetlands over evolutionary time-scales. Genetic
evidence indicates the presence of both paleo-endemics, species that persisted in
spring wetlands as relics of previous mesic climates; and neo-endemics that have
dispersed frommore mesic environments and subsequently radiated in the spring
wetlands as distinct forms. The former evolved from their relatives greater than
106 ya and the latter less than 106 ya. The concentration of endemic species in and
around arid-land springs is among the highest concentrations of endemic
organisms specialised to a particular habitat and substantiates the paramount
conservation significance of desert springs.
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Introduction

Springs can provide a perennial water-source for wetlands, and when they occur in arid
landscapes represent tiny islands of habitat for aquatic species (Davis et al., 2017). It has
already been recognised that spring wetlands can provide habitat for endemic species across
the globe (Stevens and Meretsky, 2008; Rossini et al., 2018; Souza and Eguiarte, 2022).
Endemism in this context refers to species that are only known from habitats associated with
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springs, and in many cases are only known from single locations.
Wetlands with a source from artesian springs have greater
biodiversity values than other wetlands in arid-lands. The
diversity and habitat specialisation of plants, molluscs and fish in
four permanent wetland types: riverine waterholes, rockholes,
outcrop springs, and discharge (or artesian) springs from the
arid-lands of Australia were compared (Fensham et al., 2011).
Outcrop springs are fed by gravity and occur in unconfined
geological substrata, generally close to where their water source is
recharged. They contrast with artesian springs, which occur in
confined aquifers and are fed by pressurised groundwater with
sufficient residence time to be affected by the aquifer substrate
and are often in areas remote from where recharge is occurring. The
riverine waterholes, rockholes, outcrop springs had low levels of
endemism compared to artesian springs, which were shown to have
a high diversity of specialised endemics across all three taxonomic
groups. This study identified three factors that may be important
determinants of endemism in artesian spring wetlands: isolation,
distinctive habitat, and long-term continuity of habitat.

Aridity (a surrogate of isolation) was a predictor of increasing
endemic diversity in the artesian springs of the Great Artesian Basin
(GAB) in Australia (Rossini et al., 2018). In contrast riverine
waterholes have low concentrations of endemics because the
perpetuation of unique genotypes is precluded by flooding
disturbance and connection to more mesic environments during
floods (Fensham et al., 2011; Stevens et al., 2020).

Specialisation to spring habitats relates to environmental
constancy, for example, in water level, low turbidity, and
geochemistry (Fensham et al., 2011). Habitat permanency is an
essential pre-requisite for endemism in spring wetlands by providing
sufficient time for occurrence and fixation of unique genotypes.
Supporting this contention, permanent wetlands support more
distinctive biota compared to ephemeral wetlands (Erman and
Erman, 1995; Wood et al., 2005). The lack of endemism in the
outcrop springs and rockholes of Australia may relate to the
impermanence of their aquatic environments over evolutionary
timescales (e.g., Ponder and Slatyer, 2007).

The occurrence of endemic species is evidence that some springs
have fed permanent wetlands over very long timescales. They may
function as paleo-refugia (Nekola, 1999), where lineages that evolved
in ancestral mesic conditions survive despite aridification of
environment. Species that have persisted in spring wetlands as
relics of previous climate regimes have been referred to as “paleo-
endemic” species (Stebbins and Major, 1965). Alternatively,
organisms may have colonized springs recently from more mesic
environments and then evolved in these habitats as “neo-endemic”
species. Paleo-endemic species are relics of a formerly more
widespread matrix community, while neo-endemic species occur in
habitats that are younger than the matrix community (Nekola, 1999).

Around the periphery of spring wetlands where the water
chemistry is affected by the aquifer substrate there is a distinctive
‘scalded’ habitat. These habitats are not wetlands despite being
characterised by salts which are concentrated by the evaporation
of groundwater. In Australia, the soils in these habitats typically have
pH values greater than 9 supporting a low cover of succulent plants
(Fensham et al., 2021). These habitats also support endemic species
with very local distributions compared to other species specialised to
non-alkaline saline environments.

Three complexes of spring wetlands on two continents have
reasonably comprehensive biological surveys and reveal high
concentrations of both aquatic and terrestrial endemic species:
Ash Meadows, Nevada, United States (Stevens and Meretsky,
2008), Byarri (also known as Edgbaston Springs) in Queensland
(Rossini et al., 2018), Australia, and Cuatro Ciénegas Basin,
Coahuila, Mexico (Souza and Eguiarte, 2022). While the macro-
biota of these three sites is relatively well known, not all species have
been formally described and collation of comprehensive,
comparative species lists has not previously been attempted.

Here we present lists of the endemic species occurring in the
three spring complexes and use the data to 1) highlight their overall
extraordinary unique biodiversity; 2) compare their endemic
diversity across taxonomic groups; 3) compare common features
of the three regions to further understand the critical features of
arid-land springs related to endemic diversity; and 4) and establish
that both ‘paleo-endemics’ and ‘neo endemics’ occur in these
habitats. We also comment on the possibilities for new
discoveries of unique life in these specialised habitats.

Methods

Geography of spring complexes

We compiled the locations of individual spring wetlands at Ash
Meadows (Scoppettone et al., 2012), Byarri (Fensham and Laffineur,
2022)and at Cuatro Ciénegas (Wolaver et al., 2013). Discharge at Byarri
was determined using a method relating wetland area to flow rates
(Fensham and Laffineur, 2022) but including previously unmapped
wetlands and another large wetland that had been excluded from
previous discharge estimates because it had been artificially drained
(Fensham and Laffineur, 2022). Discharge data for Ash Meadows were
obtained from Laczniak et al. (1999)and for Cuatro Ciénegas from
Wolaver et al. (2008). Other information on the geography of these
spring complexes was obtained from global datasets of rainfall (Fick and
Hijmans, 2017), a digital elevationmodel (Japan Aerospace Exploration
Agency, 2021), the literature, and the knowledge of the co-authors.

Endemic species

We define the term ‘spring endemic’ as meaning any species
confined to a spring-dependent ecosystem, including the aquatic
species confined to groundwater-fed wetlands, as well as terrestrial
species confined to the specialised (often saline) habitats on the
periphery of springs (Fensham et al., 2021). Endemic terrestrial
plant species associated with spring-related terrestrial environments
at Cuatro Ciénegas were identified as those occurring in chaparral;
desert scrub, bajadas, and flats, as well as gypsum dunes and flats
(Pinkava, 1984). Many endemic species are confined to one of the
three springs complexes, and these species are distinguished from
the more general endemics that occur in spring environments
elsewhere. Although eDNA research has revealed an enormous
biodiversity of microbial life at springs (e.g., Paulson and Martin,
2019; Espinosa-Asuar et al., 2022), we only include eukaryotes in this
study. Species lists for the three spring complexes were compiled
from available literature and consultation with taxonomic experts to
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FIGURE 1
Ash Meadows (A), Byarri (B) and Cuatro Ciénegas (C) with spring vents (triangles), the approximate area of the surrounding scalded habitat (black
line), artificial canals (blue lines), and the topography (100 m contours) in the inset map indicating their location.

FIGURE 2
(A) Five Springs; a typical example of the springs at Ash Meadows depicting the deep water vent and the scalded environment surrounding the
springs (Photo: Lawrence Stevens); (B) Type Locality spring at Byarri depicting the typical shallow water vegetated wetlands dominated by endemic plant
species (Photo: Roderick Fensham); (C) Aerial view of part of wetlands and scalded surrounding environment at Cuatro Ciénegas (Photo: Italo Giulivo)
where a rim of stromatolite reef can be observed.
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confirm the species rank of undescribed species (See Supplementary
Material). Only taxa at the species level were included for
comparison. Our lists were sorted by taxonomic groupings and
required habitat(s).

The genera of endemic spring-dependent species occurring
within these three spring complexes but not otherwise known
from non-spring wetland habitats in the major catchment must
have either become isolated in the springs, evolved within the
springs, or accomplished long-distance dispersal to colonise the
springs. Such genera were identified using the Great Basin
(0.54 M km2), Lake Eyre Basin (1.20 M km2), the Rio-Grande
Basin (0.47 M km2) as the major catchments for Ash Meadows,
Byarri, and Cuatro Ciénegas, respectively.

Results

Geography of spring complexes

Ash Meadows springs are situated in a Mojave Desert valley in
south-western Nevada, with a mean annual rainfall of about 100 mm
(Figures 1, 2). The springs are supplied by a carbonate aquifer of
Cambrian limestone, which is exposed adjacent to the springs
forming Devils Hole Ridge to the east (Dublyansky and Spötl,
2015). These limestones have undergone major deformation,
including block faulting in the mid-Tertiary that caused north-
south orientated fractures, allowing discharge at the springs
(Schweickert and Lahren, 1997). A groundwater flow corridor of
about 120 km also extends northward from a recharge area in the
Spring Mountains, where mean annual rainfall is approximately
600 mm (Winograd et al., 1998) and is possibly supplemented by
other flow corridors (Dublyansky and Spötl, 2015).

Lying within the Amargosa River basin, Ash Meadows Valley
includes twelve large springs with associated aquatic and peripheral
riparian vegetation, as well as several dozen smaller hillslope springs
and Devils Hole. The latter is a 22 m long by 3.5 m sinkhole of non-
flowing groundwater in a sheltered bedrock crevice. The large springs
in Ash Meadows form open water pools several tens of meters in
diameter and reaching a depth of 10 m. Collectively, northern Ash

Meadows springs coalesce to form a large, vegetatedwetland called the
Carson Slough, which flows south and is impounded in two reservoirs.
The Carson Slough discharges into the Amargosa River basin. This
endorheic catchment terminates at an elevation of 80 m below sea
level on the south side of Death Valley. Prior to 1984, parts of Ash
Meadows were drained by irrigation canals, and the wetlands
sustained peat-cutting and alfalfa farming. Most of this springs
complex is now managed as a conservation reserve.

Water quality among Ash Meadows springs varies but is
generally moderately low in dissolved oxygen, moderately
mineralized, slightly above normal pH, and slightly warmer than
mean air temperature (Table 1), with Devils Hole maintaining a
constant temperature of 33°C.

Byarri is a complex of springs occurring over an area of 40 km2 of
scalded habitat within a semi-arid landscape (mean annual rainfall
461 mm) (Figures 1, 2). The springs are fed by a confined aquifer
composed of Jurassic sandstone where the fine-grained sediments of
the overlying aquitard have been thinned by erosion (Fensham and
Laffineur, 2022). The aquifer is within the subterranean Eromanga
Basin, a major component of the Great Artesian Basin. The recharge
for the springs occurs where the sediments outcrop in a flat landscape
approximately 30 km to the east and the potentiometric surface of the
aquifer is less than a metre above the ground surface in the spring
complex (Fensham and Laffineur, 2022). The springs are located at
the head of the catchment of Pelican Creek beneath a low scarp rising
40 m above a floodplain associated with ephemeral drainage, and
including two ephemeral lakes (Fensham and Laffineur, 2022). The
area where the springs occur is interspersed by clay scalds, calcrete and
aeolian sand dominated by spinifex (Triodia longiceps) hummock
grassland. The dominant land use has been sheep and cattle grazing,
although more than half of the area is now a conservation reserve.

The Byarri springs support vegetated wetlands with occasional
open water pools, varying in size up to 5.1 ha, although only 21 of the
216 springs are larger than 1000 m2. The water in these wetlands is
generally less than 1 cm deep, but up to 10 cm deep near the
discharge vents. The pH of these springs is relatively neutral but
the CaHCO3–type water leaves evaporites of alkaline salts
accumulating around the spring margins, creating scalded habitat
where pH reaches 10.3 (Fensham et al., 2021). Discharging

TABLE 1 Geographic information about the three spring complexes that form the focus of this study.

Ash meadows Byarri Cuatro ciénegas

Location 36.416, −116.308 −22.746, 145.432 26.878, −102.078

Mean annual rainfall (mm) 106 461 241

Discharge (Approximate)
(L.s-1)

704-821 Laczniak et al. (1999) 41 1100-1700 Wolaver et al. (2008)

Number of spring vents 68 216 237

Complex area (km2) 147.7 40.1 399.2

Temperature of discharge ° C (19) 27-33.6 Thomas et al. (1996),
Scoppettone et al. (2012)

14-45 Rossini, et al. (2017a) 18.6-35.0 Wolaver et al. (2013)

Water pH 7.4 Thomas et al. (1996) 6.0-9.0 Rossini, et al. (2017a), Fensham et al.
(2021)

5.9-8.5 Wolaver et al. (2013)

Conductivity (μS/cm) 3800 Thomas et al. (1996) 376-2004 Wolaver et al. (2013) 1394-5820 Hendrickson andMinckley (1985),
Johannesson et al. (2004)
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TABLE 2 Endemic aquatic and semi-aquatic species at three locations of spring complexes arranged in their taxonomic groups.

Category Ash Meadows Byarri Cuatro Cienagas with accents Number of
species

Plantae

Eudicots

Amaranthaceae Nitrophila
mohavensis+

1

Apiaceae Eryngium fontanum*, Hydrocotyle dipleura* 2

Asteraceae Grindelia fraxino-
pratensis*+

1

Campanulaceae Lobelia fenshamii* 1

Gentianaceae Centaurium
namophilum+

1

Haloragaceae Myriophyllum artesium* 1

Lentibulariaceae Utricularia fenshamii* 1

Orobanchaceae Cordylanthus
tecopensis*+

1

Phrymaceae Peplidium sp. 1

Monocots

Eriocaulaceae Eriocaulon aloefolium, E. carsonii*, E. giganticum 3

Liliaceae Calochortus
striatus+*

1

Orchidaceae Spiranthes
infernalis

1

Poaceae Chloris
circumfontinalis+*,
Sporobolus
pamelae+*

2

Animalia

Platyhelminthes

Tricladida; Dugesiidae Dugesia artesiana 1

Annelida

Hirudinea

(Continued on following page)
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TABLE 2 (Continued) Endemic aquatic and semi-aquatic species at three locations of spring complexes arranged in their taxonomic groups.

Category Ash Meadows Byarri Cuatro Cienagas with accents Number of
species

Arhynchobdellida; Hirudinidae Bassianobdella sp. 1

Gastropoda Caenogastropoda

Littorinimorpha; Assimineidae Assiminea cienegensis 1

Bithyniidae Gabbia fontana 1

Cochliopidae Tryonia angulata,
T. elata, T. ericae, T.
variegata

Chorrobius crassilabrum, Coahuilix hubbsi, C. landyei, Cochiliopina milleri,
Juturnia coahuilae, Mexipyrgus carranzae Mexithauma quadrpaladium,
Paludiscala caramba

12

Hydrobiidae Pyrgulopsis
crystalis, P.
erythopoma, P.
fairbanksensis, P.
isolata, P. licina, P.
nanus, P. pisteri, P.
sanchezi*, P.
sp. “Longstreet
springsnail” t

Pyrgulopsis acarinatus, P. manantiales, P. minckleyi 12

Lithoglyphidae Phreatomascogos gregoi 1

Tateidae Edgbastonia acuminata, E. allanwillsi, E. corrugata, E. edgbastonensis, E.
jesswiseae, E. pagoda, E. pallida, E. rugosa, E. zedilerorum

9

Planorbidae Glyptophysa sp., Gyraulus edgbastonensis 2

Arthropoda

Crustacea

Branchiopoda

Anomopoda; Daphniidae Ceriopahnia laticaudata 1

Hexanauplia

Harpacticoida; Darcythompsoniidae Leptocaris stromatolicolus 1

Malacostraca

Amphipoda; Chiltoniidae Austrochiltonia sp. 1

Hadziidae Mexiweckelia colei; Paramexiweckelia particeps 2

Decapoda; Atyidae Caridina thermophila* 1

Palaemonidae Palaemon suttkusi 1

(Continued on following page)
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TABLE 2 (Continued) Endemic aquatic and semi-aquatic species at three locations of spring complexes arranged in their taxonomic groups.

Category Ash Meadows Byarri Cuatro Cienagas with accents Number of
species

Isopoda; Cirolanidae Speocirolana thermydronis 1

Maxillopoda

Cyclopoda; Cyclopodidae Eucyclops cuatrociénegas 1

Ostracoda

Podocopida; Cyprididae Candonocypris sp. 1

Arachnida

Sarcoptiformes; Trhypochthoniidae Trhypochthoniellus churincensis 1

Insecta

Coleoptera; Dytiscidae Agabus rumpii 1

Elimidae Microcylloepus
similis; Stenelmis
calida

2

Hemiptera; Naucoridae Ambrysus
amargosus, A.
relictus

2

Odonata; Libellulidae Nanophya fenshami+ Libellula coahuiltecana+ 2

Chordata

Actinopterygii

Atheriniformes; Pseudomugilidae Scaturiginichthys vermeilipinnis 1

Cichliformes; Cichlidae Herichthys minckleyi 1

Cypriniformes; Cyprinidae Notropis xanthicara 1

Cyprinodontiformes; Cyprinodontidae Cyprinodon
diabolis, C.
nevadensis*,

Cyprinodon atrorus, C. bifasciatus, Lucania interioris 5

Poeciliidae Gambusia longispinis, Xiphophorus gordoni 2

Goodeidae Empetrichthys
merriamit

1

Gobiiformes; Oxudercidae Chlamydogobius squamigenus 1

Perciformes; Percidae Etheostoma lugoi 1

Reptilia

(Continued on following page)
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groundwater is not geothermal, although temperatures in the pools
vary between about 5 °C and 40 °C, depending on distance from the
discharge point, and seasonal and diurnal conditions (Rossini, et al.,
2017a). Conductivity is 300 μS cm-1 within the wetlands but can be
higher than 100,000 μS cm−1 in the scalded terrestrial habitats
surrounding the spring pools (Fensham et al., 2021). Total
discharge from the springs has been estimated as 22 L s−1, has
been substantially lower in the recent past but was almost
certainly higher prior to extraction by free-flowing bores for
pastoralism (Fensham and Laffineur, 2022).

Cuatro Ciénegas is a spring complex in the Mexican state of
Coahuila, with a mean annual rainfall of 241 mm (Figures 1, 2). The
springs occur at the base of the Sierra San Marcos Mountains, which
rise 700 m above the surrounding plains. The springs are fed by a
regional aquifer of folded Cretaceous limestone discharging through
faults but is also supplemented in places by locally recharged water
(Wolaver and Diehl, 2011; Wolaver et al., 2013). Hundreds of
springs feed a mosaic of vegetated wetlands connected by
channels, with individual wetlands up to 100 ha. Channels drain
the springs and wetlands and there are open water pools up to 4 ha in
size and 15 m deep. The pH of Cuatro Ciénegas waters ranges from
9 in shallow ponds to neutral in deeper springs, and both Ca HCO3-
and Ca SO4–type waters occur, resulting in extensive travertine and
gypsum deposits that form dunes and scalded habitat (Wolaver
et al., 2013). Most of the groundwater is moderately geothermal,
ranging up to 35 °C (Table 1). Discharge from the springs has been
estimated between 1100 and 1700 L s−1 (Wolaver et al., 2008). Even
though the biota of the springs are protected in a conservation
reserve, the water is subject to the national water distribution
program, Ley Nacional de Agua. The wetlands continue to be
dewatered since the outflow from the springs is drained by canals
that divert the flow for intensive agriculture downstream (Leal Nares
et al., 2022). These impacts have lowered the water table and
diminished the wetland habitat area (Hendrickson and Minckley,
1985).

Endemic species

The currently-known aquatic and semi-aquatic endemic species
number 34 at Cuatro Ciénegas, 31 at Byarri, and 27 at Ash Meadows
(Table 2). Endemic aquatic and semi-aquatic plant species,
represented by 12 eudicot and monocot families, number 11 at
Byarri, six at Ash Meadows and none at Cuatro Ciénegas. There are
nine aquatic endemic plant species at Byarri and only one at Ash
Meadows. The animal phyla Platyhelminthes and Annelida are
represented by single endemic species at Byarri but are not
known from the other two locations. Endemic gastropods from
seven families are represented at all three sites, with twelve extant
and one extinct species at AshMeadows, twelve species at Byarri and
13 at Cuatro Ciénegas. Small truncatelloidean gastropods are
particularly diverse at all sites. Of these, Pyrgulopsis
(Hydrobiidae; nine species) and Tryonia (Cochliopidae; four
species) constitute the only two families of aquatic gastropods
represented at Ash Meadows while at Cuatro Ciénegas these
same families are present, with eight cochliopids and three
hydrobiids, together with a lithoglyphid and an assimineid. At
Byarri nine species of Tateidae are present, along with aTA
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bithyniid. Crustacea are represented at Byarri (three species) and
Cuatro Ciénegas (seven species). Aquatic arachnids are
represented by a species of mite at Cuatro Ciénegas. Aquatic
insects are well represented at Ash Meadows, with three beetle
(Coleoptera) and two true bug (Hemiptera) species. There are
single endemic dragonfly (Odonata) species at both Byarri and
Cuatro Ciénegas. There were five endemic fish species in three
families at Ash Meadows (although the goodeid
Emepetrichthyes merriami is now extinct). There are two
species in two families of endemic fish at Byarri, and eight
species in four families at Cuatro Ciénegas. Three species of

turtle and one species of lizard at Cuatro Ciénegas are the only
aquatic or semi-aquatic reptiles.

The currently known terrestrial endemic species are represented
by at least two species at Ash Meadows, five at Byarri and 26 at
Cuatro Ciénegas (Table 3). Plants are represented across eleven
eudicot families, with two species at Ash Meadows, four species at
Byarri and 17 species at Cuatro Ciénegas. Endemic terrestrial
arthropods are represented by one species of spider at Byarri,
and by two species of scorpions, four beetle species and a single
moth species at Cuatro Ciénegas. There are two endemic species of
lizards in terrestrial environments at Cuatro Ciénegas, but no

TABLE 3 Endemic terrestrial species at three locations of spring complexes sorted arranged in their taxonomic group.

Category Ash
meadows

Byarri Cuatro ciénegas Number of
species

Plantae

Eudicots

Acanthaceae Justicia coahuilana 1

Agavaceae Agave scabra 1

Aizoaceae Gunniopsis sp.,
Trianthema sp.*

2

Amaranthaceae Sclerolaena sp.* 1

Asteraceae Calocephalus birchii* Dyssodia gypsophila, Erigeron cuatrocienegensis, Gaillarida gypsophila,
Haploesthes robusta, Machaeranthera gypsophila, M. restiformis,
Xylothamia truncata

8

Boraginaceae Nama cuatrocienegense, Phacelia marshalljohnstonii, Tiquilia turneri 3

Cactaceae Ancistrocactus breihamatus, Coryphantha echinus 2

Fabaceae Astragalus
phoenix

Mimosa unipinnata 2

Gentianaceae Sabatia tuberculosa 1

Loasaceae Mentzelia
leucophylla

1

Malvaceae Abutilon pinkavae 1

Arthropoda

Arachnida

Araneae Venatrix sp. 1

Scorpiones Paruroctonus coahuilanus, Serradigitus calidus 2

Insecta

Coleoptera Aeolus cuatro, Horistonotus coahuila, Stenomorpha roosevelti,
Trichiotes lightfooti

4

Lepidoptera Callistege clara 1

Chordates

Squamata Aspidoscelis scalaris, Gerrhonotus mccoyi 2

Grand Total 2 5 26 31

Total of species known only from
individual location

2 2 26 33

Species with a distribution in spring wetlands beyond the individual location (*) are indicated. The source of this data is provided in the Supplementary Material.
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endemic terrestrial vertebrate species at the other two spring
locations.

The fish genus Empetrichthys is endemic to Ash Meadows and
another four genera from Ash Meadows (Cyprinodon,
Microcylloepus, Ambrysus, and Stenelmis) occur only in spring-
fed wetland and streams within the Great Basin catchment. One
genus (Scaturiginichthys) is endemic to Byarri and another four
genera from Byarri (Candonocypris, Edgbastonia, Eriocaulon and
Hydrocotyle) occur only in spring wetlands from the Lake Eyre
catchment. Five genera (Chorroibius, Mexipyrgus, Mexithauma,
Paludiscola and Phreatomascogos) are endemic to Cuatro
Ciénegas and another Pyrgulopsis from Cuatro Ciénegas occur
only in spring wetlands from the Rio Grande catchment.

Discussion

This compilation of macro-organisms from these three locations
on two continents demonstrates that an extraordinary concentration
of local (fine-scale) endemism occurs in habitats associated with
arid-land springs. The largest of the three locations, Cuatro
Ciénegas, is only 399 km2 in area but provides habitat for
60 species known only from spring-associated habitats at that
location. Ash Meadows and Byarri are even smaller in area
(Table 1) and both have 24 species restricted to those locations.
There are an additional five species at Ash Meadows and 12 species
at Byarri that are only known from habitats associated with springs,
but also occur further afield than those two individual locations (see
Supplementary Material). Eukaryote endemism at these sites is
associated with a broad range of phyla (plants, platyhelminths,
annelids, molluscs, arthropods and chordates), but these levels of
endemism may even be greater when comprehensive surveys are
complete and taxonomy resolved. There is also likely a vast but
largely undescribed array of microbial taxa and eDNA will be an
important tool to reveal that diversity (Souza et al., 2006; Moreno-
Letelier et al., 2012; Paulson and Martin, 2019). A species of
cyanobacteria that forms macro-colonies at Byarri is the single
described endemic prokaryote from any of three sites (McGregor
and Sendall, 2017). Endemic species are not only associated with the
aquatic environments of the spring wetlands but also with the
scalded saline areas around the wetlands.

Many of these endemic species are related to taxa that are
distributed regionally, particularly in the terrestrial environments
(see Supplementary Material). However, five aquatic and semi-
aquatic endemic species at Ash Meadows, five at Byarri and six
at Cuatro Ciénegas are from genera without congeneric relatives in
non-spring habitats in the major catchments where they currently
occur. These genera have either evolved in springs as paleo-
endemics, been isolated after the extinction of ancestors, or have
radiated after unlikely long-distance dispersal across major
catchment divides.

Spring-associated endemic aquatic plant species are diverse at
Byarri but are relatively few in North America (Table 1). Endemic
beetles and Hemiptera have only been described from Ash
Meadows. Endemic snails, particularly those in the
caenogastropod superfamily Truncatelloidea occur at all
locations. Scaturiginichthys (Byarri) and Empetrichthyes (Ash
Meadows) are fish genera entirely restricted to spring habitats. A

lizard and three species of semi-aquatic turtle are confined to Cuatro
Ciénegas and are the only other non-fish chordates at any of the
locations. The last association is probably dependent on the
especially large size of the wetlands at Cuatro Ciénegas, which
have twice the discharge of Ash Meadows, and about 30 times
greater discharge than Byarri.

The high diversity of endemic aquatic plant species at Byarri and
their scarcity at the other two locations is difficult to explain. These
plant species are perennial and form short, rhizomatous mat-like
colonies, a growth form that occurs widely throughout the springs of
arid and semi-arid Australia (Fensham et al., 2004). This growth
form may be particularly well adapted to small wetlands with a
constant flow, but like grasses are also adapted to grazing. Such
islands of green forage in a barren landscape are occasionally subject
to extreme grazing pressure from livestock and feral and native
herbivores. Populations of endemic plants, such as Eriocaulon
carsonii can be greatly diminished by intense grazing and
pugging by feral pigs, only to recover when these pressures are
reduced (R. Fensham pers. obs.). The springs-dependent endemic
plants of Australia have been subject to intense herbivory pressure
from marsupials including extinct Pleistocene megafauna (Johnson,
2006) over evolutionary time; thus, the perennial mat-forming
growth form may partly be an adaptation to withstand herbivory.

Spring wetlands represent tiny aquatic islands surrounded by
a vast “sea” of harsh desert habitat and are extremely isolated from
other aquatic habitats. Thus, a species that has dispersed or
become trapped in a spring-fed wetland has evolved into a new
form under reduced competition with its ancestral relatives. For
this allopatric evolution to occur, the spring habitats must be
relatively persistent and isolated over at least recent evolutionary
time. The magnitude of these timescales is partly informed by the
age of spring wetland complexes. For example, the spring deposits
at Ash Meadows lie in the Great Basin, which was subjected to rain
shadow aridification beginning in Miocene time. Ash Meadows
contains spring mound deposits dating to 3.2 my ago. Surface
water connections existed with Owens Valley and through the
Pleistocene advances and retreats of Lakes Tecopa and Manly in
the lower Amargosa River drainage (Phillips, 2008). Thus, while
largely surrounded by Paleozoic limestones and dolomites (Denny
and Drewes, 1965), its Neogene sedimentological history indicates
that groundwater expression has been commonplace in Ash
Meadow for several million years. Also, periodic but
intensifying aridification, has reduced spring density and
discharge over time (Denny and Drewes, 1965; Hay et al.,
1986; Menges, 2008).

In Australia, the aridification of the interior of the continent
commenced about 4 Ma, and formation of the major dune fields,
that are still in place today, commenced about 1 Ma (Fujioka et al.,
2009). This time-scale coincides with the evolutionary lineages that
represent much of the contemporary arid-zone flora (Byrne et al.,
2008). The hydrological gradient of the Great Artesian Basin is the
result of large synclinal structure uplifted and exposed from the
development of the Great Dividing Range in the vicinity of its
eastern margin (Habermehl, 2020). The timing of this orogeny
remains controversial, but Ollier (1982) opined that it mostly
occurred between 90 and 30 Ma. The suggested age of the
springs towards the western margin in the Lake Eyre region is
late Tertiary (Jessup and Norris, 1971), and a <2 Ma time frame is
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consistent with the uranium series disequilibrium dating of
travertine deposits that are <1 my old (Priestley et al., 2018).

Deep phylogenetic divergence of species lineages of snails
(Ponder et al., 1995; Perez et al., 2005; Murphy et al., 2012;
Ponder et al., 2019) and isopods (Guzik et al., 2012) in isolated
springs complexes of the Great Artesian Basin in Australia suggest
they are derived from ancestors much older than 2 Ma. At Cuatro
Ciénegas sub-populations of the endemic snail Mexipyrgus
churinceanus occupy isolated drainage areas within the springs
complex and appear to represent distinctive lineages that shared
a common ancestor 2.5 Ma (Johnson, 2005). These timescales
support the understanding that at least some of the species
represented in desert springs are paleo-endemics representing
relictual lineages from previous, more mesic environments.

There is also clear evidence that some of the endemics in spring-fed
wetland habitats are neo-endemics. The endangered devils hole pupfish
(Cyprinodon diabolis) is characterised by its small population size and
its lack of pelvic fins. It has a population less than 1000 individuals and
breeds exclusively on a shallow 3.5 by 5 m ledge near the surface of a
subaqueous cavern, which is its sole habitat. Long thought to be a
Pleistocene relic (Echelle, 2008), recent genetic studies (subject to
considerable debate) indicate that the species diverged from its sister
taxon Cyprinodon nevadenesis less than 10,000 ya (Sağlam et al., 2017;
Sağlam et al., 2018) and possibly less than 1,000 ya (Martin et al., 2016;
Martin et al., 2017). At AshMeadows, lineages of hydrobiid snails in the
genus Pyrgulopis exhibit both deep structure, suggesting divergence
during the Pliocene, and also shallow structuring indicating divergence
younger than 0.7 Ma (Hershler and Liu, 2008). The latter in some cases
appear to have involved cross-catchment dispersal.

To what extent is the endemism of the springs associated with
their unusual geochemistry? The terrestrial endemic plant species
are associated with unusual alkaline soda rich (NaHCO3) or neutral
gypsum-rich (CaSO4) saline environments. These environments are
a product of the evaporites of the groundwater and the endemic
halophytes have a specific adaptation to these specialised
environments (Fensham et al., 2021).

Aquatic conditions in the springs themselves are generally more
benign than the surrounding ‘scalds’, with relatively neutral or slightly
alkaline pH at all three sites (Table 1). A simple experiment where the
spring endemic plant Eriocaulon carsonii was grown under a range of
pH conditions indicated that the species is equally able to tolerate
alkaline (pH 7.0-7.7) and neutral (pH 6.4-7.0) conditions but is
intolerant of acid conditions (pH of 4.1–4.4). Experiments on
endemic snails indicate conditions become lethal when salinity is
more than 15,000 μS/cm and temperatures <5°C and >40°C,
conditions corresponding to the variation within the aquatic
environments of the springs but exceeded in the shoreline
conditions where evaporation concentrates salt (Ponder et al., 1989;
Rossini, et al., 2017b). There is no evidence from these experiments that
the snails are impeded in ‘soft’ waters with low salinity and neutral pH.
Breeding populations of the endemic fish Scaturiginichthys
vermeilipinnis can be maintained in water from Brisbane main water
supply (P. Johnson pers. comm.). Disparities between physical and
microbial environments of natural and artificial habitats may account
for the limited recruitment of populations of the devils hole pupfish in
the artificial habitat (Sackett et al., 2018). The extent that the
geochemical environment of springs is a critical determinant of the
habitat of endemic species requires further study.

The species list generated here includes taxa that are not yet
formally described and excludes species at the sub-species level. A
comprehensive taxonomy of the species in spring wetlands
supported by molecular data will help to resolve the true levels of
endemism in spring habitats and may identify cryptic species that
are difficult to distinguish using morphology alone but may be only
distant relatives due to the long periods of isolation in separate
spring complexes. Such potential for cryptic speciation already has
been recognised among amphipods that occupy individual artesian
springs in South Australia (Guzik et al., 2012) and the American
Southwest (Adams et al., 2018). Populations of a grass species,
Cenchrus purpurascens, in isolated spring wetlands are
morphologically indistinguishable from other populations across
Asia and Australia (where it has been considered an exotic weed) but
have been shown to have diverged in the order of 105–106 ya (Toon
et al., 2018). In other cases, as for the devils hole pupfish, further
study will reveal when species have morphologically diverged.

Conclusion

The concept of species endemism only has meaning in reference
to a defined area or habitat (Shipley and McGuire, 2022). Endemism
can be associated with specialised habitats at local scales, for example,
cloud-forests, distinctive geological formations, coral reefs or
wetlands. In this context and in lieu of comparative studies, the
spring ecosystems at AshMeadows, Byarri and Cuatro Ciénegas have
some of the highest documented concentrations of endemic species
in the world and highlights the critical importance of desert springs
as specialised habitats. There is evidence from genetic analyses of
these organisms that some pre-date Tertiary aridification and
subsequent isolation in the springs, while others result from much
more recent dispersal and rapid divergence in these unusual but
constant habitats. The biota of spring habitats consists of both paleo-
endemic taxa that evolved before 106 ya, as well as neo-endemic taxa
that are likely much younger. There are many springs that do not
have high concentrations of endemics and the environment,
distribution and history of these springs will undoubtedly help
explain the situations where the endemics occur. Our
understanding of the biology of these three locations on two
continents may be at least partly a product of the extent to which
they have been biologically surveyed. Desert spring complexes
around the world await investigation.
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