This is the final peer-reviewed accepted manuscript of:
Cantonati M.; Stevens L. E.; Segadelli S.; Springer A. E.; Goldscheider N.; Celico F.; Filippini M.; Ogata K.;
Gargini A.: Ecohydrogeology: The interdisciplinary convergence needed to improve the study and
stewardship of springs and other groundwater-dependent habitats, biota, and ecosystems. Ecological
indicators. 110. 1470-160X. DOI: 10.1016/j.ecolind.2019.105803

The final published version is available online at:
http://dx.doi.org/10.1016/j.ecolind.2019.105803

Rights / License:
The terms and conditions for the reuse of this version of the manuscript are specified in the
publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/)

When citing, please refer to the published version.

who demonstrated that the hydrological stability of many springs and
springs-associated biota is determined by the hydrogeological features
of the parent aquifer. The proposed classifications are generally related
to natural GDE conditions, not to springs that have been diverted for
human use or created by anthropogenic activities. However, the majority of springs in many landscapes have been dominated by human
activities for millennia (e.g., Haynes, 2008 in North America; Cuthbert
and Ashley, 2014 in the Old World), and are today partially or fully
diverted, ecologically impaired, or obliterated (Stevens and Meretsky,
2008; e.g., Ledbetter et al., 2019). Because humans have relied on and
altered springs throughout our evolution and history, our impacts must
be taken into account in both research and stewardship (Stevens et al.,
2016).
3.3. Freshwater springs lithology/geology and biota
The physical and chemical characteristics of emerging groundwater
are determined by the geological settings and regional climate features,
and often are modified by the indirect and direct impacts of human
activity elsewhere (in Fig. 2 all environmental influences and impacts
on the aquifer-spring-surface-water system can be influenced by anthropogenic activities). Such water quality interactions directly influence algal, macrophyte, invertebrate, vertebrate biodiversity, assemblage structure, and trophic dynamics.
3.3.1. Algae
Spring algal assemblages often largely constitute the aquatic foodbase of spring sources. These assemblages include both generalists and
species that preferentially occur at spring sources and in comparable
habitats (e.g., Cantonati et al., 2010, 2012c). Springs are often subjected to severe anthropogenic impacts, particularly alteration of the
morphology of the springhead and contamination from increased nitrate concentrations. These impacts are clearly identifiable using
diatom assemblages (e.g., Angeli et al., 2010). Werum and LangeBertalot (2004) studied the geologically-heterogeneous region around
the city of Frankfurt (central Germany, Hessen). On the basis of hydrogeological criteria and hydrochemical analyses, eight spring groups
could be recognized, and each of these was found to host its characteristic diatom assemblage. For epilithic (those living on stony and
rocky substratum) algae and lichens, the lithology determining the
hydrochemistry of the aquifer is generally more important than the
petrography of the rocky material on which they grow. This was evident for calciphile species, such as the red alga Hildenbrandia rivularis
and the aquatic lichen Verrucaria eleomelaena, thriving on igneous
(granites, granodiorites, tonalities etc.) boulders and cobbles (covers by
glacial quaternary deposits) at the site of emergence of springs with
typical calcium-bicarbonate chemistry (limestone-dolomite aquifers)
(M. Cantonati, unpublished data). Contrary to what is known for several groups of invertebrates, in particular water mites (e.g., Cantonati
et al., 2012), few diatom species occur exclusively in springs (crenobiontic taxa; one exception may be Gomphonema montezumense
Czarnecki and Blinn, 1979). However, there are diatom species that
occur preferentially in springheads + spring-fed streams, and comparable habitats. For example, Cymbella tridentina is characteristic of
springs and the upper part of spring-fed streams in the Dolomites and
calcareous Alps (Cantonati et al., 2010). Algae and cyanobacteria
turnover can occur when the geological substratum changes, and so
called ‘vicariant species’ replace each other. For instance, the cyanoprokaryote genera Chamaesiphon and Tapinothrix are particularly
common in mountain, relatively pristine waters but Chamaesiphon
fuscus occurs in the low-conductivity waters of igneous rocks and is
replaced by C. geitleri in the more mineralized waters on limestones and
dolostones. Analogously, Tapinothrix janthina occurs in low alkalinity
waters on hard rocks, to be replaced by T. varians on carbonate rocks
(e.g., Cantonati et al., 2015). The diatom Achnanthidium dolomiticum
(Cantonati and Lange-Bertalot, 2006) was described from the Dolomites

(Dolomiti Bellunesi, eastern Alps, Italy) a s t ypical f or a quatic h abitats
characterized by d olostone i nfluence on t heir GW-flow system. The
species c ould a lso be c haracterized a s e piphytic ( living on p lant-like
substratum, f or i nstance on bryophytes i n springs, or on vascular
plants i n lakes), a nd t ypically i nhabiting t he d epth z one
influenced by water-level f luctuations i n lakes a nd springs a ffected
by d ischarge f luctuations ( Cantonati e t a l., 2 012). More recently, A.
dolomiticum was f ound a lso i n springs e merging f rom ophiolitic
rocks, mainly p eridotite a nd serpen-tinite ( Kamberović e t a l., 2 019),
and t his c onfirmed a supposed p re-ference of t he species f or a boveaverage magnesium c oncentrations.
3.3.2. Vascular plants
Some aquatic and terrestrial vascular plant species are nearly or
entirely restricted to springs. For example, aquatic Texas wild rice
(Zizania texana) occurs only along the spring-fed headwaters of the San
Marcos River in Texas (Poole and Bowles, 1999). Spring-supported alkaline meadows in Ash Meadows, Nevada support several endemic
plant species (i.e., Nitrophila mohavensis and Zeltnera namophilum;
Beatley, 1977). Floating-mat and iron-precipitating fens in central
Rocky Mountains support populations of the rare roundleaf sundew
plants (Drosera rotundifolia; Wolf et al., 2006).
3.3.3. Invertebrates
The global list of crenobiontic invertebrates is enormous, but no
comprehensive global list has, to our knowledge, yet been developed.
Synopses of regional springs-dependent invertebrates include those of
Williams and Danks (1991), Erman and Erman (1990), Botosaneanu
(1998), Spitale et al. (2012), and Springs Online (Springs Stewardship
Institute, 2019), as well as other reviews. Among the most comprehensive analyses of crenobiont endemism and evolution is the work by
Robert Hershler and his colleagues on North American Hydrobiidae
springsnails (summarized in Hershler and Liu, 2017). Why the diversity
of crenobiontic invertebrates so vastly outnumbers that of crenobiontic
vascular plants remains unexplained.
3.3.4. Vertebrates
Rather many fish and amphibian species are springs-dependent,
while numbers of reptilomorphs and higher vertebrates are relatively
few. Springs dependence is abundantly evident among fish in arid regions, such as the American Southwest and central Australia (e.g.,
Minckley and Deacon, 1991; Unmack, 2001; Stevens et al., 2019b), but
has been less intensively studied in mesic and tropical regions. Also, the
role of springs in imprinting and homing of riverine and anadromous
fish may be important but has received insufficient attention. Amphibians, such as the Amargosa toad, ranid frogs, and cryptobranchid
hellbender salamanders often are endemic to springs or spring-fed
reaches of headwater streams, and several species of garter snakes
(Thamnophis spp.) are springs-dependent in the American Southwest
(Stevens et al., 2019b). Only one bird population to our knowledge can
be clearly described as springs-dependent: the southwestern USA population of American Dippers (Cinclus mexicanus), which nest exclusively near or behind madicolous flows in spring-fed headwater
streams. In other portions of its range it nests in such habitats along
higher order streams and rivers. Only a few North American mammal
species can be considered crenophilic or crenobiontic, including Florida
manatees (Trichechus manatus latirostris), which winter in the warmer
waters of inland springs, and water shrews (Sorex palustris), which
routinely forage in high elevation, high latitude spring-fed headwater
streams.
3.4. Karst ecohydrogeology, limestone precipitating springs (LPS), and
biocalcification
The water demands of approximately one quarter of global human
population are met using GW obtained from karst aquifers (Ford and
Williams, 2007). The huge practical relevance of karst aquifers, of

which decision makers and the public need to recognize,
ignited, among other initiatives, the World Karst Aquifer Mapping
(WOKAM) project (Chen et al., 2017). WOKAM produced a world map
and data-base of karst aquifers, also including selected karst springs
and caves, acknowledging that karst springs are the “entrance” to
karst conduits and caves. We regard this as a prominent example of
how enhanced collaboration among disciplines can improve
understanding and man-agement of karst ecohydrogeology and water
supplies.
Karst a quifers a nd a ssociated h abitats a lso a re relevant t o
regional biodiversity a nd e cology ( e.g., Goldscheider, 2 019). S pecies
in t he g enus Niphargus (Amphipoda) a re c rustaceans t hat a re
endemic t o i n-dividual karst springs/aquifers; e .g., F išer, 2 012).
For e xample, t he a mphipod Niphargus poianoi was d escribed f rom
the e vaporitic karst springs of P oiano i n northern Italy ( Karaman,
1988). Not only small i nvertebrates, but a lso large species c an be
endemic of karst a quifers ( e.g., large f ish i n karst i nland d esert
springs i n t he Arabian P eninsula; Krupp, 1992).
The structural-stratigraphic f ramework of t he subsurface
influences t he h ydrologic system by c ompartmentalizing GW f low
pathways a nd water quality, a nd c onsequently t he surface
expressions of mineral spring d eposits, t he a ccumulation of which
often a re mediated by bio-logical a ctivity ( see e .g. P edley, 2 009;
Jones a nd Renaut, 2 010 a nd references t herein). In t his
framework, c alcium c arbonate a ccumulation i n L imestonePrecipitating S prings ( L PS;see Cantonati e t a l., 2 016) represents t he
vast majority of c ases, with d eposits f rom t hermal springs
commonly t ermed a s “ travertines”, a nd t he ones originated f rom
non-thermal springs c ommonly t ermed a s “ tufas” ( e.g., Golubić e t
al., 2 008; Cantonati e t a l., 2 016).
For such situations the necessary CO2 commonly is derived from
the atmosphere and/or the soil cover (e.g., Celico et al., 2010).
None-theless, deeper sources related for instance to hypogenic
processes such as anaerobic degradation of hydrocarbons (e.g.,
Chakraborty and Coates, 2004) and metamorphism of carbonate
rocks (e.g., Ague, 2000; Bissig et al., 2006), also represent important
contributions to the de-velopment of such deposits, in which the
role of the geological back-ground appears to be even more
important. A showcase example of such deep surface–subsurface
interaction is represented by HC-related cold seeps detected on
modern sea floor (Laming et al., 2018).
The approach used in the hydrocarbon industry for the characterisation of dual porosity-permeability reservoir systems (e.g., Spence
et al., 2014), can be used to describe GW permeation in terrestrial
settings. Subsurface structural-stratigraphic heterogeneity, in fact,
controls the distribution and efficiency of GW flo w pat hways, given
favourable biological, physical, and chemical boundary conditions for
L PS formation at their emergence (see e.g. Pedley, 1990; Ford and
Pedley, 1996; Pentecost, 2005; Pedley, 2009; Jones and Renaut, 2010,
and references therein). Recently, a general, comprehensive model has
been developed by Cantonati et al. (2016), by subdividing LPS on the
basis of their integrated geological background. According to this
classification, f racture-related c ontribution t o permeability-porosity
appears crucial, with a continuum of processes-products from gravitational to tectonic end members. In this framework, vertically
persistent (deep-reaching) tectonic faults and large-scale fracture
corridor systems may promote rise of hypogenic CO2-charged GW,
related or unrelated to magmatic/hydrothermal activity (thermal
and non-thermal), with CO2 likely provided by oxidation of
thermogenic methane or meta-morphism of deeply buried carbonate
rocks (e.g., Frery et al., 2015).
From a practical standpoint, hydrogeology helps predict LPS location (Cantonati et al., 2016). This is a crucial factor considering that
LPS are the only widespread spring type included in the Annex I of the
Habitat Directive (EU-HD, 1992). LPSs harbour unique biota,
including calcifying mosses (e.g., Eucladium verticillatum and
Palustriella commu-tata), cyanoprokaryotes and diatoms, and, in
particular, the peculiar and habitat-specific d esmid m icroalga O
ocardium s tratum, a s w ell as vascular plants (Cochlearia bavarica,
Brassicaceae), midges (“chir-onomid tufa” inhabited by Tanytarsus

reissi), caddisflies (Rhyacophila pubescens), and even a calcium-carbonate encrusted moth fly (Pericoma trifasciata gr., Diptera Psychodidae)
(Cantonati et al., 2016).
In light of these close relationships, LPS studies on both the modern
(actual ecosystem) and ancient (paleo-spring ecosystem) counterparts,
can provide insight into short-term and long-term behaviour of subsurface fluid flow. Specifically, high-resolution stratigraphy coupled
with geochemical fingerprinting (major and trace elements) and stable
isotope analyses (e.g., C, O, Sr) can provide crucial information when
matched with other archives. By isolating “normal” baseline trends, the
punctuated signal of extreme climatic and/or tectonic events (e.g.,
floods, earthquakes) inferred to influence GW geochemistry (e.g.,
mixing of different fluid sources) and flow regime (e.g., variations in
transmissivity-interconnetivity of the matrix-fracture network) can be
recognized and used to validate modeling of combined tectonic-climatic
events in the recent geological record (Cantonati et al., 2016 and citations of examples therein).
The peculiar photoautotrophic component of LPS biota (calcifying
cyanobacteria, algae-especially the desmid Oocardium stratum, and
mosses) also offers a unique opportunity to study the complex process
of biocalcification. Hydrogeology is necessary for a correct understanding of O. stratum occurrence in springs and spring-fed streams
(mineralization level of the water), and the longitudinal development of
its niche in the spring-fed streams (governed by carbon dioxide degassing) (Rott et al., 2012).
To test Pfiester’s (1976) hypothesis that Oocardium stratum is often
overlooked because it develops in a habitat type rarely visited by
phycologists, Trobej et al. (2017) studied algal communities only in
springs with spring-associated limestone (SAL) deposits. They found the
species in 50% of the sites studied, supporting the hypothesis that this
species is more common than supposed, but that it occurs exclusively in
habitats with very specific hydrogeological characteristics, as described
above for LPS (see e.g., Cantonati et al., 2016). This is a typical example
of a biogeographic pattern that needs an ecohydrogeological perspective for correct interpretation.
4. Groundwater and GDE ecology
4.1. Groundwater-dependent ecosystems: classification
Acknowledging that the role of GW in surface ecosystems is still
insufficiently understood, Kløve et al. (2011) stress the importance of
developing conceptual models to explain GW-environment interactions,
and identifying hydrogeology and biodiversity as key aspects of GDEs.
Bertrand et al. (2011) point out that GDE classification should be primarily achieved by highlighting the ecological roles of GW, with a focus
on aquifer-scale processes, emergence-scale processes, and associated
biocoenoses. Eamus et al. (2016) list hydrogeological indicators and
biotic assemblages among the main techniques for identifying the location of GDEs in the landscape. Stevens et al. (2019b) emphasize that
the utility and disambiguation of GDE classification can be greatly
improved by employing an ecohydrogeological approach.
4.2. GDEs and primary anthropogenic impacts
The dependence of GDE on aquifer status relates quantitative or
qualitative impairment of the aquifer to the geochemical and ecological
integrity of the associated GW, springs, and other GDEs. Kløve et al.
(2011) note that GDEs also are highly threatened by a plethora of different land-use activities, as well as land use changes and climate
change. Groundwater pumping often is regarded as having a direct
local impact on the aquifer; however, regional impacts also may occur.
If not properly designed the construction of tunnels for large-scale
transportation, energy schemes (high speed railways, motorways) and
subterranean hydroelectric canals can generate irreversible regional
impacts on GW discharge and GDEs (Cantonati et al., 2016).

A recent and well documented case study concerns the High Speed
Train line between Bologna and Florence through the northern
Apennines (Italy). Between 1996 and 2009 a series of tunnels were
drilled through sedimentary hard-rock aquifers, mainly represented by
fractured turbiditic sandstones (Gargini et al., 2014). The tunnels, designed to lower the hydrostatic head, induced a water table drawdown
over a radius of influence of up to 6 km, causing the permanent or
seasonal desiccation of a number of springs and spring-dominated
stream reaches. The impacts were spread throughout fault and fracture
zones connecting the tunnels to the surficial discharge points (Gargini
et al., 2008). Hydraulic connectivity was convincingly demonstrated
through tracer tests (Vincenzi et al., 2009; 2014). Now, 10 years after
completion of the railway line, tunnel drainage has reached a steady
state condition, and currently acts as a large spring, showing a discharge regime consistent with the local spring outflow regime. It has
been estimated that 53% of the total amount of stream base flow
(700 L/s) was subtracted from natural runoff and is now discharged at a
lower base level at the tunnel main portals (Vincenzi et al., 2014).
Other documented references about the impacts of tunnels against
groundwater flow systems are presented in: Massoli-Novelli and Petitta,
1997; Petitta and Tallini, 2002; Masset and Loew, 2010. The first two
refer to the highway tunnel through the Gran Sasso karst massif in
Central Italy, while the latter refer to the hydrological effects of various
tunnels drilled through crystalline and metamorphic hard rock aquifers
in the Aar and Gotthard massifs (Switzerland).
These case studies emphasize that groundwater issues must not only
be considered at local scales in relation to safety of drilling procedures
and consolidation measures at the drilling face of the tunnel, but also at
a broader spatial scale to minimize potential negative impacts on GDEs
(Bertrand et al., 2011). Broader consideration and planning will provide protection and mitigation measures, such as more effective sealing
of tunnels, and identify options such as sealing losing reaches of streams
or creating small reservoirs to guarantee environmental flows.
4.3. Ecohydrogeological indicators and GW flow systems (indicators of
hydrological discharge)
Spring-discharge changes reflected by shifts in electrical conductivity can influence spring biota. The appearance of Niphargus species (amphipod crustaceans) was examined in two studies in the
northern Apennines (Italy): the Mt. Zirone and Mt. Prinzera ophiolite
hard-rock aquifers (HRAs; Fig. SS1 in supplementary material). These
isolated, km-sized ultramafite bedrock bodies are bordered and underlain by aquitard units, predominantly characterized by polygenic
breccias having a fine-grained matrix (Fig. SS2 in supplementary material). Spring flow and geochemistry was monitored daily to weekly for
16 months (Segadelli et al., 2017a,b). Electrical Conductivity at 25 °C
(EC) was positively related to the flow of perennial basal springs, located along the contact between ophiolite HRA and underlying aquitard
(Segadelli et al., 2017a,b): EC increased with increasing flow during the
charging phase (Fig. 3). In addition, depigmented, stygobiontic living
specimens of niphargid amphipods, identified as Niphargus sp. aff. puteanus (Fig. SS3 in supplementary material; Bottazzi et al., 2011) appeared during discharge peaks. Correspondence between main precipitation peaks, flow-rate increases, and occurrence of niphargids is
clearly recognizable in Fig. 4. Similar observations were made at a
spring on Mt. Prinzera (P10 in Segadelli et al., 2017), but only during
the autumnal recharge phase (Fig. 5). Segadelli et al. (2017a,b) developed a conceptual hydrogeological model (briefly summarized in
SM), through which we hypothesize that links between increased Niphargus sp. aff. puteanus occurrences and EC values are due to enhanced
spring flow rates, mainly caused by the arrival in the feeding aquifer of
newly infiltrated waters with the consequent sudden increase in the
hydraulic head. This abrupt increment and the subsequent pressure
wave likely favoured mobilization of large volumes of deeper and more
mineralized waters, along with the displacement of the hypogean

organisms that live in the immediate vicinity of the spring (Fig. 6).
Among the possible practical implications, this approach can provide important benefits such as: – optimization of detection, monitoring
and sampling activities of hypogean fauna; – use of the measured
Niphargus dimensions (ranging from a minimum of a few millimeters to
a maximum of 8 mm) as a proxy for pore/fracture dimensions; – fast
tracking of intense pulses of concentration of chemical and physical
parameters that may have a significant effect on spring biota.
Based on the conceptual hydrogeological scheme outlined (Segadelli
et al., 2017a,b), it is possible to assume that deep GW circulation over a
hydrological year can influence the seasonal behaviour of the hypogean
organisms living in the feeding aquifer, along with controlling the EC
fluctuations in the associated spring waters and the possible concentrations of other chemical components present in spring waters.
Such effects suggest a strong control of the subsurface structural-stratigraphic architecture on directional preferential pathways of GW flow
and aquifer compartmentalization, in a way conceptually similar to the
“plumbing” system developed for karst settings (see below).
4.4. Flow in karstic systems: nutrients & scenic red dinoflagellate blooms
(Lake Tovel)
Lake Tovel in the Brenta Dolomites (Italy, southeastern Alps, Unesco
World Heritage site) was known as being affected by red dinoflagellate
blooms which ceased in 1964. This lake is characterized by a karstic
drainage in the upper part of the drainage basin, and by a pseudokarstic
circulation around the lake, due to the presence of a thick glacial deposit (Ferretti and Borsato, 2006). The porous nature of the upper part
of the glacial rim is also the cause of marked seasonal water-level
fluctuations (WLFs), and the lake has been used also as a model system
for lakes affected by relevant natural WL Fs (e.g., Cantonati et al.,
2014a,b). Also planktic rotifer-crustacean interactions could be shown
to be mainly driven by water-residence-time (Obertegger et al., 2009).
This ecohydrogeological approach ante litteram has provided definitive
confirmation that the red discolouring was due to localized inputs of
nutrient-enriched GW. The spatial distribution of the bloom within the
lake, and its correlation with the points of GW input into the lake
(perilacustrine, mostly submerged springs), and identified using the
tracers uranine and tinopal CBS-X, confirmed that the mass dinoflagellate proliferation was a localized reaction to nutrient input. This
inflowing water was affected by sewage generated by cow cattle-barn
management practices before 1965 (Borghi et al., 2006). The use of
tracers also showed that the hydrology of the lake was dominated by
GW input and flow through the lake (Ferretti and Borsato, 2006). This
inspires us to reconsider this classical study site using an ecohydrogeological perspective, considering it primarily in relation to GDE
interactions.
5. Phreatophytes and phytoscreening
5.1. Ecophysiology of phreatophytes and water-table depth and fluctuations
The clear relationship between phreatophytes and GW depth and
discharge has long been known in arid and semi-arid regions (e.g.,
Nichols, 1994; Stevens et al., 2019a). For regions with more humid
climate such relationships are less obvious and have been studied more
recently. Several studies bear mention. Batelaan et al. (2003) used
phreatophytic vegetation to calibrate numerical GW models and
L oheide et al. (2005) investigated the methods of White (1932) to
analyze well hydrographs to estimate GW consumption by phreatophytes. The roots of these species reach to and into the water table, and
can cause daily oscillations of the water-table depth, data on which can
be used to estimate water consumption. Study of a Kansas riparian
system demonstrated that maximum depth of phreatophyte roots depends on maximum water-table depth, confirming the value of a GW
hydrology perspective (Butler et al., 2007; Nippert et al., 2010). At

