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Abstract
Climate change has a massive impact on the global water cycle. Subsurface
ecosystems, the earth largest reservoir of liquid freshwater, currently experience a
significant increase in temperature and serious consequences from extreme
hydrological events. Extended droughts as well as heavy rains and floods have
measurable impacts on groundwater quality and availability. In addition, the growing
water demand puts increasing pressure on the already vulnerable groundwater
ecosystems. Global change induces undesired dynamics in the typically nutrient and
energy poor aquifers that are home to a diverse and specialized microbiome and
fauna. Current and future changes in subsurface environmental conditions, without
doubt, alter the composition of communities, as well as important ecosystem
functions, for instance the cycling of elements such as carbon and nitrogen. A key
role is played by the microbes. Understanding the interplay of biotic and abiotic
drivers in subterranean ecosystems is required to anticipate future effects of climate
change on groundwater resources and habitats. This chapter summarizes potential
threats to groundwater ecosystems with emphasis on climate change and the
microbial world down below our feet in the water saturated subsurface.
Introduction
Groundwater ecosystems contain 97 % of the non-frozen freshwater resources and as
such provide an important water supply for irrigation of agricultural land, industrial
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use (e.g. cooling agent), as well as for production of potable water. Worth mentioning,
in Europe, around 50 – 70 % of all drinking water stems from groundwater (Zektser
and Everett, 2004). Groundwater constitutes a major component of the hydrological
cycle and sustains streams, lakes, and wetlands, many of which would not be
perennial without the direct connection to an aquifer. Groundwater ecosystems are
typically covered by vegetated soil and vadose sediment layers of varying thickness.
Where the protective layers are thin and perforated (e.g. in mountainous areas and
karstic rock) or even absent, and where groundwater reaches land surface (e.g.
wetlands and springs), the down below systems are highly vulnerable to disturbance
from above. Moreover, due to the comparably long residence time of groundwater in
the subsurface (Danielopol et al., 2003), its response time to external impacts can be
delayed and sometimes masked by complex hydrologically patterns (Alley et al.,
2002; Kløve et al., 2014). The subsurface is a naturally light deprived and nutrient
limited environment, hence the energy required for sustaining groundwater
ecosystems is largely derived from the surface. In fact, the groundwater ecosystems
balance is susceptible to several external influences. It is on one hand largely
dependent on energy import from the surface, but on the other hand responding
sensitively to increased input of organics and nutrients as well as various types of
contaminants including heavy metals and heat. While in the past, groundwater
pollution mainly resulted from source contaminations with deposited or spilled
petroleum hydrocarbons and halogenated solvents as well as leaking landfills, modern
impacts to groundwater ecosystems are numerous. A major threat still (and ongoing)
comes from intensive land use in terms of agriculture and urbanization (Saccò et al.,
2019a). Application of fertilizers and pesticides to agricultural land is a major issue
besides surface sealing, down below infrastructure and geothermal energy use in big
cities. Accelerated import of organic matter, nutrients and chemicals cause
eutrophication as well as acute and chronic toxicological effects. In urban areas, a
groundwater warming constitutes a typical phenomenon.
Related to wastewater discharge, a long list of emerging pollutants including
pharmaceuticals, anticorrosion agents, artificial sweeteners, drugs, or sanitary
products comprise a future challenge not only for groundwater. Finally, the
application of manure to arable land and the infiltration of wastewater influenced
surface water occasionally lead to groundwater contamination with biological agents
such as human pathogenic germs and viruses (Krauss and Griebler, 2011). Not
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Polar climates
Temperature ↑
GW-Recharge ↕
Melting of glaciers &
Saltwater intrusion in coastal areas
Degradation of permafrost
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Figure 13.1 Major hydrological and meteorological effects with relation to groundwater quantity and quality caused by climate change. Information
compiled mainly from Treidel et al. (2011). Map of world climate zones from https://ec.europa.eu/jrc/en/.
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surprisingly, also excessive water withdrawal constitutes a major threat to
groundwater ecosystems. In this context, it is timely to evaluate the possible effects of
climate change to the groundwater microbiome.
Climate change impacts on groundwater ecosystems
Abiotic effects of global warming

Climate change and its consequences for global warming present one of the biggest
environmental and societal challenges of our time. The pace at which it is advancing
varies across ecosystems in different parts of the world and is determined to a large
extent by geographic location and atmospheric chemistry e.g. greenhouse gas
concentrations (Yvon-Durocher et al., 2010). The changes in seawater levels, climate,
and environmental conditions alter the recharge, flow direction, storage, and
discharge capacities of groundwater (Edmunds and Milne, 2001). Current climate
change models predict more extreme weather events in the future that will directly
affect the hydrological dynamics of groundwater (Alley at el., 2002). Fig. 13.1
compiles available information on predicted changes in precipitation and groundwater
recharge for the world’s major climate zones.
Some consequences of climate change already appear globally (e.g. increase
in mean air temperature) while others show up geographically distinct or act only on
a local scale. Prominent effects include increasing frequency of extreme hydrological
events, i.e. droughts and floods, and heavy rainfall, increasing evapo(transpi)ration
rates, vertical expanding of the vadose zone, horizontal expanding of dry areas
including modified soil properties, decline of groundwater tables, rising sea levels
and salt water intrusion, loss of glaciers as water stores, among others (Fig. 13.2)
(Bates et al., 2008; Treidel et al., 2011; Richts and Vrba, 2016; Bastin et al., 2017;
Betts et al., 2018). And without doubt, global warming also affects groundwater
temperatures on a regional to global scale (Fig. 13.3).
Currently, it is difficult to provide quantitative predictions to which extent
climate change is modifying the frequency and intensity of these events and how this
directly and indirectly feeds back on groundwater quantity and quality, and in
consequence on microbial processes and the sequestration and cycling of matter in
the subsurface. This leaves huge uncertainties to the full impact of climate change on
groundwater ecosystems (Boulton, 2005). In fact, most recent studies indicate an
overall deteriorating trend with respect to groundwater quantity and quality, with only
few exceptions; i.e. increased groundwater recharge in northern regions of Europe
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Figure 13.2 Cross-section scheme highlighting impacts of climate change on the hydrological cycle
with regards to the groundwater ecosystems, water tables, physicochemical states, as well as
groundwater communities and food webs.

and partly in regions where ice stocks and permafrost is melting (e.g. polar regions)
or some dry and arid regions that may receive intensified rain falls (Fig. 13.1; Treidel
et al., 2011).
Groundwater aquifers, as well as connected surface ecosystems (i.e.
groundwater associated aquatic ecosystems [GWAAES] and groundwater dependent
terrestrial ecosystems [GWDTES]) are believed to be highly vulnerable to
consequences of climate change and related pressures (Nathan and Evans, 2011;
Barthel and Banzhaf, 2016; Jasperson et al., 2018). With the GWAAES and the
GWDTES it is mainly quantitative issues, i.e. the temporal disconnection to
groundwater that matters besides consequences from altered groundwater quality that
may affect the connected surface ecosystems. The vulnerability of groundwater
ecosystems is related to various basic conditions. First, their low productivity goes
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hand in hand with a low resilience to disturbance. Second, any negative impact that
traced into an aquifer stays there for long, because water residence times in the
subsurface may be orders of magnitude higher than in surface waters (Danielopol et
al. 2003). Third, groundwater ecosystems are typically characterized by stable
environmental conditions (e.g. temperature, water chemistry, oligotrophy) all year
round. In such systems, minor disturbances can have major effects on the welladapted communities therein and the processes they mediate.
Global warming is influencing the various subterranean habitats at different
spatial and temporal scales. Depending on groundwater depth, changes in the annual
mean air temperature will translate into the subsurface with a time lag of years to
decades compared to surface habitats, and daily or yearly fluctuations are usually
attenuated (Fig. 13.3) (Menberg et al., 2014; Mammola, 2019 and citations therein).
Accordingly, shallow groundwater aquifers are most exposed to external impacts and

Figure 13.3 An exemplary time series from Austrian depicting trends in mean surface air temperature
(MAT) and mean groundwater temperatures (GWT) (modified from Benz et al., 2018), as well as the
trend of the standardized groundwater index (SGI) for Austrian groundwater (modified from Haas and
Birk, 2019), showing the deviation from long-term average water levels, where negative values (<0.0)
indicate declining groundwater levels; so called groundwater droughts (Uddameri et al., 2019). The
general deviation between MAT and GWT relates to temperature measurements mainly in very
shallow groundwater (see Benz et al., 2018).

426

Climate Change and Groundwater Microbes

Retter et al.

are expected to respond more rapidly to changing temperatures than deeper aquifers.
Especially in highly urbanized and agricultural areas and areas of low vegetation
cover, shallow groundwater temperatures can be expected to rise even within a
relatively short period of time (Henriksen and Kirkhusmo, 2000; Menberg et al.,
2014; Kurylyk et al., 2015). Elevated subsurface temperatures directly alter the
physical- and chemical properties of the groundwater, by lowering the solubility of
gases (e.g. dissolved oxygen), as well as leading to a higher variation in dissolved
organic carbon (DOC) concentrations and increased mineralization rates (Bonte et al.,
2013). Additionally, a change in temperature can alter the organic matter (OM)
composition and quantity of above-ground OM sources (e.g., surface flow-paths, the
riparian zone, soils) that subsequently enter the groundwater via seepage water
(Griebler et al., 2016; Stegen et al., 2016; Moldovan et al., 2018).
Indeed, climate change may affect the composition and quantity of OM
ultimately reaching the groundwater table. As depicted in Figs. 13.1 and 13.2,
changes in spatiotemporal precipitation dynamics, soil properties and groundwater
recharge initiate shifts in the vadose zone thickness, which in turn influences the
passage of OM, nutrients, but also contaminants into the aquifer (Ward et al., 2017).
Thus, the OM from the surface dynamically entering during recharge events
potentially alters the composition and activity of groundwater microbial communities
on different temporal scales (Hofmann and Griebler, 2018; Benk et al., 2019). The
same applies to allochthonous microorganisms introduced into the subsurface during
recharge, possibly invading and re-assembling indigenous microbial communities, or
even acting as a source for the groundwater microbiome (Fillinger et al., 2019; Yan et
al., 2020).
The soil layer acts as a natural filter reducing or even impeding the seepage of
contaminants from the surface into shallow groundwater. Extreme rainfall events
have been linked to impaired groundwater quality and waterborne diseases (Ebi et al.,
2017). Environmental factors such as the geographical region, land use or season do
modify these effects (Guzman Herrador et al., 2015; Sonthiphand et al., 2019). Rain
events can mobilize antibiotic resistant microbes from soils increasing their levels in
riverine microbial communities and potentially groundwater (Di Cesare et al., 2017).
The groundwater is intricately linked to other components of the hydrological
cycle through refined flow- and recharge dynamics (Havril et al., 2018). Climate
change related modifications in hydrological settings thus will in some areas lead to
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less, but more intense carbon, nutrient, as well as contaminant inputs into the
groundwater (Kaushal et al., 2014). At the same time, an associated change in
groundwater table depth cause the deterioration of groundwater and linked freshwater
ecosystems. This is already leading to altered carbon source, sink, and carbon cycle
feedback behavior in some parts of the world (Mander et al., 2015; Dhillon et al.,
2019). Besides the fast disappearance of wetlands that has been going on for
centuries, hydrological dynamics of GWDTEs are dramatically changing, affecting
their size and permanence. For instance, there is an ongoing trend of peatland
desiccation (Swindles et al., 2019), as well as an increase of surface water areas
elsewhere, for example high altitude lakes (Moore and Knowles, 1989; Zhang et al.,
2017; Davidson et al., 2019), partly a leftover from disappearing glaciers.
Drought periods are expected to increase. Extended dry periods lead to
desiccated surface soils which entail two main effects in terms of groundwater
recharge. On one hand, dry soils have a decreased capacity to take up and hold water.
In case of heavy precipitation, a large proportion of rainwater is thus directly lost
from recharge by surface run-off. Simultaneously, dry cracks in desiccated soil allow
some of the freshly precipitated water together with material collected at the surface
to infiltrate fast via preferential flow paths, missing the natural attenuation during
slow sediment passage. Thus, the decreased water retention capacity of soils and by
that associated formation of cracks could lead to stronger seepage water pulses which
were shown to be an important driver in cell transport and microbial community
assembly in groundwater (Yan et al., 2020).
A temperature related rise in sea-level, while mostly unrecognized, will lead
to increasing groundwater levels in coastal regions with devastating effects
(Colombani et al., 2016). The impact of groundwater salinization can be two-fold.
First, with a rise in sea-level, saline groundwater will ingress into subterranean
freshwater aquifers, and secondly due to an extended demand and a resulting increase
in groundwater withdrawal, a decreasing groundwater table is pulling saline
groundwater inland (Treidel et al., 2011). This is of particular concern when it comes
to small islands, where fresh groundwater habitats are especially vulnerable due to
their confinement by the sea. The groundwater ecosystems therein especially in
proximity to shorelines could thus be threatened, and anchialine habitats will
probably shift inland or disappear completely (Rotzoll and Fletcher, 2012; Moritsch
et al., 2014; Rogers et al., 2019).
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Warming of permafrost and associated ground ice melting, as well as englacial
temperatures have increased within the last decades (Ding et al., 2019). The melting
of arctic permafrost leads to elevated emissions of carbon dioxide and other
greenhouse gases that until now have been stored within the arctic soil. Conversely, a
study of Voigt et al. (2019) showed that dry permafrost peatlands store methane rather
than emitting it under warming scenarios. Without doubt, discontinuous permafrost
and melting of glaciers alter the hydrology, chemistry and biology of the underlying
groundwater bodies, which may experience a change from confined to unconfined
aquifers. The latter will introduce the risk of groundwater pollution in case of existing
above ground contaminant sources. Groundwater below glaciers and surface water
ecosystems fed by them are influenced by several factors, such as thermal regimes
(Ravier and Buoncristiani, 2017), the production of meltwater, and groundwater
recharge, which changes when glacier size decreases (Haldorsen et al., 2010). The
overall extent of climate change on aquatic habitats in polar regions can so far only be
roughly estimated. They seem to harbour a distinct microbiome (Wurzbacher et al.,
2017), but further research on biodiversity as well as climate change induced
dynamics of carbon- and nutrient in these remote regions is urgently needed.
The groundwater food web
Groundwater ecosystems provide habitats with constant darkness and stable
temperatures, narrow space, as well as low carbon, nutrient, and energy levels. In
fact, the subterranean biosphere is inhabited by a diverse selection of well adapted
organisms, including microbes and metazoan. Because groundwater ecosystems are
among the least-studied habitats on earth (Devitt et al., 2019), the majority of the
members in subterranean communities, estimated at 50,000 to 100,000 obligate
subterranean metazoan species and millions of microbial taxa, still await formal
description (Culver and Holsinger, 1992; Griebler and Lueders, 2009). In light of the
ongoing trend of global species extinction, there is a great risk of losing species even
before their discovery.
Most dominant in groundwater food webs are microbes such as bacteria,
archaea, fungi and protozoa - most of them sharing a heterotrophic lifestyle.
However, as already stated, groundwater also harbours micro-, meio-, and
macrofauna, including a multitude of crustaceans (i.e. copepods, isopods, amphipods,
ostracods), worms (oligochaetes, polychaetes, nematodes, platyhelminths),
gastropods and mites. In cave waters even salamander or fish are home. Metazoans
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depend on microbes as food source, although opportunistic predation within their
own trophic levels occurs as well (Saccò et al., 2019b). Groundwater fauna often
displays highest diversity and abundance at the upper boundaries of aquatic
subterranean habitats where they take advantage of increased food availability (Fišer
et al., 2014). Groundwater fauna in general is highly adapted to a narrow temperature
range. There are exceptions with some taxa that have a relatively broad temperature
tolerance, however, always with a much better survival under temperature conditions
resembling those of their natural habitats (Eme et al., 2014).
With the absence of major primary producers (i.e. photoautotrophs),
groundwater food webs are typically truncated (Gibert and Deharveng, 2002).
Trophic interactions appear to be bottom-up regulated, driven by the import of
dissolved organic carbon, being important electron donor for microbial redox
processes in groundwater (Hofbauer and Griebler, 2018; Saccò et al., 2019b). In situ
microbial OM production in the light-deprived subsurface by chemolithoautotrophs is
currently not considered a major contribution to the global carbon cycle. However,
chemolithoautotrophic bacteria have been shown to account for a large proportion of
expressed functional genes in shallow alluvial groundwater and may share
functionally redundant metabolic pathways (Jewell et al., 2016). Several studies
(Sarbu et al., 1996; Hutchins et al., 2016; Lau et al., 2016; Galassi et al., 2017)
underline that locally, i.e. in caves and deep groundwater systems,
chemolithoautotrophic production is playing a substantial role in driving trophic
complexity and species abundances over long timescales. In any case, due to its huge
dimensions, groundwater ecosystems represent a significant storage of global organic
carbon, for example, in form of microbial biomass (Whitman et al., 1998;
Magnabosco et al., 2018).
Climate change effects to the groundwater microbiome
Much has been said about the ‘abiotic’ effects of climate change and global warming
to groundwater in terms of quantity and physical-chemical quality. But what do these
expected and already ongoing changes in salinity, temperature, as well as carbon
import to the subsurface mean to groundwater microbial communities? For some of
the effects that work on groundwater ecosystems or that will gain importance in the
future we have strong evidence, while in other cases we currently can only speculate.
It is well documented that a change in temperature alters microbial metabolic
rates and affects microbial community composition. Elevated water temperatures,
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especially in temperate- and subpolar zones can be expected to influence the
generation times and abundance of microorganisms in subsurface- and groundwater
ecosystems (Rodó et al., 2013; Karthe, 2015; Shocket et al., 2018). Higher
temperatures will speed up microbial mediated processes including the turnover of
organic matter and respiration (redox processes). However, key to the expected
effects is the magnitude of temperature change and the time scale. A temperature
increase by only 1-2°C may not exhibit short-term (acute) changes in metabolic rates
at the significance level taking the natural heterogeneity in groundwater systems into
account. On a long-term perspective even slightly elevated rates of carbon turnover
may exhaust carbon and nutrient pools available to the microbial communities if not
replenished in time. There are complex scenarios to be considered, including as
examples (1) elevated microbial activities along with decreasing pools of energy or
(2) slightly increasing activities along with higher loads of carbon (including
contaminants) arriving in pulses. In a field study targeting the influence of
groundwater warming on various microbial pattern, it was concluded that in very
clean groundwater, i.e. groundwater that lacks labile organic carbon as well as toxic
compounds, a rise in temperature does not significantly affect the abundance and
growth of prokaryotic cells (Brielmann et al., 2009). When overriding the energy
limitation, as has been evaluated in subsequent lab experiments, even moderate
temperature changes lead to shifts in microbial growth, biomass and respiration
(Brielmann et al., 2011; Griebler et al., 2016). The limitation by an essential nutrient
(e.g. phosphorus) may have similar effects. Bacterial cells that have enough
bioavailable organic carbon but lack an element to build new biomass continue
respiring OM without growth (Hofmann and Griebler, 2018). In consequence, OM is
turned over without the production of prokaryotic biomass needed by other members
of the (microbial) food web such as protozoa or meiofauna. Indeed, predator - prey
interactions have shown to be temperature dependent, and the degree of dependency
changes according to taxonomic affiliation, as well as species- and food web traits
(Hutchins et al., 2016; Archer et al., 2019). Not to forget, the solubility of gases is
also temperature dependent. Even small temperature changes may turn groundwater
with already low concentrations of dissolved oxygen into hypoxic or even anoxic
habitats. There is ample evidence from lab experiments and small scale field studies
that the switch from oxic to anoxic conditions in groundwater triggers a cascade of
effects including (1) the onset of anaerobic processes, (2) the accumulation of
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unwanted solutes in the water (ferrous iron, hydrogen sulfide, methane), and (3) a
dramatic shift in community composition. In summary, already small changes in
groundwater thermal regimes may lead to a decoupling of balanced food web
interactions with consequences to the cycling of elements and the composition and
structure of communities. In addition to the direct effects of a changing climate,
human activities intended to counteract climate change, such as the sequestration of
CO2 in deep geological layers and the use of geothermal energy as sustainable
alternative, pose threats to groundwater communities and ecosystems (Bonte et al.,
2013; Griebler et al., 2016; Lawter et al., 2017; Westphal et al., 2017; Oelkers et al.,
2019).
As already mentioned briefly, changes in the availability of organic matter
will modulate microbial activities and processes. Groundwater microorganisms drive
carbon- and nutrient cycling, catalyse the breakdown of contaminants, and modulate
soil fertility and consequently global food webs (Cavicchioli et al., 2019). According
to the scenario of irregular and more frequent extreme hydrological events, we may
assume organic matter import into the subsurface on one hand to pause during
extended periods of droughts and, on the other hand, to rapidly increase during times
of heavy rain and floods. In the latter case, DOM may enter the subsurface in shortterm pulses that cannot be processes spontaneously but are subject to a delayed
microbial degradation (Foulquier et al., 2011; Reiss and Schmid-Araya, 2011; Saccò
et al., 2019b). New degradation products will cause a reorganization of microbial
communities in a compositional and functional manner. For instance, microbial
communities in alkaline groundwaters were found to strongly relate to environmental
factors such as pH, carbon monoxide, and methane concentrations (Twing et al.,
2017). This will also impact the groundwater carbon cycle feedback to global
warming (Allison and Martiny, 2009; He et al., 2010). Still, it is largely unclear to
what extent groundwater habitats will experience a shift in the carbon sink-to-source
ratio, and where to position groundwater within the global carbon cycle (Chapelle et
al., 2016). Without doubt, changes in subsurface organic matter turnover will translate
into changes in greenhouse gas emissions from the aquifers, a subject that so far
received hardly any attention.
Changes in environmental conditions, i.e. temperature, salinity, carbon
availability, all have in common that they directly or indirectly influence the
composition of microbial communities. Microbial community composition in

432

Climate Change and Groundwater Microbes

Retter et al.

response to altered environmental conditions is linked to changes in ecosystem
functioning. Vice versa, increased, or decreased process rates affect microbial
diversity (Jesußek et al., 2013, Stegen et al., 2016). It is a paradigm that ecosystems
rich in microbial species diversity exhibit a higher stability and resilience when
facing disturbances due to a high functional redundancy. Species richness and
biodiversity, on the other hand, are somehow connected to the energy available. There
is conclusive evidence from several studies conducted in different aquatic
environments that changes in organic matter supply in terms of quantity and quality
steers shifts in microbial community composition (Shi et al., 1999; Baker et al., 2000;
Findlay et al., 2003; Carlson et al., 2004; Judd et al., 2006; Kritzberg et al., 2006; Li
et al., 2012; Wu et al., 2018). In particular, if the altered DOM supply lasts for longer
than just a couple of hours or days (Herzyk et al., 2014; 2017; Grösbacher et al.,
2016). However, we are only beginning to understand whether and how energy–
diversity relationships known from macroecology apply to complex natural microbial
communities. Diversity–productivity patterns from dozens of natural systems were
found either negative (35%), positive (28%) or humped (23%) (Smith, 2007). From
experimental studies that supplied sediment microbial communities with DOM, a
change in community composition was reported, i.e. an increase in relative
abundance of Betaproteobacteria with higher biodegradable dissolved organic carbon
(BDOC) concentrations (Li et al., 2012). A lower BDOC was accompanied by a
higher relative abundance of Firmicutes, Planctomycetes, and Actinobacteria, a
pattern that mirrored our own findings. Overall, a decrease of microbial diversity in
terms of richness and Shannon-Wiener diversity with higher feed concentrations was
observed (Li et al., 2012; Li et al., 2013). In contrary, a positive relationship between
bacterial richness and bioavailable organic matter was observed in Arctic deep-sea
sediments, hinting at a positive energy–diversity relationship in oligotrophic
environments (Bienhold et al., 2012). In fact, we can be sure that altered dynamics of
organic matter input to groundwater systems will affect microbial community
composition and mediated processes. The same holds true for nutrients (e.g. from
fertilization) and in particular for contaminants. Undisturbed groundwater ecosystems
are typically energy poor; they have a comparably low microbial biomass, activity
and diversity (Griebler and Lueders, 2009) and, in consequence, are assumed to be
less resilient to impacts. In other words, groundwater ecosystems and their
communities are highly vulnerable.
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Climate change will, without doubt, force us to adapt land use and agricultural
practices. Several studies indicate that vegetation, land use and irrigation are
important driver of the community composition and activity in shallow groundwater
(Stein et al., 2010; Korbel et al., 2013; Iepure et al., 2016). The causality behind these
effects is often not fully clear but the stressor ‘land use’ may be dissected into (1)
fertilization and the application of pesticides that lead to an altered import of carbon,
nutrients and contaminants, (2) deforestation and clearance of vegetation that alter
conditions for groundwater recharge in terms of quantity and quality, (3) irrigation
that changes the structure, moisture and water holding capacity of top soil layers and
may lead to the accumulation of salts in case groundwater from deep aquifers is used
as water source. Moreover, the application of manure to arable land constitutes a
source of pathogenic microbes and viruses which with seepage water may enter
shallow aquifers. With the serious changes in hydrological conditions and a higher
frequency of extreme weather events such as heavy rainfall, there is an increasing risk
of a hygienic contamination (Krauss and Griebler, 2011).
There are significant differences in the composition of microbial communities
in saltwater and freshwater habitats. While there are individual studies targeting
wetland biodiversity in regard to sea-level rise, little research has been directed to
groundwater systems so far. In general, freshwater microbial communities and
communities in low-salinity habitats are prone to a loss in diversity in case of
saltwater intrusion. As shown for wetlands, microbial community shift went along
with changes in the carbon biogeochemistry (Franklin et al., 2017; Dang et al., 2019).
In tidal wetlands, for example, the altered carbon cycling directly affected nitrogen
turnover. A loss in the ability to remove excess nitrogen leads to an excess of
nutrients and increased greenhouse gas emissions in these habitats. Even under
reversed climate scenarios, it may take years to decades for these ecosystems to
rebalance (Franklin et al., 2017; Dang et al., 2019). A shift in soil and sediment salt
content was shown to lead to an altered microbial community functioning, which in
turn is depending on the duration and frequency of the salinity exposure (Liu et al.,
2017; Rath et al., 2019). A study of Edmonds et al. (2009) underline the different time
scales associated with changes in microbial community pattern. While a fast change
in the functional component of the community with increased salinity was observed,
taxonomic composition and metabolic potential on DNA level remain unchanged in
response to salt stress. In summary, saltwater intrusion to fresh groundwater
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reservoirs poses complex changes that can be long lasting in zones with increasing
salinity. Although only little is known for groundwater environments, similar effects
as observed in other aquatic habitats can be expected to the groundwater biome.
Conclusions and Outlook
Climate change affects groundwater in many ways. On the one hand, it seriously
alters the interplay of all important components of the hydrological cycle.
Groundwater, at least the shallow portion, is changing in quantity and quality. On the
other hand, climate change triggers a more intensive use of groundwater for the
production of potable water, irrigation and cooling purposes. Both aspects have direct
and indirect impacts to the groundwater communities in terms of composition and
functions. This will have several consequences. Ecosystem functions and services
mediated by microbes will change. In particular, this will apply to the subterranean
carbon cycle. We may further expect that increasing temperatures impair groundwater
food webs and effects to microbes will also translate into higher trophic levels.
While there is a multitude of models that try to predict climate change
scenarios and related changes in carbon cycling or the loss of local to global
biodiversity, groundwater ecosystems have so far been hardly considered. Although a
huge amount of carbon is stored in the terrestrial subsurface, groundwater ecosystems
are not yet implemented in global scale carbon models. As a first step we suggest to
analyse climate variability and change in relation to hydrological, meteorological and
ecological patterns on the long term (50-100 years or more) including groundwater
systems to identify drivers within the oceanic-terrestrial-atmospheric coupling to
understand and to be able to predict spatiotemporal changes in precipitation,
evapotranspiration, recharge, discharge and groundwater storage, biogeochemical
processes, and the fate of contaminants, be it abiotic or biotic (Treidel et al., 2011).
For numerous sites, long-term data series are available that await targeted analysis.
We also need to have an eye on the climate change induced dynamics of the vadose
zone that highly determines what ends up in the aquifer in terms of energy and matter.
We further need to quantify groundwater recharge and discharge and the individual
pools of carbon and other elements on different spatial scales. Moreover, information
on carbon turnover rates including the production and emission of greenhouse gases
from groundwater systems is urgently needed. Later, these details can be
implemented into scale dependent groundwater models and coupled to already
existing models on carbon cycling and climate change.

435

Climate Change and Groundwater Microbes

Retter et al.

Currently, our knowledge about the effects of climate change on groundwater
microbial communities and interlinked food webs and cycling of matter, as well as
their response to global warming is still very limited. As mentioned above, many
groundwater taxa, including microorganisms such as bacteria, archaea, fungi, and
protozoa are still lacking a detailed taxonomic description (Nawaz et al., 2018; Mulec
and Engel, 2019; Savio et al., 2019). Only a minute portion of microbes could yet be
isolated and physiologically studied. Almost all information on the microbes’
physiology and biochemistry comes from genome, transcriptome, proteome, and
metabolome data. This situation can be illustrated with some examples. A study by
Hug and co-workers (2016) discovered novel, unrelated lineages and phyla of
bacteria and archaea active in carbon fixation, as well as ammonia- and sulphur
oxidation in sediment cores from the deep subsurface. Another study reported a novel
lineage of nitrogen fixing bacteria, sister to Cyanobacteria that is living in anoxic
zones in the subsurface (Di Rienzi et al., 2013). Also, a study by Anantharaman et al.
(2016) found a large number of undescribed bacterial phyla in groundwater which
were affiliated to Proteobacteria and Candidate Phyla Radiation (CPR), taking on
many already known biogeochemical processes closely linked to carbon, hydrogen,
and sulfur cycling, but also partly unknown metabolic pathways. Compared to other
aboveground freshwater ecosystems, the knowledge about fungi in groundwater
habitats, even though we have evidence that the groundwater in fact hosts numerous
fungal taxa, is limited regarding species interactions, taxonomic composition and
abundance, and community ecology (Grossart et al., 2019). Consequently, many
known functions of the biogeochemical cycles in groundwater cannot be
unambiguously linked to a certain species or group of organisms and process rates are
entirely missing. As such, we are far from integrating taxonomic and functional
knowledge of the groundwater microbiome into climate change models. However,
this is essential to estimate the contribution of microorganisms to carbon and nutrient
cycling in time and space (Antwis et al., 2017; Amend et al., 2019; Cavicchioli et al.,
2019).
In the future, new bioinformatics approaches will help to refine ecological
traits of microorganism and their interplay with climate change (Simonsen et al.,
2019). A comprehensive and standardized study and sampling design followed by the
evaluation of genomic and metadata is asked for to allow meta-analysis (Field et al.,
2008). These methods need to deal with the environmental complexity and
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interspecies interactions that often interfere with climate-associated patterns which
become apparent on the large scale (Simonsen et al., 2019).
References
Alley, W.M., Healy, R.W., LaBaugh, J.W., and Reilly, T.E. (2002). Flow and storage
in groundwater systems. Science, 296, 1985–1990. DOI: 10.1126/science.1067123
Allison, S.D., and Martiny, J.B.H. (2009). Resistance, resilience, and redundancy in
microbial communities. Light Evol. 2, 149–166. DOI: 10.17226/12501
Amend, A., Burgaud, G., Cunliffe, M., Edgcomb, V.P., Ettinger, C.L., Gutiérrez,
M.H., Heitman, J., Hom, E.F.Y., Ianiri, G., Jones, A.C., et al. (2019). Fungi in the
marine environment: Open questions and unsolved problems. MBio 10, 1–15. DOI:
10.1128/mBio.01189-18
Anantharaman, K., Brown, C.T., Hug, L.A., Sharon, I., Castelle, C.J., Probst, A.J.,
Thomas, B.C., Singh, A., Wilkins, M.J., Karaoz, U., Brodie, E.L., Williams, K.H.,
Hubbard, S.S., and Banfield, J.F. (2016). Thousands of microbial genomes shed
light on interconnected biogeochemical processes in an aquifer system. Nat.
Commun. 7, 1–11. DOI: 10.1038/ncomms13219
Antwis, R.E., Griffiths, S.M., Harrison, X.A., Aranega-Bou, P., Arce, A., Bettridge,
A.S., Brailsford, F.L., de Menezes, A., Devaynes, A., Forbes, K.M., et al. (2017).
Fifty important research questions in microbial ecology. FEMS Microbiol. Ecol. 93,
1–10. DOI: 10.1093/femsec/fix044
Archer, L.C., Sohlström, E.H., Gallo, B., Jochum, M., Woodward, G., Kordas, R.L.,
Rall, B.C., and O’Gorman, E.J. (2019). Consistent temperature dependence of
functional response parameters and their use in predicting population abundance. J.
Anim. Ecol. 88, 1670–1683. DOI: 10.1111/1365-2656.13060
Baker, M.A., Valett, H.M., and Dahm, C.N. (2000). Organic carbon supply and
metabolism in a shallow groundwater ecosystem. Ecology 81, 3133–3148. DOI:
10.1890/0012-9658(2000)081[3133:OCSAMI]2.0.CO;2
Barthel, R., and Banzhaf, S. (2016). Groundwater and Surface Water Interaction at
the Regional-scale – A Review with Focus on Regional Integrated Models. Water
Resour. Manag. 30, 1–32. DOI: 10.1007/s11269-015-1163-z
Bastin, J.-F., Berrahmouni, N., Grainger, A., Maniatis, D., Mollicone, D., Moore, R.,
Patriarca, C., Picard, N., Sparrow, B., Abraham, E.M., et al. (2017). The extent of
forest in dryland biomes. Science, 356, 635–638. DOI: 10.1126/science.aam6527

437

Climate Change and Groundwater Microbes

Retter et al.

Bates, B., Kundzewicz, Z.W., Wu, S. and Palutikof, J.P. (2008). Climate Change and
Water: Technical Paper of the Intergovernmental Panel on Climate Change.
Geological Society special publication No. 189, (Geneva: IPCC Secretariat).
Benk, S.A., Yan, L., Lehmann, R., Roth, V.N., Schwab, V.F., Totsche, K.U., Küsel,
K., and Gleixner, G. (2019). Fueling Diversity in the Subsurface: Composition and
Age of Dissolved Organic Matter in the Critical Zone. Front. Earth Sci. 7, 1–12.
DOI: 10.3389/feart.2019.00296
Benz, S.A., Bayer, P., Winkler, G., and Blum, P. (2018). Recent trends of groundwater
temperatures in Austria. Hydrol. Earth Syst. Sci. 22, 3143–3154. DOI: 10.5194/
hess-22-3143-2018
Betts, R.A., Alfieri, L., Bradshaw, C., Caesar, J., Feyen, L., Friedlingstein, P., Gohar,
L., Koutroulis, A., Lewis, K., Morfopoulos, C., Papadimitriou, L., Richardson, K.J.,
Tsanis, I., and Wyser, K. (2018). Changes in climate extremes, fresh water
availability and vulnerability to food insecurity projected at 1.5°C and 2°C global
warming with a higher-resolution global climate model. Philos. Trans. R. Soc. A
Math. Phys. Eng. Sci. 376. DOI: 10.1098/rsta.2016.0452
Bienhold, C., Boetius, A., and Ramette, A. (2012). The energy-diversity relationship
of complex bacterial communities in Arctic deep-sea sediments. ISME J. 6, 724–
732. DOI: 10.1038/ismej.2011.140
Bonte, M., Röling, W.F.M., Zaura, E., Van Der Wielen, P.W.J.J., Stuyfzand, P.J., and
Van Breukelen, B.M. (2013). Impacts of shallow geothermal energy production on
redox processes and microbial communities. Environ. Sci. Technol. 47, 14476–
14484. DOI: 10.1021/es4030244
Boulton, A.J. (2005). Chances and challenges in the conservation of groundwaters
and their dependent ecosystems. Aquat. Conserv. Mar. Freshw. Ecosyst. 15, 319–
323. DOI: 10.1002/aqc.712
Brielmann, H., Griebler, C., Schmidt, S.I., Michel, R., and Lueders, T. (2009). Effects
of thermal energy discharge on shallow groundwater ecosystems. FEMS Microbiol.
Ecol. 68, 273–286. DOI: 10.1111/j.1574-6941.2009.00674.x
Brielmann, H., Lueders, T., Schreglmann, K., Ferraro, F., Avramov, M., Hammerl, V.,
Blum, P., Bayer, P., and Griebler, C. (2011). Oberflächennahe Geothermie und ihre
potenziellen Auswirkungen auf Grundwasserökosysteme. Grundwasser, 16, 77–91.
DOI: 10.1007/s00767-011-0166-9

438

Climate Change and Groundwater Microbes

Retter et al.

Carlson, C.A., Giovannoni, S.J., Hansell, D.A., Goldberg, S.J., Parsons, R., and
Vergin, K. (2004). Interactions among dissolved organic carbon, microbial
processes, and community structure in the mesopelagic zone of the northwestern
Sargasso Sea. Limnol. Oceanogr. 49, 1073–1083. DOI: 10.4319/lo.2004.49.4.1073
Cavicchioli, R., Ripple, W.J., Timmis, K.N., Azam, F., Bakken, L.R., Baylis, M.,
Behrenfeld, M.J., Boetius, A., Boyd, P.W., Classen, A.T., et al. (2019). Scientists’
warning to humanity: microorganisms and climate change. Nat. Rev. Microbiol. 17,
569–586. DOI: 10.1038/s41579-019-0222-5
Chapelle, F.H., Shen, Y., Strom, E.W., and Benner, R. (2016). The removal kinetics of
dissolved organic matter and the optical clarity of groundwater. Hydrogeol. J. 24,
1413–1422. DOI: 10.1007/s10040-016-1406-y
Colombani, N., Osti, A., Volta, G., and Mastrocicco, M. (2016). Impact of Climate
Change on Salinization of Coastal Water Resources. Water Resour. Manag. 30,
2483–2496. DOI: 10.1007/s11269-016-1292-z
Culver, D.C., and Holsinger, J.R. (1992). How many species of troglobites are there.
Natl Speleol. Soc. Bull. 54, 79-80.
Dang, C., Morrissey, E.M., Neubauer, S.C., and Franklin, R.B. (2019). Novel
microbial community composition and carbon biogeochemistry emerge over time
following saltwater intrusion in wetlands. Glob. Chang. Biol. 25, 549–561. DOI:
10.1111/gcb.14486
Danielopol, D.L., Griebler, C., Gunatilaka, A., and Notenboom, J. (2003). Present
state and future prospects for groundwater ecosystems. Environ. Conserv. 30, 104–
130. DOI: 10.1017/S0376892903000109
Davidson, S.J., Strack, M., Bourbonniere, R.A., and Waddington, J.M. (2019).
Controls on soil carbon dioxide and methane fluxes from a peat swamp vary by
hydrogeomorphic setting. Ecohydrology 12, 1–8. DOI: 10.1002/eco.2162
Devitt, T.J., Wright, A.M., Cannatella, D.C., and Hillis, D.M. (2019). Species
delimitation in endangered groundwater salamanders: Implications for aquifer
management and biodiversity conservation. Proc. Natl. Acad. Sci. U. S. A. 116,
2624–2633. DOI: 10.1073/pnas.1815014116
Dhillon, M.S., Kaur, S., and Aggarwal, R. (2019). Delineation of critical regions for
mitigation of carbon emissions due to groundwater pumping in central Punjab.
Groundw. Sustain. Dev. 8, 302–308. DOI: 10.1016/j.gsd.2018.11.010

439

Climate Change and Groundwater Microbes

Retter et al.

Di Cesare, A., Eckert, E.M., Rogora, M., and Corno, G. (2017). Rainfall increases the
abundance of antibiotic resistance genes within a riverine microbial community.
Environ. Pollut. 226, 473–478. DOI: 10.1016/j.envpol.2017.04.036
Di Rienzi, S.C., Sharon, I., Wrighton, K.C., Koren, O., Hug, L.A., Thomas, B.C.,
Goodrich, J.K., Bell, J.T., Spector, T.D., Banfield, J.F., et al. (2013). The human gut
and groundwater harbor non-photosynthetic bacteria belonging to a new candidate
phylum sibling to Cyanobacteria. Elife 2, 1–26. DOI: 10.7554/elife.01102
Ebi, K.L., Ogden, N.H., Semenza, J.C., and Woodward, A. (2017). Detecting and
attributing health burdens to climate change. Environ. Health Perspect. 125, 1–8.
DOI: 10.1289/EHP1509
Edmonds, J.W., Weston, N.B., Joye, S.B., Mou, X., and Moran, M.A. (2009).
Microbial community response to seawater amendment in low-salinity tidal
sediments. Microb. Ecol. 58, 558–568. DOI: 10.1007/s00248-009-9556-2
Edmunds, W.M., and Milne, C.J. (2001). Palaeowaters in Coastal Europe: Evolution
of Groundwater since the Late Pleistocene (London: Geological Society of
London). DOI: 10.1144/GSL.SP.2001.189
Eme, D., Malard, F., Colson-Proch, C., Jean, P., Calvignac, S., Konecny-Dupré, L.,
Hervant, F., and Douady, C.J. (2014). Integrating phylogeography, physiology and
habitat modelling to explore species range determinants. J. Biogeogr. 41, 687–699.
DOI: 10.1111/jbi.12237
Field, D., Garrity, G., Gray, T., Morrison, N., Selengut, J., Sterk, P., Tatusova, T.,
Thomson, N., Allen, M.J., Angiuoli, S.V, et al. (2008). The minimum information
about a genome. Nat. Biotechnol. 26, 541–547. DOI: 10.1038/1360
Fillinger, L., Hug, K., and Griebler, C. (2019). Selection imposed by local
environmental conditions drives differences in microbial community composition
across geographically distinct groundwater aquifers. FEMS Microbiol. Ecol. 95, 1–
12. DOI: 10.1093/femsec/fiz160
Findlay, S.E.G., Sinsabaugh, R.L., Sobczak, W. V, and Hoostal, M. (2003). Metabolic
and structural response of hyporheic microbial communities to variations in supply
of dissolved organic matter. Limnol. Oceanogr. 48, 1608–1617. DOI: 10.4319/lo.
2003.48.4.1608
Fišer, C., Pipan, T., and Culver, D.C. (2014). The vertical extent of groundwater
metazoans: An ecological and evolutionary perspective. Bioscience 64, 971–979.
DOI: 10.1093/biosci/biu148

440

Climate Change and Groundwater Microbes

Retter et al.

Foulquier, A., Malard, F., Mermillod-Blondin, F., Montuelle, B., Dolédec, S., Volat,
B., and Gibert, J. (2011). Surface Water Linkages Regulate Trophic Interactions in a
Groundwater Food Web. Ecosystems 14, 1339–1353. DOI: 10.1007/
s10021-011-9484-0
Franklin, R.B., Morrissey, E.M., and Morina, J.C. (2017). Changes in abundance and
community structure of nitrate-reducing bacteria along a salinity gradient in tidal
wetlands. Pedobiologia (Jena). 60, 21–26. DOI: 10.1016/j.pedobi.2016.12.002
Griebler, C., and Lueders, T. (2009). Microbial biodiversity in groundwater
ecosystems. Freshw. Biol. 54, 649–677. DOI: 10.1111/j.1365-2427.2008.02013.x
Griebler, C., Brielmann, H., Haberer, C.M., Kaschuba, S., Kellermann, C., Stumpp,
C., Hegler, F., Kuntz, D., Walker-Hertkorn, S., and Lueders, T. (2016). Potential
impacts of geothermal energy use and storage of heat on groundwater quality,
biodiversity, and ecosystem processes. Environ. Earth Sci. 75, 1–18. DOI: 10.1007/
s12665-016-6207-z
Grossart, H.P., Van den Wyngaert, S., Kagami, M., Wurzbacher, C., Cunliffe, M., and
Rojas-Jimenez, K. (2019). Fungi in aquatic ecosystems. Nat. Rev. Microbiol. 17,
339–354. DOI: 10.1038/s41579-019-0175-8
Grösbacher, M., Spicher, C., Bayer, A., Obst, M., Karwautz, C., Pilloni, G.,
Wachsmann, M., Scherb, H., and Griebler, C. (2015). Organic contamination versus
mineral properties: Competing selective forces shaping bacterial community
assembly in aquifer sediments. Aquat. Microb. Ecol. 76, 243–255. DOI: 10.3354/
ame01781
Guzman Herrador, B.R., De Blasio, B.F., MacDonald, E., Nichols, G., Sudre, B.,
Vold, L., Semenza, J.C., and Nygård, K. (2015). Analytical studies assessing the
association between extreme precipitation or temperature and drinking water-related
waterborne infections: A review. Environ. Heal. A Glob. Access Sci. Source 14.
DOI: 10.1186/s12940-015-0014-y
Haas, J.C., and Birk, S. (2019). Trends in Austrian groundwater – Climate or human
impact? J. Hydrol. Reg. Stud. 22. DOI: 10.1016/j.ejrh.2019.100597
Haldorsen, S., Heim, M., Dale, B., Landvik, J.Y., van der Ploeg, M., Leijnse, A.,
Salvigsen, O., Hagen, J.O., and Banks, D. (2010). Sensitivity to long-term climate
change of subpermafrost groundwater systems in Svalbard. Quat. Res. 73, 393–402.
DOI: 10.1016/j.yqres.2009.11.002

441

Climate Change and Groundwater Microbes

Retter et al.

He, Z., Xu, M., Deng, Y., Kang, S., Kellogg, L., Wu, L., Van Nostrand, J.D., Hobbie,
S.E., Reich, P.B., and Zhou, J. (2010). Metagenomic analysis reveals a marked
divergence in the structure of belowground microbial communities at elevated CO2.
Ecol. Lett. 13, 564–575. DOI: 10.1111/j.1461-0248.2010.01453.x
Henriksen, A., and Kirkhusmo, L.A. (2000). Effect of clear-cutting of forest on the
chemistry of a shallow groundwater aquifer in southern Norway.
Herzyk, A., Maloszewski, P., Qiu, S., Elsner, M., and Griebler, C. (2014). Intrinsic
potential for immediate biodegradation of toluene in a pristine, energy-limited
aquifer. Biodegradation 25, 325–336. DOI: 10.1007/s10532-013-9663-0
Hofmann, R., and Griebler, C. (2018). DOM and bacterial growth efficiency in
oligotrophic groundwater: Absence of priming and co-limitation by organic carbon
and phosphorus. Mol. Plant-Microbe Interact. 31, 311–322. DOI: 10.3354/
ame01862
Hug, L.A., Thomas, B.C., Sharon, I., Brown, C.T., Sharma, R., Hettich, R.L.,
Wilkins, M.J., Williams, K.H., Singh, A., and Banfield, J.F. (2016). Critical
biogeochemical functions in the subsurface are associated with bacteria from new
phyla and little studied lineages. Environ. Microbiol. 18, 159–173. DOI:
10.1111/1462-2920.12930
Hutchins, B.T., Engel, A.S., Nowlin, W.H., Schwartz, B.F., Hutchins, B.T., Engel,
A.S., Nowlin, W.H., and Schwartz, B.F. (2016). Chemolithoautotrophy supports
macroinvertebrate food webs and affects diversity and stability in groundwater
communities. Ecology 97, 1530–1542. DOI: 10.1111/1462-2920.12930
Iepure, S., Feurdean, A., Bădăluţă, C., Nagavciuc, V., and Perşoiu, A. (2016). Pattern
of richness and distribution of groundwater Copepoda (Cyclopoida: Harpacticoida)
and Ostracoda in Romania: an evolutionary perspective. Biol. J. Linn. Soc. 119,
593–608. DOI: 10.1111/bij.12686
Jasperson, J.L., Gran, K.B., and Magner, J.A. (2018). Seasonal and Flood-Induced
Variations in Groundwater–Surface Water Exchange in a Northern Coldwater
F i s h e r y. J . A m . Wa t e r R e s o u r. A s s o c . 5 4 , 1 1 0 9 – 1 1 2 6 . D O I :
10.1111/1752-1688.12674
Jesußek, A., Grandel, S., and Dahmke, A. (2013). Impacts of subsurface heat storage
on aquifer hydrogeochemistry. Environ. Earth Sci. 69, 1999–2012. DOI: 10.1007/
s12665-012-2037-

442

Climate Change and Groundwater Microbes

Retter et al.

Jewell, T.N.M., Karaoz, U., Brodie, E.L., Williams, K.H., and Beller, H.R. (2016).
Metatranscriptomic evidence of pervasive and diverse chemolithoautotrophy
relevant to C, S, N and Fe cycling in a shallow alluvial aquifer. ISME J. 10, 2106–
2117. DOI: 10.1038/ismej.2016.25
Judd, K.E., Crump, B.C., and Kling, G.W. (2006). Variation in Dissolved Organic
Matter Controls Bacterial Production and Community Composition. Ecol. Soc. Am.
87, 2068–2079. DOI: 10.1890/0012-9658(2006)87[2068:VIDOMC]2.0.CO2
Karthe, D. (2015). Bedeutung hydrometeorologischer Extremereignisse im Kontext
des Klimawandels für die Trinkwasserhygiene in Deutschland und Mitteleuropa.
Hydrol. Wasserbewirtsch., 59, 264-270. DOI: 10.5675/HyWa-2015,5-7
Kaushal, S.S., Mayer, P.M., Vidon, P.G., Smith, R.M., Pennino, M.J., Newcomer,
T.A., Duan, S., Welty, C., and Belt, K.T. (2014). Land use and climate variability
amplify carbon, nutrient, and contaminant pulses: A review with management
implications. J. Am. Water Resour. Assoc. 50, 585–614. DOI: 10.1111/jawr.12204
Kløve, B., Ala-Aho, P., Bertrand, G., Gurdak, J.J., Kupfersberger, H., Kværner, J.,
Muotka, T., Mykrä, H., Preda, E., Rossi, P., Uvo, C.B., Velasco, E., and PulidoVelazquez, M. (2014). Climate change impacts on groundwater and dependent
ecosystems. J. Hydrol. 518, 250–266. DOI: 10.1016/j.jhydrol.2013.06.037
Korbel, K.L., Hancock, P.J., Serov, P., Lim, R.P., and Hose, G.C. (2013).
Groundwater Ecosystems Vary with Land Use across a Mixed Agricultural
Landscape. J. Environ. Qual. 42, 380–390. DOI: 10.2134/jeq2012.0018
Krauss, S., and Griebler, C. (2011). Pathogenic Microorganisms and Viruses in
Groundwater. Acatech. https://www.acatech.de/publikation/pathogenicmicroorganisms-and-viruses-in-groundwater/
Kritzberg, E.S., Langenheder, S., and Lindström, E.S. (2006). Influence of dissolved
organic matter source on lake bacterioplankton structure and function - Implications
for seasonal dynamics of community composition. FEMS Microbiol. Ecol. 56, 406–
417. DOI: 10.1111/j.1574-6941.2006.00084.x
Kurylyk, B.L., MacQuarrie, K.T.B., Caissie, D., and McKenzie, J.M. (2015). Shallow
groundwater thermal sensitivity to climate change and land cover disturbances:
Derivation of analytical expressions and implications for stream temperature
modeling. Hydrol. Earth Syst. Sci. 19, 2469–2489. DOI: 10.5194/
hess-19-2469-2015

443

Climate Change and Groundwater Microbes

Retter et al.

Lau, M.C.Y., Kieft, T.L., Kuloyo, O., Linage-Alvarez, B., Van Heerden, E., Lindsay,
M.R., Magnabosco, C., Wang, W., Wiggins, J.B., Guo, L., et al. (2016). An
oligotrophic deep-subsurface community dependent on syntrophy is dominated by
sulfur-driven autotrophic denitrifiers. Proc. Natl. Acad. Sci. U. S. A. 113, E7927–
E7936. DOI: 10.1073/pnas.1612244113
Lawter, A.R., Qafoku, N.P., Asmussen, R.M., Bacon, D.H., Zheng, L., and Brown,
C.F. (2017). Risk of Geologic Sequestration of CO2 to Groundwater Aquifers:
Current Knowledge and Remaining Questions. Energy Procedia 114, 3052–3059.
DOI: 10.1016/j.egypro.2017.03.1433
Li, D., Sharp, J.O., Saikaly, P.E., Ali, S., Alidina, M., Alarawi, M.S., Keller, S.,
Hoppe-Jones, C., and Drewes, J.E. (2012). Dissolved organic carbon influences
microbial community composition and diversity in managed aquifer recharge
systems. Appl. Environ. Microbiol. 78, 6819–6828. DOI: 10.1128/AEM.01223-12
Li, D., Alidina, M., Ouf, M., Sharp, J.O., Saikaly, P., and Drewes, J.E. (2013).
Microbial community evolution during simulated managed aquifer recharge in
response to different biodegradable dissolved organic carbon (BDOC)
concentrations. Water Res. 47, 2421–2430. DOI: 10.1016/j.watres.2013.02.012
Liu, X., Ruecker, A., Song, B., Xing, J., Conner, W.H., and Chow, A.T. (2017).
Effects of salinity and wet–dry treatments on C and N dynamics in coastal-forested
wetland soils: Implications of sea level rise. Soil Biol. Biochem. 112, 56–67. DOI:
10.1016/j.soilbio.2017.04.002
Magnabosco, C., Lin, L.H., Dong, H., Bomberg, M., Ghiorse, W., Stan-Lotter, H.,
Pedersen, K., Kieft, T.L., van Heerden, E., and Onstott, T.C. (2018). The biomass
and biodiversity of the continental subsurface. Nat. Geosci. 11, 707–717. DOI:
10.1038/s41561-018-0221-6
Mammola, S. (2019). Finding answers in the dark: caves as models in ecology fifty
years after Poulson and White. Ecography (Cop.). 42, 1331–1351. DOI: 10.1111/
ecog.03905
Mander, Ü., Maddison, M., Soosaar, K., Teemusk, A., Kanal, A., Uri, V., and Truu, J.
(2015). The impact of a pulsing groundwater table on greenhouse gas emissions in
riparian grey alder stands. Environ. Sci. Pollut. Res. 22, 2360–2371. DOI: 10.1007/
s11356-014-3427-1

444

Climate Change and Groundwater Microbes

Retter et al.

Menberg, K., Blum, P., Kurylyk, B.L., and Bayer, P. (2014). Observed groundwater
temperature response to recent climate change. Hydrol. Earth Syst. Sci. 18, 4453–
4466. DOI: 10.5194/hess-18-4453-2014
Moldovan, O.T., Kováč, Ľ., and Halse, S. (Eds.). (2018). Cave ecology (Basel,
Switzerland: Springer International Publishing).
Moritsch, M.M., Pakes, M.J., and Lindberg, D.R. (2014). How might sea level
change affect arthropod biodiversity in anchialine caves: A comparison of
Remipedia and Atyidae taxa (Arthropoda: Altocrustacea). Org. Divers. Evol. 14,
225–235. DOI: 10.1007/s13127-014-0167-5
Mulec, J., and Summers Engel, A. (2019). Karst spring microbial diversity differs
across an oxygen-sulphide ecocline and reveals potential for novel taxa discovery.
Acta Carsologica 48, 129–143. DOI: 10.3986/ac.v48i1.4949
Nathan, R., and Evans, R. (2011). Groundwater and surface water connectivity. In
Water Resources Planning and Management, R. Grafton, and K. Hussey, eds.
(Cambridge: Cambridge University Press), pp. 46–67. DOI: 10.1017/
CBO9780511974304.006
Nawaz, A., Purahong, W., Lehmann, R., Herrmann, M., Totsche, K.U., Küsel, K.,
Wubet, T., and Buscot, F. (2018). First insights into the living groundwater
mycobiome of the terrestrial biogeosphere. Water Res. 145, 50–61. DOI: 10.1016/
j.watres.2018.07.067
Oelkers, E.H., Butcher, R., Pogge von Strandmann, P.A.E., Schuessler, J.A., von
Blanckenburg, F., Snæbjörnsdóttir, S., Mesfin, K., Aradóttir, E.S., Gunnarsson, I.,
Sigfússon, B., et al. (2019). Using stable Mg isotope signatures to assess the fate of
magnesium during the in situ mineralisation of CO2 and H2S at the CarbFix site in
SW-Iceland. Geochim. Cosmochim. Acta 245, 542–555. DOI: 10.1016/j.gca.
2018.11.011
Rath, K.M., Fierer, N., Murphy, D. V., and Rousk, J. (2019). Linking bacterial
community composition to soil salinity along environmental gradients. ISME J. 13,
836–846. DOI: 10.1038/s41396-018-0313-8
Ravier, E., and Buoncristiani, J.F. (2018). Glaciohydrogeology. In Past Glacial
Environments, J. Menzies, and J.J.M. van der Meer, eds. (Elsevier Ltd), pp. 431–
466. DOI: 10.1016/B978-0-08-100524-8.00013-0

445

Climate Change and Groundwater Microbes

Retter et al.

Reiss, J., and Schmid-Araya, J.M. (2011). Feeding response of a benthic copepod to
ciliate prey type, prey concentration and habitat complexity. Freshw. Biol. 56,
1519–1530. DOI: 10.1111/j.1365-2427.2011.02590.x
Richts, A., and Vrba, J. (2016). Groundwater resources and hydroclimatic extremes:
mapping global groundwater vulnerability to floods and droughts. Environ. Earth
Sci. 75, 1–15. DOI: 10.1007/s12665-016-5632-3
Rodó, X., Pascual, M., Doblas-Reyes, F.J., Gershunov, A., Stone, D.A., Giorgi, F.,
Hudson, P.J., Kinter, J., Rodríguez-Arias, M.À., Stenseth, N.C., et al. (2013).
Climate change and infectious diseases: Can we meet the needs for better
prediction? Clim. Change 118, 625–640. DOI: 10.1007/s10584-013-0744-1
Rogers, K., Kelleway, J.J., Saintilan, N., Megonigal, J.P., Adams, J.B., Holmquist,
J.R., Lu, M., Schile-Beers, L., Zawadzki, A., Mazumder, D., et al. (2019). Wetland
carbon storage controlled by millennial-scale variation in relative sea-level rise.
Nature 567, 91–95. DOI: 10.1038/s41586-019-0951-7
Rotzoll, K., and Fletcher, C.H. (2013). Assessment of groundwater inundation as a
consequence of sea-level rise. Nat. Clim. Chang. 3, 477–481. DOI: 10.1038/
nclimate1725
Saccò, M., Blyth, A., Bateman, P.W., Hua, Q., Mazumder, D., White, N., Humphreys,
W.F., Laini, A., Griebler, C., and Grice, K. (2019a). New light in the dark - a
proposed multidisciplinary framework for studying functional ecology of
groundwater fauna. Sci. Total Environ. 662, 963–977. DOI: 10.1016/j.scitotenv.
2019.01.296
Saccò, M., Blyth, A.J., Humphreys, W.F., Kuhl, A., Mazumder, D., Smith, C., and
Grice, K. (2019b). Elucidating stygofaunal trophic web interactions via isotopic
ecology. PLoS One 14, 1–25. DOI: 10.1371/journal.pone.0223982
Sarbu, S.M., Kane, T.C., and Kinkle, B.K. (1996). A Chemoautotrophically Based
Cave Ecosystem. Science, 272, 1953–1955. DOI: 10.1126/science.272.5270.1953
Savio, D., Stadler, P., Reischer, G.H., Demeter, K., Linke, R.B., Blaschke, A.P.,
Mach, R.L., Kirschner, A.K.T., Stadler, H., and Farnleitner, A.H. (2019). Spring
water of an alpine karst aquifer is dominated by a taxonomically stable but
discharge-responsive bacterial community. Front. Microbiol. 10. DOI: 10.3389/
fmicb.2019.0002
Shi, Y., Zwolinski, M.D., Schreiber, M.E., and Hickey, W.J. (1999). Molecular
analysis of microbiol community structures in pristine and contaminated aquifers:

446

Climate Change and Groundwater Microbes

Retter et al.

Field and laboratory microcosm experiments. Environ. Pollut. 108, 2143–2150.
DOI: 10.1128/AEM.65.5.2143-2150.1999
Shocket, M.S., Strauss, A.T., Hite, J.L., Šljivar, M., Civitello, D.J., Duffy, M.A.,
Cáceres, C.E., and Hall, S.R. (2018). Temperature drives epidemics in a
zooplankton-fungus disease system: A trait-driven approach points to transmission
via host foraging. Am. Nat. 191, 435–451. DOI: 10.1086/696096
Simonsen, A.K., Barrett, L.G., Thrall, P.H., and Prober, S.M. (2019). Novel modelbased clustering reveals ecologically differentiated bacterial genomes across a large
climate gradient. Ecol. Lett. 22, 2077–2086. DOI: 10.1111/ele.13389
Smith, V.H. (2007). Microbial diversity-productivity relationships in aquatic
ecosystems. FEMS Microbiol. Ecol. 62, 181–186. DOI: 10.1111/j.
1574-6941.2007.00381.x
Sonthiphand, P., Ruangroengkulrith, S., Mhuantong, W., Charoensawan, V.,
Chotpantarat, S., and Boonkaewwan, S. (2019). Metagenomic insights into
microbial diversity in a groundwater basin impacted by a variety of anthropogenic
activities. Environ. Sci. Pollut. Res. 26, 26765–26781. DOI: 10.1007/
s11356-019-05905-5
Stegen, J.C., Fredrickson, J.K., Wilkins, M.J., Konopka, A.E., Nelson, W.C., Arntzen,
E.V., Chrisler, W.B., Chu, R.K., Danczak, R.E., Fansler, S.J., Kennedy, D.W.,
Resch, C.T., and Tfaily, M. (2016). Groundwater-surface water mixing shifts
ecological assembly processes and stimulates organic carbon turnover. Nat.
Commun. 7, 1–12. DOI: 10.1038/ncomms11237
Stein, H., Kellermann, C., Schmidt, S.I., Brielmann, H., Steube, C., Berkhoff, S.E.,
Fuchs, A., Hahn, H.J., Thulin, B., and Griebler, C. (2010). The potential use of
fauna and bacteria as ecological indicators for the assessment of groundwater
quality. J. Environ. Monit. 12, 242–254. DOI: 10.1039/b913484k
Swindles, G.T., Morris, P.J., Mullan, D.J., Payne, R.J., Roland, T.P., Amesbury, M.J.,
Lamentowicz, M., Turner, T.E., Gallego-Sala, A., Sim, T., et al. (2019). Widespread
drying of European peatlands in recent centuries. Nat. Geosci. 12, 922–928. DOI:
10.1038/s41561-019-0462-z
Treidel, H., Martin-Bordes, J.L., and Gurdak, J.J. (2011). Climate change effects on
groundwater resources: A global synthesis of findings and recommendations. In
International Contributions to Hydrogeology (Boca Raton, Fla: CRC Press).

447

Climate Change and Groundwater Microbes

Retter et al.

Twing, K.I., Brazelton, W.J., Kubo, M.D.Y., Hyer, A.J., Cardace, D., Hoehler, T.M.,
McCollom, T.M., and Schrenk, M.O. (2017). Serpentinization-influenced
groundwater harbors extremely low diversity microbial communities adapted to
high pH. Front. Microbiol. 8. DOI: 10.3389/fmicb.2017.00308
Uddameri, V., Singaraju, S., and Hernandez, E.A. (2019). Is Standardized
Precipitation Index (SPI) a Useful Indicator to Forecast Groundwater Droughts? —
Insights from a Karst Aquifer. J. Am. Water Resour. Assoc. 55, 70–88. DOI:
10.1111/1752-1688.12698
Voigt, C., Marushchak, M.E., Mastepanov, M., Lamprecht, R.E., Christensen, T.R.,
Dorodnikov, M., Jackowicz-Korczyński, M., Lindgren, A., Lohila, A., Nykänen, H.,
Oinonen, M., Oksanen, T., Palonen, V., Treat, C.C., Martikainen, P.J., and Biasi, C.
(2019). Ecosystem carbon response of an Arctic peatland to simulated permafrost
thaw. Glob. Chang. Biol. 25, 1746–1764. DOI: 10.1111/gcb.14574
Ward, N.D., Bianchi, T.S., Medeiros, P.M., Seidel, M., Richey, J.E., Keil, R.G., and
Sawakuchi, H.O. (2017). Where Carbon Goes When Water Flows: Carbon Cycling
across the Aquatic Continuum. Front. Mar. Sci. 4, 1–27. DOI: 10.3389/fmars.
2017.00007
Westphal, A., Kleyböcker, A., Jesußek, A., Lienen, T., Köber, R., and Würdemann, H.
(2017). Aquifer heat storage: abundance and diversity of the microbial community
with acetate at increased temperatures. Environ. Earth Sci. 76. DOI: 10.1007/
s12665-016-6356-0
Whitman, W.B., Coleman, D.C., and Wiebe, W.J. (1998). Prokaryotes: The unseen
majority. Proc. Natl. Acad. Sci. U. S. A. 95, 6578–6583. DOI: 10.1073/pnas.
95.12.6578
Wu, X., Wu, L., Liu, Y., Zhang, P., Li, Q., Zhou, J., Hess, N.J., Hazen, T.C., Yang, W.,
and Chakraborty, R. (2018). Microbial interactions with dissolved organic matter
drive carbon dynamics and community succession. Front. Microbiol. 9, 1–12. DOI:
10.3389/fmicb.2018.0123
Wurzbacher, C., Nilsson, R.H., Rautio, M., and Peura, S. (2017). Poorly known
microbial taxa dominate the microbiome of permafrost thaw ponds. ISME J. 11,
1938–1941. DOI: 10.1038/ismej.2017.54
Yan, L., Herrmann, M., Kampe, B., Lehmann, R., Totsche, K.U., and Küsel, K.
(2020). Environmental selection shapes the formation of near-surface groundwater
microbiomes. Water Res. 170, 115341. DOI: 10.1016/j.watres.2019.115341

448

Climate Change and Groundwater Microbes

Retter et al.

Yvon-Durocher, G., Allen, A.P., Montoya, J.M., Trimmer, M., and Woodward, G.
(2010). The temperature dependence of the carbon cycle in aquatic ecosystems.
Adv. Ecol. Res. 43, 267–313. DOI: 10.1016/B978-0-12-385005-8.00007-1
Zektser, I.S., and Everett, L.G. (2004). Groundwater resources of the world and their
use. IHP-VI, Series on Groundwater No. 6, (Paris: United Nations Educational,
Scientific and Cultural Organization).
Zhang, G., Yao, T., Shum, C.K., Yi, S., Yang, K., Xie, H., Feng, W., Bolch, T., Wang,
L., Behrangi, A., et al. (2017). Lake volume and groundwater storage variations in
Tibetan Plateau’s endorheic basin. Geophys. Res. Lett. 44, 5550–5560. DOI:
10.1002/2017GL073773

449

Climate Change and Groundwater Microbes

Retter et al.

450

