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a b s t r a c t
Human exposure to water contaminated with faeces is a leading cause of worldwide ill-health. Contaminated
water can be transmitted rapidly in karst terrain as a result of the connectivity of surface and groundwater systems, high transmissivity of aquifers over large areas, and well-developed underground conduit systems. Faecal
indicator organisms (FIOs) are the most widely-used indicator of faecal contamination and microbial water quality; however, the conceptualisation of FIO risk and associated sources, pathways, and survival dynamics of FIOs in
karst landscapes requires a degree of modiﬁcation from traditional conceptual models of FIO fate and transfer in
non-karst systems. While a number of reviews have provided detailed accounts of the state-of-the-science
concerning FIO dynamics in catchments, speciﬁc reference to the uniqueness of karst and its inﬂuence on FIO
fate and transfer is a common omission. In response, we use a mixed methods approach of critical review combined with a quantitative survey of 372 residents of a typical karst catchment in the southwest China karst region
(SWCKR) to identify emerging research needs in an area where much of the population lives in poverty and is
groundwater dependent. We found that the key research needs are to understand: 1) overland and subsurface
FIO export pathways in karst hydrology under varying ﬂow conditions; 2) urban and agricultural sources and
loading in mixed land-use paddy farming catchments; 3) FIO survival in paddy farming systems and environmental matrices in karst terrain; 4) sediment-FIO interactions and legacy risk in karst terrain; and 5) key
needs for improved hydrological modelling and risk assessment in karst landscapes. Improved knowledge of
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these research themes will enable the development of evidence-based faecal contamination mitigation strategies
for managing land and water resources in the SWCKR, which is highly vulnerable to climate change impacts on
water supply and quality of water resources.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Exposure to water resources contaminated with either human, livestock or wildlife faeces can pose a potential risk to human health (Kay
et al., 2007). Disease (primarily gastroenteritis) caused by microbial
pathogens from faecal matter disproportionally affects developing and
rural regions, and is the second leading cause of child mortality under
age ﬁve worldwide (Gall et al., 2015; WHO and UNICEF, 2014). Microbial pathogens can persist in a variety of catchment matrices including
ground and surface waters, sediments, animal and human faecal matter,
and soils (Alegbeleye et al., 2018; Sidhu et al., 2015). Faecal indicator organisms (FIOs), for example E. coli, are the most routinely used microbial compliance parameter for conﬁrming faecal (though not
necessarily pathogen) contamination of the environment, and their
use in water quality legislation around the world demonstrates their
widespread utility (Oliver et al., 2016). Quantiﬁcation of FIOs is subsequently a key environmental management tool, serving as a direct indicator of faecal contamination levels of soil, water and other target
media, and as a fundamentally important parameter in models that predict microbial pollution at larger spatial and temporal scales that cannot
be easily monitored (de Brauwere et al., 2014). Understanding the
sources of FIOs, and their associated fate and transfer processes, across
multiple scales thus provides the underpinning evidence-base for
informing effective management of microbial water quality in catchments (Bradford et al., 2013).
Karst catchments offer “distinctive hydrological pathways and landforms that arise from high rock solubility and well developed secondary
(fracture) porosity” (Ford and Williams, 2007). These are further
shaped by a range of climatological, biogeomorphological and biochemical controls (Phillips, 2016). For example, planes of weakness such as
faults, fractures, and ﬁssures are a necessary precursor, providing preferential ﬂow pathways, and development of karstic landforms is highly
rainfall dependent (Harmand et al., 2017). The preferential dissolution
along existing planes of weakness, whose orientation is typically structurally controlled, is a positive feedback loop and results in extreme vertical and horizontal anisotropy of aquifer properties, such as hydraulic
conductivity and transmissivity. Karst hydrology is characterised by inﬁltration of surface water into the groundwater system through sink
holes and depressions, and rapid underground transport through conduit systems to springs (Gutiérrez and Gutiérrez, 2016). This results in
high connectivity of surface and groundwater systems, and high transmissivity and connectivity of aquifers over large areas, which can lead
to uncertainty in our underpinning understanding of hydrological functioning of karst systems (Hartmann et al., 2014). As a result, contaminated water can be rapidly transferred to points of human exposure,
e.g. emerging at drinking water bores and springs or used for irrigation
and domestic purposes. Managing microbial water pollution in karst
landscapes therefore, presents a unique set of challenges, not least because of the extreme heterogeneity observed in aquifer properties.
The conceptualisation of FIO risk and associated sources, pathways,
and survival dynamics of FIOs in karst landscapes requires a degree of
modiﬁcation from traditional conceptual models of FIO fate and transfer
in non-karst systems. While a number of reviews have provided detailed accounts of the state-of-the-science concerning FIO dynamics in
catchments (Cho et al., 2016; Kay et al., 2007; Oliver et al., 2016), speciﬁc reference to the uniqueness of karst and its inﬂuence on FIO fate
and transfer is a common omission. Given that 25% of the world's population are dependent on karst water resources for drinking (Hartmann
et al., 2014) it is critical that karst catchments are not overlooked when

considering landscape-scale drivers of microbial water pollution. The
general framework of source-pathway-receptor used to conceptualise
FIO risk is valid for karst, but the processes that control FIO dynamics
through this continuum are likely to be very different. Thus, ﬁndings
of FIO dynamics in non-karst systems provide valuable comparative
data but may offer limited transferability due to the fundamental differences in hydrology upon which varying land management approaches
may be implemented (Bonacci et al., 2009).
The southwest China karst region (SWCKR) is one of the largest continuous karst zones in the world and represents 20% of the land area in
China (Cao et al., 2015). The SWCKR is characterised by well-developed
karst geology, high intensity precipitation events, population pressure,
intensive agriculture and animal husbandry, and the highest national
poverty rates, which have all been identiﬁed as causes of increased microbial contamination risk (Balbus and Embrey, 2002; Curriero et al.,
2001; Dangendorf et al., 2002; Guo et al., 2009; Howard et al., 2003;
Luffman and Liem, 2014). This combination of factors makes this geographical area a high priority for considering the challenges and opportunities of FIO research needs in karst terrain. Thus, the aims of this
critical review are to identify research needs for advancing our understanding of FIO fate and transfer in the SWCKR, and to extrapolate
from this region to identify a broader, more generic set of research priorities needed to better deﬁne our understanding of karst-related FIO
behaviour.
2. The southwest China karst region: an exemplar
In rapidly-developing countries such as China, there is high vulnerability to climate change impacts on water supply and quality. Understanding the fate and transfer of FIOs and their pathways of exposure
to human populations (e.g. via drinking water, crop irrigation, household food preparation) is therefore important in areas of China where
water sources are vulnerable and prone to contamination, e.g. karst
landscapes. However, this urgent need to explore microbial pollution issues in the SWCKR is driven by more than climate-change concerns. The
Chinese Ministry of Agriculture (2018) stipulated that there must be
zero growth of chemical fertiliser consumption by 2020, thus the
world's top producer of rice and wheat will need to secure nutrient inputs from alternative sources other than mineral fertilisers. The anticipated response will be a signiﬁcant increase in the use of organic
fertiliser, which is currently under-utilised, to help boost agricultural
output (Chadwick et al., 2015). Organic fertilisers such as livestock manures will contribute higher microbial loading to land and when
coupled with changing climatic drivers that promote microbial transfer
(e.g. increased frequency of storm events) the risk of faecal contamination of water sources is likely to increase. The Environmental Quality
Standards for Surface Water (EQSSW) (GB3838-2002) are used in
China as a regulatory framework. However, there are suggestions that
these standards have struggled to keep pace with rapid economic
growth and limited awareness of environmental protection, and that
strategic amendments are needed to establish national water quality
criteria to support the revision of water quality standards (Zhao et al.,
2018).
Rice is a staple crop and major export of provinces in southwest
China, and China is the leading global producer of rice (Peng et al.,
2009; Wang, 2016). The land-levelling, irrigation, and drainage practices that underpin paddy rice farming differ fundamentally from typical
Western agriculture (Sprague, 1975), yet studies of FIO pollution in
paddy rice regions are scarce relative to other forms of agriculture.
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Burgeoning demand for meat and dairy in the last 20 years has seen intensive livestock farming grow to be responsible for the majority of
point source faecal pollution in China, with little or no manure management and an estimated 30–70% of liquid manure discharged directly to
waterways (Gao et al., 2014; Norse and Ju, 2015; Strokal et al., 2016).
Agriculture and livestock farming are hence likely to be major and increasing sources of microbial contamination of watercourses, but
there is currently limited data of sufﬁcient spatial coverage to evidence
this. Such a combination of stressors on both the environment and the
population place the rural communities of the SWCKR amongst the
most vulnerable to contaminated water supply issues (Tao and Xin,
2014).
3. FIO fate and transfer in the SWCKR: the emergence of priority research needs
In response to growing awareness of the challenge of karst-related
FIO pollution, we have identiﬁed ﬁve key themes and a series of research priorities that would support a critical advance in our knowledge
of FIO behaviour in the SWCKR, as related to key processes and features
of this terrain (Fig. 1). These have emerged from a critical review of the
literature and through a quantitative questionnaire of 312 local farmers
and 60 community members from across seven villages in a mixed-land
use catchment (the Houzhai catchment) in Guizhou Province, in the
centre of the SWCKR. The survey sought views on approaches to manure and farm management, fertiliser application and catchment
water resources.
3.1. Theme #1: patterns of FIO transfer through karst hydrological
pathways
In the ﬁeld of groundwater contamination, many processes relating
to FIO fate and transfer, particularly those that enhance transport such
as conduit ﬂow, (e.g. Fig. 1:1,4) are poorly understood (Bradford and
Harvey, 2017). Gaps in understanding can be attributed to the complexity of processes governing FIO transport, the activation of different hydrological pathways under varying ﬂow conditions, and the
heterogeneity of natural karst systems.
Karst aquifers respond differently to rainfall compared to typical
granular aquifers, due to rapid responses in discharge along high velocity ﬂow paths, high connectivity over long distances, activation of different hydrological pathways under low and high ﬂow conditions, and
variable epikarst thickness (Fig. 1:1,3,4) (Bakalowicz, 2005; Fu et al.,
2016a). Under the hydrological conditions induced by heavy rainfall,
FIOs and other potential contaminants are transported more rapidly
by subsurface transport through the soil proﬁle due to enhanced unsaturated and saturated zone ﬂow (McCarthy and McKay, 2004; Savoy,
2007). In karst systems, overland ﬂow is normally activated when precipitation exceeds a threshold where the epikarst zone becomes saturated (Zhang et al., 2011). Integration of geophysical, hydrometric,
and hydrogeochemical methods has recently shown notable changes
in ﬂow connectivity between hillslopes and landscape depressions in
cockpit karst, which is a major karst landform in the SWCKR, with
slow, fracture dominated ﬂow during dry periods shifting to rapid recharge of conduits from hillslope ﬂow during heavy rainfall (Chen
et al., 2017b).
Moderate or light rainfall may also result in transport of FIOs to
groundwater through subsurface ﬂow pathways. Hillslope soils in the
SWCKR are thin (typically b30 cm), and characterised by high rock fragment content, making them prone to rapid inﬁltration. Depression soils
are thicker (up to 2.0 m) and more homogenous, but with high clay content and underlain by ﬁssured and fractured epikarst, making them also
prone to preferential ﬂow path development (Chen et al., 2017a; Hu
et al., 2015; Zhang et al., 2011). Under conditions of continuous moderate rainfall (e.g. 25 mm/day) vertical leaching of FIOs through ﬁner,
more porous soils is reduced (but still signiﬁcant) relative to poorly

drained soils that exhibit macropores, and leaching to groundwater at
N3 m depth has been observed within b1 day in soil prone to preferential transport (Aislabie et al., 2001; Gagliardi and Karns, 2000; Krog
et al., 2017).
During low ﬂow or dry periods, FIOs (and other contaminants) may
be stored in the epikarst zone. The importance of the epikarst (Fig. 1:3)
as a storage component in the karst system and release of stored water
following storm events is well established (e.g. Aquilina et al., 2006; Fu
et al., 2016b). More broadly the vadose zone is recognised as a potential
reservoir for microbial storage between mobilising precipitation events
(Gotkowitz et al., 2016; Tafuri and Selvakumar, 2002). The variation in
thickness of the epikarst and soil zones between hillslopes and depressions means there is likely to be large spatial variation in potential for
FIO storage and ﬁltering. Furthermore, karst systems have been identiﬁed as permanent reservoirs of viable but non-culturable E. coli even
when culturable E. coli became undetectable at water sources (Petit
et al., 2018). The implications of this for FIO survival and storage in different components of the karst system are largely unknown and require
investigation to advance our understanding and enable representation
of FIO storage and transfer.
Both land use practices and environmental degradation in the
SWCKR may enhance overland and subterranean transport of FIOs to receiving waters. Overland ﬂow is likely to be enhanced due to the increased bare rock associated with prevalent karst rocky desertiﬁcation
and reduced opportunity for ﬁltration through the thin or absent soil
proﬁle (Fig. 1:2) (Ben-Hur et al., 2011; Fu et al., 2015). Dry land
cropping on sloping land, induced by population pressure forcing expansion of crop lands, can lead to manure application to land that is
more vulnerable to overland ﬂow following rainfall, and in turn more
susceptible to promoting rapid E. coli export or inﬁltration and storage
in the epikarst during low-ﬂow periods (Fig. 1:10). Low natural vegetation cover due to land clearance, livestock grazing, and rocky desertiﬁcation may also reduce FIO and other contaminant attenuation (Jiang
et al., 2014). The land-use practices and soil-rock proﬁle in the SWCKR
also have the potential to enhance sub-surface transport of FIOs to conduits and thus reduce storage in the soil and epikarst zones. For example, saturated soils, thin soil proﬁles, and fractured bedrock (Fig. 1:5)
have been shown to increase inﬁltration rates and groundwater recharge, and reduce soil water retention (Appels et al., 2015; Rathay
et al., 2017; Unc and Goss, 2003).
3.1.1. Research priority A: characterisation of overland and subsurface FIO
export pathways in karst hydrology under varying ﬂow conditions
Characterising how FIO ﬂux is apportioned to both subsurface and
overland ﬂow hydrological pathways under varying hydrological conditions in karst is essential for understanding the dynamics of FIO export
from this speciﬁc type of terrain. Such characterisation requires improved quantiﬁcation of temporal FIO transfer via different pathways,
together with a more detailed appreciation of the key mechanisms by
which FIOs are transferred from sources to receiving water bodies,
and the role of key storage components in the karst system. Accurate
quantiﬁcation of FIO export via different pathways also needs to account
for variability across land-use types, soil type and depth, and degree of
karstiﬁcation. Advances in interdisciplinary working are key to delivering on this research priority and there are current ‘Critical Zone Observatory’ projects in China that are integrating tools and techniques to
better understand karst hydrology to ensure sustainability of soil and
water ecosystem services (e.g. Chen et al., 2017b). For example, geophysical surveys can inform on structure and hydraulic conductivity
proﬁles of karst, helping to visualise the architecture of this complex
subterranean environment (Fig. 1:5); hydrochemistry and isotopic
data can characterise different water sources such as freshly inﬁltrated
surface water and stored epikarst water (Zhang et al., 2018), and if combined with FIO concentrations, would allow an interpretation of likely
FIO pathways. Furthermore, high resolution discharge and physical
and chemical water properties are becoming more widely available,
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Fig. 1. Features of karst terrain and land-use practices in the SWCKR relevant to faecal contamination and health risk that are poorly understood. The numbered processes are referred to in
the text in bold.

providing a potentially powerful method of inferring FIO behaviour
through comparative and multidisciplinary data analysis (Frank et al.,
2018; Hartmann et al., 2014).
3.1.2. Research priority B: classifying FIO C-Q dynamics in the karst terrain
Programmes of baseline monitoring coupled with high-resolution
sampling during precipitation events of varying magnitude are required
to understand how land-use, catchment size, and karst hydrology act in
combination to moderate the effects of rainfall events on FIO export
(Fig. 1:8). Characterising concentration–discharge (C-Q) relationships

and hysteresis during storm events in karst catchments is challenging
owing to their short-lived nature, but this type of dataset can prove invaluable. Analysis of C-Q relationships gives understanding of the contribution of proximal and distal sources, and source amount and
depletion (Bowes et al., 2015). Classifying FIO C-Q event dynamics according to different typologies of storm (e.g. intensity, duration), and
according to season or antecedent conditions would provide insight
into the interactions and relative importance of event characteristics associated with agricultural and seasonal variables. Finally, nested catchment studies would allow determination of the importance of scaling
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effects on FIO concentrations and ﬂux in karst catchments. However,
site selection will inevitably be challenging due to the complexity of
subterranean hydrological pathways and associated ‘leakiness’ of such
catchments, and thus require an accurate surface and subsurface catchment model to guide the design of such studies.
3.2. Theme #2: understanding point and diffuse sources of FIOs under
changing farming regimes
Agriculture in the SWCKR is undergoing substantial change, with
subsistence farming giving way to the expansion of commercial crops,
dairy, and livestock farming that is driven by changing demands and
economic development (Chadwick et al., 2015; Fu et al., 2010). Hence,
there are a range of farm scales and practices across the SWCKR, all of
which may contribute diffuse and point sources of FIOs (Fig. 1:9,10,11).
3.2.1. Diffuse pollution from SWCKR agriculture
Manure is currently used extensively to fertilise both paddy and dryland crops in the SWCKR: of 298 farmers in the Houzhai survey, 44%
used some combination of animal and human manure and 60% were
unaware of the potential for pathogens to be present in these materials.
Dual nitrate isotope analysis has indicated that manure is the major
source of nitrate in receiving waters in the dry season, and a signiﬁcant
source during the wet season (Yue et al., 2015). Under the national regulations on synthetic fertiliser application, whereby zero growth of
chemical fertiliser application is permitted after 2020, manure application is likely to increase as farmers will need to source more nutrients
from organic fertiliser. Optimum management of manure applied to
crops is limited by labour availability, which probably leads to suboptimum pathogen inactivation due to inability to follow best management practice (Chadwick et al., 2015; Smith and Siciliano, 2015).
The abstraction, ﬂood irrigation, and drainage practices that underpin paddy rice farming in the SWCKR result in the release of large volumes of irrigation water containing residual organic and inorganic
fertilisers into the karst hydrological system. This may result in increased FIO ﬂuxes into aquifers during key periods in the agricultural
calendar, resulting in a higher risk of exposure to downstream users if
irrigation waters emerge at springs (Fig. 1: 7). Manure application and
irrigation practices can inﬂuence the survival rates and transport to
aquifers of E. coli and selected pathogens in agricultural systems: ﬂood
irrigation practices have been shown to result in greater leaching and
transport of E. coli and Campylobacter through the vadose zone into
groundwater compared with spray irrigation (Close et al., 2008;
Weaver et al., 2016), and it is well established that drainage methodology impacts discharge water quality and paddy soil salinity (JafariTalukolaee et al., 2015; Manjunatha et al., 2004). Transport of bacteria
via macropores is generally enhanced in wet and poorly-drained soils,
and ﬁssures and fractures in the epikarst, which underlies both paddy
and dryland cropping systems in the SWCKR, providing the potential
for rapid ﬂow paths (Aislabie et al., 2001; Unc and Goss, 2003). Dryland
cropping is practiced on hillslopes and valley ﬂoors during the dry season and transport of FIOs from dryland cropping to ground and surface
water may be enhanced by irrigation with ﬂooded channels and rocky
desertiﬁcation. Grazing livestock also present a potential diffuse source
risk of FIO pollution, which is highly-relevant to this region where grazing cattle and water buffalo have open access to surface waters. Studies
that have assessed baseline faecal contamination levels or captured FIO
emergence over events in karst agricultural settings have found the
presence of grazing ruminant livestock and direct defecation by cattle
into surface streams to be important controls on FIO levels (Laroche
et al., 2010; Reischer et al., 2008; Smolders et al., 2015).
3.2.2. Point sources of FIOs in the SWCKR: urban contamination and livestock farms
The use of open toilets directly discharging untreated waste into waterways and disposal of waste potentially containing sewage, or organic

waste which attracts scavenging animals, in sink holes, rivers, or in
heaps close to riverine banks are common practices in impoverished
rural areas of the SWCKR. This is likely to result in urban areas and
households contributing large FIO loads to catchments (Fig. 1:6,12). Intensive livestock farms, in particular the farmyard areas, also represent
point and diffuse source risks for microbial contamination of downstream water resources. Even where livestock waste management is
practiced, runoff from animal-housing surfaces and leakage or rainfallinduced overﬂow from slurry pits may cause severe microbial water
quality impairment of receiving water bodies (e.g. Edwards et al.,
2008; Mallin and Cahoon, 2003). The impervious surfaces and artiﬁcial
drains of Chinese farm enterprises may therefore facilitate efﬁcient
transfer of microbial pollutants.
3.2.3. Research priority C: characterisation of urban and agricultural
sources of FIOs and quantiﬁcation of loading to receiving waters in mixed
land-use paddy farming catchments
Characterising the risk of FIO loss from urban and household sewage
sources, and from different farm typologies and varying scales of farm
systems typical of the SWCKR, would provide a useful conceptual
framework upon which to devise more targeted management and mitigation strategies for FIO pollution. Combining social sciences with natural sciences presents a clear opportunity to assess how risk of FIO
pollution relates to management of both farm animal waste and
human sewage and how socio-economics might impact on management (Oliver et al., 2009). For example, mapping of urban point sources
could be assisted by surveys on household and village waste management practices, and quantiﬁcation of loading from urban areas could
be established by key outlet or downstream monitoring points. There
is currently little quantitative information to support FIO risk assessment of paddy and dryland cropping, small and large scale livestock
farms, subsistence farms, and emerging large scale commercial farms.
Generating relevant data to support a risk assessment of different farming typologies would require a combination of plot, ﬁeld and farm scale
experiments, FIO audits and baseline monitoring to quantify FIO loss
from different agricultural systems under high and low ﬂow conditions.
As this develops, future opportunities could also capitalise on the integration of microbial source tracking (Devane et al., 2018), targeted in
a Chinese context.
Headwater catchments offer considerable scope for informing on the
importance of different land use types contributing to FIO loading of receiving waters. Headwaters can constrain the number and variety of
farm units and thus provide an effective approach to isolate the effects
of different farming practices relative to larger catchment areas, which
are inherently more complex. They provide an ideal location to perform
ﬁeld and farm scale experiments tracing FIO transport through the soil
and epikarst proﬁles into groundwater with, for example, soil water
sampling and drains, in hillslope and depressions under different farming and irrigation practices, and rainfall conditions. However, larger
catchment-scale studies can provide opportunities too: monitoring of
water quality at catchment and sub-catchment outlets combined with
spatial analysis of the contributing areas of different land use should deliver important understanding of the contributions of urban, agricultural, and forested land to catchment FIO export (Winter et al., 2011).
Surveys on timing, method, type, and quantity of manure application, and timing of agricultural phases allow identiﬁcation of potential
sources and guide spatial and temporal baseline monitoring, through
informing on likely higher risk periods such as during manure application and paddy discharge. Such surveys would also reveal farmer
knowledge that can be applied in controlling FIO loading. For example,
in the Houzhai survey 58% of farmers surveyed did not think that their
farming activities held any consequence for downstream users of
water, and 60% said they did not know how water moves through the
environment. This strongly suggests that knowledge exchange by scientists and/or education of farmers and local residents could help improve
understanding of the links between farm practice and water quality.
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3.3. Theme #3: FIO survival in paddy farming systems and the wider karst
system
3.3.1. Paddy farming
Survival of FIOs in the shallow aquatic systems of paddy ﬁelds is
likely to be inﬂuenced by a complex mix of physical, chemical, and
microbial conditions as observed in other aquatic environments
(Hassard et al., 2017). E. coli and total coliform concentrations in
paddies, where recycled waste water is used for irrigation, ﬂuctuate
widely throughout the growing season, attributed to dilution, settling, and re-agitation of sediments (An et al., 2007; Jang et al.,
2013). The precise timing and duration of paddy rice cropping varies
by region, but manure typically resides in stagnant water for up to
several months (Fig. 1:9) (Toan et al., 1997). Survival times of
E. coli in aquatic environments vary from 11 h for a 95% population
reduction (T95) in anaerobic reduced conditions to 260 days in sterile
ﬁltered river water for a 99% reduction (T99) (Flint, 1987; Lisle, 2016;
Personné et al., 1998). The shallow and stagnant nature of paddy
ﬁelds is likely to result in: (i) temperature and UV ﬂuctuations as
the rice grows; (ii) variable redox conditions in soil and water as decomposition of organic matter proceeds under a range of different
drainage regimes; and (iii) elevated nutrient concentrations and altered microbial communities due to the addition of inorganic
fertilisers and pesticides (Takai and Kamura, 1966; Yagi and
Minami, 1990). Many of these factors inﬂuence survival of E. coli in
water: extremes of temperature and pH diminish survival rates, as
does UV light and the presence of grazing microbes, while nutrient
availability may increase survival rates (Gagliardi and Karns, 2000;
González, 1995; Jamieson et al., 2004; McFeters and Stuart, 1972;
Pachepsky et al., 2014; Rozen and Belkin, 2001).

3.3.2. FIO survival in environmental matrices in karst geological settings
The high solubility of the carbonate minerals causes karst aquifer
waters to have elevated levels of dissolved carbonates and a high pH
(Fig. 1:13) (Ford and Williams, 2007). For example, in the region
where the Houzhai survey was conducted, typical of the SWCKR,
the pH of catchment waters ranges from 7.1–8.7 (Li et al., 2010).
FIO survival studies in water have not found a consistent relationship
between pH and E. coli survival rates, with temperature generally reported to be the most important factor (Blaustein et al., 2013; John
and Rose, 2005). However, survival of E. coli declines under high
pH conditions in manure and soil, with the enterohaemorrhagic
E. coli O157:H7 growing at low pH in soil, manure or water (van
Elsas et al., 2011). High pH values (N7.8) have also been found to signiﬁcantly diminish survival rates of viral and bacterial pathogens in
groundwater (John and Rose, 2005). Meta-analysis on the controls
of E. coli and pathogen survival in the soil-water continuum is hampered by lack of complete reporting of the physical, chemical, and biological characteristics of the matrix in survival studies, as the
importance of this has only recently been appreciated (Franz et al.,
2014). In the environment generally, there are gaps in understanding around transfer between soil, water and rock matrices, the effects
of autochthonous microbial community structure, and survival enhancement mechanisms such as sediment storage (van Elsas et al.,
2011; Engström et al., 2015). Understanding the extent to which
FIO transfer occurs between these matrices is necessary to predict
persistence in watercourses and waterbodies, as these cause substantial variance in the suitability for FIO survival. In addition, the
presence of naturalised E. coli populations in soil growing over the
summer period and capable of surviving winter has been observed
in tropical, sub-tropical, and temperate environments, but has not
been investigated speciﬁcally in karst (Ishii et al., 2006). The existence of naturalised E. coli populations does not undermine E. coli
as an indicator of faecal contamination, but does have implications
for E. coli sampling strategies and how results are interpreted.
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3.3.3. Research priority D: FIO survival in paddy farming systems and environmental matrices in karst terrain
Replicated and tightly controlled multi-factorial experiments would
allow better understanding of the mechanisms of FIO survival in paddy
farming systems and in the soil, water, and rock matrices of the karst environment. Microcosm experiments investigating FIO survival in
(i) typical karst waters, with high pH and elevated dissolved carbonate
levels, (ii) paddy waters throughout the course of planting cycles, (iii)
typical SWCKR cropland soils, manures, and slurries; and (iv) different
components of the soil-water-rock matrix, are therefore required as
they are missing from the existing evidence-base on FIO persistence.
The use of multifactorial laboratory experiments would also help to inform on how FIOs respond under climate change scenarios, where simultaneous variation of multiple factors (e.g. temperature, pH, light)
will regulate competitive outcomes. Such experiments need also to recognise the importance of interactions across multiple pollutant hazards
to account for relative competitiveness and opportunities for FIOs to
ﬂourish or perhaps survive more optimally, such as in the presence of
higher nutrient concentrations. Intrinsic complexity across a range of
spatial and seasonal scales will add further challenges to this important
research need.
3.4. Theme #4: sediment-FIO interactions and legacy risk in karst terrain
The combination of karst hydrology and extremes of ﬂow regimes
may result in different sediment dynamics to non-karst terrain and
non-monsoonal climates (Fig. 1:14). Precipitation events, particularly
heavy and episodic, can rapidly increase the delivery of surface sediments and entrained substances via runoff (potentially containing contaminants) to surface waters and aquifers (Leigh et al., 2013). This is
particularly marked in aquifers with low buffering capacity, typical of
many karst aquifers, particularly those with well-developed conduit
systems (Mahler and Lynch, 1999; Toran et al., 2006). Studies monitoring FIO concentrations in both karst and non-karst catchments after
storm events have attributed the high suspended sediment levels to
both surface runoff and resuspension of streambed stores, and some
modelling of E. coli concentrations in receiving waters of catchments
now incorporates stream bed stores (e.g. Garcia-Aljaro et al., 2017;
Kim et al., 2010; Morasch, 2013). However, modelling of the physical
mechanisms of deposition and resuspension, along with other transport
mechanisms involved in FIO transport in catchments more generally
still requires development (Porter et al., 2017).
FIO transport, storage, and survival can be inﬂuenced by sediment
associations due to sorption to particles providing a transport mechanism, increasing the availability of nutrients, and providing shelter
from predation, UV, and extremes of temperature when deposited in
stream beds (Garzio-Hadzick et al., 2010; Jamieson et al., 2004). Higher
E. coli concentrations in streambed sediments have been linked to direct
access of livestock to streams, diffuse runoff from agriculture, and
human and animal point sources (Fig. 1:6,9,10,11,12) (Bragina et al.,
2017; Davies-Colley et al., 2004). However, the relationship between
FIOs, pathogens, and sediment particles appears complex and highly
variable and the association of E. coli in the water column with
suspended sediment appears to vary widely between sites and hydrological conditions. For example, studies in different karst settings have
reported a range of values for the degree of association of FIOs with sediment, from non-signiﬁcant to 100%, but generally increasing under
high ﬂow conditions (e.g. Mahler et al., 2000; Pronk et al., 2006). FIOs
have been found to attach preferentially to speciﬁc particle size ranges
and mineralogy, though results vary between studies, and maximum
E. coli load in streams in karst regions following precipitation has been
observed to coincide with maximum turbidity, TOC, and a relative increase in smaller sediment particles (Foppen and Schijven, 2005; Jeng
et al., 2005; Pronk et al., 2007). Particulate-associated faecal bacteria
within karst conduits can persist for up to several months demonstrating the potential for accumulating sediment in underground cave
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systems of karst terrain to represent a legacy risk and reservoir for possible future contamination (Ward et al., 2016).
3.4.1. Research priority E: develop core understanding of sedimentmicroorganism interactions for FIO survival, storage, and transport in karst
systems
Research on sediment provenance through sediment microbial ﬁngerprinting techniques and residence time of sediments in different
‘reservoirs’ within the karst system, combined with microcosm experiments on survival of FIOs in sediment and empirical data on FIO concentrations in sediment reservoirs are required. This will allow improved
modelling of sediment transport and FIO associated storage and transport. In addition, simultaneous sampling of E. coli concentrations in sediment and the water column under varying ﬂow regimes will allow
veriﬁcation and improvement of modelling of sediment dynamics and
associated E. coli transport and storage in catchments (Pandey et al.,
2016). Field studies of FIO concentrations in sediment components of
the karst system such as river beds, lakes, and underground conduits
combined with studies on the factors inﬂuencing attachment of FIOs
to particles, such as sediment mineralogy, particle size and cell characteristics (Wyness et al., 2018), will provide insight into the importance
of sediments in promoting legacy FIO pollution in karst catchments,
i.e. the ability of sediments to prolong the risk of FIO presence in a catchment system.
3.5. Theme #5: hydrological modelling and risk assessment in karst terrain
3.5.1. Hydrological modelling
Accurate numerical simulation of the hydrological system is fundamental to quantifying FIO catchment ﬂuxes and predicting microbial
water quality under changing system stressors such as land-use, abstraction, and rainfall (Porter et al., 2017). An accurate hydrological
model can help to predict FIO ﬂux at monitoring points, quantify FIO
loading from land-use types, evaluate the role and importance of different hydrological pathways in exporting FIOs, and determine concentrations and ﬂuxes of FIOs in catchments under changing system stressors
(Cho et al., 2016). This level of predictive power is currently not achievable for most karst regions, due to a need for further development of
karst speciﬁc modelling capability and the heterogeneous
hydrogeological context (Zhang et al., 2017; Hartmann et al., 2014).
Modelling techniques in karst can be split into lumped, distributed
and hybrid semi-distributed models. Generally, the more sophisticated
semi-distributed and distributed models are more capable of simulating
spatial variation, which is necessary for prediction of FIO concentrations
and ﬂuxes at different points in the catchment hydrological network.
However, these modelling techniques are currently limited by lack of
detailed calibration datasets or high resolution data on hydraulic properties (Goldscheider and Drew, 2007; Hartmann et al., 2014).
Regionalisation of karst models is limited by the coarse scale of available
datasets, lack of information on hydraulic properties, and subsurface
catchment boundaries that are generally unmapped and different to
surface watersheds (Hartmann et al., 2014). Southwest China has experienced a warming trend since 1960, with increasing frequency of
droughts and heatwaves (Lian et al., 2015; Piao et al., 2010). The likelihood of further reduction in water resource availability due to climate
change in this region and many other developing countries adds further
urgency to the need for accurate modelling capability for prediction of
water quantity and quality (Green et al., 2011; Hartmann, 2013).
3.5.2. Risk assessment
The range of environments and contaminants that pose a risk to
health or ecosystems means that standardising a framework for risk assessment is a challenge, and many different approaches have yielded informative results (e.g. Dimitriou et al., 2008; Doerﬂiger et al., 1999; Hu
et al., 2005; Neshat and Pradhan, 2015; Wang et al., 2012). A useful precursor to risk assessment would be an analysis of the regulatory

framework in China set against existing frameworks for catchmentscale control of water quality (e.g. the EU Water Framework Directive,
US EPA Clean Water Act). Risk assessments typically build on combinations of hydrological modelling, spatial datasets, and contaminantspeciﬁc information to identify areas at risk of hazardous contamination
levels. Assessment of risk posed by microbial contaminants from faecal
matter in the SWCKR needs to recognise that microbes are living organisms, interact with surfaces, and that exposure to a small dose due to
rapid ﬂow pathways can cause infection (Hunt and Johnson, 2017).
Thus risk assessment for microbial contaminants is subject to the uncertainty in source apportionment, hydrological modelling, and spatial
datasets, and from gaps in understanding of the behaviour of FIOs
(and to an even larger extent, human pathogens). With additional resource, investigation of pathogen-indicator relationships in a Chinese
context would be useful. Risk assessments not developed speciﬁcally
for karst have limited transferability due to the assumption that diffuse
inﬁltration serves as an attenuation mechanism for contaminants before
reaching the groundwater system (Goldscheider, 2005). Several karst
speciﬁc risk assessments have been developed and tested (e.g. Andreo
et al., 2006; Goldscheider, 2005; Neukum et al., 2008), with the PanEuropean Approach being the latest iteration containing karst and contaminant speciﬁc frameworks. However, due to the inherently multifacetted nature of risk assessments, the question of how they should
be validated remains a challenge (Andreo et al., 2006).
3.5.3. Research priority F: development of karst hydrological modelling with
empirical data and integration with risk assessment
Progression of hydrological modelling and risk assessment in karst
catchments requires detailed empirical data to reﬁne conceptual understanding of the components of the karst system and calibrate karst speciﬁc models. In particular, evaluation of the role of different hydrological
pathways and hydrological drivers of FIO mobilisation and transport, reﬁnement of sediment storage and transport modelling, quantiﬁcation of
loading from land-use types, and data constraining FIO survival rates in
the environment will allow progress in conceptual modelling of FIO dynamics in karst catchments (see Research Priorities A–E). Development
and calibration of speciﬁc models requires accurate delineation of the
surface and groundwater systems through tracer tests, high resolution
data on hydrological properties, and measurement of FIO concentrations at key monitoring points during low- and high-ﬂow conditions
to calibrate land-use weightings. Incorporation of improved understanding of FIO export through karst hydrological pathways and loading
from different land-use categories into catchment risk assessment will
subsequently allow improvement of a conceptual model to underpin
risk assessment in karst terrain. For regions where diffuse pollution is
a major contributor, this could involve developing karst speciﬁc adaptations for FIO routing from source to receiving water body using catchment risk assessments such as SCIMAP (Porter et al., 2017). Validation
of the performance of such risk assessments will then require robust
empirical data to assess model predictions, as with hydrological modelling in the karst terrain.
4. Conclusion
The population of the SWCKR is highly vulnerable to water contamination issues, with mitigation challenged with a combination of climatic conditions, population pressures, and land-use regimes that can
strongly inﬂuence FIO behaviour. Despite this, very little research has
investigated FIO fate and transfer in this distinctive landscape that represents 20% of China's land mass. With growing interest in the relationship between environment and human health, and changing
regulations that are expected to lead to increased use of organic manures as nutrient sources, a number of critical knowledge gaps associated with FIO dynamics in karst catchment systems have become
apparent and require research attention. Some of the challenges that
need addressing are achievable in the short term; others need more
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substation investment or co-ordination but over time will convert to exciting research opportunities. The research needs we identify will support improved knowledge of FIO fate and transfer in the SWCKR, and
karst environments more generally. Delivering good quality data for
these research needs would ultimately help to reduce the risk of
human exposure to faecal contamination in these distinctive environments through improved risk assessment, modelling and better informed decision-making. In the context of the SWCKR, the high
population density, direct dependence of communities on the land for
food and water, and need for close proximity of water supplies to villages needs to be born in mind when designing research programmes.
Thus, effective knowledge exchange and consultation with communities is also required in order to provide pragmatic recommendations
when using scientiﬁc outcomes to guide policy or management practice.
Acknowledgements
The authors would like to thank: Dr. Peng Tao, Guiyang Geochemistry Institute, Chinese Academy of Sciences for his pivotal role in organizing and assisting in the survey of residents in Houzhai catchment; Dr.
Ying Zheng of Glasgow University for her role as lead translator; students from Guiyang Geochemistry Institute and Anshun University for
their assistance in conducting the survey, the local government and residents of Puding county for their assistance and co-operation in participating, and Zhang Xinbao, Chengdu Institute of Mountain Hazards and
Environment for his suggestions to improve the karst conceptual diagram. This research was funded by the Natural Environment Research
Council as part of the IAPETUS Doctoral Training Programme (NE/
L002590/1) and has received additional assistance from NERC and the
Chinese Academy of Sciences through the China-UK critical zone project
NE/N007425/1, and the National Natural Science Foundation of China
(Grant No. 41571130072). We thank the reviewers for their constructive feedback.
Conﬂict of interest
The authors declare no conﬂict of interest.
References
Aislabie, J., Smith, J.J., Fraser, R., McLeod, M., 2001. Leaching of bacterial indicators of faecal
contamination through four New Zealand soils. Aust. J. Soil Res. 39, 1397–1406.
Alegbeleye, O.O., Singleton, I., Sant'Ana, A.S., 2018. Sources and contamination routes of
microbial pathogens to fresh produce during ﬁeld cultivation: a review. Food
Microbiol. 73, 177–208.
An, Y.-J., Yoon, C.G., Jung, K.-W., Ham, J.-H., 2007. Estimating the microbial risk of E. coli in
reclaimed wastewater irrigation on paddy ﬁeld. Environ. Monit. Assess. 129, 53–60.
Andreo, B., Goldscheider, N., Vadillo, I., Vías, J.M., Neukum, C., Sinreich, M., et al., 2006.
Karst groundwater protection: ﬁrst application of a Pan-European Approach to vulnerability, hazard and risk mapping in the Sierra de Líbar (Southern Spain). Sci.
Total Environ. 357, 54–73.
Appels, W.M., Graham, C.B., Freer, J.E., McDonnell, J.J., 2015. Factors affecting the spatial
pattern of bedrock groundwater recharge at the hillslope scale. Hydrol. Process. 29,
4594–4610.
Aquilina, L., Ladouche, B., Dörﬂiger, N., 2006. Water storage and transfer in the epikarst of
karstic systems during high ﬂow periods. J. Hydrol. 327, 472–485.
Bakalowicz, M., 2005. Karst groundwater: a challenge for new resources. Hydrogeol. J. 13,
148–160.
Balbus, J.M., Embrey, M.A., 2002. Risk factors for waterborne enteric infections. Curr. Opin.
Gastroenterol. 18, 46–50.
Ben-Hur, M., Fernandez, C., Sarkkola, S., Cerezal, J.C.S., 2011. Overland ﬂow, soil erosion
and stream water quality in forest under different perturbations and climate conditions. In: Bredemeier, M., Cohen, S., Godbold, D.L., Lode, E., Pichler, V., Schleppi, P.
(Eds.), Forest Management and the Water Cycle: An Ecosystem-Based Approach.
Springer Netherlands, Dordrecht, pp. 263–289.
Blaustein, R.A., Pachepsky, Y., Hill, R.L., Shelton, D.R., Whelan, G., 2013. Escherichia coli survival in waters: temperature dependence. Water Res. 47, 569–578.
Bonacci, O., Pipan, T., Culver, D.C., 2009. A framework for karst ecohydrology. Environ.
Geol. 56 (5), 891–900.
Bowes, M.J., Jarvie, H.P., Halliday, S.J., Skefﬁngton, R.A., Wade, A.J., Loewenthal, M., et al.,
2015. Characterising phosphorus and nitrate inputs to a rural river using highfrequency concentration-ﬂow relationships. Sci. Total Environ. 511, 608–620.
Bradford, S.A., Harvey, R.W., 2017. Future research needs involving pathogens in groundwater. Hydrogeol. J. 25, 931–938.

445

Bradford, S.A., Morales, V.L., Zhang, W., Harvey, R.W., Packman, A.I., Mohanram, A., et al.,
2013. Transport and fate of microbial pathogens in agricultural settings. Crit. Rev. Environ. Sci. Technol. 43, 775–893.
Bragina, L., Sherlock, O., van Rossum, A.J., Jennings, E., 2017. Cattle exclusion using fencing
reduces Escherichia coli (E. coli) level in stream sediment reservoirs in northeast
Ireland. Agric. Ecosyst. Environ. 239, 349–358.
Cao, J., Yuan, D., Tong, L., Mallik, A., Yang, H., Huang, F., 2015. An overview of karst ecosystem in Southwest China: current state and future management. J. Resour. Ecol. 6,
247–256.
Chadwick, D., Wei, J., Yan'an, T., Guanghui, Y., Qirong, S., Qing, C., 2015. Improving manure
nutrient management towards sustainable agricultural intensiﬁcation in China. Agric.
Ecosyst. Environ. 209, 34–46.
Chen, H., Hu, K., Nie, Y., Wang, K., 2017a. Analysis of soil water movement inside a
footslope and a depression in a karst catchment, Southwest China. Sci. Rep. 7, 2544.
Chen, X., Zhang, Z., Soulsby, C., Cheng, Q., Binley, A.M., Tao, M., 2017b. Hydrological Connectivity in the Karst Critical Zone: An Integrated Approach. AGU. American Geophysical Union, New Orleans.
Chinese Ministry of Agriculture, 2018. China targets zero growth in chemical fertilizer use in
2020. The Business Times: Government and Economy https://www.businesstimes.com.
sg/government-economy/china-targets-zero-growth-in-chemical-fertiliser-use-in-202.
Cho, K.H., Pachepsky, Y.A., Oliver, D.M., Muirhead, R.W., Park, Y., Quilliam, R.S., et al., 2016.
Modeling fate and transport of fecally-derived microorganisms at the watershed
scale: state of the science and future opportunities. Water Res. 100, 38–56.
Close, M., Dann, R., Ball, A., Pirie, R., Savill, M., Smith, Z., 2008. Microbial groundwater
quality and its health implications for a border-strip irrigated dairy farm catchment,
South Island, New Zealand. J. Water Health 6, 83–98.
Curriero, F.C., Patz, J.A., Rose, J.B., Lele, S., 2001. The association between extreme precipitation and waterborne disease outbreaks in the United States, 1948–1994. Am.
J. Public Health 91, 1194–1199.
Dangendorf, F., Herbst, S., Reintjes, R., Kistemann, T., 2002. Spatial patterns of diarrhoeal
illnesses with regard to water supply structures – a GIS analysis. Int. J. Hyg. Environ.
Health 205, 183–191.
Davies-Colley, R.J., Nagels, J.W., Smith, R.A., Young, R.G., Phillips, C.J., 2004. Water quality
impact of a dairy cow herd crossing a stream. N. Z. J. Mar. Freshw. Res. 38, 569–576.
de Brauwere, A., Ouattara, N.K., Servais, P., 2014. Modeling fecal indicator bacteria concentrations in natural surface waters: a review. Crit. Rev. Environ. Sci. Technol. 44,
2380–2453.
Devane, M.L., Weaver, L., Singh, S.K., Gilpin, B.J., 2018. Fecal source tracking methods to
elucidate critical sources of pathogens and contaminant microbial transport through
New Zealand agricultural watersheds–a review. J. Environ. Manag. 222, 293–303.
Dimitriou, E., Karaouzas, I., Sarantakos, K., Zacharias, I., Bogdanos, K., Diapoulis, A., 2008.
Groundwater risk assessment at a heavily industrialised catchment and the associated impacts on a peri-urban wetland. J. Environ. Manag. 88, 526–538.
Doerﬂiger, N., Jeannin, P.Y., Zwahlen, F., 1999. Water vulnerability assessment in karst environments: a new method of deﬁning protection areas using a multi-attribute approach and GIS tools (EPIK method). Environ. Geol. 39, 165–176.
Edwards, A.C., Kay, D., McDonald, A.T., Francis, C., Watkins, J., Wilkinson, J.R., et al., 2008.
Farmyards, an overlooked source for highly contaminated runoff. J. Environ. Manag.
87, 551–559.
Engström, E., Thunvik, R., Kulabako, R., Balfors, B., 2015. Water transport, retention, and
survival of Escherichia coli in unsaturated porous media: a comprehensive review of
processes, models, and factors. Crit. Rev. Environ. Sci. Technol. 45, 1–100.
Flint, K.P., 1987. The long-term survival of Escherichia coli in river water. J. Appl. Bacteriol.
63, 261–270.
Foppen, J.W.A., Schijven, J.F., 2005. Transport of E. Coli in columns of geochemically heterogeneous sediment. Water Res. 39, 3082–3088.
Ford, D., Williams, P., 2007. Karst Hydrogeology and Geomorphology. John Wiley and
Sons, Ltd, Chichester, West Sussex.
Frank, S., Goeppert, N., Goldscheider, N., 2018. Fluorescence-based multi-parameter approach to characterize dynamics of organic carbon, faecal bacteria and particles at alpine karst springs. Sci. Total Environ. 615, 1446–1459.
Franz, E., Schijven, J., de Roda Husman, A.M., Blaak, H., 2014. Meta-regression analysis of
commensal and pathogenic Escherichia coli survival in soil and water. Environ. Sci.
Technol. 48, 6763–6771.
Fu, Y., Chen, J., Guo, H., Hu, H., Chen, A., Cui, J., 2010. Agrobiodiversity loss and livelihood
vulnerability as a consequence of converting from subsistence farming systems to
commercial plantation-dominated systems in Xishuangbanna, Yunnan, China: a
household level analysis. Land Degrad. Dev. 21, 274–284.
Fu, T., Chen, H., Zhang, W., Nie, Y., Wang, K., 2015. Vertical distribution of soil saturated
hydraulic conductivity and its inﬂuencing factors in a small karst catchment in Southwest China. Environ. Monit. Assess. 187, 92.
Fu, T., Chen, H., Wang, K., 2016a. Structure and water storage capacity of a small karst
aquifer based on stream discharge in southwest China. J. Hydrol. 534, 50–62.
Fu, Z., Chen, H., Xu, Q., Jia, J., Wang, S., Wang, K., 2016b. Role of epikarst in near-surface
hydrological processes in a soil mantled subtropical dolomite karst slope: implications of ﬁeld rainfall simulation experiments. Hydrol. Process. 30, 795–811.
Gagliardi, J.V., Karns, J.S., 2000. Leaching of Escherichia coli O157:H7 in diverse soils under
various agricultural management practices. Appl. Environ. Microbiol. 66, 877–883.
Gall, A.M., Mariñas, B.J., Lu, Y., Shisler, J.L., 2015. Waterborne viruses: a barrier to safe
drinking water. PLoS Pathog. 11, e1004867.
Gao, M., Qiu, J., Li, C., Wang, L., Li, H., Gao, C., 2014. Modeling nitrogen loading from a watershed consisting of cropland and livestock farms in China using Manure-DNDC.
Agric. Ecosyst. Environ. 185, 88–98.
Garcia-Aljaro, C., Martin-Diaz, J., Vinas-Balada, E., Calero-Caceres, W., Lucena, F., Blanch,
A.R., 2017. Mobilisation of microbial indicators, microbial source tracking markers
and pathogens after rainfall events. Water Res. 112, 248–253.

446

S.J. Buckerﬁeld et al. / Science of the Total Environment 646 (2019) 438–447

Garzio-Hadzick, A., Shelton, D.R., Hill, R.L., Pachepsky, Y.A., Guber, A.K., Rowland, R., 2010.
Survival of manure-borne E. coli in streambed sediment: effects of temperature and
sediment properties. Water Res. 44, 2753–2762.
Goldscheider, N., 2005. Karst groundwater vulnerability mapping: application of a new
method in the Swabian Alb, Germany. Hydrogeol. J. 13, 555–564.
Goldscheider, N., Drew, D., 2007. Methods in Karst Hydrogeology. Taylor & Francis.
González, J.M., 1995. Modelling enteric bacteria survival in aquatic systems.
Hydrobiologia 316, 109–116.
Gotkowitz, M.B., Bradbury, K.R., Borchardt, M.A., Zhu, J., Spencer, S.K., 2016. Effects of climate and sewer condition on virus transport to groundwater. Environ. Sci. Technol.
50, 8497–8504.
Green, T.R., Taniguchi, M., Kooi, H., Gurdak, J.J., Allen, D.M., Hiscock, K.M., et al., 2011. Beneath the surface of global change: impacts of climate change on groundwater.
J. Hydrol. 405, 532–560.
Guo, F., Yuan, D., Qin, Z., 2009. Groundwater contamination in karst areas of southwestern
China and recommended countermeasures. Acta Carsologica 39, 389–399.
Gutiérrez, F., Gutiérrez, M., 2016. Karst landforms. In: Gutiérrez, F., Gutiérrez, M. (Eds.),
Landforms of the Earth: An Illustrated Guide. Springer International Publishing,
Cham, pp. 59–101.
Harmand, D., Adamson, K., Rixhon, G., Jaillet, S., Losson, B., Devos, A., et al., 2017. Relationships between ﬂuvial evolution and karstiﬁcation related to climatic, tectonic and eustatic forcing in temperate regions. Quat. Sci. Rev. 166, 38–56.
Hartmann, A., 2013. Modeling Karst Hydrology and Hydrochemistry at Different Scales
and in Different Climates Considering Uncertainty. Faculty of Forest and Environmental Sciences. Doctor rer. nat. Albert-Ludwigs-Universität Albert-Ludwigs-Universität.
Hartmann, A., Goldscheider, N., Wagener, T., Lange, J., Weiler, M., 2014. Karst water resources in a changing world: review of hydrological modeling approaches. Rev.
Geophys. 52, 218–242.
Hassard, F., Andrews, A., Jones, D.L., Parsons, L., Jones, V., Cox, B.A., et al., 2017. Physicochemical factors inﬂuence the abundance and culturability of human enteric pathogens and fecal indicator organisms in estuarine water and sediment. Front.
Microbiol. 8, 1996.
Howard, G., Pedley, S., Barrett, M., Nalubega, M., Johal, K., 2003. Risk factors contributing
to microbiological contamination of shallow groundwater in Kampala, Uganda.
Water Res. 37, 3421–3429.
Hu, K., Huang, Y., Li, H., Li, B., Chen, D., White, R.E., 2005. Spatial variability of shallow
groundwater level, electrical conductivity and nitrate concentration, and risk assessment of nitrate contamination in North China Plain. Environ. Int. 31, 896–903.
Hu, K., Chen, H., Nie, Y., Wang, K., 2015. Seasonal recharge and mean residence times of
soil and epikarst water in a small karst catchment of southwest China. Sci. Rep. 5,
10215.
Hunt, R.J., Johnson, W.P., 2017. Pathogen transport in groundwater systems: contrasts
with traditional solute transport. Hydrogeol. J. 25, 921–930.
Ishii, S., Ksoll, W.B., Hicks, R.E., Sadowsky, M.J., 2006. Presence and growth of naturalized
Escherichia coli in temperate soils from Lake Superior watersheds. Appl. Environ.
Microbiol. 72, 612–621.
Jafari-Talukolaee, M., Shahnazari, A., Ahmadi, M.Z., Darzi-Naftchali, A., 2015. Drain discharge and salt load in response to subsurface drain depth and spacing in paddy
ﬁelds. J. Irrig. Drain. Eng. 141, 04015017.
Jamieson, R., Gordon, R., Joy, D., Lee, H., 2004. Assessing microbial pollution of rural surface waters: a review of current watershed scale modeling approaches. Agric.
Water Manag. 70, 1–17.
Jang, T., Jung, M., Lee, E., Park, S., Lee, J., Jeong, H., 2013. Assessing environmental impacts
of reclaimed wastewater irrigation in paddy ﬁelds using bioindicator. Irrig. Sci. 31,
1225–1236.
Jeng, H.C., England, A.J., Bradford, H.B., 2005. Indicator organisms associated with
stormwater suspended particles and estuarine sediment. J. Environ. Sci. Health A
40, 779–791.
Jiang, Z., Lian, Y., Qin, X., 2014. Rocky desertiﬁcation in Southwest China: impacts, causes,
and restoration. Earth Sci. Rev. 132, 1–12.
John, D.E., Rose, J.B., 2005. Review of factors affecting microbial survival in groundwater.
Environ. Sci. Technol. 39, 7345–7356.
Kay, D., Edwards, A.C., Ferrier, R.C., Francis, C., Kav, C., Rushby, L., et al., 2007. Catchment microbial dynamics: the emergence of a research agenda. Prog. Phys. Geogr. 31, 59–76.
Kim, J.-W., Pachepsky, Y.A., Shelton, D.R., Coppock, C., 2010. Effect of streambed bacteria
release on E. coli concentrations: monitoring and modeling with the modiﬁed
SWAT. Ecol. Model. 221, 1592–1604.
Krog, J.S., Forslund, A., Larsen, L.E., Dalsgaard, A., Kjaer, J., Olsen, P., et al., 2017. Leaching of
viruses and other microorganisms naturally occurring in pig slurry to tile drains on a
well-structured loamy ﬁeld in Denmark. Hydrogeol. J. 25, 1045–1062.
Laroche, E., Petit, F., Fournier, M., Pawlak, B., 2010. Transport of antibiotic-resistant
Escherichia coli in a public rural karst water supply. J. Hydrol. 392, 12–21.
Leigh, C., Burford, M., Connolly, R., Olley, J., Saeck, E., Sheldon, F., et al., 2013. Science to
support management of receiving waters in an event-driven ecosystem: from land
to river to sea. Water 5, 780.
Li, S.-L., Liu, C.-Q., Li, J., Lang, Y.-C., Ding, H., Li, L., 2010. Geochemistry of dissolved inorganic carbon and carbonate weathering in a small typical karstic catchment of Southwest China: isotopic and chemical constraints. Chem. Geol. 277, 301–309.
Lian, Y., You, G., Lin, K., Jiang, Z., Zhang, C., Qin, X., 2015. Characteristics of climate change
in southwest China karst region and their potential environmental impacts. Environ.
Earth Sci. 74, 937–944.
Lisle, J.T., 2016. Natural inactivation of Escherichia coli in anaerobic and reduced groundwater. J. Appl. Microbiol. 120, 1739–1750.
Luffman, I., Liem, T., 2014. Risk Factors for E. coli O157 and cryptosporidiosis infection in
individuals in the Karst Valleys of East Tennessee, USA. Geosciences 2076-3263 (4),
202–218.

Mahler, B.J., Lynch, F.L., 1999. Muddy waters: temporal variation in sediment discharging
from a karst spring. J. Hydrol. 214, 165–178.
Mahler, B.J., Personné, J.C., Lods, G.F., Drogue, C., 2000. Transport of free and particulateassociated bacteria in karst. J. Hydrol. 238, 179–193.
Mallin, M.A., Cahoon, L.B., 2003. Industrialized animal production—a major source of nutrient and microbial pollution to aquatic ecosystems. Popul. Environ. 24, 369–385.
Manjunatha, M.V., Oosterbaan, R.J., Gupta, S.K., Rajkumar, H., Jansen, H., 2004. Performance of subsurface drains for reclaiming waterlogged saline lands under rolling topography in Tungabhadra irrigation project in India. Agric. Water Manag. 69, 69–82.
McCarthy, J.R., McKay, L.D., 2004. Colloid Transport in the Subsurface: Past, Present, and
Future Challenges.
McFeters, G.A., Stuart, D.G., 1972. Survival of coliform bacteria in natural waters: ﬁeld and
laboratory studies with membrane-ﬁlter chambers. Appl. Microbiol. 24, 805–811.
Morasch, B., 2013. Occurrence and dynamics of micropollutants in a karst aquifer. Environ. Pollut. 173, 133–137.
Neshat, A., Pradhan, B., 2015. Risk assessment of groundwater pollution with a new methodological framework: application of Dempster–Shafer theory and GIS. Nat. Hazards
78, 1565–1585.
Neukum, C., Hötzl, H., Himmelsbach, T., 2008. Validation of vulnerability mapping
methods by ﬁeld investigations and numerical modelling. Hydrogeol. J. 16, 641–658.
Norse, D., Ju, X., 2015. Environmental costs of China's food security. Agric. Ecosyst. Environ. 209, 5–14.
Oliver, D.M., Fish, R.D., Hodgson, C.J., Heathwaite, A.L., Chadwick, D.R., Winter, M., 2009. A
cross-disciplinary toolkit to assess the risk of faecal indicator loss from grassland farm
systems to surface waters. Agric. Ecosyst. Environ. 129, 401–412.
Oliver, D.M., Porter, K.D.H., Pachepsky, Y.A., Muirhead, R.W., Reaney, S.M., Coffey, R., et al.,
2016. Predicting microbial water quality with models: over-arching questions for
managing risk in agricultural catchments. Sci. Total Environ. 544, 39–47.
Pachepsky, Y.A., Blaustein, R.A., Whelan, G., Shelton, D.R., 2014. Comparing temperature
effects on Escherichia coli, Salmonella, and Enterococcus survival in surface waters.
Lett. Appl. Microbiol. 59, 278–283.
Pandey, P.K., Soupir, M.L., Ikenberry, C.D., Rehmann, C.R., 2016. Predicting streambed sediment and water column Escherichia coli levels at watershed scale. J. Am. Water
Resour. Assoc. 52, 184–197.
Peng, S., Tang, Q., Zou, Y., 2009. Current status and challenges of rice production in China.
Plant Prod. Sci. 12, 3–8.
Personné, J.C., Poty, F., Vaute, L., Drogue, C., 1998. Survival, transport and dissemination of
Escherichia coli and enterococcci in a ﬁssured environment. Study of a ﬂood in a
karstic aquifer. J. Appl. Microbiol. 84, 431–438.
Petit, F., Berthe, T., Chaix, G., Denamur, E., Clermont, O., Massei, N., Dupont, J.P., 2018. Factors
inﬂuencing the occurrence and the fate of E. coli population in karst hydrosystems. Karst
Groundwater Contamination and Public Health. Springer, Cham, pp. 219–230.
Phillips, J.D., 2016. Biogeomorphology and contingent ecosystem engineering in karst
landscapes. Prog. Phys. Geogr. Earth Environ. 40, 503–526.
Piao, S., Ciais, P., Huang, Y., Shen, Z., Peng, S., Li, J., et al., 2010. The impacts of climate
change on water resources and agriculture in China. Nature 467, 43.
Porter, K.D.H., Reaney, S.M., Quilliam, R.S., Burgess, C., Oliver, D.M., 2017. Predicting diffuse microbial pollution risk across catchments: the performance of SCIMAP and recommendations for future development. Sci. Total Environ. 609, 456–465.
Pronk, M., Goldscheider, N., Zopﬁ, J., 2006. Dynamics and interaction of organic carbon,
turbidity and bacteria in a karst aquifer system. Hydrogeol. J. 14, 473–484.
Pronk, M., Goldscheider, N., Zopﬁ, J., 2007. Particle-size distribution as indicator for fecal
bacteria contamination of drinking water from karst springs. Environ. Sci. Technol.
41, 8400–8405.
Rathay, S.Y., Allen, D.M., Kirste, D., 2017. Response of a fractured bedrock aquifer to recharge from heavy rainfall events. J. Hydrol. 561, 1048–1062.
Reischer, G.H., Haider, J.M., Sommer, R., Stadler, H., Keiblinger, K.M., Hornek, R., et al.,
2008. Quantitative microbial faecal source tracking with sampling guided by hydrological catchment dynamics. Environ. Microbiol. 10, 2598–2608.
Rozen, Y., Belkin, S., 2001. Survival of enteric bacteria in seawater. FEMS Microbiol. Rev.
25, 513–529.
Savoy, L., 2007. Use of Natural and Artiﬁcial Reactive Tracers to Investigate the Transfer of
Solutes in Karst Systems Faculty of Sciences. (Doctor of Philosophy in Science). University of Neuchâtel, University of Neuchâtel.
Sidhu, J.P.S., Toze, S., Hodgers, L., Barry, K., Page, D., Li, Y., et al., 2015. Pathogen decay during managed aquifer recharge at four sites with different geochemical characteristics
and recharge water sources. J. Environ. Qual. 44, 1402–1412.
Smith, L.E.D., Siciliano, G., 2015. A comprehensive review of constraints to improved management of fertilizers in China and mitigation of diffuse water pollution from agriculture. Agric. Ecosyst. Environ. 209, 15–25.
Smolders, A., Rolls, R.J., Ryder, D., Watkinson, A., Mackenzie, M., 2015. Cattle-derived microbial input to source water catchments: an experimental assessment of stream
crossing modiﬁcation. J. Environ. Manag. 156, 143–149.
Sprague, G.F., 1975. Agriculture in China. Science 188, 549–555.
Strokal, M., Ma, L., Bai, Z., Luan, S., Kroeze, C., Oenema, O., et al., 2016. Alarming nutrient
pollution of Chinese rivers as a result of agricultural transitions. Environ. Res. Lett.
11, 024014.
Tafuri, A.N., Selvakumar, A., 2002. Wastewater collection system infrastructure research
needs in the USA. Urban Water 4, 21–29.
Takai, Y., Kamura, T., 1966. The mechanism of reduction in waterlogged paddy soil. Folia
Microbiol. 11, 304–313.
Tao, T., Xin, K., 2014. Public health: a sustainable plan for China's drinking water. Nature
511, 527–528.
Toan, T.L., Ribbes, F., Wang, L.-F., Floury, N., Ding, K.-H., Kong, J.A., et al., 1997. Rice crop
mapping and monitoring using ERS-1 data based on experiment and modeling results. IEEE Trans. Geosci. Remote Sens. 35, 41–56.

S.J. Buckerﬁeld et al. / Science of the Total Environment 646 (2019) 438–447
Toran, L., Tancredi, J.H., Herman, E.K., White, W.B., 2006. Conductivity and sediment variation during storms as evidence of pathways to karst springs. In: Harmon, R.S.,
Wicks, C. (Eds.), Perspecitives on Karst Geomorphology, Hydrology, and Geochemistry - A Tribute Volume to Derek C.Ford and William B. White. Geological Society of
America, pp. 169–176.
Unc, A., Goss, M.J., 2003. Movement of faecal bacteria through the vadose zone. Water Air
Soil Pollut. 149, 327–337.
van Elsas, J.D., Semenov, A.V., Costa, R., Trevors, J.T., 2011. Survival of Escherichia coli in the
environment: fundamental and public health aspects. ISME J. 5, 173–183.
Wang, Z., 2016. China and IRRI. International Rice Research Institute. available online.
http://irri.org/resources/publications/brochures/irri-and-china.
Wang, J., He, J., Chen, H., 2012. Assessment of groundwater contamination risk using hazard quantiﬁcation, a modiﬁed DRASTIC model and groundwater value, Beijing Plain,
China. Sci. Total Environ. 432, 216–226.
Ward, J.W., Warden, J.G., Bandy, A.M., Fryar, A.E., Brion, G.M., Macko, S.A., Romanek, C.S.,
Coyne, M.S., 2016. Use of nitrogen-15-enriched Escherichia coli as a bacterial tracer in
karst aquifers. Groundwater 54, 830–839.
Weaver, L., Karki, N., Mackenzie, M., Sinton, L., Wood, D., Flintoft, M., et al., 2016. Microbial
transport into groundwater from irrigation: comparison of two irrigation practices in
New Zealand. Sci. Total Environ. 543, 83–94.
WHO, UNICEF, 2014. Progress on Drinking Water and Sanitation: 2014 UPDATE. WHO
Press, Geneva, Switzerland.
Winter, M., Oliver, D.M., Fish, R.D., Heathwaite, A.L., Chadwick, D.R., Hodgson, C.J., 2011.
Catchments, sub- catchments and private spaces: scale and process in managing microbial pollution from source to sea. Environ. Sci. Pol. 14, 315–326.

447

Wyness, A., Paterson, D.M., Defew, E., Stutter, M., Avery, L., 2018. The role of zeta potential in the adhesion of E. coli to suspended intertidal sediments. Water Res.
142, 159–166.
Yagi, K., Minami, K., 1990. Effect of organic matter application on methane emission from
some Japanese paddy ﬁelds. Soil Sci. Plant Nutr. 36, 599–610.
Yue, F.-J., Li, S.-L., Liu, C.-Q., Lang, Y.-C., Ding, H., 2015. Sources and transport of nitrate
constrained by the isotopic technique in a karst catchment: an example from Southwest China. Hydrol. Process. 29, 1883–1893.
Zhang, Z., Chen, X., Ghadouani, A., Shi, P., 2011. Modelling hydrological processes inﬂuenced by soil, rock and vegetation in a small karst basin of southwest China. Hydrol.
Process. 25, 2456–2470.
Zhang, Z., Chen, X., Soulsby, C., 2017. Catchment-scale conceptual modelling of water and
solute transport in the dual ﬂow system of the karst critical zone. Hydrol. Process. 31,
3421–3436.
Zhang, Z., Chen, X., Soulsby, C., Cheng, Q., 2018. Storage dynamics, hydrological connectivity and ﬂux ages in a karst catchment: conceptual modelling using stable isotopes.
Hydrol. Earth Syst. Sci. (in review) https://www.hydrol-earth-syst-sci-discuss.net/
hess-2018-205/.
Zhao, X., Wang, H., Tang, Z., Zhao, T., Qin, N., Li, H., Wu, F., Giesy, J.P., 2018. Amendment of
water quality standards in China: viewpoint on strategic considerations. Environ. Sci.
Pollut. Res. 25, 3078–3092.

