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• Cryptosporidium LRVs in slow sand 
filtration span 0.09 to >7.2 log (median 
2.64).

• Schmutzdecke maturation and stable 
operation improve oocyst retention.

• Turbidity, flow rate and temperature 
influence run length and removal 
variability.

• Ciliates, rotifers and nematodes ingest 
oocysts, but inactivation mechanism is 
uncertain.

• Viability/infectivity tests (e.g., PMA- 
PCR, ICC-qPCR) should be used to 
complement monitoring.
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A B S T R A C T

Cryptosporidium is a leading cause of waterborne disease globally, in part due to its chlorine-resistant oocysts, low 
infectious dose, and ability to cause widespread outbreaks. Multiple barriers are employed in drinking water 
treatment to reduce risks from Cryptosporidium and other pathogens. Slow sand filtration (SSF), a low-carbon 
drinking water treatment system, has widely varying log removal values (LRVs) (0.09 to >7.2-log; median 
2.64-log across published studies). This has been attributed to filter maturity, sand grain size, filter depth, and 
hydraulic loading rates. Additional enhancement is linked to the stage of ripening of the biologically active layer 
(Schmutzdecke), which promotes the physical, chemical, and biological mechanisms responsible for oocyst 
retention. This review identifies key biological agents for oocyst degradation. Nematodes such as Caenorhabditis 
elegans ingest hundreds of oocysts per organism, while ciliates including Paramecium and Euplotes show high 
uptake rates. Rotifers (Bdelloidea, Epiphanes, Euchlanis) further internalize large numbers of oocysts. These or
ganisms could contribute to degradation or sequestration of oocysts, reducing their presence in SSF. However, 
excreted oocysts can remain infective, so clarifying which fauna truly inactivate them versus those that merely 
immobilize them is needed. Pathogen load, temperature, and competition from other food sources also shape 
biological removal in SSF. Integrating physical straining and biological predation may help optimize SSF design 
and operation for Cryptosporidium control. Selecting or encouraging micro- and meiofauna with high ingestion or 
digestion capacities may further improve SSF performance, although the current evidence base remains limited 
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and context-dependent. Future research should focus on elucidating the fate of excreted oocysts under realistic 
field conditions and identifying optimal operational parameters to maximize net Cryptosporidium removal.

1. Introduction

Cryptosporidium is a protozoan parasite that causes cryptosporidiosis, 
a gastrointestinal illness characterised by watery diarrhoea, abdominal 
pain, and fever. Its primary transmission occurs via the faecal-oral route, 
through ingestion of contaminated water (drinking or recreational), 
direct contact with infected animals (e.g., cattle, farm animals), or 
person-to-person spread in care settings (UK Health Security Agency, 
2023). Globally, cryptosporidiosis outbreaks have been documented in 
the United States, Europe, and the UK; between 2009 and 2017, 444 
outbreaks in the U.S. resulted in 7465 cases, primarily tied to swimming 
pools, infected livestock, and childcare environments (Ma et al., 2022). 
Worldwide, it is estimated that cryptosporidiosis substantially contrib
utes to hospitalization rates, especially among young children 
(Shaposhnik et al., 2019). Large waterborne outbreaks have also been 
documented in Sweden and Italy: the 2010 outbreak in Östersund 
affected approximately 27,000 individuals (Widerström et al., 2014), 
the 2011 outbreak in Skellefteå affected approximately 18,500 in
dividuals (Bjelkmar et al., 2017), and the 2019 outbreak in north- 
eastern Italy involved 80 cases among 114 vacationers (Franceschelli 
et al., 2022). Smaller-scale incidents continue to be reported, high
lighting Cryptosporidium's continued threat to public health (Ma et al., 
2022).

Cryptosporidium persists in multiple reservoirs including human, 
agricultural, and wildlife, making it difficult to contain. Sources of 
Cryptosporidium include wastewater treatment plants (WWTPs) (Madore 
et al., 1987; Robertson et al., 2000), while runoff from farmland or 
forests contaminate rivers, lakes, and reservoirs (Sturdee et al., 2007). 
Improved WWTP protocols, enhanced livestock infection management, 
and interception of agricultural runoff can lower environmental oocyst 
loads (Li et al., 2022). Such measures help protect immunocompromised 
populations, such as those with HIV/AIDS, who face a greater risk of 
severe illness (Hunter and Nichols, 2002).

Effective water treatment is vital for reducing cryptosporidiosis, but 
failures in operation, unplanned bypasses, or inadequate filtration can 
enable Cryptosporidium to persist into finished drinking water. The 
Badenoch Report outlines that insufficient process control and poorly 
maintained filtration systems were important in previous UK outbreaks, 
highlighting the necessity of more rigorous operational management for 
Cryptosporidium, including a multi-barrier defence, managing filtration, 
and processing wash waters to minimize risks of internal closed loop 
recirculation of oocysts (Badenoch, 1990). Although oocyst detection in 
final water is relatively rare, their presence can pose serious health risks 
to vulnerable groups (Shirley et al., 2012).

In regions like the UK, the Netherlands, the United States, and 
Canada, where surface water is commonly used as source water, slow 
sand filtration (SSF) is often employed as one component of the water 
treatment train. Depending on source-water quality, SSF may be pre
ceded by pretreatment such as roughing filtration or coagulation/clar
ification to reduce suspended solids and protect the biologically active 
sand bed, whereas lower-turbidity supplies may require less extensive 
pretreatment (Abdiyev et al., 2023; Hashimoto et al., 2019). Ultraviolet 
(UV) disinfection can provide an additional safeguard by damaging 
Cryptosporidium DNA, therefore limiting infectivity without introducing 
chemical by-products (Rochelle et al., 2005).

Because SSF performance is strongly conditioned by influent particle 
and pathogen loading, source water quality (including turbidity dy
namics during rainfall/runoff events) can influence both operational 
stability (e.g., headloss development, run length, and scraping fre
quency) and pathogen removal performance. Source water protection 
programmes, including catchment interventions to reduce faecal inputs, 

manage livestock access, improve wastewater discharges, and limit 
particulate mobilisation, act as an important upstream barrier that can 
reduce the stress placed on SSF and improve the reliability of down
stream treatment (Sturdee et al., 2007; Li et al., 2022). Where raw water 
turbidity is high or highly variable, pretreatment such as roughing 
filtration or coagulation/clarification is often required to protect SSF 
and maintain finished-water quality (Hashimoto et al., 2019; Abdiyev 
et al., 2023).

SSFs rely on gradual water flow through sand, allowing extended 
contact with a biofilm layer (the Schmutzdecke) composed of microor
ganisms that remove pathogens via physical trapping, adsorption, and 
biodegradation (Abdiyev et al., 2023). Due to clogging of pores within 
the bed, headloss accumulates. Maintaining SSF performance involves 
periodic sand scraping or replacement, as well as regular monitoring, to 
preserve filtration efficiency (Cullen and Letterman, 1985). Although 
SSF's capacity to reduce Cryptosporidium can be significant, reported 
removal efficiencies vary widely, indicating a knowledge gap concern
ing the influence of biofilm ecology and operational conditions. By 
combining SSF with other barriers, water suppliers aim to mitigate 
Cryptosporidium risks. Biological reduction mechanisms within nature- 
based engineering systems (e.g., SSF) have received less research 
attention as explored in the following sections of this review.

1.1. Variability in protozoan removal using slow sand filtration

Log removal values (LRVs) are widely used to assess the performance 
of water treatment processes in eliminating microorganisms such as 
bacteria, viruses, and protozoa from water. The equation to calculate 
LRV is: 

LRV = log10

(
Concentration of X at inlet
Concentration of X at outlet

)

(1) 

Where X refers to the microorganism of interest, here Cryptosporidium or 
Giardia.

Although SSFs have proven effective for removing pathogenic bac
teria and protozoa, published data reveal a wide variability in Crypto
sporidium and Giardia (oo)cyst removal. The reported LRVs for 
Cryptosporidium and Giardia (oo)cysts in SSF systems range from 0.09 
(Park et al., 2012) to >7.2 (Hijnen et al., 2005), with a median value of 
2.64 (Table 1).

LRVs summarised here are drawn from clean-sand column studies, 
ripened column/pilot systems, and full-scale SSFs. These study types 
differ in ecological realism and in how well they represent Schmutz
decke maturity, food-web structure, hydraulics, and operational dis
turbances (e.g., scraping). Consequently, column studies are most 
informative for isolating physicochemical transport/retention mecha
nisms, whereas pilot and full-scale systems better represent net perfor
mance under operational conditions. Accordingly, Table 1 distinguishes 
study scale, maturity, and key test conditions to support interpretation 
rather than implying all LRVs are directly comparable.

Reported LRVs are also influenced by sampling strategy e.g., sample 
volumes, timing relative to challenges and maintenance, oocyst con
centration and recovery efficiencies, and the analytical methods used to 
enumerate oocysts. In drinking-water practice, oocyst enumeration 
commonly relies on filtration followed by immunomagnetic separation 
(IMS) and immunofluorescence assay microscopy (IFA), as exemplified 
by USEPA Method 1623/1623.1 for Cryptosporidium and Giardia 
(USEPA, 2012); however, recovery efficiency and detection limits are 
method- and matrix-dependent and can propagate into LRV uncertainty. 
Some studies also employ flow cytometry, microscopy-only approaches, 
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Table 1 
Summary of Cryptosporidium and Giardia removal in slow sand filtration (SSF). Columns detail the reference, target protozoan and initial challenge concentration, type of filter (e.g., lab-scale columns vs. pilot/full-scale 
SSF), sand characteristics (ripened vs. clean, grain size, depth), experimental duration, and resulting log removal values (LRVs). Where relevant, notable conditions such as sand preconditioning or inactivation methods 
(heat/formalin) are indicated.

Reference Protozoa dosed Challenge 
[org./L]

Type of 
filter

Nature of sand Duration of 
experiment

Surface 
area of 
filter [m2]

Sand 
depth 
[m]

Porosity Grain 
size d50 

[μm]

Sand 
uniformity 
coefficient

Hydraulic loading 
rate [m/h]

Cryptospo–ridium 
LRV

Giardia 
LRV

Bellamy 
et al. 
(1985b)

live G. lamblia 50–5075 
cysts/L

Pilot-scale 
SSF

Matured filter ~ 510 days 0.07 1.42 340 1.46 0.04 4.05
0.12 4.22
0.4 3.72

Bellamy 
et al. 
(1985a)

Live Giardia Sand 
columns

Matured in column 
(9 weeks)

11 months 0.07 0.97 340 1.46 0.47 >3.10 - 
>4 a

Schuler et al. 
(1991)

Live Giardia muris 
and formalin 
inactivated 
C. parvum

1200–3000 
oocysts/L 
220–2200 
cysts/L

Sand 
columns

Matured in column 
(~1 month)

> 1 year 0.064 0.9 270 1.63 0.4 >4 a 2.77 - >4 
a

> 1 year 0.3 >4 a >4 a

Fogel et al. 
(1993)

Live Giardia and 
Cryptosporidium

Full scale 
SSF

Matured in filters 21 months 258 1.05 3.3–3.8 0.19–0.4 0.14–0.49 0.96–1.4

Timms et al. 
(1995)

Heat inactivated 
C. parvum

Pilot scale 
SSF

Matured in filter 
(4–5 weeks)

3.5 to 6 h 1.13 0.5 0.3–0.4 3.52–5.52

Brush et al. 
(1999)

Formalin- 
inactivated 
C. parvum

Sand 
columns

Clean sand 15 min 1.13 ×
10−3

0.11 0.33 850 1.0584 0.32

Harter et al. 
(2000)

Live C. parvum Sand 
Columns

Clean sand 2.04 ×
10−3

0.1 0.51 180 0.3 2.28
0.44 420 0.3 0.7
0.42 1400 0.3 0.13

Logan et al. 
(2001)

Live C. parvum 65,000 
oocysts/L

Sand 
columns

Matured in column 
(10 days)

61 days 0.018 0.6 0.46 310 2.125 0.00167–0.00417 2.21–3.7
0.48 1400 1.72 0.00167–0.00417 3.4–3.7

Tufenkji 
et al. 
(2004)

Heat inactivated 
C. parvum

Sand 
Columns

Clean sand approx. 30 
min

7.85 ×
10−5

0.071 0.43 0.4 to 3 –

Bradford 
and 
Bettahar 
(2005)

Live C. parvum Sand 
columns

Clean sand 1.66 ×
10−3

0.13 0.36 710 1.21 0.066 0.51
0.34 360 1.88 0.06 0.62
0.35 150 2.25 0.078 0.96

Hijnen et al., 
2005

Live C. parvum & 
G. intestinalis

Columns 
with sand 
soil

2 weeks 6.36 ×
10−3

0.5 0.32 180 1.6 0.02–0.03 3.3 and 3.9 6.2 and >
6.2 a

Columns 
with gravel 
soil

2 weeks 6.36 ×
10−3

0.5 0.36 500 5.3 0.03–0.1 >6.7 a and > 7.2 a >6.8 a 

and > 7.4 
a

Abudalo 
et al. 
(2005)

Formalin- 
inactivated 
C. parvum

Sand 
columns

Clean sand 1.77 ×
10−4

0.1 0.38 920 0.03 0.12–1.48

Hijnen et al. 
(2006)
AWWA 
WQTC

Live C. parvum 106–107 

oocysts/L
Sand 
columns

Mature full-scale 
SSF sand, no 
Schmutzdecke

30 h 6.36 ×
10−3

0.4 290 0.3 >5.3 a

580 0.3 >6.5 a

Hijnen et al. 
(2007)

UV inactivated 
C. parvum

4.5 × 109 

oocysts/L
Pilot Matured sand 250 days 2.56 1.5 0.41 280 – 0.3 4.7

Abudalo 
et al. 
(2010)

Formalin- 
inactivated 
C. parvum

109 oocysts/ 
L

Sand 
columns

Preconditioned 
with dissolved 
organic matter

1.77 ×
10−4

0.1 0.38 920 – 0.03 0.24–0.52

Park et al. 
(2012)

Live C. parvum 106 oocysts/ 
L

Sand 
columns

Clean sand 720 min 2.04 ×
10−3

0.2 0.33 425 – 0.296 0.09–4.85

a No oocysts were observed in the effluent of the filter. LRV is determined using the input concentration and the detection limit (DL).
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or PCR-based assays; each can introduce distinct recovery biases (e.g., 
losses during concentration) and endpoint differences (total vs viable/ 
infective oocysts). In several studies, effluent oocysts were not detected 
and LRVs were inferred from method detection limits, meaning some 
values represent “≥LRV” rather than exact removal. Differences in 
oocyst preparation (live vs heat-, UV-, or formalin-inactivated), stain
ing/labelling, and whether assays target total oocysts versus viable/ 
infective oocysts can therefore contribute substantial variability when 
comparing studies.

Turbidity is a practical indicator linking source water quality to SSF 
operation and performance. Elevated or highly variable turbidity in
creases particle loading, accelerates headloss development, and can 
shorten filter runs, increasing scraping frequency and repeatedly reset
ting Schmutzdecke maturity; conversely, stable low turbidity supports 
longer runs and a more established biological community (Huisman and 
Wood, 1974; Barret et al., 1991; Visscher, 1990). Where raw water 
turbidity is high (e.g., during storm events), pretreatment such as 
roughing filtration or coagulation/clarification is often required to 
protect SSF and maintain finished-water quality (Hashimoto et al., 2019; 
Abdiyev et al., 2023).

Investigations by Bellamy et al. (1985a) and Bellamy et al. (1985b)
showed an average 4.0-log removal of Giardia in SSF. Schuler et al. 
(1991) later confirmed removal exceeding 4.0-log for both Cryptospo
ridium and Giardia once filters had acclimatised and were biologically 
mature. In contrast, Fogel et al. (1993) noted lower removals (≤0.5 for 
Cryptosporidium oocysts to 1.4 log for Giardia) under prolonged cold 
conditions and when coarser sand was used, contributing to these sub
optimal results. Low temperatures can reduce microbial activity in the 
Schmutzdecke, and larger sand grains decrease the surface area avail
able for attachment (Maurya et al., 2020), reducing the removal 
efficiency.

Bench-scale experiments by Harter et al. (2000) and Brush et al. 
(1999) showed that Cryptosporidium removal declined with increasing 
sand grain size because larger pore spaces permit greater pathogen 
passage and reduce the straining effect (Bradford et al., 2003). However, 
Logan et al. (2001) achieved 2.2–3.7 log removal for fine sand and 
3.4–3.7 log for coarse sand when operated at filtration rates as low as 
0.0017–0.0042 m/h. This highlights the role of filtration velocity in 
pathogen contact time, a key factor for effective straining and biofilm- 
mediated removal: slower flow extends hydraulic retention, increasing 
the likelihood of oocysts colliding with sand grains or encountering 
predatory organisms in the biofilm. Bradford and Bettahar (2005) and 
Abudalo et al. (2005) investigated attachment, detachment, and 
straining mechanisms, with LRVs generally improving with decreasing 
filter media grain size. Tufenkji et al. (2004) and Park et al. (2012) both 
noticed enhanced deposition and attachment efficiencies with 
increasing ionic strength conditions. Hijnen et al. (2005, 2006, 2007)
reported removals between 3.3 – >6.5 LRV in mature full-scale or pilot 
SSF.

Abudalo et al. (2010) demonstrated that higher concentrations of 
dissolved organic compounds reduce oocyst retention by blocking 
adsorption sites or competing with oocysts for attachment. Park et al. 
(2012) showed that modifying ionic conditions or sand polarity also 
influenced Cryptosporidium removal, since electrostatic charges can 
shift from repulsive to attractive and promote closer contact. These 
studies highlight the importance of water chemistry in modulating 
electrostatic interactions between oocysts and filter media. Specifically, 
both the net charge and ionic environment can alter attachment effi
ciency; for instance, oocyst surfaces often carry a negative charge that 
can be partly neutralised by cations, thereby promoting closer contact 
and increased deposition (Drozd and Schwartzbrod, 1996; Karaman 
et al., 1999; Ongerth and Pecoraro, 1996).

Multiple parameters shape SSF efficacy for oocyst retention. Key 
factors include sand grain size, filter depth, media uniformity, and hy
draulic loading rates. In addition, filter maturity, initial conditioning, 
and experimental constraints can significantly alter reported LRVs. 

Some investigations also utilised large inoculum doses of oocysts, 
potentially influencing observed results. Several studies used inacti
vated (e.g., heat-, UV-, or formalin-treated) oocysts to enable safer 
handling and controlled transport/retention experiments; however, the 
inactivation method can alter oocyst surface properties and such studies 
do not provide direct information on infectivity (Logan et al., 2001; Park 
et al., 2012).

1.1.1. How do sand characteristics and ripening influence removal?
A key factor underlying the varied removal efficiencies is the inter

action between sand properties and the gradual maturation of the filter 
bed, often referred to as ripening. For example, Bellamy et al. (1985b)
showed that the “maturity” of a SSF refers to how well-established its 
microbial community is, particularly in the top Schmutzdecke layer but 
also in the lower strata. Bellamy et al. (1985a) also demonstrated that a 
mature SSF bed, with a fully formed Schmutzdecke, enhanced coliform 
removal by about 40%, rising from 60.1% removal in a SSF with very 
limited biological activity to 97.5 to 99.9% removal for a mature SSF. A 
similar trend is evident for other protozoa, where nine studies evaluated 
protozoan removal in ripened sand filters using column and pilot-scale 
systems (Table 1). Of these, six reported an LRV exceeding 3-log 
(Bellamy et al., 1985a, 1985b; Hijnen et al., 2005, 2006, 2007; Timms 
et al., 1995). In the remaining three (Fogel et al., 1993; Logan et al., 
2001; Schuler et al., 1991), lower LRVs were linked to specific opera
tional or environmental constraints such as extended cold periods or 
irregular flows (e.g., dry/wet cycles), likely inhibiting microbial meta
bolism and biofilm stability. Across all the studies where the SSF bed was 
mature, the average LRV reached 4.02 (±1.94-log), suggesting that 
microbial ripening and/or partial pore clogging can significantly in
crease the protozoan removal through enhanced biofilm-mediated 
mechanisms (e.g., predation, adsorption of oocysts on grains or bio
film surfaces prior to further degradation (Bellamy et al., 1985b; Fogel 
et al., 1993).

By contrast, in seven additional studies focused on physical and 
physicochemical processes, such as attachment, detachment, and 
straining, short bench-scale sand columns packed with clean sand were 
used. These experiments showed lower average LRVs of around 1-log 
(±1.34-log) in filter effluent, implying that maturity contributes 
roughly 3-log of extra oocyst removal beyond basic mechanical capture, 
since the established biofilm and partially clogged pores provide more 
contact opportunities between oocysts, media, and protozoan predators 
(Lefebvre et al., 2021). However, protozoan retention depends on 
multiple parameters, so ripening alone may not compensate for other 
suboptimal conditions (e.g., high hydraulic loading) or very high path
ogen loads if the filter's contact time and headloss or microbial capacity 
(for degradation) is exceeded. For instance, shock loading from events 
such as firefighting or sudden snowmelt/runoff could elevate influent 
pathogen levels beyond what a mature biofilm can effectively handle. 
Such events commonly coincide with transient turbidity loading in
creases and changes in particle character, which can accelerate clogging 
and alter interception/attachment behaviour, further affecting net LRVs.

Sand grain size also plays an important role, as finer media typically 
captures more particles but clogs more readily, causing headloss 
development (i.e., elevated resistance to flow). Harter et al. (2000) and 
Bradford and Bettahar (2005) observed oocyst reductions declining by 
0.45-log and 2.15-log respectively with larger grain sizes, likely because 
coarser pores permit easier passage of suspended particles. This aligns 
with the principle that removal efficiency is inversely proportional to 
grain diameter, evidenced by correlation coefficients of −0.82 (Harter 
et al., 2000) and − 0.91 (Bradford and Bettahar, 2005). Interestingly, 
Hijnen et al. (2005) and Logan et al. (2001) noted the opposite in 
ripened filters: Cryptosporidium LRVs rose by about 0.6-log (Logan et al., 
2001) and 1.85-log (Hijnen et al., 2005) with larger grain size, sug
gesting that, once a robust microbial community develops (i.e., a thick, 
diverse biofilm below the Schmutzdecke), biological mechanisms like 
predation or expanded attachment sites on extracellular polymers may 
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compensate for less physical straining (Elemo et al., 2025). Biofilm- 
induced “pore bridging” can further hinder oocyst passage, akin to 
fouling phenomena in membrane filtration, by spanning gaps between 
larger grains and creating additional surfaces for attachment and 
biodegradation.

Uniformity similarly affects filtration because it governs the consis
tency of pore sizes throughout the bed. Although lower uniformity 
should, in theory, yield more variable pore spaces and thus enhance fine- 
particle capture (via localised straining), Bradford and Bettahar (2005)
and Hijnen et al. (2005) reported reduced Cryptosporidium removal 
under smaller uniformity coefficients. Logan et al. (2001), however, saw 
increased protozoan removal in SSF with lower uniformity possibly 
because non-uniform grains provided diverse niches for biofilm forma
tion, which can promote additional collision or adhesion events. Such 
inconsistent findings may arise because irregular grain shapes can create 
preferential flow paths in some setups, while in others, the biofilm 
matrix can bridge pore spaces to favour extra straining or predation. 
Hence, recommendations for SSF often advise a uniformity coefficient 
between 1.8 and 2.2 (Huisman and Wood, 1974) to balance pore-size 
distribution and a grain size of 150–400 μm (Ellis, 1985) to ensure 
adequate surface area for attachment without excessive clogging.

Fogel et al. (1993) illustrate how deviating from these guidelines can 
undermine SSF performance. Their full-scale system, constrained by 
limited sand-media availability, used coarser grains (> 600 μm) with a 
uniformity coefficient above recommended levels (≥3, rather than 
≤2.2), yielding poorer removal of both Cryptosporidium oocysts and 
Giardia cysts (LRVs not exceeding 1.4). Moreover, how sand character
istics and microbial ripening interact may shift over time. A mature 
Schmutzdecke and deeper biofilm layers can mitigate certain physical 
limitations by supplying extensive surfaces for attachment and preda
tion, which may explain contradictory patterns in grain size efficacy. 
The influence of bed depth on these processes is reviewed next.

1.1.2. Hydraulic loading, sand depth and other parameters
While sand characteristics and filter ripening strongly influence SSF 

performance, bed depth, hydraulic loading rates, and additional factors 
also influence consistent protozoan removal. To ensure effective filtra
tion, a minimum depth of 0.7 m is recommended for SSF by Huisman 
and Wood (1974) under WHO guidelines, based on findings that shal
lower beds (<0.7 m) often provide insufficient residence time for filter 
efficiency. In practice, SSF bed depths typically range from 0.7 m to 1.3 
m (Barret et al., 1991; Ellis, 1985; Huisman and Wood, 1974; Visscher, 
1990), allowing more opportunities for suspended particles to collide 
with and adhere to sand grains, facilitating interception. Consequently, 
the probability of particle trapping and adsorption increases with filter 
depth.

Seven studies (Abudalo et al., 2005, 2010; Bradford and Bettahar, 
2005; Brush et al., 1999; Harter et al., 2000; Park et al., 2012; Tufenkji 
et al., 2004) evaluated Cryptosporidium removal. Studies in short sand 
columns (0.1–0.2 m) often show notable Cryptosporidium breakthrough 
(LRVs <1), likely from limited contact time and minimal biofilm for
mation. While sand depth alone is not the sole factor in pathogen 
retention, deeper filters generally achieve higher LRVs, suggesting that 
greater media thickness extends the filtration path and adds layers for 
straining or biological processes. However, extrapolating from small- 
scale columns can be misleading: these setups are useful for isolating 
specific chemical or physical conditions but cannot replicate the diverse 
microbial communities and scaled flow dynamics of full-scale SSFs. 
Additionally, narrow columns can produce wall effects that distort flow 
around oocysts; thus, the column diameter should be at least 10 to 20 
times the median grain size (≥10 cm) to minimize boundary artifacts.

Regarding hydraulic loading rates, Bellamy et al. (1985b) showed 
that slower filtration rates (e.g., 0.04–0.12 m/h) yielded greater (>0.3- 
log increase) Giardia removals. Schuler et al. (1991) reported a similar 
trend of increased protozoan retention even with modest changes in 
flow. Lower flow rates (e.g., <0.12 m/h) extend contact time between 

pathogens and collector grains, promoting collision, attachment, and 
potential predation by allowing microorganisms and suspended parti
cles additional interaction time. At very low velocities, microscopic- 
scale sedimentation can also occur (Huisman and Wood, 1974), as 
gravitational settling exceeds convective transport. While reducing 
filtration velocity may improve protozoan attenuation, the trade-off is 
reduced water production, posing challenges for municipal-scale sys
tems that need higher throughput.

Several other variables affect SSF efficacy. Temperature, for 
example, influences microbial activity within the bed; Bellamy et al. 
(1985a) observed a 10% decrease in removal efficiency under colder 
conditions, likely due to slower metabolic rates and reduced biofilm 
formation. SSFs that are directly exposed to seasonal fluctuations (i.e., 
outdoor/uncovered) can experience substantial changes in feed-water 
and bed temperatures, thereby affecting microbial predation rates and 
overall filtration kinetics. Likewise, the initial (oo)cyst dose is signifi
cant: studies challenging SSFs with substantially higher pathogen con
centrations than those typically found in natural waters (Abudalo et al., 
2010; Hijnen et al., 2006, 2007; Logan et al., 2001; Park et al., 2012; 
Schuler et al., 1991) risk exceeding the filter's capacity for retention or 
microbial predation, thus causing breakthrough. In some cases, longer 
run times or bed ripening reduced these effects (Hijnen et al., 2006, 
2007; Schuler et al., 1991).

Finally, while LRV is a useful metric for assessing immediate path
ogen retention, it has limitations. The LRV cannot exceed the initial 
pathogen influx, potentially underestimating a filter's capacity when 
inlet concentrations are low. Additionally, once the inlet concentration 
returns to zero, standard LRV calculations may not capture delayed or 
secondary release of pathogens, often termed post-challenge break
through. This can occur if retained oocysts detach or if abrupt flow shifts 
dislodge trapped particles (Helmi et al., 2008). A “delayed LRV” 
approach could address cumulative pathogen retention over time, 
providing a more holistic view of SSF performance.

1.2. Physicochemical retention mechanisms in SSF

Although slow sand filtration has been used in the UK for nearly 200 
years, it remains largely viewed and operated as a “black box” owing to 
the interplay of biological, chemical, and physical mechanisms. While 
the fundamental physicochemical principles governing particle reten
tion in clean-sand-only filters are well understood and can be modelled 
effectively, the additional biological activity in SSF adds complexity 
through microbial interactions and biofilm processes. A diverse com
munity of micro- and meiofauna, along with feed-water-derived algae 
(Pfannes et al., 2015), can significantly enhance the removal of bacteria, 
viruses, and protozoa, including Cryptosporidium oocysts (Hijnen et al., 
2007). However, predicting removal efficiencies from first principles 
alone is challenging because of these added factors.

Although most conventional treatment works in developed countries 
employ multiple steps (e.g., ozonation, coagulation, clarification) before 
SSF, the following discussion focuses on oocyst retention within SSF 
irrespective of pre-treatment. Historically, SSFs have been placed out
doors, subjected to weather extremes (including ultraviolet (UV) radi
ation). Smaller systems may be covered to limit algal growth and for use 
in harsher climates, but large, uncovered SSFs in the UK can occupy 
thousands of square meters (e.g., up to 7370 m2 in London). Beyond 
straining and media adhesion, solar UV can damage Cryptosporidium 
oocysts in the supernatant above the sand (Connelly et al., 2007).

While UV-C (ultraviolet-C) inactivation of Cryptosporidium parvum 
oocysts is well documented (Rochelle et al., 2005), solar UV-A and UV-B 
effects in freshwater are less studied. Johnson et al. (1997) found that 3 
days of solar exposure in marine water reduced oocyst viability by 90%, 
compared with 50% in phosphate-buffered saline (PBS) kept in the dark. 
Under solar water disinfection (SODIS) conditions, McGuigan et al. 
(2006) and Méndez-Hermida et al. (2005) reported declines in infec
tivity/excystation after 6–10 h of sunlight exposure, while Connelly 

S.L. Bretagne et al.                                                                                                                                                                                                                             Science of the Total Environment 1031 (2026) 181810 

5 



et al. (2007) reported >99.99% infectivity loss after 10 h of full- 
spectrum solar irradiation in PBS. Morris et al. (1995) noted that 
lower dissolved organic carbon (DOC) enhances UV penetration, 
implying that clearer supernatants may favour sunlight-mediated 
attenuation. King et al. (2008) also observed rapid reductions in infec
tivity during the first hour of sunlight exposure. However, Busse et al. 
(2019) modelled approximately 6-log inactivation specifically for the 
top 20 cm of an outdoor swimming pool at 320 nm after one hour, so this 
result should not be generalised to deeper or more optically complex 
waters. Collectively, these studies suggest that sunlight may contribute 
to oocyst attenuation in uncovered systems, but its effect is highly 
context dependent and unlikely to provide a consistent primary barrier 
in municipal SSF. By contrast, engineered low-pressure UV systems can 
deliver validated doses; Morita et al. (2002) reported that approximately 
10–12 mJ/cm2 produced around 2-log (99%) inactivation of Crypto
sporidium oocysts under controlled conditions.

Physical straining remains a factor in Cryptosporidium oocyst reten
tion. Tufenkji et al. (2004) found oocyst capture exceeded Derja
guin–Landau–Verwey–Overbeek (DLVO) theory predictions, indicating 
a mechanical removal mechanism that is less dependent on electrostatic 
interactions. Hijnen et al. (2005) similarly documented oocyst retention 
above predictions from the Tufenkji and Elimelech (2004) model. These 
data emphasize particle-size straining, particularly when oocysts 
approach the critical size ratio relative to sand grains (Bradford et al., 
2003; Sakthivadivel, 1967). Tufenkji et al. (2004) further demonstrated 
that irregular grain shapes produce small interstices capable of trapping 
oocyst-sized particles, as media geometry influences filtration efficacy.

Beyond straining, physicochemical adhesion also immobilizes sus
pended particles. Yao et al. (1971) integrated colloidal theory 
(Smoluchowski, 1917) and air filtration theory (Friedlander, 1958; 
Spielman and Goren, 1970) to account for gravity, interception, and 
Brownian diffusion. Tufenkji and Elimelech (2004) refined the Yao et al. 
(1971) numerical method by incorporating particle size ratio, convec
tive/diffusive transport, approach velocity, and van der Waals forces. 
This model offers more accurate predictions of how effectively a filter 
can capture particles of varying sizes under different flow conditions 
than the earlier, more generalised theory of Yao et al. (1971). When 
Cryptosporidium oocysts are treated as inert, oocyst-sized particles with 
the same electrostatic characteristics, these models generate realistic 
deposition estimates in clean sand, indicating that such approaches 
capture most aspects of filtration performance in controlled conditions 
(Tufenkji and Elimelech, 2004).

In fully ripened SSFs, however, it is difficult to separate purely 
physical from simultaneous biological mechanisms. Over time, biofilm 
development on sand grains can alter grain shape, pore geometry, and 
surface polarity (Abudalo et al., 2010; Lefebvre et al., 2021). Such 
changes may reduce oocyst attachment if electrostatic factors are 
modified or pore channels narrow, implying that some filtration pa
rameters evolve as the filter matures (e.g., headloss, interstitial flow 
paths) (Dai and Hozalski, 2002). Consequently, purely physical models 
may under- or over-estimate oocyst retention in operational SSFs, where 
microbial processes also strongly promote pathogen removal. Thus, 
advancing our understanding of protozoan degradation under these 
bioactive conditions, especially in SSF, requires additional exploration.

1.3. Biological removal mechanisms: the ingestion and subsequent fate of 
oocysts by higher organisms

Slow sand filters and other aquatic environments harbour diverse 
communities of higher trophic organisms, including protozoa and 
metazoan meiofauna (e.g., ciliates, rotifers, nematodes) (Goddard, 
1980; Ibrahim, 1989). These communities benefit from the relatively 
stable hydrodynamic conditions and continuous supply of organic 
detritus in SSF beds and, in doing so, may contribute to the removal of 
Cryptosporidium oocysts (Fayer et al., 2000; Trout et al., 2002). However, 
several questions persist: are these organisms degrading oocysts, and is 

Cryptosporidium a preferred, indifferent, or suboptimal food source 
compared to other particulates?

Cryptosporidium oocysts are often trapped in filtration media but 
limited direct in situ data make it unclear whether they remain immo
bilised, undergo secondary transport, or are consumed (Siqueira-Castro 
et al., 2016; Gómez-Couso et al., 2007; Scheid and Schwarzenberger, 
2011). Some researchers propose that oocysts serve as an additional 
nutrient source for higher trophic organisms (King et al., 2007; Stott 
et al., 2001), thereby enhancing oocyst clearance in drinking water, 
wastewater, and natural systems (Stott et al., 2003; Trout et al., 2002). 
In nutrient-poor drinking water systems, predation can be a key mech
anism of oocyst removal because microfauna must scavenge limited 
organic compounds. By contrast, in eutrophic environments (e.g., many 
wastewater treatment systems), abundant organic matter could reduce 
direct oocyst ingestion, yet overall microbial activity (e.g., extracellular 
enzymes) may still incidentally degrade oocysts (Hassard et al., 2018).

Studies in reservoir sediments show that benthic and planktonic 
communities can reduce Cryptosporidium levels by physically trapping 
and biologically ingesting oocysts (King and Monis, 2007). Slower flow 
rates allow oocysts to accumulate, making these sediments natural 
arenas for diverse organisms to prey on or degrade them, offering in
sights into removal processes. Similarly, research on river sediments, 
activated sludge, and wetlands reveals a broad distribution of oocyst- 
ingesting species (Siqueira-Castro et al., 2016; Stott et al., 2001), sug
gesting that leveraging natural predation could bolster Cryptosporidium 
removal in engineered systems (Stott et al., 2001). For example, back
wash from rapid gravity filters often returns to wastewater streams or 
the start of drinking water treatment flowsheets, potentially reintro
ducing oocysts (Fig. 1). Therefore, SSF and other nature-based tech
nologies may help close the loop and curb further spread by acting as a 
sink for Cryptosporidium. Additionally, laboratory trials tested the 
feasibility of introducing monocultures (e.g., Paramecium spp.) into 
biological filtration systems, measuring survival, ingestion rates, and 
potential oocyst degradation (Fayer et al., 2000; Stott et al., 2001). 
Bioaugmentation could therefore offer a strategy to enhance Crypto
sporidium removal when existing microbial communities are insufficient.

Experimental approaches typically began by isolating test organisms 
from environmental samples and briefly starving them to standardize 
feeding, after which they are exposed to fluorescently labelled oocysts 
(Table 2). Epifluorescence microscopy is then used to measure ingestion 
and excretion, revealing how many oocysts each organism consumed 
(Fayer et al., 2000; Stott et al., 2001, 2003). Many species can rapidly 
ingest multiple oocysts, but it is still uncertain how well these lab-based 
findings carry over to more complex, nutrient-rich environments. 
Further studies are needed to determine if such biological removal can 
be consistently leveraged in operational water treatment or for cleanup 
of waste streams from these assets (e.g., reservoir sediments).

1.3.1. Ingestion of Cryptosporidium parvum oocysts
Building on the broader discussion of Cryptosporidium predation in 

aquatic systems, this section focuses on the specific evidence for oocyst 
ingestion by organisms and the factors that influence this process. 
Research has shown substantial variability in the ingestion of Crypto
sporidium oocysts by aquatic fauna, demonstrating that broad taxonomic 
classifications alone do not reliably predict which species will ingest 
oocysts (Table 2). Instead, feeding behaviour seems linked to morpho
logical, ecological, and possibly chemical cues. For instance, King et al. 
(2007) reported “uncountable” oocyst ingestion by Bdelloid rotifers 
under high oocyst density andminimal alternative prey. Whereas Lep
adella, another rotifer genus, ingested only two oocysts. Several ciliate 
taxa exhibited no uptake (Siqueira-Castro et al., 2016), suggesting that 
even closely related groups can differ in feeding responses, as a conse
quence of differences in feeding apparatus, mouth-part size, or prey- 
recognition cues.

A range of biological attributes, including organism size, feeding 
mode (filter feeders vs. bacterivores), and motility influences whether 
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and how oocysts are ingested. Larger organisms, such as the nematode 
C. elegans (~1 mm), can ingest up to 500 oocysts per individual 
(Huamanchay et al., 2004), whereas smaller rotifers (0.2–0.5 mm) often 
ingest fewer (10%) compared to C. elegans, due to smaller gut capacity. 
Even within the same genus, behaviours can vary markedly: Vorticella 
infusionum ingested oocysts in 8 of 10 test specimens, whereas Vorticella 
convallaria, despite a similar suspension-feeding mechanism, did not 
ingest any (Siqueira-Castro et al., 2016). Potential explanations include 
slight variations in ciliary structure, chemical sensing, or particle size 
preferences. Similarly, some Spirostomum species readily ingested oo
cysts, while closely related taxa did not (Siqueira-Castro et al., 2016), 
suggesting feeding behaviour can be highly species-specific and reflec
tive of unique ecological niches or trophic strategies. These species-level 
differences have clear relevance for both in situ studies and engineered 
nature-based treatment systems. Identifying which organisms thrive 
under certain conditions and their feeding preferences can guide bio
filtration design, operation, and optimization (e.g., SSF, constructed 
wetlands) to maximize pathogen removal.

Although specific mechanisms of oocyst ingestion vary widely, dif
ferences in oral structures and feeding currents help explain why some 
taxa more readily capture larger particles like Cryptosporidium oocysts. 
For instance, certain ciliates possess a specialised buccal cavity or cili
ated peristome that channels suspended particles toward the cell's oral 
groove (Kudo, 1954), whereas others rely on a simpler suspension- 
feeding approach (Pauli et al., 2005). Some rotifers likewise use cili
ated coronae to generate water currents, but their relatively small 
mouthparts and rapid feeding motions may reduce contact with larger 
particles such as (oo)cysts (Trout et al., 2002). Amoebae, in contrast, 
typically employ phagocytosis by enveloping food items, yet may reject 
oocysts if they lack necessary surface receptors or chemical cues indi
cating nutritional value (Thorp and Covich, 2001). Morphological and 
behavioural differences can thus help explain why ingestion rates vary, 
even among closely related species (Siqueira-Castro et al., 2016; Fayer 
et al., 2000).

Such patterns of selective ingestion extend beyond ciliates and roti
fers. Certain amoebae merely encountered oocysts without ingesting 
them, indicating a rejection mechanism based on surface recognition or 
poor nutritional signals (Siqueira-Castro et al., 2016; King et al., 2007). 
Scheid and Schwarzenberger (2011) likewise observed amoebae moving 
around oocysts with no uptake. Additionally, some rotifers briefly 
ingested oocysts then expelled them via the corona, a behaviour noted in 
3 of the 6 genera studied (Fayer et al., 2000). This rapid expulsion may 
imply that oocysts are not consistently favoured and may be avoided.

Alternative food sources also affect uptake. Stott et al. (2003) re
ported that Paramecium exposed to high oocyst densities (1800–3000 
oocysts/organism) consumed an average of 20 per organism, whereas 
91% of Paramecium exposed to lower densities (9 oocysts/organism) 
showed no ingestion. One rationale is that when oocysts are abundant, 
they are less avoidable, heightening incidental or opportunistic inges
tion; at lower densities, Paramecium may favour other particles with 
superior nutritional returns relative to the energy cost of ingesting 
oocysts.

From an ecological standpoint, these findings underscore how 
certain microorganisms can naturally remove Cryptosporidium from 
water, sediment, or biofilms. Even among related taxa, variations in 
ingestion rates indicate that feeding apparatus morphology, chemical 
cues, and competing prey significantly affect oocyst uptake. Further lab 
and field studies are critical for shaping effective strategies to curb 
Cryptosporidium contamination. In SSF contexts, pinpointing which 
species thrive in low-nutrient conditions and exhibit elevated oocyst 
ingestion can guide filter design, operations, and maintenance, creating 
new opportunities for both natural and engineered interventions to 
mitigate cryptosporidiosis risks and meet regulatory requirements.

1.3.2. Ingestion rates
Ingestion rates of Cryptosporidium oocysts by aquatic organisms vary 

widely, from 0.003 oocysts per organism per minute in Acanthamoeba 
(Gómez-Couso et al., 2007) to 5.1 oocysts per organism per minute in 

Fig. 1. Schematic illustrating (left) the key processes in slow sand filtration, biological predation, physical straining, and solar UV exposure, and (right) the broader 
water cycle, including runoff pathways, municipal treatment steps (e.g., coagulation, UV disinfection), and contamination checks. The left half shows a cross-section 
of the slow sand filter bed, highlighting Cryptosporidium oocyst capture, microbial interactions, and routine maintenance; the right half depicts how treated water and 
residual wastes cycle back into the environment, emphasizing potential sources and interventions for pathogen control.
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Table 2 
Summary of Cryptosporidium oocyst ingestion by various aquatic taxa (rotifers, amoebae, ciliates, nematodes, etc.). Listed are the phylum, genus, and species tested, the 
presence or absence of ingestion, oocyst exposure levels, ingestion rates, contact times, and key references. Some entries denote missing data (N/A) or annotate the test 
environment (e.g., wetland rotifers, activated sludge isolates).

Phylum Genus Species Ingestion 
observed

Specific 
exposure 
[oocysts/org.]

Specific ingestion 
[oocysts/org.]

Contact 
time [min]

Specific ingestion 
rate [oocysts/ 
org./min]

References

Rotifera Philodina species B + 1000–2000 5–15 (25) Fayer et al. (2000)
Monostyla Unidentified + 1000–2000 <5–15 a

Epiphanes brachionus + 1000–2000 <5–15 a

Euchlanis triquetra + 1000–2000 up to 25
Brachionus quadridentatus + 1000–2000 up to 25
Asplanchna Unidentified + 1000–2000 <5–15 a

Lepadella Unidentified + 19,300 b At least 2 90 0.022 f King et al. (2007)
Dicranophorus Unidentified + 19,300 b No data 90 0.01 f

Bdelloid 3 Unidentified 
species

+ 19,300 b Uncountable 90 0.01 f

Unidentified 
(wetland rotifer)

Unidentified + 67 1.6 (7) 60 0.027 f Stott et al. (2003)

Amoebozoa Acanthamoeba group II; Petz + 200,000 b 1 (3) Scheid and 
Schwarzenberger 
(2011)

group II; aqua 
iso

− N/A N/A N/A N/A

commandoni PL 
30/40

− N/A N/A N/A N/A

Unidentified + 2,000,000 b 2 (6) 720 0.003 Gómez-Couso et al. 
(2007)

culbertsoni + 1 1.8 (3) 120 0.015 f Stott et al. (2003)
Vannella Dent G1 − N/A N/A N/A N/A Scheid and 

Schwarzenberger 
(2011)

Saccamoeba limax SL 1 − N/A N/A N/A N/A

stagnicola aqss − N/A N/A N/A N/A
Amoebozoa 

(cont'd)
Hartmannella sp. − N/A N/A N/A N/A Scheid and 

Schwarzenberger 
(2011)

Thecamoeba quadrilineata d. 
c.h.1.

+ 200,000 b 8 (15)

Thecamoeba unidentified + 19,300 No data 240 King et al. (2007)
Mayorella unidentified + 19,300 approx. 13 240 0.05
Microchlamys unidentified − 19,300 N/A
Willaertia unidentified + 19,300 No data 240 0.004
Cochliopodium unidentified + 19,300 No data 240 0.004

Ciliophora Stylonychia mytilus + 1000 11(50) Overall 1 Stott et al. (2001)
5 2.9
60 0.2

+ 10–30 Overall 0–0.03 (0.2)
0.2 10 0.02 (0.2)
0.6 20–40 0.03
0.2 40–60 0.01

+ 67 0.3 (3) 60 0.005 Stott et al. (2003)
0.6 / 0–2 180 0.003

Paramecium unidentified + 19,300 b at least 13 90 0.14 f King et al. (2007)
caudatum + 1000 35 (90) overall 2.8 Stott et al. (2001)

5 5.1
Ciliophora 

(cont'd)
Paramecium caudatum 30 1.6 Stott et al. (2001)

+ 10–30 overall 0–0.03 (0.2)
0.33 30 0.01
1.22 60 0.02

+ 67 1.9 (9) 60 0.03 f Stott et al. (2003)
0.5/ 0–2 180 0.003 f

+ 9 0.5/ 1–11 (11) 60 0.01 (0.2)
+ 18–30 0.5 / 1–11(11) 60 0.05 (0.4)
+ 1800–3000 20 / 3–45 60 1.11 (2.3)

Euplotes patella + 1000 1(10) overall 0.07 (0.2) Stott et al. (2001)
5 0.2
60 >0.1

aediculatus + 7 in 4/10 specimen 
c

6 to 40 0.025 to 0.17 e Siqueira-Castro et al. 
(2016)

unidentified + 19,300 b at least 15 90 0.16 King et al. (2007)
Unidentified 
(Wetland ciliate)

unidentified + 1000 3 (20) overall 0.2 Stott et al. (2001)

5 0.4
60 >0.1

Stentor coeruleus + 7 in 4/10 specimen 
c

35 0.03 f Siqueira-Castro et al. 
(2016)

Blepharisma sinuosum − 7 N/A N/A N/A
Ciliophora 

(cont'd)
Blepharisma unidentified + 19,300 b Unknown g 90 0.01 King et al. (2007)
Oxytricha unidentified + 19,300 b >100 d 90 1.11

granulifera + 7 in 3/10 specimen 
c

45 0.02 f Siqueira-Castro et al. 
(2016)

(continued on next page)
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Paramecium (Stott et al., 2001). Nematodes can ingest even more, up to 
8.3 oocysts per organism per minute under high oocyst density and 
limited alternative prey. These rates derive from direct observation or 
extrapolation, and factors like species, pathogen load, incubation 
period, and nutrient availability all influence feeding frequency.

In contrast to the rapid ingestion seen in some nematodes, amoebae 
typically show slower rates due to their phagocytic mode, which en
capsulates oocysts in vesicles. This encapsulation may prolong oocyst 
survival in SSF or aid further breakdown if amoebae are later consumed 
by higher-level predators. Whether oocysts within amoebic vesicles 
remain infective post-excretion is still uncertain (Lefebvre et al., 2023; 
Scheid and Schwarzenberger, 2011).

To capture the full extent of amoebal uptake, King et al. (2007) and 
Stott et al. (2003) extended incubation periods, while Gómez-Couso 
et al. (2007) employed contact times of up to 12 h. Although SSF contact 
times are often shorter (e.g., hours vs. days), prolonged exposure in 
upper filter layers or within biofilms might mirror these extended sce
narios, allowing ongoing amoebal interaction with oocysts especially as 
trapped particles could remain in a SSF for weeks.

In other taxa, both exposure duration and oocyst density shape 
ingestion dynamics. Higher pathogen loads can stimulate more frequent 
feeding encounters, whereas longer contact times may cause saturation 
or fatigue. Stott et al. (2001) observed initial high rates (2.9 and 5.1 
oocysts per minute) in Stylonychia and Paramecium at elevated oocyst 
densities, dropping to 0.2 and 1.6 after one hour, potentially from 
feeding capacity saturation. No such decline occurred at lower doses 
(10–30 oocysts/organism), closer to natural concentrations.

Even so, prolonging contact time generally yielded higher total 
ingestion, reflecting a cumulative effect. Temperature and other filtra
tion steps also influence these rates: colder conditions suppress meta
bolic activity, while warmer conditions promote robust microbial and 
meiofaunal communities and predation (Weisse, 2024). Coagulants can 
further affect ingestion by changing oocyst properties or particle ag
gregation. These factors help explain why SSFs exhibit variable 

pathogen removal efficiencies, highlighting the importance of both 
biological and operational parameters, including temperature, loading 
rates, and pretreatment, when assessing SSF performance.

1.3.3. Excretion, digestion, and viability of oocysts
Excretion or egestion of Cryptosporidium oocysts may explain 

declining ingestion rates over time: once internalised, some organisms 
expel oocysts quickly rather than invest energy in digestion, freeing 
capacity to ingest more nutritious particles. Fayer et al. (2000) observed 
up to eight oocysts released within rotifer faecal pellets (e.g., Epiphanes 
and Euchlanis) after 15 min, while Stott et al. (2001) documented 
excretion at 145 min. King et al. (2007) similarly noted near-complete 
oocyst expulsion by rotifers around 90 min post ingestion, suggesting 
an adaptive strategy to avoid harbouring non-beneficial particles. 
Amoebae gradually expel oocysts prior to encystation (Gómez-Couso 
et al., 2007; Scheid and Schwarzenberger, 2011) and ciliates egest them 
within 60 min with no net accumulation (Stott et al., 2001, 2003). In an 
SSF context, rapid turnover means predators may not retain oocysts long 
enough for inactivation, posing a potential public health concern if 
excreted oocysts remain infective (Bretagne et al., 2026).

A key reason ingestion may not translate to inactivation is that 
Cryptosporidium oocysts are adapted to withstand harsh physicochemical 
conditions and enzymatic catalysis. The multi-layered oocyst wall limits 
permeability and can resist digestive processes, so gut passage through 
aquatic predators may result in short-term sequestration (e.g., within 
faecal pellets) rather than structural failure. Predator-specific gut resi
dence time, mechanical processing, and enzyme complements, along 
with temperature and alternative prey availability, are therefore likely 
determinants of whether ingestion causes meaningful damage across 
species and environmental conditions.

Despite these excretory observations, little is known about the ulti
mate fate of expelled oocysts. Gómez-Couso et al. (2007) and Scheid and 
Schwarzenberger (2011) report minimal morphological change, 
whereas Fayer et al. (2000) and King et al. (2007) note reduced 

Table 2 (continued )

Phylum Genus Species Ingestion 
observed 

Specific 
exposure 
[oocysts/org.] 

Specific ingestion 
[oocysts/org.] 

Contact 
time [min] 

Specific ingestion 
rate [oocysts/ 
org./min] 

References

Spirostomum minus-complex + 7 in 7/10 specimen 
c

30 0.03 f

teres − 7 N/A N/A N/A
Sterkiella sp. − 7 N/A N/A N/A

cavicola − 7 N/A N/A N/A
Vorticella infusionum + 7 in 8/10 specimen 

c
30 0.03 f

convallaria − 7 N/A N/A N/A
Aspidisca cicada − 7 N/A N/A N/A
Epistylis plicatilis − 7 N/A N/A N/A
Gastronauta aloisi − 7 N/A N/A N/A
Loxodes striatus − 7 N/A N/A N/A
Metopus laminarius − 7 N/A N/A N/A
Holosticha unidentified + 19,300 b No data 90 0.01 King et al. (2007)
unidentified 
(wetland ciliate)

unidentified + 67 0.2 (3) 60 0.003 Stott et al. (2003)

Platyhelminth Rhabdocoel unidentified + 19,300 b Uncountable d 90 0.01 King et al. (2007)
Gastrotricha Chaetonotus unidentified + 19,300 b at least 4 90 0.04 f King et al. (2007)
Nematode Caenorhabditis elegans + unknown 0–500 60 8.3 Huamanchay et al. 

(2004)
Percolozoa Tetramitus pararusselli 

Rhodos
− N/A N/A N/A N/A Scheid and 

Schwarzenberger 
(2011)Naegleria gruberi aq 2 − N/A N/A N/A N/A

a Oocysts momentarily ingested then expelled.
b Not specific.
c Number of organisms positive for Cryptosporidium.
d Too many oocysts present in organism to count.
e Assumption of a minimum of 1 oocyst ingested.
f Calculated based on available data.
g Oocysts present but impossible to count due to autofluorescence of organism.
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fluorescence signals in expelled oocysts, implying partial enzymatic or 
chemical modification. Intriguingly, Huamanchay et al. (2004) discov
ered empty oocysts excreted by certain nematodes, raising questions 
about whether the contents were digested or shed. Overall, the thick 
glycoprotein wall likely resists enzymatic breakdown, although species- 
specific differences in enzyme systems could influence oocyst alteration 
and warrant further investigation.

The ability of organisms like rotifers to fully degrade oocysts is 
doubtful. Fayer et al. (2000) were among the first to question whether 
rotifers produce the enzymes needed to penetrate and digest the oocyst's 
acidic glycoprotein layer (Tufenkji et al., 2006), which is specifically 
adapted to protect the parasite in harsh environments. Consequently, 
the hypothesis that repeated ingestion cycles might incrementally 
weaken oocyst walls, reducing infectivity, remains largely untested, 
requiring advanced methods (e.g., SEM, cell-culture infectivity, cryo- 
EM) to detect subtle damage. One way to test this hypothesis is to use 
sequential passaging experiments (repeated cycles through the same 
predator, or through multiple predator taxa) and then compare struc
tural integrity and infectivity before and after each passage. A practical 
methodological approach is to combine high-resolution imaging (e.g., 
SEM/TEM or imaging flow cytometry) for wall disruption, permeability 
or fluorescence changes as supportive indicators, and viability/infec
tivity endpoints (e.g., propidium monoazide quantitative polymerase 
chain reaction (PMA-qPCR) for viable oocysts and integrated cell culture 
qPCR (ICC-qPCR) or cell-culture assays for infectivity) to confirm 
whether cumulative damage translates to reducing the public health 
risks from this pathogen. If such cumulative damage does occur, these 
biological interactions could profoundly affect Cryptosporidium control 
in natural waters, wastewater, and SSF systems, as repeated passage 
through different predators might enhance inactivation.

1.3.4. Strategies for optimizing biological water treatment systems to 
enhance Cryptosporidium removal

Designing biological water treatment systems to maximize Crypto
sporidium removal requires understanding the variable ingestion rates 
and ecological needs of different aquatic organisms. One approach is to 
selectively introduce species with high ingestion rates, such as Para
mecium or certain nematodes so the system is biologically primed for 
effective oocyst capture (Pauli et al., 2005). However, it is equally 
important to consider whether these species excrete viable oocysts 
under specific conditions, as re-liberation could negate net removal 
gains (Fayer et al., 2000; King et al., 2007; Stott et al., 2001).

Bioaugmentation or selective encouragement of high-ingestion taxa 
also carries ecological and operational risks. Ecologically, favouring one 
functional group may shift community structure, reduce resilience, or 
promote unintended trophic interactions (including establishment of 
undesired taxa). Operationally, increased biomass production and 
grazing activity could accelerate headloss development, shorten run 
length, increase scraping frequency, and contribute to effluent biological 
instability if sloughing occurs (Bretagne et al., 2025). Any bio
augmentation strategy should therefore be trialled cautiously and 
coupled to monitoring that links predator abundance and community 
composition to both oocyst counts and oocyst viability/infectivity, 
alongside routine operational indicators such as turbidity/particle 
counts, headloss, dissolved oxygen, and run time between maintenance 
interventions (Elemo et al., 2024).

Incorporating a diverse predator community, encompassing ciliates, 
rotifers, amoebae, and nematodes, creates conditions of ecological 
redundancy and enhances overall system resilience (Brookes et al., 
2005). If one species becomes less efficient due to environmental shifts 
or pathogen adaptation, others can maintain robust Cryptosporidium 
removal. Ongoing monitoring of predator abundance and oocyst con
centrations can inform timely operational adjustments, keeping the 
system both adaptive and effective. Moreover, aligning biofiltration 
design and operation with emerging research is seen as a priority for SSF 
systems (Hassard et al., 2022). As new findings clarify which organisms 

exhibit stable ingestion rates and which conditions promote oocyst 
degradation, filters can be retrofitted or reconfigured to harness these 
insights. Adopting a holistic approach not only improves Cryptospo
ridium removal for current demands but also provides a flexible platform 
for integrating future technological or biological advances, ultimately 
bolstering water quality and public health protection.

1.3.5. Limitations of translating ingestion/digestion experiments to real 
aquatic matrices

Although numerous laboratory studies demonstrate that certain 
aquatic organisms can ingest significant numbers of Cryptosporidium 
parvum oocysts, these controlled experiments often maximize uptake by 
limiting alternative prey, raising questions about how such behaviours 
translate under field conditions (Fayer et al., 2000; Trout et al., 2002). In 
natural or engineered systems, organisms typically have access to more 
assimilable food particles, potentially reducing the motivation to 
consume oocysts. Moreover, some species exhibit avoidance strategies, 
while others opportunistically ingest oocysts, yet the overall impact on 
oocyst removal in full-scale water or wastewater treatment remains 
uncertain.

Most ingestion studies quantify uptake under controlled conditions, 
but net Cryptosporidium risk reduction in full-scale SSF depends on 
predator density and distribution in the Schmutzdecke, ecological in
teractions, hydraulics, and critically, whether ingestion causes inacti
vation rather than rapid egestion. Laboratory studies may therefore 
over- or under-estimate net removal due to starvation or limited alter
native prey, unrealistically high oocyst-to-predator ratios, simplified 
biofilm architecture and grazing networks, temperature differences, and 
hydrodynamics that do not represent field shear and residence time. A 
practical translation approach is to treat lab ingestion rates as an upper 
bound and scale expected net removal by (i) predator abundance, (ii) 
contact/residence time, and (iii) the fraction of ingested oocysts 
demonstrably inactivated versus egested viable.

Compounding these uncertainties is the fate of expelled oocysts, 
which can be released in boluses 20–30 times larger than a single oocyst 
(Fayer et al., 2000). While this may enhance sedimentation in filters (e. 
g., slow sand or rapid gravity systems), such aggregates could also shield 
oocysts from disinfection. Additionally, many protozoa that ingest 
Cryptosporidium serve as vectors for other human pathogens. Amoebae 
can harbour viable microbes post-encystation (Winiecka-Krusnell and 
Linder, 2001), and Scheid and Schwarzenberger (2011) suggest that 
Cryptosporidium oocysts might likewise remain infective, similar to 
Toxoplasma gondii oocysts, following amoebal ingestion and exocytosis.

Other aquatic organisms also accumulate and retain infective oo
cysts: Fayer et al. (1997) and Graczyk et al. (1998) showed that shellfish 
such as estuarine oysters and freshwater clams can harbour Cryptospo
ridium oocysts, indicating a potential role in environmental retention 
and transport. Méndez-Hermida et al. (2006, 2007) similarly showed 
that the aquatic arthropod Artemia can carry over 30 viable oocysts, 
which may be passed on to predatory fish. Hence, lab-based ingestion 
data may overestimate net removal, given complex species interactions, 
diverse feeding options, and potential for oocyst transport or protection 
in real-world environments. Addressing these gaps is important for 
accurately predicting and ultimately optimizing Cryptosporidium control 
in water treatment processes.

1.3.6. Novel methodologies to assess oocyst ingestion and viability

1.3.6.1. Detection endpoints: presence, viability and infectivity. It is useful 
to distinguish between (i) total oocyst detection (presence/absence or 
enumeration regardless of viability), (ii) viability (oocysts that remain 
intact and potentially capable of infection), and (iii) infectivity (oocysts 
that can invade and reproduce in a host). These endpoints are not 
equivalent, and the choice of method can influence both perceived 
removal and the interpretation of predator-mediated effects.
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Studying Cryptosporidium removal by biological means demands 
methods to track oocyst ingestion, digestion, and viability. Emerging 
techniques are improving the ability to quantify these processes. For 
instance, researchers use fluorescently labelled oocysts (stained with 
FITC-conjugated antibodies) to feed protozoan predators and then 
examine gut contents by epifluorescence microscopy (Fayer et al., 2000; 
Stott et al., 2001). This allows direct enumeration of oocysts ingested per 
predator and observation of any morphological changes (e.g. degraded 
oocyst walls) post-ingestion (Stott et al., 2001). In one approach, paired 
fluorescence and DIC (differential interference contrast) microscopy 
images were used to confirm oocysts inside rotifers and to capture 
excreted oocyst clusters (Fayer et al., 2000). Beyond microscopy, flow 
cytometry has become a powerful tool. Researchers have noted that 
when oocysts are partially digested by predators, the specific antibody 
binding (FITC fluorescence intensity) can diminish, presumably due to 
epitope degradation (King et al., 2005). This change in signal can serve 
as a marker to distinguish ingested/damaged oocysts from intact ones. 
Proposed methods include flow cytometric sorting of oocysts based on 
fluorescence intensity to isolate those that have passed through preda
tors, for downstream viability testing (King et al., 2005). Viability and 
infectivity assays themselves have seen significant innovation. Tradi
tional dye permeability tests (using dyes like DAPI/PI) provided a rough 
live/dead count, but newer molecular assays give more definitive re
sults. One breakthrough is the use of propidium monoazide PCR (PMA- 
PCR), which combines a DNA-intercalating dye with PCR to estimate the 
fraction of oocysts with intact versus compromised walls. PMA prefer
entially penetrates oocysts with compromised walls and blocks ampli
fication of their DNA, while intact oocysts are more likely to remain 
amplifiable. This makes PMA-PCR a useful viability proxy, but not a 
direct measure of infectivity. The Cryptosporidium PMA-PCR method was 
shown to distinguish live from dead oocysts in mixed samples and to 
reduce false PCR signals from non-viable oocysts (Brescia et al., 2009). 
Researchers demonstrated that PMA-PCR can quantify viable oocysts in 
environmental waters and even genotype them, an important advance 
for risk assessment (Brescia et al., 2009). Another cutting-edge approach 
integrates cell culture with quantitative PCR (ICC-qPCR). Here, filtered 
water samples are applied to a susceptible cell monolayer (e.g. HCT-8 
cells); after an incubation, any infective oocysts will invade and repro
duce. The culture is then assayed by PCR for Cryptosporidium DNA, 
indicating the presence of viable (infective) oocysts. This combined cell 
culture TaqMan-PCR technique has been used to measure oocyst inac
tivation rates under various environmental conditions (King et al., 
2005). It combines the gold-standard infectivity endpoint with the 
sensitivity of molecular detection. Additionally, microfluidic lab-on- 
chip devices and imaging flow cytometry are emerging for high- 
throughput analysis. For example, one on-chip system (CryptoDetect 
CARD) integrates immunomagnetic separation of oocysts and a micro
fluidic sensor, aiming to concentrate and detect oocysts from water in a 
single automated platform (Nemati et al., 2023).

While still in development, such tools could be deployed to assess 
how effectively biological processes are ingesting and inactivating 
Cryptosporidium. These techniques are helping to unveil the fate of oo
cysts after predation (are they merely sequestered or truly eliminated?) 
and to quantify true risk reduction beyond simple counting. Advanced 
analytical methodologies are shedding light on subtler aspects of Cryp
tosporidium removal (digestion status, residual infectivity), helping to 
link microbial community activity with public health protection 
benefits.

Given that predator ingestion may result in sequestration without 
inactivation, pairing enumeration with viability or infectivity endpoints 
is particularly valuable when evaluating biological removal mecha
nisms. For research, process optimisation, and validation trials, 
viability- and infectivity-informed methods (e.g., PMA-qPCR or ICC- 
qPCR) can better resolve whether observed reductions reflect true risk 
reduction. For routine regulatory compliance, presence/absence ap
proaches remain conservative and operationally established; however, 

targeted use of viability/infectivity assays can complement compliance 
monitoring by supporting investigative assessments, troubleshooting, 
and evidence-based optimisation of multi-barrier treatment.

1.4. Future work

Future investigations should address the gap between controlled 
laboratory findings and the complexities of full-scale SSF systems. 
Although certain micro- and meiofauna (e.g., rotifers, ciliates, nema
todes) demonstrate the ability to ingest Cryptosporidium oocysts, the 
efficacy of these interactions under real-world conditions, where 
competing food sources, variable flow regimes, and fluctuating environ
mental parameters (e.g., temperature, dissolved organic carbon, sea
sonal changes) are present, remains uncertain. It is also important to 
determine how SSF design features (e.g., sand grain size, filter depth, 
hydraulic loading) shape predator community development and activity 
over time, particularly once the filter is fully ripened (due to ecological 
changes).

Moreover, the viability and infectivity of excreted oocysts require 
closer examination. Partial digestion does not necessarily result in oocyst 
inactivation, and certain organisms can expel intact oocysts, thus 
reducing net removal efficiency. Whether repeated ingestion cycles by the 
same species or higher trophic-level organisms further weaken the 
oocyst wall and diminish infectivity is an additional avenue of 
exploration.

The intentional addition of high-ingestion species (e.g., Paramecium or 
Oxytricha) into SSF could potentially enhance pathogen removal; how
ever, any such bioaugmentation must be assessed for ecological impact and 
long-term stability. Integrating computational models (e.g., fluid dy
namics, ecosystem simulations) with empirical data may yield predictive 
tools for designing, operating, and scaling bioaugmented SSF. Re
searchers are beginning to view biological communities as customisable 
treatment agents. Through bioaugmentation or optimised design, an 
engineered filter could host a dense population of oocyst predators and 
competitors, augmenting the physical filtration barrier. Key challenges 
remain, such as ensuring introduced species survive and do not cause 
issues (e.g. filter clogging or unintended regrowth of pathogens). 
Concurrently, high-volume detection methods and rapid sensors for 
Cryptosporidium, ideally capable of both presence/absence and viability 
assessments, could enable near–real-time monitoring of filter perfor
mance, facilitating timely interventions in case of sudden oocyst 
breakthrough or shifts in microbial community structure. Such tech
nologies may significantly reduce operational response times, improve 
overall system resilience, and enhance water safety.

If high-ingestion species are intentionally introduced or selectively 
encouraged, long-term monitoring should address both performance 
and unintended impacts. Operational indicators could include influent/ 
effluent turbidity (or particle counts), headloss development, run time 
between maintenance events, and effluent biological stability, while 
biological monitoring could track key grazer taxa (e.g., microscopy- 
based counts or molecular community profiling where feasible). Criti
cally, monitoring programmes should link biological community struc
ture to both total oocyst concentrations and viability/infectivity 
measures to confirm that any apparent gains represent sustained risk 
reduction rather than temporary sequestration.

Additionally, lower-impact maintenance practices such as under
water skimming of the Schmutzdecke rather than draining or mechan
ically scraping the entire filter could help preserve the established 
microbial community and biofilm integrity. By minimizing disruption, 
these gentler procedures may sustain high predator densities, maintain 
beneficial interstitial structures, and prolong the overall pathogen- 
removal efficiency of SSF. Finally, because regulatory standards typi
cally hinge on Cryptosporidium presence/absence rather than oocyst 
viability, further work should assess how biologically enhanced filtration 
meets compliance benchmarks, and whether viability-based assays might 
more accurately reflect the benefits of these natural removal processes.
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1.5. Conclusion

This review demonstrates that slow sand filtration is a multifaceted 
process capable of significantly reducing Cryptosporidium oocysts 
through a combination of physical, chemical, and biological mecha
nisms. While physical straining and adsorption are long-established 
contributors to pathogen removal, the maturing of the sand filter bed 
and the formation of a Schmutzdecke enhance overall efficacy by sup
porting a complex biological community. Diverse micro- and meiofauna, 
including nematodes, rotifers, and ciliates, can ingest Cryptosporidium 
oocysts, potentially contributing to greater reductions in oocyst 
numbers. Nonetheless, considerable variability in LRVs exists, ranging 
from 0.09-log to >7.2-log (with some values inferred from method 
detection limits when oocysts are not detected in effluent), highlighting 
the critical influence of parameters such as sand grain size, filter depth, 
hydraulic loading rates, and operational maturity. A key insight from the 
literature is that ingestion of oocysts by higher organisms does not 
necessarily equate to permanent removal. The possibility of excretion 
with retained viability introduces uncertainty regarding the net effect of 
biological predation. Furthermore, environmental conditions, including 
temperature fluctuations and the availability of alternative food parti
cles, can modulate both ingestion rates and overall filtration perfor
mance. High experimental doses of (oo)cysts, or the use of inactivated 
pathogens, may also alter observed LRVs, highlighting the need for 
standardised challenge protocols that better represent real-world source 
water conditions.

CRediT authorship contribution statement

Sophie L. Bretagne: Writing – original draft, Formal analysis, Data 
curation, Conceptualization. Michael Chipps: Writing – review & 
editing, Supervision, Methodology, Conceptualization. Jim Harris: 
Writing – review & editing, Supervision. Francis Hassard: Writing – 
review & editing, Supervision, Methodology, Funding acquisition, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

The authors acknowledge the financial support of the Engineering 
and Physical Sciences Research Council (EPSRC), through PhD award to 
Sophie Bretagne (EP/T518104/1), and support from Thames Water.

Data availability

Data associated with this manuscript are available at: doi:
https://doi.org/10.6084/m9.figshare.28881467

References

Abdiyev, K., Azat, S., Kuldeyev, E., Ybyraiymkul, D., Kabdrakhmanova, S., 
Berndtsson, R., Khalkhabai, B., Kabdrakhmanova, A., Sultakhan, S., 2023. Review of 
slow sand filtration for raw water treatment with potential application in less- 
developed countries. Water 15 (11), 2007. https://doi.org/10.3390/W15112007.

Abudalo, R.A., Bogatsu, Y.G., Ryan, J.N., Harvey, R.W., Metge, D.W., Elimelech, M., 
2005. Effect of ferric oxyhydroxide grain coatings on the transport of bacteriophage 
PRD1 and Cryptosporidium parvum oocysts in saturated porous media. Environ. Sci. 
Technol. 39 (17), 6412–6419. https://doi.org/10.1021/es050159h.

Abudalo, R.A., Ryan, J.N., Harvey, R.W., Metge, D.W., Landkamer, L., 2010. Influence of 
organic matter on the transport of Cryptosporidium parvum oocysts in a ferric 
oxyhydroxide-coated quartz sand saturated porous medium. Water Res. 44 (4), 
1104–1113. https://doi.org/10.1016/J.WATRES.2009.09.039.

Badenoch, John, 1990. Cryptosporidium in Water Supplies: Report of the Group of 
Experts. HMSO.

Barret, J.M., Bryck, J., Collins, M.R., Janonis, B.A., Logsdon, G.S., 1991. Manual of 
Design for Slow Sand Filtration. AWWA Research Foundation and American Water 
Works Association, USA. 

Bellamy, W.D., Hendricks, D.W., Logsdon, G.S., 1985a. Slow sand filtration: influences of 
selected process variables. J. Am. Water Works Assoc. 77 (12), 62–66. https://doi. 
org/10.1002/j.1551-8833.1985.tb05659.x.

Bellamy, W.D., Silverman, G.P., Hendricks, D.W., Logsdon, G.S., 1985b. Removing 
giardia cysts with slow sand filtration. J. Am. Water Works Assoc. 77 (2), 52–60. 
https://doi.org/10.1002/J.1551-8833.1985.TB05492.X.

Bjelkmar, P., Hansen, A., Schönning, C., Bergström, J., Löfdahl, M., Lebbad, M., 
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