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ABSTRACT

Lisa L. Fleming: A Conceptual Model of Pathogen-Specific Hazards in Pit Latrines Over Time

(Under the direction of Peter J. Kolsky)
A conceptual model of pathogen-specific hazards in pit latrines over time is presented. The

development, limitations, and results of an illustrative application of the model are reviewed. Literature
reviews were conducted to determine the required model inputs of each reference pathogen included in
the illustrative application. Findings of the reviews are included. Results of the illustrative model
application indicate hazard reaches a steady-state equilibrium and the majority of cumulative hazard for a
two-year latrine use period is contributed in the most recent month. As a result of these behavioral
trends, we found manipulating pit emptying frequency (or pit fill rates) and utilizing double pit technology
could have large impacts on the relative hazard posed by a community’s pit latrine waste stream. Our
model also provides evidence that unless sewerage with wastewater treatment is of relatively high

quality, it may be no more effective than properly managed pit latrines at reducing pathogens.
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CHAPTER 1: INTRODUCTION

Sanitation remains a major public health concern with an estimated 2.3 billion people still lacking
access to basic sanitation services, and among them nearly 900 million people still practicing open
defecation [UNICEF & WHO, 2013]. The failure to effectively contain and manage human excreta is
associated with a wide range of health problems and a large disease burden [Bartram et al., 2010; Pruss-
Ustun et al., 2008; Boschi-Pinto et al., 2009]. Recent systematic reviews have suggested that
improvements in sanitation can be effective in reducing a range of important health outcomes, including
diarrheal disease [Waddington et al., 2009; Carincross et al., 2010; Clasen et al., 2010; Fewtrell et al.,

2005] and soil-transmitted helminth infections [Ziegelbauer et al., 2012].

While sanitation planners and engineers have promoted improved sanitation for public health
benefit, they do not currently have a clear method for assessing the relative threat of different sanitation
problems arising from various interventions [Kolsky et al., 2015]. This is largely because of the vast
diversity among disease-causing agents (pathogens), environmental conditions, human exposure routes,
and a limited understanding of the relative public health hazard posed by different sanitation technologies

[Feachem et al., 1983].

Pit latrines are the main form of sanitation for many low and middle income countries [UNICEF &
WHO 2013; Graham et al., 2013], and the primary focus of many sanitation interventions [Waddington et
al., 2009; Fewtrell et al., 2005]. Numerous studies suggest they will reduce morbidity from fecally-related
diseases [Clasen et al., 2010; Carincross et al., 2010], but the behavior (e.g. accumulation and
subsequent decay) of fecal pathogens in pit latrines is still not well understood [Williams et al., 2015;
Schonning et al., 2004; Feachem et al., 1983]. The public health impact of pit latrines will vary
significantly depending upon the natural history of the pathogens present in excreta. Because of natural
die-off of pathogens, wastes stored in isolation for two years in a pit latrine pose less threat to public
health than fresh waste deposited by open defecation or untreated sewerage [Feachem et al., 1983].

1



Unless planners understand and account for these variations in pathogen hazards, the public health

impact of sanitation interventions cannot be maximized.

Recent efforts have resulted in the Shit Flow Diagram (SFD), a powerful tool to help engineers,
planners, and policy makers assess which sanitation services are “safe” and “unsafely” managed
[Fernandez-Martines et al., 2016; Blackett et al., 2016; SFD Promotion Initiative, 2015]. However,
currently the SFD does not weight unsafe waste flows by the relative threats each poses to human
health; some contain many more viable pathogens (hazards) than others (see ‘A Note About Hazard’
below for more information) [JMP 2015; SFD Promotion Initiative, 2015]. As a result, all on-site sanitation
waste, once removed from containment is considered “unsafe” unless it undergoes additional treatment
[Fernandez-Martines et al., 2016; Joint Monitoring Program et al., 2015]. A method to account for the
reduction of disease-causing organisms in pit latrines during storage is needed to aid in prioritizing

sanitation interventions that will maximize public health benefits.

This paper presents the development (Section 2), limitations (Section 5), and results of an
illustrative application (Section 6) of a conceptual model of pathogen-specific hazards in pit latrines over
time. The model explicitly represents the accumulation and subsequent decay of pathogens in pit latrines
under daily use conditions. We model the pit latrine waste stream for a community, where pathogens are
added via daily excreta loading events and are lost through pathogen die-off; this preliminary version of
the model does not account for leakage from or overflow of the pit. To illustrate the kinds of results the
model can produce we apply it to a case study of a 5,000 person population infected with five reference
pathogens! (Rotavirus, Shigella spp., Cryptosporidium spp., Ascaris, and E. coli spp.). A comprehensive
literature review (Section 4) determined best estimates of the specific model parameters such as the
pathogen-specific decay rates in the absence of treatment. Because of their critical importance in the
model, a sensitivity analysis (Section 6) of decay rates was performed. Our model provides a method to

estimate the viable pathogens in pit latrines and quantify the potential disease burden they pose to a

1 A select number of pathogens are included in the model; each is referred to as a reference pathogen (RP) (see
Section 2).



given community. This technically simple conceptual model provides a tool to aid planners in
understanding and accounting for variations in hazards in pit latrines under different operating conditions,
and provides the foundations of a framework to allow for comparison of pit latrines to other sanitation

technologies from a public health perspective.

A Note About Hazard & Hazard Assessments

Hazard in this paper refers to pathogens present in human excreta which can harm human health
and it is quantified in potential disability-adjusted life years (defined here as “Meta-DALYs”, derived from
DALY estimates of actual/burden of disease, measured in DALYs.?). “Hazard” and “risk” are two terms
that are often used interchangeably in everyday language [Young et al., 1990], but in public health
literature they have two distinct definitions [Mitchell et al., 2016; Barlow et al., 2015]. Hazard is broadly
defined as anything that can cause harm (e.g. a chemical, electricity, ladders, etc.) and risk is the
probability someone will be harmed by a specified hazard [Ropeik et al., 2002]. In particular, fecal
contamination risk results from a combination of pathogen hazards and an exposure pathway [WHO,
2016]. It is important to note that the model introduced in this paper does not examine exposure and
therefore does not quantify risk. Our model quantifies the potential public health threat posed by
pathogens in pit latrine sludge. The details of our method for quantifying the hazard is the basis of the

model presented in this paper.

Hazard identification is cited as one of the first steps required for a quantitative microbial risk
assessment (QMRA) [WHO 2016a] to define the scope. However, hazard identification is largely a
qualitative process in QMRAs to identify microorganisms of concern [WHO 2016a]. The authors have not
seen a quantitative pathogen hazard assessment of on-site sanitation described in water, sanitation, and
hygiene literature. While risk assessments are valuable tools, they are typically very involved and in
particular for sanitation the exposure routes may be too numerous [WHO 2016a; EPA, 2010]. The

quantitative pit latrine hazard model we introduce here is a part of a larger quantitative sanitation hazard

2 Based on GBD 2015 estimations of Disability-adjusted life years (DALYs).
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assessment model being developed. Assessing the hazard provides an opportunity for planners to identify
which sanitation problems are the worst sources of pathogen “pollution”, and act accordingly. But it does
not allow estimation of the probability of infection attributed to each source based on different associated
routes of exposure (i.e. risk). This is similar to identifying which sources emit the greatest quantities of
air pollutants (e.g. NOx, PM2.5), a public health hazard [Arden Pope et al., 2006; WHO 2016b] in order
to reduce total pollution emissions. As opposed to trying to estimate the risk of a range of pulmonary
diseases through different exposure routes in a population [WHO 2016b]; while helpful, determining risk
is a decidedly more difficult task [WHO 2016b]. Hazard assessments may provide a helpful method for
conducting a large-scale assessment to identify and compare which sanitation problems are the greatest

emitters of pathogen “pollution



CHAPTER 2: MODELING OBJECTIVES & APPROACH

No model solves all problems. And most models, like many experts, provide only imperfect answers.
The conceptual pit latrine hazard model we introduce here is intended to help with the following activities

in the context of a low or middle income country:

¢ Estimate the number of viable pathogens in a given community’s? pit latrine waste stream;

¢ Quantify the potential disease burden the viable pathogens might inflict on the given community;

¢ Demonstrate how pathogen hazard may behave over time in pit latrines under daily use
conditions;

e From the pathogen behavior, determine if any pit latrine management options can effectively
reduce pit latrine hazard;

o Identify which fecal pathogens pose the greatest public health threat, for a given community

e Derive an estimate of pit latrine hazard that may be used in sanitation hazard assessments, for a

given community.

Our pit latrine hazard model provides a rational application of pathogen decay in simple onsite
sanitation. It demonstrates the potential feasibility of assessing the public health significance of pit
latrines by tracking pathogens and the potential feasibility of performing comparative hazard assessments
with different sanitation technologies and management options. Finally, our model demonstrates the

potential of natural die-off and storage in pit latrines to maximize public health benefits from sanitation.

To the author’s knowledge, our model is the first to explicitly represent pathogen hazards and their
relative accumulation and decay in pit latrines over time. The general approach (see Figure 1 for

summary of model) is to determine the viable pathogen count in a community’s pit latrine waste stream,

3 We apply our model to an illustrative case study to further demonstrate these objectives.
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using a constant pathogen loading rate and a constant species-specific rate of exponential pathogen
decay. Given the viable pathogen count, we determined the total potential number cases (i.e. infectious
doses) and finally the resulting potential disease burden of a given community’s pit latrine waste stream.
Our estimate of potential disease burden (Meta-DALYs) is meant to provide an estimate of cumulative
public health hazard, and will hopefully be used as a comparable metric to help determine which
sanitation problems are the worst “polluters” in future hazard assessments. Note that we do not
propose Meta-DALYs as a predictive tool of disease prevalence, but rather as a better indicator pf the

public health threat of a waste stream than any other currently used waste stream parameter.

Our model is comprised of six components (summarized in Figure 1 and described in detail below).
The first five components represent a five-step sequence that needs to be repeated for each reference
pathogen species being modeled. The final component is the summation of the potential disease burdens
attributable to each reference pathogen species. Microsoft Office Excel © software was used to manage

the model data and perform the hazard analysis described in this paper.

2.1 List of Assumptions and Model Parameters
e  Reference pathogens: A select number of pathogens are included in the model; each is referred
to as a reference pathogen (RP). While our model is able to handle a large number of pathogen
species, it is not likely a sanitation planner or engineer will have relevant information on all fecal-
related disease causing agents, nor that they are all of major public health significance.
o Viable pathogens introduced daily: To simulate pit latrines in use, a fixed number of RPs are
introduced daily®* >.

e Steady-state inputs. The daily loading rate for each reference pathogen is constant.

4 Pathogen load= the daily load (number) of pathogens introduced each day in normal use.

5> Reference pathogen loading event is defined as a group of organisms, belonging to the same species, that were
excreted into a pit on the same day. A single loading event per reference pathogen is introduced each day.



e Hazard was assessed on a community-scale: Each RP loading rate was quantified for total
number of people using pit latrines in the community of interest, thus allowing us to average
endemic infections, and assume a steady-state of inputs (e.g. constant daily loading rate) more
reasonable®.

o No leakage or overflow of pit latrine occurs: No pathogens lost through another route;
pathogens only removed from pit latrine through pathogen die-off.

e Pathogen die-off is modeled by exponential first-order decay functions (N, = Ny, e~kit)

e  No interaction between reference pathogens

e Determinants of Die-off’: Decay rate “k”, pit residency time or time passed since the RP loading
event was excreted "¢, and the initial concentration of pathogens, which is equivalent to the
daily RP loading rate (N,).

o Decay rates "ki” constant across all cohorts comprised of same pathogen species: Decay rates

only vary between different pathogen species.

6 For a single pit latrine, the users will recover from an infection relatively quickly and pathogen shedding will stop.
However, if we consider an entire community, once one individual recovers from an infection another individual may
develop the same infection and the pathogen load remains constant over time.



Figure 1. Flow diagram of the pit latrine hazard model.

The 5-step process below was repeated for each reference pathogen (RP)

nPotcntial # of RP Cases (C;,) H Hazard (Sr,)
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1. The global prevalence of infection was derived from an extensive literature review and includes symptomatic and asymptomatic cases (see Lit Review subsection), and then applied to
the population using latrines in the community of interest to allow for steady-state inputs.
2. Daily RP Loading Event in our model is defined as a group of organisms, belonging to the same species, that were excreted into a pit on the same day; decay occurs for the same Z S
length of time for all organisms belonging to the same Daily RP Load T;
3. The decay rate constant is the same for each RP Loading Event; rate constants only vary between the RP species. i=1
4. Assingle RP Loading Event per reference infectious agent is added each day (e.g. a pit unemptied for 100 days with 5 RPs, will contain 500 RP Loading Events)

5. A DALY is defined in the literature as a year of healthy life lost due to ill-health, disability, or death; DALY's per Case were determined from the 2015 Global Burden of Disease study



2.2 Reference Pathogen Loading Rate
[Noli=P; X S; X E X Pop. Eq.1

Equation 1 describes the first component of our model, and represents the reference pathogen
loading rate for a given reference pathogen species. In Eq. 1, P; = the prevalence of infection in the
population for a given reference pathogen, or the proportion of the population that is infected at a given
time; S; = the reference pathogen shedding rate, or the number of organisms shed per gram of feces by
an infected individual per day; £ = the average fecal excretion rate, or the average grams of feces
excreted per person per day; Pop. = the total number of people using pit latrines in the community of
interest; i = specifies that this component was calculated individually for each reference pathogen. The
loading rate is a per day rate; the group of organisms for a given reference pathogen excreted per day is
hereafter referred to as a loading event. The reference pathogen loading rate describes inflow of

pathogens into the pit for our model, it is assumed constant over time, and is the model’s primary input.

The loading rate is determined for a community, rather than for a single household, to take
advantage of the law of large numbers [Renze et al., 2017]. At this scale, assuming a constant daily
loading rate, or steady-state inputs, is more reasonable. For example, for a single pit latrine, the users
will recover from an infection relatively quickly and pathogen shedding will stop. However, if we consider
an entire community, once one individual recovers from an infection another individual may develop the
same infection and the pathogen loading rate remains constant over time. Finally, analyzing hazard at a
community-scale, will likely be more helpful for public health officials and engineers as sanitation

planning typically occurs at the district level and interventions involve multiple households.

2.3 Reference Pathogen Loading Event Survival "N, "

[N¢]; = No,e "t Eq. 2
Equation 2 describes the second component of our model, and represents the number of

surviving viable pathogens from a single daily loading event [N.];, given the length of time since the



loading event was excreted into the pit “t”. A loading event is defined as a group of reference pathogens,

belonging to the same species, excreted into the model pit latrine on the same day. In Eq. 2, N, = the RP

loading rate, or the total number of viable organisms excreted into the model pit latrine per day by total
population, it is the primary outcome variable from component 1; e = is the mathematical constant that
is the base of the natural logarithm [Marsden, 1985]; k= the RP-specific decay rate® reported in days?,
which is assumed constant over time and for all RP loading events; ¢ = pit residency time, or the number
of days since the loading event was excreted into the model pit; /= specifies that this component was

calculated individually for each reference pathogen.

Our reference pathogen loading event survival analysis used the first order exponential decay
equation to describe inactivation kinetics [Rogers et al., 2011]. While it may oversimplify the death
kinetics, the first order exponential decay equation is widely used in microbiology [Petrucci, 2007]. The
only determinants of die-off (or survival) is kithe RP-specific decay rates, the initial concentration of RP

(equivalent to Ny, the RP loading rate), and ¢the pit residence time. The authors are fully aware that

environmental conditions (e.g. temperature, pH, moisture content, etc.) affect the rate of pathogen die-

off. In our model the variation in these abiotic factors is captured in the decay rates k.

A new loading event for a given reference pathogen species is added each day. Our model is
based on the principle theory that pathogen decay begins upon the moment of excretion from a human
host [Feachem et al., 1983]; a loading event excreted 200 days ago is likely to have far fewer viable
pathogens present compared to a loading event excreted 1 day ago. To account for the temporal nature
of pathogen excretions in pit latrines and the resulting effect on pathogen survival, we analyzed the

survival of each loading event individually.

We assumed no leakage or overflow occurs between emptying events. In our model pathogens

are only removed from the model pit between loading events by death or pathogen inactivation,

8 Comprehensive literature reviews (section 4) were used to determine the RP-specific decay rates for the illustrative
case study.
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described by Eq. 2. Additionally, we assumed no interaction occurs between reference pathogens, so no

predation or replication occurs in the model pit latrine.

2.4 Viable Reference Pathogen Count " N;"

[N7]; = [Zh=o(No)mli Eq. 3.1

1—e—ki(T+1)

Nr, = Eh=o(N)mli = [ Tmzo(Noie_kit)m]i = Ny, (—k> Eq. 3.2

1-e i

t,=T—s Eq.3.3

Equation 3.1 describes the third component of our model, and represents the viable reference
pathogen count [N, ], given a specified pit latrine use period * 7" (number of days between pit emptying
events). The total viable pathogen count is the summation of surviving pathogens across each loading

event (Eq. 3.1); “m" is the identifying index number for a given loading event.

When the summation of Eq. 3.1 is expanded out, it simplifies to Eq. 3.2 (see Annex for full
derivation). In Eq. 3.2, N,,= the number of surviving viable pathogens from a single daily loading event;
N,,= the RP loading rate, or the total number of viable organisms excreted into the model pit latrine per
day by total population; e = is the mathematical constant that is the base of the natural logarithm
[Marsden, 1985]; k= the RP-specific decay rate; ¢ = pit residency time, or the number of days since
loading event was excreted into the model pit; 7 = pit latrine use period, or the time between emptying
events, given daily loading events it is also equivalent to the total number of loading events in the model
pit latrine for a given RP; /= specifies that the third component was calculated individually for each

reference pathogen.

Given that we analyzed the survival of each loading event separately (Eq. 2) and the

distinguishing variable of each loading event is its pit residence time, we developed an equation for pit
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residence time that was dependent upon the order in which the loading event was excreted into the
model pit latrine (Eq. 3.3). In Eq. 3.3, &» = the pit residency time for a given loading event; m = is the
identifying index number for each loading event and correlates with the order in which the loading event
was introduced into the model pit latrine (e.g. m = 0 is the first loading event excreted into the pit latrine
and m = 1 was excreted a day later and is the second loading event added); 7 = the pit latrine use

period.

It should be noted that while 7 = the pit latrine use period, or number of days between pit
emptying events, it can also be thought as a measure of the pit emptying frequency. And given daily
loading events it is also equivalent to the total number of loading events in the model pit latrine for each
reference pathogen species. For example, if T = 100, then the pit is emptied every 100 days.
Additionally, if T = 100 and there are 3 reference pathogen species being modeled, there are a total of

300 loading events (100 for each reference pathogens species).

Components 1 — 3 characterize the pathogen behavior in the model pit latrine. The inflow, or
pathogen flow rate, is described by component 1, and the subsequent outflow through pathogen die-off
or inactivation is described by component 2. Component 3 describes the resulting total viable pathogen
count for a given pit latrine use period. Components 4 — 6 are simply translations of component 3, the

viable reference pathogen count.

2.5 Potential Number of Reference Pathogen Cases “C, ”

CT. — [E NT]L'

Eq. 4
i T Dol .

Equation 4 describes the fourth component of our model, and represents the total number of
potential cases, or infectious doses, present in the pit latrine sludge given a specified pit latrine use
period “T". Potential cases are derived individually for each pathogen species being modeled (reference
pathogen). In Eqg. 4, Ci= number of potential cases, the primary outcome variable for component 4;

[X N¢],= the viable reference pathogen count at a given specified use period, it was the primary outcome
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variable derived in component 3; [IDs,]; = the median infective dose for a given RP; /= specifies that
this component was calculated individually for each reference pathogen. The total potential number of RP

cases is simply a weighting of the viable RP count by infectivity (e.g. a translation of the viable count).

Our estimation of potential cases does not provide an estimate for actual cases that will occur as
a result of the pathogens present in the pit latrine sludge. The number of pathogens required to cause an
infection will not be doled out in perfect doses to a unique susceptible individual. Some people will ingest
more organisms than is needed to cause an infection, others will not ingest enough, and others who
ingest the organisms have already developed an immunity. Our results are meant to estimate the tota/

potential cases to provide a measure of hazard, or potential public health threat.

2.6 Reference Pathogen Hazard "S;"

St = Cr X (DALYS/Case)i Eq. 5

Equation 5 describes the fifth component of our model, and represents the total potential DALYs?
(Meta-DALYs) attributed to a given reference pathogen present in the pit sludge, given a specified pit
latrine use period “T”. In Eq. 5 (57); = the Meta-DALYs attributable to each RP for a given use period, the
primary outcome variable for component 5; Cr, = the total potential RP cases, the primary outcome
variable from component 4; ( PALYs/. ), = is the DALYs per prevalent case unique to each RP. DALYs
per prevalent case was based off the 2015 global DALY estimates [GBD 2015] and the global prevalent
cases [GBD 2015; Fletcher et al., 2011; Walker et al., 2010; Abba et al., 2009; Huilan et al., 1991]
attributable to a given RP. DALYs are a measure of disease burden and therefore reflect disease severity.
The RP Meta-DALYs is simply a translation of total potential cases to account for disease severity, and

thus is a weighting of the viable RP count (component 3) by infectivity and disease severity.

9 GBD, 2015.
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We introduce Meta-DALYs, a new metric in our hazard assessment model. It is a measure of
potential disease burden rather than the widely used measure of observed disease burden, DALYs (GBD

2015). The Meta-DALY is the primary measure of hazard in our model.

Components 1 - 5 represent a five-step sequence which is repeated for each reference pathogen

species being modeled.

2.7 Cumulative Hazard
Cumulative Hazardr = ¥;_, Sy,  Eq. 6
The final component of our model is the summation of Meta-DALYs attributable to each reference
pathogen Sr,, and is described by Eq. 6. The summation of RP Meta-DALYs estimates the cumulative
hazard present in the population’s pit sludge, given a specified pit latrine use period “T”. It is the primary

outcome variable for our pit latrine hazard model introduced in this paper.

Our model is the first to explicitly represent pathogen hazards and their relative accumulation
and decay in pit latrines over time. While admittedly conceptual, our pit latrine hazard model can provide
practical insights. By providing a full look at the “natural history” of a given waste stream, it allows
planners to account for variations in hazards. It is intended to provide information that is currently
unavailable or difficult to obtain through field studies [Clasen et al., 2010]. We hope that our simple

formulation can be adapted and extended to solve a wide-variety of problems.
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CHAPTER 3: DESCRIPTION OF SIMULATED CASE STUDY

3.1 Description of Simulated Pit Latrine Case Study Parameters

To provide an illustrative example of the model, we applied it to a simulated case study of a
5,000 person population infected with five reference pathogens. The authors chose a common fecal
indicator organism and the organisms attributed with the greatest global disability-adjusted life years
(DALYs) from each of the four pathogen classes [GBD 2015] - £. coli spp., Rotavirus, Shigella spp.,
Cryptosporidium spp., and Ascaris. Reference pathogen-specific decay rates in the absence of treatment
and the other required model inputs were determined through comprehensive literature reviews. The

methods and results of the literature reviews are described in the following section (see Section 4).

3.2 Description of Comparative Analysis of Different Waste Streams

To gain a preliminary understanding of the public health significance of pit latrines relative to
other sanitation waste we included three other identical'® populations (total of four populations), each
using a different form of sanitation — 1) pit latrines; 2) open defecation; 3) sewerage with wastewater
treatment that consistently removes 1-Logio of all reference pathogens daily; and 4) sewerage with
wastewater treatment that consistently remove 2-Logio of all reference pathogens daily!!. We estimate

and compare the cumulative hazard attributable to each population’s waste streams.

10 “dentical” population refers to a 5,000 person population infected with the same five reference pathogens. As a
result, the reference pathogen-specific loading rates and DALYs/prevalent case is the same for each population in our
case study.

11 These removal efficiencies cover the range of secondary wastewater treatments, except high quality membranes

and chemical disinfection. Additionally, these removal efficiencies do not necessarily cover primary treatment paired
with chemical disinfection [Jimenez et al., 2010; Ottson et al., 2006; Williams et al., 2015].
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Open defecation (OD) refers to the practice whereby people defecate in open spaces (e.g. fields,
open water bodies, etc.) rather than using a toilet [UNICEF and WHO, 2013]. With open defecation,
pathogen hazards are immediately released into the environment; no die-off occurs in containment prior
to release. For the purposes of this analysis, we equated OD with daily emptying in our model. Due to the
differences in times scales of hazard discharge between pit latrines and OD (e.g. annual vs. daily), we
converted cumulative hazard to average daily hazard discharged for pit latrines, given an average use

period (e.g. number of days between pit emptying events) [Eq. 7].

Cumulative Hazardr
T

(Avg.Daily Hazard Discharged)r = Eq. 7

With growing public health concerns and advances in technology, recent studies have examined
pathogen removal efficiencies during different types of wastewater treatment. Primary treatment
reportedly removes 0 — 1Logio and most secondary treatment!? remove 0 — 2Log1o of the pathogen
species investigated [WHO, 2006; Jimenez et al., 2010]. For the purposes of our analysis, we equated
WW-treatment with 1-Log and 2-Log removal'? efficiencies [Eq. 8; Eq. 9]. Similar to OD, there is a
difference in time scales between WW-treatment and pit latrines, therefore we also used average daily

hazard discharged for pit latrines, given an average use period [Eqg. 8] to allow for comparison of these

two hazard estimations.

oD S
1ol =Ww 1L0g10 Eq. 8
oD S
oz = WW 2Log4, Eqg. 9

3.3 Sensitivity Analysis

The only determinants of pathogen survival in our model are the initial concentration of

pathogens (the magnitude is equivalent to the daily loading rate N, ), the pit residency time “¢7 and the

12 These removal efficiencies cover the range of secondary wastewater treatment technologies, except high quality
membranes and chemical disinfection. Additionally, these removal efficiencies do not necessarily cover primary
treatment paired with chemical disinfection [Jimenez et al., 2010; Ottson et al., 2006; Williams et al., 2015].

13 For our analysis, we assumed consistent daily 1Logio and 2Log1o removal of all pathogens for our sewerage and
wastewater treatment hazard estimations.
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decay rate "& ". The effect of variation in environmental conditions (e.g. temperature, pH, and moisture
content) are well-documented to impact the rate of decay [Alum et al., 2014; Robertson et al., 1992;
Atherholt et al., 1998; Jamieson et al., 2002]. To understand how the results of our simulated case study
were impacted by differences in these environmental conditions we performed a sensitivity analysis using
the pathogen-specific decay rates found in the systematic literature review described in the following
section (Section 4). Median decay rates were used in the main analysis of the simulated case study. The
interquartile range of pathogen-specific decay rates were used in the sensitivity analysis. Results of the

extreme max and min decay rates are included in the Annex.
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CHAPTER 4: SUMMARY OF LITERATURE REVIEWS

4.1 Pathogen Decay Rates — Systematic Literature Review

A systematic literature review was conducted to determine the rate of pathogen decay in excreta
in the absence of treatment for the five reference pathogens (Rotavirus, Shigella spp., Cryptosporidium
spp., Ascaris, and E. coli spp.) included in our model. We searched PubMed, SCOPUS, and Web of
Science databases for studies that reported decay rates for at least one of the five reference pathogens
in human excreta, feces, sludge, or animal manure. We included studies from peer-reviewed journals,
textbooks, and grey literature published in English from any year. Many studies reported both treatment
and non-treatment (control) trials; data from any non-treatment trials were included in the review and all
data corresponding to treatment was excluded. Studies that examined decay in soil, on plants, in water,
urine!4, or from a clarified form of the pathogen were excluded (see full list of exclusion and inclusion

criteria in Table 1 below; see Figure 2 for literature review flow diagram below).

14 The authors are aware excreta is defined as a mixture of feces and urine. Studies that examined clarified urine or
urine diverted from feces was excluded, but studies that examined excreta were included.
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Figure 2. Flow diagram of systematic literature review of pathogen decay study screening process.
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Table 1. Inclusion and exclusion criteria for systematic literature review

Inclusion Criteria Exclusion Criteria
e  Study examined at least one of the five e Chemical treatments
reference pathogens e Pit additives excluded except in the case of
o Decay of pathogens recorded in human urine
excreta, feces, sludge, and/or animal manure e Aerated and turned composting excluded
e  Static pile composting included e  Waste stabilization pond studies excluded
e Urine diverted pit latrine studies included e Wastewater treatment studies excluded
e  Control trials in treatment studies included e Anaerobic and aerobic sludge digestion
e  Studies that examine the effect of storage e  Any trials that just examined decay in urine
o Allyears e Studies that did not report decay rates and/or
e Types of Literature: Peer-reviewed journals, exact time with an attributed quantity of
textbooks, grey literature, graduate student removal
theses e Studies report decay rates in water, soil,
e All trials that met the inclusion and exclusion seawater, or any other media that is not
criteria from the same study included in our inclusion criteria

We identified 4,356 papers for title and abstract screening. Sixty-four studies met our inclusion and
exclusion criteria and were included in the final analysis. From the included studies, we extracted rate
constants and the variables of each trial (e.g. temperature, pH, moisture content, pathogen detection
method, and the excreta media) where available. The median rate constants were used in the main
analysis presented in this paper. For the sensitivity analysis, interquartile range of decay rates for each
reference pathogen was used. We present a summary of decay rates in Table 2 below for use in our

simulated case study.

Table 2. Summary of Reference Pathogen Decay Rates “K” in fecal material in the absence of treatment.1
(All k values provided below are reported in days-1)

Reference — Decay Rate K" DeC Rate pecay ate K Koo/ i
Rotavirus (0‘03(;'1_30'17) 3.3 0.012 2.8 x 102
Shigella spp. (0‘3}"5 ) 38 0.077 4.9 x 102
Cryptosporidium spp. (0_0(1'24; 16) 6.9 0.0007 9.9 x 10°
Ascaris 0012 -0072) 0.37 0.0002 1.8 x 10°

E. colispp. (o.1%£i61. . 4.6 0.066 6.9 x 10!

1 Barnard, 1946; Berendes et al., 2015; Bychkovskaia, 1955; Caballero-Hernandez et al., 2004; Chien et al., 2002; Cote et al.,
2006; Crane et al., 1986; Dumontet et al., 2001; Endale et al., 2012; Feachem et al., 1983 Fidjeland et al., 2015; Fidjeland et al.,
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2013; Fischer et al., 2002; Fremaux et al., 2008; Fujioka et al., 2002; Ghigiletti et al., 1995; Ghigilletti et al., 1997; Gibbs et al.,
1995; Gibson et al., 2014; Guan et al., 2003; Inoue et al., 2006; Jenkins et al., 1998; Jensen et al., 2008; Jensen et al., 2009;
Jimenez et al., 2007; Katakam et al., 2013; King et al., 2007; Kuczynska et al., 1999; Lemos et al., 2005; Lepeuple et al., 2004;
Magri et al., 2015; Magri et al., 2013; Martens et al., 2009; McKinley et al., 2012; Mehl et al., 2008; Mehl et al., 2011; Moe et al.,
1982; Nakamura et al., 1965; Nasser et al., 2016; Nordin et al., 2009; Ogunyoku et al., 2016; Orstavik et al., 1974; Pandey et al.,
2015; Paula et al., 2000; Paulsrud et al., 2004; Pecson et al., 2007; Pell et al., 1997; Peng et al., 2008; Pesaro et al., 1995;
Polprasert et al., 1981; Pompeo et al., 2016; Robertson et al., 1992; Romero et al., 2014; Rose et al., 1997; Rze et al., 2004;
Schmitz et al., 2016; Schonning et al., 2005; Stenstrom et al., 2002; Strauch, 1991; Trimmer et al., 2016; Turner et al., 1997;
Vinneras, 2013; Wang et al., 1966; Williams et al., 2015; Ziemer et al., 2010

4.2 Pathogen Hazard Inputs — Review of Major Studies & Literature Reviews
Four literature reviews were conducted to determine the following inputs for each of our five
references pathogens (Rotavirus, Shigella spp., Cryptosporidium spp., Ascaris, and E. coli spp.), included

in our pit latrine hazard model:

e Global disability-adjusted life years (DALYS) attributed to each reference pathogen;
e Global prevalence of infection, including symptomatic and asymptomatic cases for all ages;
¢ Median infective dose; and

e Pathogen shedding rate for infected individuals

Targeted Boolean searches were conducted in PubMed, Scopus, and Web of Science databases.
Included literature for our review was limited to other literature reviews and major studies published in
English. For studies concerning median infective dose and shedding rate all publication years were
included. However, for studies concerning DALYs and prevalence of infection, papers published before
2010 were excluded in our review. Median figures for each of the five reference pathogens were

determined from our literature review and included in our hazard model.

We identified 876 papers for title and abstract screening. For global DALYs we identified only 1 study
[GBD, 2015], that provided an estimate of global DALYs for the identified reference pathogens. Eight
studies were included in the final analysis for global prevalence of infection; sixteen studies met the
inclusion and exclusion criteria for median infective dose; and five studies met our inclusion and exclusion
criteria for pathogen shedding rates. From the included studies, we determined average values for each

of the four inputs to use in our simulated case study.
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We present a summary of the average values for each input in Table 3 below for use in our

simulated case study.

Table 3. Average value of each input

% of Shedding Median

Reference Diarrheal Global Rate per Infective Global

Pathogen Disease 12 Prevalence 3 day per Dose, IDso DALYs ¢
Prevalence gram *

Rotavirus 9.03% 0.046% 1 x10° 6.2 1.58 x 107
Shigella spp. 2.72% 0.014% 1x 106 1.48 x 103 8.14 x 10°
C’me;p‘;o”d’”m 0.55% 0.003% 1x 105 121x10'  5.53x10°
Ascaris N/A 10.8% 1x10* 5 1.08 x 10°
E. coli spp. 7.36% 0.0038% 1x108 2.11 x 108 4.54 x 108

1 Prevalence of diarrheal-related pathogens were reported as a percentage of global diarrheal disease prevalence in studies.
Prevalence of Ascaris was not reported as a part of diarrheal-disease prevalence.

2. Fletcher et al., 2015; Platts-Mills et al., 2015; Fischer-Walker et al., 2010; Kotloff et al., 2013; Abba et al., 2010

3. GBD 2015; Brooker et al., 2010; Pullan et al., 2014
4. Feachem et al., 1983; Czumbel et al., 2016; Juilan et al., 2016; Fewtrell et al., 2015; WHO, 2005

5. Juilan et al., 2016; WHO, 2016; Feachem et al., 1983; DuPont et al., 1971; DuPont et al., 1972; Messner et al., 2001; Ward et
al., 1986; Chapell et al., 2006; Strachan et al., 2005; Teunis et al., 2004; Haas et al., 2000; Powell et al., 2000; Niyogi, 2005;
Levine et al., 1973; Crocket et al., 1996; Kotloff et al., 1995;

6. GBD 2015
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CHAPTER 5: LIMITATIONS

The major limitations of our pit latrine hazard model arise from five main sources:

1. Not considering exposure (quantifying hazard vs. risk);

2. Simplicity of the model inputs do not account for infectious disease dynamics;

3. Use of first-order exponential decay models to describe pathogen die-off (and survival);
4. Quality of data used in the simulated case study;

5. Method for defining the hazard attributed to other sanitation waste streams.

(1) Not Considering Exposure — Hazard vs. Risk. As a result of modeling hazard and not risk, exposure is
not considered [WHO, 2016]. For microbial hazards, exposure is characterized by estimating the amount
and the period of exposure to the pathogens [WHO, 2003]. Therefore, our model cannot provide an
estimate of how likely the discharged excreta from different sanitation technologies will harm a
population. Our model estimates what is being discharged to the environment at the technological source
(i.e. pit latrine), but does not account for varying levels of exposure after the excreta is discharged. In
particular, our model does not account for the point of discharge into the environment. For example, if
sewerage discharges to the ocean and pit latrines are emptied directly into the streets, the latter exposes

a much larger population to infectious pathogens [WHO, 2016].

Exposure is an important variable to consider when trying to define what is “safe” and “unsafe”
[WHO, 2016; SFD Promotion Initiative, 2015]. However, the exposure routes for fecal pollution are
numerous making risk assessments difficult to conduct [WHO, 2016]. Our method is simplistic and as a
result easier to quantify. Estimating hazard at the origin, provides a basis for comparison of different
sanitation waste streams and provides the foundation for estimating the hazard attributed to “leaks”
along the sanitation service chain. However, since exposure and risk are not accounted for, caution

should be taken when trying to apply terms like “safe” and “unsafe” based on the results of our model.
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(2) Simplicity of Model and its Inputs. Our choice of constant pathogen loading rates, constant
decay rates, and not explicitly accounting for the influence of environmental conditions on pathogen
decay imposes several restrictions on the model’s ability to represent infectious disease dynamics and as
a result the system accurately [Heesterbeck et al., 2015]. While, our model estimates hazard for the pit
latrine waste stream of a community rather than an individual household allowing for some averaging, in
the field there will be temporal fluctuations in the loading rate due to a number of factors that impact
disease dynamics (e.g. developing immunities, seasonality of infections, outbreaks, etc.) [Heesterbeck et
al., 2015]. By using constant decay rates and not explicitly accounting for environmental conditions, the
seasonal trends in decay rates are also not captured. However, the simplicity of model inputs allows for a
more detailed temporal representation of a community’s pit latrine waste stream than would be possible

with other available methods.

(3) First-Order Exponential Decay Models. First-order exponential decay models may not be the
best representation of die-off for all fecal-related pathogen species. From the limited microbiological
studies, which have modeled pathogen decay in fecal material in the absence of treatment, it was found
that certain organisms do not necessarily adhere to this decay structure [Berendes et al., 2015]. This
may be particularly true for helminths [Berendes et al., 2015]. While first-order exponential decay models
may oversimplify the death kinetics of some pathogen species, they are widely used in microbiology
[Rogers et al., 2011]; the majority of decay rates found in the literature were determined for first-order
exponential decay models [Rogers et al., 2011]. With advances in microbiological data, the incorporation

of more sophisticated decay functions is possible in future iterations of our pit latrine hazard model.

(4) Quality of Data Applied in Illustrative Case Study. Comprehensive literature reviews were
conducted to determine global averages for each input used in our illustrative case study. While we
believe the numbers we used are a good reflection of the current body of literature, within the literature
there are gaps and as a result our model may not accurately depict what is occurring in the field. In

particular, the decay rates in fecal material in the absence of treatment for many pathogen species is not
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well documented [Berendes et al., 2015; Schonning et al., 2005]. Additionally, there is only one source

that reports the global disability-adjusted life years [GBD 2015].

Moreover, by the nature of literature reviews this collection of data, arises from various studies
conducted at different times, under varying experimental conditions, for different purposes and was not
necessarily developed to be integrated as we have done in our model. In particular, we derived an
estimate for DALYs per prevalent case. While, DALYs reported by the GBD 2015 are based on reported
prevalence, this figure was not available for any of the diarrheal disease pathogens [GBD 2015]. We
determined a global prevalence from recent literature reviews and meta-analyses conducted [Fletcher et
al., 2015; Platts-Mills et al., 2015; Fischer-Walker et al., 2010; Kotloff et al., 2013; Abba et al., 2010; GBD
2015; Brooker et al., 2010; Pullan et al., 2014] and applied this to the reported DALYs to determine the

DALYs per prevalent case we used in our model.

(5) Defining Hazard for Other Waste Streams. No clear guidance exists on how to compare the
relative hazards between the different sanitation waste streams. Very little literature exists concerning the
relative pathogen content and hazard posed by open defecation or how it changes over time. The
guidelines associated with wastewater treatment are meant to control environmental pollution (e.g.
biochemical oxygen demand, nitrogen, etc.) therefore the pathogen removal efficiency is highly variable
and is just recently being extensively studied [WHO, 2006; Jimenez et al., 2010]. Additionally, the
proportion of liquid (i.e. urine) and solid (i.e. feces) waste varies extensively between these different
waste streams. The relative proportion of pathogens found in the solid versus liquid stream is also not
well understood [Schonning et al., 2005; Hoglund et al., 2002]. The method we propose is relatively
conceptual and the comparison is imperfect, but we believe it can still yield practical insights on relative

hazards between the different sanitation technologies.

Problems with inputs and data will always exist for a conceptual model. The approach taken to
model hazard in pit latrines is a technologically simple once, but we believe it will aid planners in better
understanding the flow of pathogens through a pit latrine waste stream and allow for helpful

assessments of the public health significance of pit latrine waste under different management conditions.
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CHAPTER 6: RESULTS & DISCUSSION OF ILLUSTRATIVE CASE
STUDY

To the author’s knowledge, our model is the first to explicitly represent pathogen hazards and
their relative accumulation and decay in pit latrines over time. A variety of informative results are
available from our model. Direct and indirect outputs include: estimates of viable pathogen count,
estimates of number of potential cases, estimates of cumulative pit latrine hazard measured in Meta-
DALYs, estimates of hazard attributed to each reference pathogen, proportion of hazard contributed by
recent loading events, and proportion of hazard reduced based on different management practices (e.g.
pit emptying frequency). These results yield practical insights into pit latrine behavior as a treatment

technology, and can lead to conclusions about management decisions.

To illustrate the kinds of results the model can produce we apply it to a case study of a 5,000
person population infected with five reference pathogens (RP) - Rotavirus, Shigella spp., Cryptosporidium
spp., Ascaris, and E. coli spp (see Table 4 below for a summary of case study characteristics). The main
body of analysis is conducted with median pathogen decay rates; the analysis is repeated considering the
interquartile range of pathogen decay rates to determine how sensitive our results are to difference in
rates of pathogen inactivity. While the model inputs used (prevalence of infection, shedding rates,
median infective dose, and DALYs per prevalent case) reflect global averages, determined through
comprehensive literature reviews, the authors do not intend the absolute numbers we present here to
describe the magnitude of hazard posed by pit latrine waste globally. Rather we find the illustrative case
study assists with understanding the temporal trends and general behavior of pathogen hazards in pit

latrines under daily use conditions.

In particular, we found while hazard increases in the beginning it does not increase indefinitely
with time; cumulative hazard tends a steady-state equilibrium when the daily input of pathogens
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balances the exponential die-off of those already in the pit. With the parameter values of the model we
used, the majority of cumulative hazard is contributed in the most recent month. As a result of these
discoveries we found manipulating pit emptying frequency (or pit fill fates) and utilizing double pit
technology could have large impacts on the relative hazard posed by a community’s pit latrine waste
stream. Additionally, our model provided evidence that pit latrines operated with good management
practices discharge markedly less pathogen “pollution” relative to open defecation, can outperform
sewerage with wastewater treatment achieving 1-Logio daily pathogen removal, and can perform

comparably to sewerage with wastewater treatment achieving 2-Logio daily pathogen removal.

Table 4. Summary characteristics of illustrative case study.

Pathogen Rotavirus Shigella  Cryptosporidium Ascaris E. coli
Spp- Spp: Spp:
Prevalence (%) 0.046 0.014 0.003 10.8 0.038
#Pathogens Shed
by Infected
Individual per 1 x10° 1x10° 1x10° 1x10* 1x108
day per gram of
feces
Decaydzzz‘i k™in 0.13 1.2 0.047 0.034 0.86
0.033-0.17 0.34-21 0.01-0.16 0.012 - 0.072 0.12-14
(IQR) ( ) ) ( ) ( ) ( )
Median Infective 6.2 1.5 x 10° 1.2 x 10! 5 2.1 x 10
Dose
DALYs/Prev. Case 4.9 8.4 28 0.001 2.4
Total Population 5,000

Feces Excreted
Per Day Per 100
Person (grams)
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6.1 Characterizing Hazard Behavior and Management Implications

Cumulative Hazard
(Total)

1.E+09 r

1.LE+08

Meta-DALY's

1.E+06

1.E+00
0 100 200 300 400 500 600 700

Time in Pit (Days)

Figure 3. Cumulative hazard (Meta-DALYs) determined for the model pit latrine; summation of Meta-
DALYs attributable to each reference pathogen.

Figure 3 presents the cumulative hazard (Meta-DALYs) determined. Cumulative hazard is
summation of potential disease burden attributed to each of the five reference pathogens. We estimated
cumulative hazard posed by the 5,000 person pit latrine waste stream on day 1 to be 1.86 x 108 Meta-

DALYs and it increases to 1.54 x 10° Meta-DALYs by day 730.

Additionally, if we consider each reference pathogen individually (see Figure 4) we estimated the
hazard attributed to Rotavirus increases from 1.82 x 108 Meta-DALYs (day 1) to 1.46 x 10° Meta-DALYs
(day 730), for Shigella spp. the hazard increases from 3.92 x 10° Meta-DALYs (day 1) to 5.73 x 10° Meta-
DALYs (day 730), for Cryptosporidium spp. we estimated the hazard increases from 3.26 x 10° Meta-
DALYs (day 1) to 7.03 x 107 Meta-DALYs (day 730), for Ascaris we estimated the hazard increases from

1.08 x 10° Meta-DALYs (day 1) to 3.09 x 106 Meta-DALYs (day 730), and finally we estimated the hazard
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attributed to £. coli spp. increases from 2.10 x 10* Meta-DALYs (day 1) to 3.64 x 10* Meta-DALYs (day

730).
1.LE+10
Rotavirus
1.LE+09 (
1.E+08
>f/-2‘
»<—tl 1.E+07
Ascariasis
.
5 1.E+06 /-— Shigella spp.
- 7
Q4 )_ .
LEFDS E. coli spp.
r
1.E+04
1.E+00

0 100 200 300 400 500 600 700

Time in Pit (Days)

Figure 4. Meta-DALYs attributable to each reference pathogen in model pit latrine over two-year period.

6.1.1 Checking model numbers

Comparing model output with figures reported in the literature is a first check on whether the
model and its results may be reasonable. Since there has been no direct measurement of latrine hazard,

we must work indirectly with other data.

The model also predicts a viable reference pathogen (RP) count, and we check our results with
studies that reported pathogen concentrations found in pit sludge. Our model reported fluctuations
between 4-Log (day 1) to 2-Log (day 730) viable RPs/gram. Studies reported bacterial concentrations
were 8-Log to 2-Log MPN/grams dry weight and 4-Log to 2-Log Ascaris eggs/mL, given roughly less than

one gram of pit sludge was in each ml sample [Ogynyoku et al., 2016; Berendes et al., 2015; Jimenez et
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al., 2007; Chien et al., 2002; Stenstrom et al., 2002]. The pathogen concentrations found in our model

are within the range seen in the literature?®.

Our reported cumulative Meta-DALYs (1.54 x 10°) for a population of 5000 are large; the Meta-
DALYs we report are greater than the annual global diarrheal disease DALYs (7.1 x 108 DALYs)! [GBD,
2015; Fletcher et al., 2011; Walker et al., 2010; Abba et al., 2009; Huilan et al., 1991]. However, The
DALYs reported in the GBD study were calculated from recorded infections [GBD, 2015], whereas our

study reports potentia/ DALYs, and do not reflect actual infections.

6.1.2 Why do we see an increase in hazard?

We observed an increase in the viable RP count for all five included RPs and as a result an
increase in cumulative hazard, by approximately an order of magnitude with no subsequent decrease (see
Figure 4). The majority of microbiological studies in the WaSH field examine the behavior of a single
pathogen cohort (e.g. a closed system) under varying experimental conditions. Our model studies a pit
latrine system in use (e.g. an open system) and therefore includes a continuous daily inflow of viable
pathogens (see Figure 1 for flow diagram of methods). Given that the RP loading rate for our model is

constant, we can expect the cumulative hazard to increase with time.

15 Qur pathogen concentrations were calculated under the assumption of conservation of mass. The authors are
keenly aware that due to biodegradation and exfiltration of liquids mass is not conserved in pit latrines [Foxon et al.,
2011]. When mass is lost, the concentration would increase. In particular, the concentration on day 730 would
increase relative to that on day 1 but it would likely still be within the range reported in the literature. Concentrations
are only used (a) day zero of each cohort, to get a total number, and (b) here, in this exercise, to compare with
published results. Computations of cumulative viable organisms and hazard are NOT dependent upon either
concentrations, or conservation of mass.
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Figure 5. Visual representation of how multi-loading event model structure used in this paper differs from the conventional single loading event
study structure.
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Decay of a Single RP Cohort (i.e.
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Most studies examine the decay of a
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added each day. Our
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decay of each loading
event.

=

Viable RP Count (# organisms)
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viable RP at each time point.
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When we examine the trend of viable RP over
time of all daily loading events we see:

1) There is an increase in the beginning; and
2) A steady-state is eventually reached.

J

The viable RP count is then
weighted by infectivity and disease

severity and converted to Meta-
DALYs

1Loading Event is defined as a group of organisms belonging to a single RP species (e.g. Rotavirus or E.coli) that were excreted at the same time; decay starts and occurs for the same length of
time for all organisms in a single loading event. The rate of decay does not vary between loading events of the same RP species.
Sum of viable RP count was calculated across all daily loading events for a single RP species; the process was repeated for each of the 5 RP included in our illustrative case study.



6.1.3 Steady-state behavior

In addition to an increase in cumulative hazard with time, we observed cumulative hazard
reached a constant level and therefore obtained a steady state equilibrium (see Figure 3). To the author’s
knowledge, steady-state pathogen behavior has not been reported in other WaSH studies [Ogynyoku et
al., 2016; Berendes et al., 2015; Jimenez et al., 2007; Chien et al., 2002; Stenstrom et al., 2002].
However, steady state behavior has been widely documented in microbial ecology, where open-systems
are more commonly considered [Hsu et al., 1991; Dung et al., 1997; Hanemaajier et al., 2015]. This
finding provides evidence that even under use conditions, the public health hazard from on-site sanitation

does not increase indefinitely with time.

The time required to reach steady state!® is dependent upon the RP-specific decay rate (Eq. 10).
Rapidly decaying microorganisms, such as Shigella spp. and E. coli spp. achieved a steady state within 20
days. In contrast, Ascaris required 271 days to achieve an absolute constant equilibrium (NOTE: By day
100, all five RP reached >=99% of their absolute steady-state equilibrium level). Despite the varying
persistence of RP species in our model, we find all organisms reach a steady state equilibrium within one

year, under daily use conditions (see Table 5).

. _ N
lim N, == Eq. 10

Table 5. Description of hazard (Meta-DALYSs) at steady-state equilibrium.

Qty. of Hazard at Time to Reach 99% of i )
Steady-State Steady-State Time to Reach Steady
Reference Pathogen o o State Equilibrium
Equilibrium Equilibrium (Days T)
(Meta-DALYs) (Days Tooo) Y
Rotavirus 1.46 x 10° 34 146
Shigella spp. 5.73 x 10° <1 8
Cryptosporidium spp. 7.10 x 107 97 300

16 By Eq. 11 a steady-state, or constant value, will not be reached but it will be approached asymptomatically. When
we refer to a "steady-state” this refers to unchanging value at 99.99% level.
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Ascaris 3.19 x 108 99 271

E. coli spp. 3.64 x 10* 4 11

Cumulative (TOTAL) 1.54 x 10° 99 353

Finding a steady state long-run level of hazard in latrines is a mathematical result of utilizing first-
order log-linear decay models with constant inputs and constant decay rates (see Methods Section 2.2 —
2.3) [Wade et al., 2015; Hsu et al., 1983]. Altering this component of our model, could result in changes
to our steady-state findings. For instance, if the dynamic nature of environmental factors such as
seasonal fluctuations in temperature or competition among pathogens for resources, was accounted for,
variations in inputs and decay rates would arise [Mehl et al., 2011; Feachem et al., 1983]. In theory,

steady state levels would exist but they would fluctuate with the fluctuations in inputs and decay rates.

Additionally, while first-order log-linear decay models are the most used to describe pathogen
inactivation in the literature [see Sys. Lit Review Section 4.1], recent studies report that survival curves
for some pathogen species are often nonlinear and may exhibit a “recalcitrant” long tail [Bevilacqua et
al., 2015; Marks et al., 2007]. Moving away from first-order inactivation kinetics towards non-linear decay
models, has two major implications on our findings. As mentioned above, it is possible that our steady
state equilibrium finding, even theoretical, may no longer be valid. Also, according to the literature, a
long tail signifies the existence of a more resistant subpopulation [Marks et al., 2007; Li et al., 2007]. If
we accept this theory, then our results found using first-order log-linear decay models are likely
underestimating the viable pathogen count over time, leading to negative public health implications and
may face the challenge of practicality for real-world application in sanitation planning. However, due to
limited evidence of non-linear decay kinetics for the five pathogens used in our simulated case study (see
Sys. Lit Review Section 4.1), the authors believe the findings we present here can still offer helpful insight

on long-run hazard behavior in pit latrines.
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6.1.4. Implications of steady-state behavior: pit emptying frequency
Our findings suggest that long periods between emptying (provided they do not lead to

overflows!) are better from a public health perspective. If we consider each pit emptying event as a
discharge of pathogens (e.g. hazard) into the environment, our model suggests the longer a pit remains
unemptied the less total cumulative hazard is discharged into the environment over time, assuming no
leakage or overflow. This may not immediately be intuitive from Figure 3. From the graph of cumulative
hazard over time, we can determine the quantity of hazard that would be discharged upon pit emptying
at any given point in time (see Figure 6). For example, if the pit latrine was emptied at 100 days the
cumulative hazard discharged would be approximately 1.54 x 10° Meta-DALYs, and if the pit latrine was
emptied at 200 days the cumulative hazard discharged would also be approximately 1.54 x 10° Meta-
DALYs. However, these are point values; they do not provide a total cumulative hazard discharged to the
environment over the same time frame. In Figure 6, we demonstrate that given approximately equivalent
point values due to the steady-state nature of our model, a pit emptied every 100 days essentially

discharges 2x the total cumulative hazard to the environment compared to a pit emptied every 200 days.

1. E+09

1. E+08

Cumulative Hazard (Meta-DALY's)

1.LE+00
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Ln

200 250 300 350 400

Time in Pit (Days)

Figure 6. Estimation of hazard (Meta-DALYs) discharged into the environment based on emptying
frequency.
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Total cumulative hazard discharged to the environment is reduced by the pathogen die-off that
occurs in a pit latrine prior to emptying. From our model, we can estimate the total cumulative hazard
averted with different emptying frequencies (see Figure 7). For example, if we consider the extreme case
of daily emptying as our base, a switch to emptying every two-years reduces total cumulative hazard
discharged to the environment by approximately 99%. Adjusting pit emptying frequency takes advantage
of the naturally occurring pathogen die-off in pit latrines, and can reduce the public health hazard posed

by on-site sanitation.

-99% 2Yrs
-98% Annually
-95% 6 Months

-91% 3 Months

Aousnbal4 Buifidwg

-714% Monthly

-34% Weekly

-100% -90% -80% -70% -60% -50% -40% -30% -20% -10% 0%
Change in Cumulative Hazard (% Meta-DALYS)

Figure 7. Percentage change in cumulative hazard (Meta-DALYS) discharged into the environment with
different pit latrine emptying frequencies (base = daily emptying).

Currently the primary focus of safe fecal sludge management (FSM) for on-site sanitation is
examining hygienic pit latrine emptying services and excreta disposal [Foxon et al., 2011; Jenkins et al.,
2015; Thye et al., 2012; Jenkins et al., 2012; Opel et al., 2013]. While these are two important FSM
considerations, our model provides evidence that encouraging management practices that reduce pit
emptying frequency can also have a strong public health impact. Emptying frequency is largely dictated
by sludge accumulation rates [Jenkins et al., 2015; Zwia et al., 2016a; Zwia et al., 2016b; Still et al.,

2012]. Zzwia et al. (2016a) found pit latrines in Kampala filled up faster than expected due to
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“inappropriate” use, in particular using pits for disposal of solid waste. They report that public pit latrines
actually had slower accumulation rates compared to private latrines partly due to the restriction of solid
waste disposal. Jenkins et al. (2015) found pit latrines previously emptied required more frequent
emptying into the future due to a failure of available pit emptying methods to remove all of the contents
of full pits. While the rate of sludge accumulation is largely dictated by biological and environmental
factors that are not easily influenced by pit latrine users [Foxon et al., 2011], there is evidence that
certain behaviors such as proper solid waste disposal and complete pit emptying may have a positive
public health impact by reducing pit emptying frequency.
6.1.5 Recent loading events are the most hazardous, but by how much?

The conventional belief that the most recent excreta loading events are the most hazardous
[Feachem et al., 1983] is supported by our model. Given a two-year use period, we estimated
approximately 12.5% of total cumulative hazard is contributed by the most recent day’s load and nearly

97% is contributed by the most recent month’s load (see Figure 8).

Total

E.coli

Ascaris = Month
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= Day

Cryptosporidium

Shigella

Rotavirus

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Proportion of Meta-DALYs Contributed by Recent Loading Events (% Meta-DALYS)

Figure 8. Proportion of Meta-DALYs contributed from recent loading events (day, week, and month) given
a two-year use period.
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While the majority of hazard for all five RP is contributed by the most recent loading events, the
relative contribution correlates with RP-specific decay rates. For the rapidly-decay RP, namely £. coli spp.
and Shigella spp., nearly 100% of the total Meta-DALYs from a two-year use period are contributed in the
most recent month. Whereas for the most persistent RP, Ascaris, approximately 66% of the Meta-DALYs

were contributed in the most recent month.

Our findings suggest that loading events contributed over a year ago may no longer pose a
public health hazard. For the purposes of this paper we define a “non-hazardous” loading event as posing
< 1 Meta-DALY to our 5,000-person population. Given this definition, loading events!’ contributed more
than 353 days ago, or roughly a year ago, in our model would be considered non-hazardous. This is best
illustrated by examining the decay of hazard from a single loading event (see Figure 9) as opposed to
looking at the cumulative hazard over all the loading events in the pit latrine (see Figure 3). This finding
should not be conflated with the results discussed above. For example, given a two-year use period,
roughly half of the daily loading events (47%) would be considered hazardous and approximately 97% of

the cumulative hazard is contributed in the most recent month (see Figure 8).

17 The authors are aware that due to biodegradation of solids, mass is not conserved in pit latrines over time. Hazard
contribution estimates are given on a per “loading event” unit and by volume of excreta.
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Figure 9. Change in Meta-DALYs of a single loading event over time.

6.1.6 Implications of hazardous recent loading events: double pit technology

Given our findings that the majority of cumulative hazard is contributed in the most recent month
and loading events contributed over a year ago may effectively be ignored, our results support studies
that find double vault pit latrines could significantly reduce the public health hazard posed by on-site
sanitation [Hussain et al., 2017; Jensen et al., 2009; Mara et al., 1984; Tilley et al., 2014]. Jensen et al.
(2009) report double vault composting pit latrines used in Vietnam reduced Ascaris eggs by 99% during a
three-month storage period, regardless of the pit additives (i.e. lime) and starting pH. Hussain et al.
(2017) report several benefits of using double pit technology including, generation of fertilizer, reduction
of environmental contamination, a longer life span compared to single pit latrines, and the ability of users
to empty the pit themselves. Despite the potential management and public health benefits, the majority
of global pit latrines use single pit technology, which may point to a barrier in uptake (e.g. cost or space
requirements). However, if double pit technology could be effectively used, our model suggests a

substantial proportion of the public health hazard posed by pit latrines could be averted.
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6.2 Identifying and Prioritizing Pathogens of Concern

A wide range of pathogens found in human excreta can cause diseases [Feachem et al., 1983].
When different measures are used to assess pathogen hazards (see Figure 10, 11, 12), it may affect how
one identifies and prioritizes sanitation public health threats/these hazards. Figure 10, 11, 12 characterize
the same pit latrine contents in our model after a two-year use period. The addition and/or removal of
pathogens is summarized by the viable RP count, phase three of our model (see Figure 1). The
subsequent phases — estimating potential number of cases (see Figure 11) and estimating cumulative
Meta-DALYs (see Figure 12) — are translational measures of the viable RP count. Each subsequent phase
incorporates an additional biologic and/or epidemiologic factor important for identifying and comparing
pathogen hazards [WHO, 2016a]. For example, when we examine pure counts prevalence and
persistence are accounted for, and as a result we see £. coli spp. (64%) and Ascaris (32%) are the
primary pathogens of concern. Once infectivity is included, £. coli spp. becomes a negligible hazard and
Ascaris (89%) with Rotavirus (9%) collectively constitute the majority of potential cases. Finally, when
disease severity is accounted for, we find Rotavirus contributes approximately 94% of the cumulative
hazard. Cryptosporidium spp., which constitutes >1% of the viable count and potential cases, contributes

5% of the cumulative hazard, and Ascaris contributes > 1% of the cumulative hazard.

We were surprised to find Rotavirus constitutes the vast majority of cumulative hazard after a
two-year use period (see Figure 12). Sanitation guidelines have historically reported viruses do not pose a
public health hazard in pit latrine sludge because of their relatively quick decay rates, relative to other
pathogen classes including bacteria and helminths [Feachem et al., 1983; WHO, 2004; Lewis et al.,
1980]. Our results appear to conflict with much of the microbiology literature and sanitation guidelines
[Feachem et al., 1983]. However, we find our results do reflect the findings in epidemiology literature
[GBD, 2015; Lanata et al., 2013; Platts-Mills et al., 2015; Kotloff et al., 2013]. Rotavirus is often cited as
the most common cause of severe diarrheal disease in young children around the world [GBD, 2015;

Lanata et al., 2013]. Our confounding results may be an outcome of using different measures to assess
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pathogen hazards (i.e. pure counts vs. DALYs) and former studies not considering pit latrines under use

conditions (i.e. accounting for recent loading events).
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Figure 10. (upper left). Proportion of total viable pathogen count attributed to each reference pathogen,
given a two-year use pit latrine use period.

Figure 11. (upper right). Proportion of total potential cases attributed to each reference pathogen, given
a two-year pit latrine use period.

Figure 12. (center). Proportion of cumulative hazard (Meta-DALYs) attributed to each reference
pathogen, given a two-year pit latrine use period.

Table 6. Proportion of total viable pathogen count, total potential cases, and cumulative hazard given a
two-year pit latrine use period. Infectious doses and DALYs per prevalent case also provided for
reference.

Proportion Given a Two-Year Latrine Use
Period
Pathogen Infectious DALYs/Prevalent
Dose'8 Case!® Viable Potential Cum. Hazard
Pathogen Cases

Rotavirus 6.2 4.9 4% 9% 94%

Shigella spp. 1.5 x 103 8.4 <1% <1% <1%

Cryptosporidium 4 5 y 1p1 28 <1% <1% 5%

spp.
Ascaris 5 0.001 23% 91% <1%
E.coli spp. 2.1 x 10° 2.4 72% <1% <1%

6.3 Comparison to Other Sanitation Waste Streams

6.3.1 Open defecation

To understand the effect on pathogen hazard reduction when people practicing open defecation
adopt pit latrines, we used the results of our model to conduct a comparative analysis. Open defecation
(OD) refers to the practice whereby people defecate in open spaces (e.g. fields, open water bodies, etc.)
rather than using a toilet [UNICEF & WHO, 2013]. With open defecation, pathogen hazards are
immediately released into the environment; no die-off occurs in containment prior to release. For the

purposes of this analysis, we equated OD with daily emptying in our model. Due to the differences in

18 Determined through literature reviews (see Section 4).
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times scales of hazard discharge between pit latrines and OD (e.g. annual vs. daily), we converted
cumulative hazard to average daily hazard'® discharged for pit latrines, given an average use period (e.g.
time between pit emptying). As expected, we found pit latrines discharged markedly less pathogen
hazards into the environment compared to open defecation, with infrequent pit emptying/longer use
periods (see Figure 13). Given a two-year use period, pit latrines reduce the average daily Meta-DALYs
discharged by nearly 2-Logs; in absolute terms, we found 1.84 x 108 Meta-DALYs?® were averted per day.
Supported by our model findings presented in section 6.1.3, we see that less frequent pit emptying averts
more hazard, and as a result is more effective relative to open defecation. Our findings indicate that if a
community practicing open defecation adopted and consistently used pit latrines with infrequent pit
emptying, the magnitude of pathogen hazards discharged into the environment would be substantially

reduced.

19 Average daily hazard discharged is a particularly useful metric for our model which estimated pit latrine hazard at
the community-level. For example, in a given community if the average pit latrine use period is one year, while each
household will empty their pit latrine annually they will not all empty on the exact same day. Rather it is more likely
on any given day at least one household will be emptying their pit.

20 1,86 x 108 (OD) — 2.10 x 106 (2-year) = 1.84 x 108 (Meta-DALY difference)
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Figure 13. Daily average hazard discharged to the environment (Meta-DALYs per day) by open defecation
vs. daily average hazard released to the environment by pit latrines with different emptying frequencies.

Shifting from open defecation to using a simple pit latrine is one of the primary steps on the
sanitation ladder (UNICEF & WHO, 2013; Karvanstrom et al., 2011) and a major target of the Sustainable
Development Goals [JMP, 2015]. It is believed this transition will have a positive public health impact
[Spears et al., 2013], however the magnitude of the public health impact is not well understood or well
documented [Patil et al., 2014; Clasen et al., 2010; Brocklehurst et al., 2014]. Recent systematic reviews
that examined the public health effect of water, sanitation, and hygiene (WaSH) interventions, found
using pit latrines reduced fecal-related diseases relative to practicing open defecation [Waddington et al.,
2009; Cairncross et al., 2010; Clasen et al., 2010; Fewtrell et al., 2005; Ziegelbauer et al., 2012].
However, they consistently reported the evidence in this area was the weakest in the WaSH field
[Carincross et al., 2010; Waddington et al., 2009; Fewtrell et al., 2005]. Each review found only 2 - 4
studies in this area that met their inclusion criteria. A multitude of limitations were reported that were
believed to affect the quality of the majority of sanitation/OD studies, including the small sample size due

to the high cost of hardware interventions and the relative difficulty of blinding interventions that involve
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provision of hardware and/or behavior change. The recent Total Sanitation Campaign (TSC) in India
allowed for a large randomized controlled trial that would overcome many of the reported study
limitations of past sanitation interventions. Yet Clasen et al. [2012] reported that evaluating the true
health impact of sanitation (i.e. when sustained behavior change and consistent latrine use has been
achieved) may be beyond the scope of their study design. While our analysis is conceptual, it provides
helpful insight into the potential long-term public health significance of shifting from open defecating to
consistently using a pit latrine, an issue that is not easily observed during field studies [Clasen et al.,
2012; Barnard et al., 2013; Spears et al., 2013].
6.3.2 Conventional sewerage with wastewater treatment

To understand the potential public health significance once a community switches from pit
latrines to conventional sewerage with wastewater treatment, we conducted a comparative analysis.
Primary wastewater treatment reportedly achieves 0-1Logio and most secondary wastewater treatment
achieves 0-2Log1o pathogen removal [WHO, 2006; Jimenez et al., 2010; Blumenthal et al., 2001; Ottson
et al., 2006; Hui-Wen et al., 2012; Williams et al., 2015]. We were surprised to find pit latrines
outperform sewerage with 1Logio wastewater treatment and is nearly as effective as 2Logio wastewater
treatment, given infrequent pit emptying (see Figure 14). Our results provide evidence that pit latrines
may actually discharge less cumulative pathogen hazard into the environment compared to most primary
and secondary wastewater treatment. As a result, pit latrines may pose less public health hazard

compared to sewerage unless relatively high wastewater treatment levels are available.
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Figure 14. Daily average hazard discharged (Meta-DALYs per day) to the environment by pit latrines with
different emptying frequencies vs. daily average hazard discharged to the environment by conventional
sewerage treated 1Logio and 2Loguo.

Our findings conflict with the commonly held belief that sewerage is superior to pit latrines from
a public health perspective [Hall et al., 2008; Holden et al., 2008]. A recent systematic review which
conducted a meta-analysis found sewerage systems reduced diarrhea incidence by roughly 30% (RR 0.7,
95% CI 0.61 — 0.79) [Norman et al., 2010]. However, the majority of comparison groups in each study
were flush toilets discharging to open drains, a considerable public health threat [Moraes et al., 2003].
Additionally, the level (or lack of) wastewater treatment and whether the communities populating the
point of final sewerage discharge were included in the studies is not reported. While the review reported
a protective effect from sewerage, the authors urged “cautious” interpretation of these findings
particularly when comparing the health benefits of sewerage to pit latrines. Depending on where the
sewerage is discharged, it may have protective effect for the individual household that is sewered, but

not necessarily for the population at large [Hall et al., 2008; Norman et al., 2010]. Our results suggest
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that sewerage with wastewater treatment may be no more effective than properly managed pit latrines

at reducing pathogen hazards.

Our model provides a method to help identify and target hazardous sources of fecal pathogens.
Our technically simple model does not account for variations in exposure levels and as a result does not
provide insight into risk. While this limit of our model has been discussed in previous sections, because of

its important implications on our findings it necessitates another mention here.

Not accounting for exposure has its tradeoffs. While our model provides a method to help identify
which sanitation sources may be the greatest sources of “pollution”, which if tackled could reduce overall
levels of fecal pollution in the environment, it does not prioritize sources of fecal pathogens based on
discharge locations relative to human populations. For example, while a community’s wastewater
treatment plant may be less effective than their pit latrines at reducing pathogens, if the sewage is
dumped far away while the majority of the pit latrine waste is dumped within the community, focusing on
wastewater could potentially misallocate resources. Additionally, our model provides the foundation for
estimating the hazard attributed to “leaks” along the sanitation service chain. However, if we examine
leaks from the same sanitation technology, the hazard estimates will be similar but when exposure is

considered the risk estimates could vary significantly.

While considering exposure and risk are decidedly important and worthwhile factors to consider,
obtaining the necessary information to the numerous exposure pathways that exist and examine multiple
sanitation technologies is a time and resource intensive feat. In particular, at a larger scale in
communities which have diverse sanitation technologies and emptying practices, it will be difficult to
disentangle and connect original sources of fecal pollution with their corresponding exposure pathways
and assign appropriate risk estimates. The method of hazard quantification we propose here is
technically simpler and potentially provides a clearer method for identifying and targeting the most

hazardous sources of fecal pathogens in a community’s sanitation network.
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6.4. Sensitivity Analysis

Environmental factors influence the survival of pathogen species [Alum et al., 2014; Robertson et
al., 1992; Atherholt et al., 1998; Jamieson et al., 2002], and as a result impact the effectiveness of
sanitation interventions. Among environmental conditions, temperature, moisture levels, and pH are often
cited as having significant effects on the survival of microorganisms [Alum et al., 2014; Atherholt et al.,
1998]. To understand how sensitive our findings are to variations in these abiotic factors, we conducted a
sensitivity analysis with the range of decay rates found in our systematic literature review. The decay
rates we included only reflect changes in environmental conditions and do not reflect chemical
treatments. All decay rates were determined for reference pathogens in fecal material; studies that

examined decay in water, soil, surfaces, or waste stabilization ponds were excluded.

In the following sensitivity analysis, we reanalyzed the various results we presented above using
the interquartile range (25™ percentile “K2s” to 75 percentile “K7s") of pathogen decay rates we
determined through our literature review. A graph of the interquartile decay rates is provided below for
reference (see Figure 15). In particular, it should be noted that for all five reference pathogens there was

a positive skew towards quicker decay rates.
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Figure 15. Cumulative hazard (Meta-DALYs) determined for the model pit latrine; summation of Meta-
DALYs attributable to each reference pathogen with interquartile (IQR) range of decay rates displayed.

Under the range of decay rates, we found the temporal trends remained the same. Hazard
increased and reached a constant level, or steady-state equilibrium (see Figure 15). While the general
trends were the same, we found that comparison of the results between the first quartile(slower), the
median, and the third quartile (faster) decay rates (K2, Kso, K75) affected the magnitude of cumulative
hazard and the time it took pit latrines to reach steady-state equilibrium. To our surprise, cumulative
hazard at steady-state equilibrium varied by less than a factor of two [ 5.95 x 10° (Kzs) to 1.16 x 10° (K7s)
Meta DALYs]. However, the time it took to reach an steady-state equilibrium?' was markedly increased at
slower decay rates (1074 days) compared to the median decay rates (353 days). To reach 99% of the
absolute steady state equilibrium level at Kzs required 446 days, over 4x the number of days for median

decay rates. Additionally, since the decay rates exhibited a positive skew we found there was not a

21 By Eq. 11 a steady-state, or constant value, will not be reached but it will be approached asymptomatically. When
we refer to a "steady-state” this refers to unchanging value at 99.99% level.
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marked difference in the time it took Kys rates (257 days) to reach absolute steady state equilibrium levels

compared to median decay rates.
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Figure 16. Percentage change in cumulative hazard (Meta-DALYs) discharged into the environment with
different pit latrine emptying frequencies (base = daily emptying) and different IQR range of reference
pathogen decay rates.

Decay rates affected the proportion of hazard averted based on different emptying frequencies
(see Figure 16). However, with more infrequent emptying we found the impact from decay rates was
reduced, despite the magnitude of the comparison group remaining the same (base = daily emptying aka
OD) (see Figure 16). For example, the proportion of hazard averted by monthly emptying ranged from
79% to 46% whereas the proportion of hazard averted by annual emptying ranged from 97% to 92%.
This presents further evidence that reducing pit emptying frequency, even in areas with unfavorable
environmental conditions, can have a substantial influence on the quantity of hazard discharged by pit

latrines.
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Figure 17. Proportion of Meta-DALYs contributed from recent loading events (day, week, and month)
given a two-year use period with IQR range of pathogen decay rates displayed.

Variation in decay rates has a marked impact on the proportion of hazard that can be attributed
to the most recent loading events (see Figure 17). Under median decay rates we estimated nearly 97%
of the cumulative hazard was contributed in the most recent month whereas in poor environmental
conditions we might find approximately 56% of the hazard is contributed in the same time frame, given a
two-year use period. Despite a considerable decrease, this is still a substantial portion of the hazard, and
provides further evidence that effective use of double pit technology can reduce total hazard discharged

into the environment.
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Figure 18. Proportion of cumulative hazard (Meta-DALYSs) attributed to each reference pathogen, given a
two-year pit latrine use period. The outer ring displays the proportional breakdown under K75 decay
rates; the middle ring displays the proportional breakdown under median decay rates; and the inner ring
displays the proportional breakdown under Kzs decay rates. NOTE: The pathogens not displayed explicitly
(i.e. Shigella spp., Ascaris, and E. coli sp.) comprise <1% of the cumulative hazard.

To our surprise, with the variation in decay rates, Rotavirus and Cryptosporidium spp. still
comprised over 99% of the cumulative hazard (see Figure 18). There was no noticeable difference
between the median decay rates and K7s decay rates. Under Kas rates, we found Rotavirus composed an
even greater proportion of the cumulative hazard despite the fact that Cryptosporidium spp. is the more

persistent microorganism.
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Figure 19. Daily average hazard discharged (Meta-DALYs per day) to the environment by pit latrines with
different emptying frequencies vs. daily average hazard discharged to the environment by (1) open
defecation, and conventional sewerage treated (2) 1Logio and (3) 2Log1o

Given a two-year emptying frequency (e.g. pit latrine use period), we found average daily hazard
discharged ranged from 8.14 x 10° to 1.59 x 10° Meta-DALYs per day (see Figure 19) depending upon
the assumed decay rates of pathogens. Given the range in average daily hazard discharged, we found pit
latrines can reduce the average daily Meta-DALYs discharged by open defecation by 1.3 to 2-Logzo.
Additionally, we were surprised to find that pit latrines, even in unfavorable environmental conditions can
outperform 1-Logio wastewater treatment, given an emptying frequency greater than 1 year.
Furthermore, we found that under favorable environmental conditions pit latrines can actually outperform
2-Logio wastewater treatment with a 2-year emptying frequency. The results of our sensitivity analysis,
while relatively simple, provide evidence that pit latrines may pose less public health hazard compared to

sewerage with wastewater treatment, even in unfavorable environmental conditions.

52



CHAPTER 7: CONCLUSIONS

The pit latrine hazard model we presented in this paper is the first to explicitly represent pathogen
hazards and their relative accumulation and decay in pit latrines over time. While admittedly conceptual,
our pit latrine hazard model can provide practical insights. By providing a full look at the “natural history”
of a given waste stream, it allows planners to account for variations in pathogen hazards in a given
community’s pit latrine waste. It is intended to provide information that is currently unavailable or difficult

to obtain through field studies. The major conclusions of this work are:

1. The hazard in pit latrines does not increase indefinitely with time, even for pit latrines in daily
use. Given large enough pits, we found that the hazard will effectively reach a steady state
equilibrium level of hazard in a relatively short period of time.

2. Less frequent pit emptying is better from a public health perspective; encouraging management
practices (for example larger pits, effective solid waste management) that slow pit latrine fill
rates could have a significant positive public health impact.

3. The most recent deposits contribute the vast majority of cumulative hazard in pit latrines and
using systems like double pit technology can substantially reduce the hazard posed by pit
latrines.

4. If people practicing open defecation were to adopt and consistently use pit latrines, a substantial
fraction of pathogen hazard could be averted.

5. Unless wastewater treatment accompanying sewerage is of relatively high quality, it may be no
more effective than properly managed pit latrines at reducing pathogen discharge to the

environment.

Our model may help demonstrate that natural die-off and storage in pit latrines could effectively

reduce the total hazard discharged into the environment and the feasibility of estimating the public
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health significance of pit latrines by tracking pathogens. Our technically simple conceptual model may
help planners account for variations in pit latrine hazards. We believe that our simple formulation can be
adapted and extended to assess different sanitation technologies, interventions, and a wide-range of

sanitation problems.
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ANNEX

Derivation of viable pathogen count:

n
N, = Z Noe ™"t = Nye *O 4 Nje=*D 4 Nje @) 4 ... 4 Njekt
t=0
N; = Ny + Noe™*® + Nye™@ + ... 4+ Nye *®
Ny = No(1 + e ¥ 4 7K@ ... 4 o7K(©®)

The “funny” section involved an arithmetic trick to simplify the equation

(1—e™) x N, =[No(1+ e + e7*@ 4 .. 4 7 ¥O)] x (1- e7¥)

NOTE:
1) (1-e® x N,= N, —Ne™*
2)e* x (—e*)= —e7kk = —¢7k®@
3) e x (—e kD) = —e7k KO = _=k(+D)
(N.— Nee™®) =No[(1+ e ¥+ e .4 e7*O) 4 (—e7h — g7k — . — o7k(B) _ g=k(1+D)) ]

after cancelling out terms

Ny — Nee ™ = Ny[1— e *t+D]
Ne(1—e™) = No[1— e (+D)]
( 1-— e—k(t+1))

Ne =No =y
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