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Abstract

Floating communities exist throughout the world. Many live on water with a high pathogen load due to difficulties associated
with sewage management. In Claverito, an informal floating community in Iquitos, Peru, we conducted a controlled experiment
to test the ability of water hyacinth (Eichhornia crassipes) to remove Escherichia coli from water. When river E. coli concentra-
tions were at or below 1500 CFU 100 mL-1, water hyacinth reduced shallow concentrations (8-cm depth) down to levels deemed
safe by U.S. EPA for recreational use. Above this threshold, plants were able to reduce E. coli levels within shallow water,
but not down to “safe” levels. At deeper depths (>25 cm), there was evidence that plants increased E. coli concentrations.
Water hyacinth removed E. coli from shallow water by providing a surface (i.e., submerged roots) onto which pathogens sorbed
and by protecting organisms that consume E. coli. Unfortunately, because of root association, the total E. coli load within the
water column was greater with water hyacinth present, and results hinted that the plants’ protective environment also harbored
parasites. The use of water hyacinth to keep surface water around floating communities low in E. coli could be beneficial as this
is the water layer with which people most likely interact. Aquatic vegetation naturally proliferates in and around Claverito.
While this study was based on curating aquatic plants in order to achieve a water-quality outcome, it nonetheless supports

concrete actions for Claverito residents under non-curated conditions, which are outlined at the end of the manuscript.
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Abstract

Floating communities exist throughout the world. Many live on water with a high pathogen load
due to difficulties associated with sewage management. In Claverito, an informal floating
community in lquitos, Peru, we conducted a controlled experiment to test the ability of water
hyacinth (Eichhornia crassipes) to remove Escherichia coli from water. When river E. coli
concentrations were at or below ~1500 CFU 100 mL?, water hyacinth reduced shallow
concentrations (8-cm depth) down to levels deemed safe by U.S. EPA for recreational use.
Above this threshold, plants were able to reduce E. coli levels within shallow water, but not
down to “safe” levels. At deeper depths (>25 cm), there was evidence that plants increased E.
coli concentrations. Water hyacinth removed E. coli from shallow water by providing a surface
(i.e., submerged roots) onto which pathogens sorbed and by protecting organisms that consume
E. coli. Unfortunately, because of root association, the total E. coli load within the water column
was greater with water hyacinth present, and results hinted that the plants’ protective
environment also harbored parasites. The use of water hyacinth to keep surface water around
floating communities low in E. coli could be beneficial as this is the water layer with which
people most likely interact. Aquatic vegetation naturally proliferates in and around Claverito.
While this study was based on curating aquatic plants in order to achieve a water-quality
outcome, it nonetheless supports concrete actions for Claverito residents under non-curated
conditions, which are outlined at the end of the manuscript.

Plain Language Summary

Globally, many people live in floating houses. Sewage treatment plants do not serve floating
communities, so sewage is often dumped into surrounding water. Sewage carries pathogens that
make people sick with diarrhea and others diseases. People living in floating houses get infected
by these water-borne pathogens. We conducted an experiment in a floating community in
Iquitos, Peru to test if a floating plant called water hyacinth could remove a pathogen called
Escherichia coli (abbreviated E. coli) from water. We found that water hyacinth removed E. coli
from near-surface water because the E. coli attached onto the plant roots and because organisms
that eat E. coli congregated under the plants. Water hyacinth did not removed E. coli from deeper
water. Also, there was a larger total number of E. coli in the water column when water hyacinth
was present because of the number of E. coli associated with the plant roots. Our results indicate
that water hyacinth can be used around floating houses to reduce E. coli concentrations in
shallow water. However, it is important to know that water hyacinth does not remove E. coli
from deeper water and the roots have a high load of E. coli.

Key Points
e Floating communities exist globally and are regularly exposed to water-borne pathogens;
aquatic vegetation can remove pathogens from water.
e In an experiment, water hyacinth removed E. coli from shallow water; E. coli sorbed onto
roots and E. coli grazers congregated under plants.
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e Water hyacinth did not remove E. coli from deep water and, due to association with roots,
plants increased total E. coli in water column.

Keywords
Water Quality, Aquatic Vegetation, Slum, Sanitation, Environmental Health, Public Health

1. Introduction

Despite the fact that the planned development of modern floating communities has been
suggested as a novel climate adaptation strategy for coastal populations (Cusick, 2020; Revkin,
2019), floating communities already exist around the world, with some having existed for
thousands of years. Well-known floating communities include: Ganvie, Benin; Ko Panyi,
Thailand; Halong Bay, Vietnam; Yawnghwe, Myanmar; Tonle Sap, Cambodia; Day-asan,
Philippines; Makoko, Nigeria; and Uros, Peru. However, many other less-well-known or even
informal floating communities exist globally.

Delivery of clean water and management of sewage are persistent problems for floating
communities due to technical challenges associated with living on water (e.g., large seasonal
changes in water level, limited access to land treatment plants, etc.) and due to the fact that many
floating communities are not legally recognized by local governments who adopted more static
urban Western models of city planning and have limited legal frameworks for communities that
live on land and water (Djonoputro et al., 2010; Pedro et al., 2020). This latter factor, in
particular, limits the willingness of governments to invest in sanitation infrastructure within
floating communities and, while the communities themselves often do invest in such
infrastructure, their resources are limited. Without sanitation options, human waste is directly
released into the water upon which the community lives. This is the same water within which
people bathe, wash clothes and dishes, recreate, and sometimes obtain food and drinking water.
As such, the people living within these floating communities regularly suffer from diarrheal
diseases associated with pathogen exposure (Andrews, 2018; Pandey et al., 2014). Globally,
diarrheal diseases associated with poor water, sanitation, and hygiene behaviors (WASH) are
responsible for hundreds of thousands of deaths and tens of millions of disability-adjusted life
years annually (Priss-Ustin et al., 2019).

Since 2015, an interdisciplinary team of Peruvian and United States researchers has been
working with an informal floating slum community called Claverito, located in Iquitos, Peru on
the Itaya River, a tributary floodplain of the Amazon River (Figure 1). The program, called
InterACTION Labs, has focused on using targeted interventions to the built environment as a
way to improve One Health outcomes for the community (Alarcon et al., 2018; Andrews, 2018;
Andrews et al., 2022; Bachman, 2020; Conery, 2019). Notably, the program found the pathogen
burden of the water upon which the 280 community members live to be large, reaching 7700
Escherichia coli colony-forming units (CFU) per 100 mL of river water (Figure 7). This E. coli
concentration indicates a substantial public health concern; for example in the United States, the
Environmental Protection Agency flags measures above 126 E. coli CFU per 100 ml as not
meeting recreational water quality standards (Environmental Protection Agency, 2012), and in
Peru, waters in the natural environment are not to have greater than 3,000 most-probable-number
(MPN) per 100 mL total coliforms (Ministerio del Ambiente - MINAM, 2017), of which E. coli
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is a subset. (CFU and MPN are roughly equivalent). In addition, there is indication that residents
of Claverito may be experiencing poor health outcomes related to water quality. For example,
other InterACTION Labs studies examined six measures over three years, and found between
17-74% of Claverito households self-reported family members with diarrhea at any given time,
including up to 1 in 3 children ages 10 and younger, and 80% of residents had a professionally
diagnosed parasitic infection (Bachman, 2020).

Claverito is not recognized by the local government, and therefore has no formal access to water
and sewer services. In addition, it is located immediately downstream from a much larger
community of approximately 30,000 people also living in the river called Belén that lacks
adequate sanitation as well. Preliminary data collected by our research team in three locations in
Claverito across 6 points in time in 2017 indicated that E. coli counts were up to 97% lower in
near-surface (8 cm) water when floating vegetation was present, particularly water hyacinth
(Eichhornia crassipes, local name Putu-Putu) (see Supplemental Information, SI). These data
indicated it might be possible to use this readily available, native, aquatic plant as a way to
manage E. coli contamination in the water.

Aquatic vegetation is often used in treatment wetlands as a means of removing pathogens from
water (Wu et al., 2016). The vegetation supports removal of pathogens from water via different
mechanisms:

e The pathogens can associate with or sorb onto the plant roots, which removes them from
the water but does not necessarily deactivate them (Badgley et al., 2010; Kansiime and
van Bruggen, 2001; Macintyre et al., 2006; Mathai et al., 2019; Rivera et al., 1995)..

e The plants can foster a protective environment for higher organisms like zooplankton,
which eat the pathogens (Decamp and Warren, 2000; Gonzélez et al., 1990; Menon et al.,
2003; Song et al., 2008).

e The plant roots can trap sediment particles, including detritus from the plant, and
facilitate settling of the particles out of the water column. Pathogens can associate with or
sorb onto these settling particles (Boutilier et al., 2009; Jasper et al., 2013; Kansiime and
van Bruggen, 2001; Quifiénez-Diaz et al., 2001).

A non-profit called Wetlands Work! has harnessed these ideas to develop a successful sanitation
system for floating communities in Cambodia called HandyPod that captures sewage within a
floating container populated with water hyacinth (Wetlands Work!, 2013). Given that pathogen
contamination in Claverito’s water does not all originate within the community itself (i.e., Belén
is a large upstream pathogen source because it did not have a functioning wastewater treatment
plant), we were interested in exploring the ability of free-floating aquatic vegetation to create
localized areas with minimal E. coli contamination for the community to access.

Toward this end, we set up a 4-month-long controlled experiment that tested the ability of water
hyacinth to remove E. coli from water surrounding Claverito and probed the mechanisms
associated with E. coli removal in the system. Residents of Claverito acted as partners in this
study and the overall efforts of InterACTION Labs. The team sought permissions from the
community, residents were informed about the study, and results and potential implications were
shared through community workshops, public health fairs and handouts. Out of respect for their
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livelihood and opportunities that closely revolve around water, residents were engaged in various
aspects of the study alongside the academic team, including assistance with constructing the
experimental frame, harvesting the plants, driving the canoes, and assisting the sampling. Further
narrative of their livelihood and this engagement process can be found in the book chapter,
Living on Water: Amphibious Communities in the Amazon Rainforest (Andrews et al., 2022).

2. Material & Methods

2.1. Site

The experiment was conducted in March to
July during the high-river season in Claverito,
an informal community located on the Itaya
River, which runs along the Eastern side of
Iquitos, Peru (Fig. 1). In the low-river season,
houses sit on soil. In the high-river season,
houses float on up to 4 meters of water.
Claverito has existed for ~45 years and
currently contains ~50 houses, 280 residents,
and 240 domesticated animals. Most of the
residents have Indigenous roots and are first or
second generation migrants from rural villages

in the rainforest. Figure 1: The experiment was conducted in the waters
surrounding Claverito, an informal community located in
Iquitos, Peru.

2.2. Experimental Design
To test the ability of and
mechanisms associated
with E. coli removal by
floating vegetation we
deployed a PVC frame
that was divided into
quadrants, each 3-m x 3-
m, within the center of
Claverito (Fig. 2). The
frame was anchored in
place with wood poles at
the four outside corners,
but it floated on the water

Figure 2: Image on the left shows the PVC frame used in the experiment along
and was able to move up  with direction of water flow; Image on the right shows Eichhornia crassipes and its

and down with the water ~ root system.

level relative to the

anchors. Two of the quadrants (A and C), which were diagonal to each other, were densely
packed with water hyacinth that was collected from nearby locations on the river (Fig. 2).
Quadrants B and D were left unvegetated. The frame was oriented such that vegetated quadrant A
and unvegetated quadrant B were upstream of unvegetated quadrant D and vegetated quadrant C,
respectively (Fig. 2). However, the water flow was slow. Surface debris and plants were
measured moving ~0.9 m min-%, but it was not possible to determine if this movement was solely
wind driven or due to river current. Therefore, we concluded that orientation of the quadrants
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relative to the river current was not a key factor in our study. We also note that the experiment
was located in a low-traffic area of the community, however, Claverito is a living community
with people swimming, fishing and boating, and with animals (domestic and wild) and humans
going to the bathroom.

Quadrants were sampled six times, approximately every two weeks, between March and June
2018 for E. coli in water at multiple depths, E. coli in captured sediment, and E. coli on plant
roots, as well as for protozoa. During sampling events, depth of the river was measured as well
as water pH and total dissolved solids (TDS). Quadrants A and B were sampled in the same day
and quadrants C and D sampled the following day (or as soon as possible). Given the sampling
schedule, comparisons between vegetated and unvegetated treatments were made between
quadrants A and B, and between quadrants C and D.

2.3. Water Sampling and Analysis

Water was collected from each quadrant at depths of 8 cm, 25 cm, 50 cm and 100 cm below the
water surface using a peristaltic pump (Geotech Geopump). Tubing was disinfected prior to
collecting each sample by pulling bleach solution (>10%) through the tubing for 10 minutes. The
bleach solution was then kept inside the tubing as the tube was lowered to the appropriate
sampling depth. Quadrant water was then pumped up through the tubing for 2 min to purge the
system, with the bleach solution collected into a waste bucket. Quadrant water was then collected
into sterilized 30 mL brown glass bottles. Bottles were placed in a cooler with ice packs. In
addition, water was collected into small plastic cups that were used to measure pH and total
dissolve solids with calibrated probes (Oakton Pocketmeters).

E. coli content of water was analyzed within the same day of collection using 3M Petrifilm E.
coli/Coliform count plates. One mL of water was transferred from the brown glass bottles to the
count plate using a sterilized pipet. Manufacturer instructions were closely followed. Plates were
then incubated for 24 hours at 35 °C. Triplicate plates were incubated for all water collected from
25-cm depth (i.e., 25% of collected water samples) to gain an understanding of method
variability. Available resources did not enable replicate plates for all water samples. After 24-
hours, plates were removed from the incubator and E. coli colonies were manually counted three
times for each slide and averaged. Results represent E. coli colony-forming units per 1 mL of
water.

Coliform colonies were initially counted, but eventually it was determined that the coliform
results were less reliable because coliform colonies were harder to see and to differentiate,
particularly when sediment and plant samples were analyzed (described below).

2.4. Sediment Sampling and Analysis

Sediment traps were built out of 2-L plastic bottles and sterile 50-mL Falcon tubes (Fig. 3). The
2-L plastic bottle was cut roughly in half, with the top portion of the bottle (~18 cm tall) used in
the sediment trap. The bottle was inverted, the top threaded portion of the bottle was placed
inside a 50-mL Falcon tube, and the two were taped together with electrical tape. The open
portion of the trap was 11 cm in diameter. Two traps were placed side-by-side in the middle of
each quadrant with the top of the Falcon tubes placed at a depth of 70-cm below the water
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surface. A brick was hung from the traps to weigh them down and keep them submerged at the
appropriate depth.

Traps were deployed for a period of 15 to 21 days.
At the end of the deployment period, the traps were
pulled up to the surface. In quadrants with plants,
the traps were moved horizontally into an
unvegetated quadrant before being pulled up to the
surface. Traps were then hung on wooden supports
(Fig. 3) for a period of ~1.5 hours while the water
in the top portion of the trap was stirred to
facilitate settling of all captured material into the
Falcon tubes. After all material had settled, the
Falcon tubes were carefully removed, capped, and
placed in coolers with ice packs.

In the laboratory, on the same day of collection,
Falcon tubes were centrifuged at 2000 RPM for 10
minutes and river water was poured off, leaving a
pellet of sediment in the tube. The sediment pellet ;
was then resuspended in 30 mL of distilled water, Figure 3: Sediment traps.
using a VVortex mixer. This slurry solution was then
further diluted with distilled water to 4% (1.6 mL
of slurry in 40 mL of water). Three different 4%
dilutions were generated. Finally, 1 mL of each dilution was transferred onto a 3M Petrifilm E.
coli/Coliform count plate, generating three plates for each sediment sample. The sediment plates
were incubated and E. coli colonies were counted following the same procedures as for water-
sample plates. Results were transformed into E. coli colony-forming units (CFU) per g of
sediment with the following equation:

( CFU )(40 deilut> (30 mleur)

1 m]-'dilut 1.6 mleur

Mgeq

where dilut stands for the 4% dilutions, slur stands for the initial slurry made with distilled water,
and msed IS the total mass of sediment captured by the sediment traps in grams. Total mass of
sediment captured in the traps was obtained by vacuum filtering all remaining sediment through
pre-weighted filters that were then oven dried at 60°C for ~12 hours and re-weighed.

2.5. Plant Sampling and Analysis

During each sampling event, one plant was removed from each vegetated quadrant and placed in
a large plastic bag. Back in the laboratory, on the same day of collection, plant roots were cut
away from the top portion of the plant into a sterilized bucket filled with distilled water. The
roots were agitated by hand to remove associated debris. The rinse solution was poured through a
sterile strainer and captured roots were place in a sterile blender that was filled with distilled
water. The roots were blended into a slurry. The volume of the root slurry solution was recorded
and three different 4% dilutions of the slurry were generated (1.6 mL of root slurry in 40 mL of
water). One mL of each dilution was transferred onto a 3M Petrifilm E. coli/Coliform count
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plate, generating three plates for each root sample. The root plates were incubated and E. coli
colonies were counted following the same procedures as for water-sample plates. Results were
transformed into E. coli colony-forming units (CFU) per g of root with the following equation:

< CFU ) <4O m]-‘rdilut) <Vrslur>

1 erdilut 1.6 erslur Myo0t

where rdilut stands for the 4% root dilutions, rslur stands for the root slurry, Vesiur is the
measured volume of the root slurry, and mroot is the total mass of root contained within the slurry.

Remaining root slurry was poured into pre-weighed containers that were oven dried at 60°C until
dry, and re-weighed.

2.6. Organism Sampling and Analysis

Agquatic organisms from each quadrant were collected with a plankton net (Wildco 8-inch, 153
um mesh). The net was dropped to a depth of 1 m and pulled vertically upward. In quadrants
with vegetation, plants were pulled to the side during the net tow. Contents of the plankton net
were rinsed off using clean water onto a mesh filter (that had a smaller pore size than the net).
Contents captured by the mesh filter were then rinsed off with 20% ethanol into a 125-mL plastic
bottle that was stored in a cooler with ice packs.

In the laboratory, 1 mL of the ethanol solution was transferred onto a gridded Sedgewick-Rafter
counting cell. The cell had 20 rows. Two rows at the bottom, two rows in the middle, and two
rows at the top of the cell were viewed under a microscope. All phytoplankton, zooplankton and
unknown organisms contained within the viewed rows were counted. Organisms that were
possible parasites or parasite eggs were specifically noted. The procedure was repeated two
additional times, generating three independent readings of organisms in the ethanol solution. The
remaining volume of ethanol was measured using a graduated cylinder.

The number of organisms per volume of water in each quadrant was estimated from the data
using the following equation:

( Norg ) ( 20 rows ) Vethanol
6 1mL ethanol - 2
rows mL ethano 100cm - 7 <82ﬂ 2.514rllcm)

Where Norg is number of organisms counted and Vethanol is the measured volume of the ethanol
solution. The denominator below Vethanol represents the volume of river sampled by the plankton
net tow.
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3. Results

3.1. River Height and Baseline Water Chemistry 3
The height of river water was ~190 cm above the river )
bottom at the start of the experiment and increased
over the next three sampling events, reaching a
maximum height of ~380 cm. It then decreased over
the final two sampling events, dropping to ~180 cm ‘/ M »

above the river bottom at the end of the experiment 150 .
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Figure 4: River height during
experiment.

pH and total dissolved solids (TDS) did not notably
vary across the water column or between treatments.

They did however vary with time. Figure 5 shows 7
average water-column pH and TDS versus time. ?\ e 0. o ¢
In QA, QB and QC, average pH was between 6.3 osl - / % | / B
to 6.4 for the first two sampling events. Average “ | ¢-§ 5,}
pH was lower in QD for these two events with a L . T
value of 6.2, but the standard deviation around 6
this average value was large and overlapped with
average values from the other treatments. By the 40
third sampling event, average pH in all of the 20 ® .,% %1 o
treatments jumped to ~6.8 and remained between /
6.6 and 6.8 for the remainder of the experiment. ~ F* e '
10 e e C"%
The average concentration of total dissolved

solids followed a similar pattern over time to that
of pH. In all treatments, average TDS
concentrations were ~10 ppm for the first two

03/01 04/01 05/01 06/01 07/01
2018

03/01 04/01 05/01 06/01 07/01
2018

Figure 5: Average pH and TDS (in ppm) across the water
column during experiment. QA and QC were vegetated.

sampling events, increased to 20 ppm by the third @B and QD were not vegetated.
sampling event, increased further to 30 ppm by the fourth sampling event, and remained at 40
ppm until the end of the experiment (Fig. 5).

3.2. E. coli in Water

During the experiment, the number of E. coli colony forming units per 100 mL of water ranged
from zero up to 7700 (Fig. 6). There were no consistent trends with depth or over time across the
different treatments. In QA and QB, E. coli counts spiked during the fourth sampling event,
which was when the river height and TDS concentrations reached their maximum values (Figs. 4
and 5). However, in QC and QD, the pattern was more variable. E. coli counts reached a
maximum during the fourth sampling event for some water depths and during the fifth sampling
event for other water depths. The 100-cm depth in treatment QD experienced two peaks in E.
coli counts, one during the second and one during the fifth sampling event.

The impact that plants had on E. coli counts is unclear based on the presentation of data in Figure
6. Across sampling events and water depths, E. coli counts were sometimes smaller and
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Figure 6: E. coli colony forming unites per 100 mL of water for 8-,
25-, 50- and 100-cm depth below the water surface over the
experiment for treatments QA and QB (left column), and treatments
QC and QD (right column). QA and QC (black symbols) were
vegetated. QB and QD (grey symbols) were not vegetated. Error
bars for data from the 25-cm depth represent plus and minus one
standard deviation around the mean (i.e., plotted value) based on
triplicate slides.

sometimes larger in treatments with plants compared to
treatments without plants. (Treatments QA and QC had plants
while treatments QB and QD do not have plants.) Figure 7
provides a clearer understanding of the effect of plants on E.
coli count. It presents box plots of the differences between E.
coli counts for paired samples from treatments with and
without plants for the entire experiment. The median
difference in E. coli counts between QA and QB was —950,
117, 600 and 583 CFU per 100 mL of water for the 8-, 25-, 50-
and 100-cm depths, respectively. The median difference in E.
coli counts between QC and QD was —600, —200, —-1033 and —
550 CFU per 100 mL of water for the 8-, 25-, 50- and 100-cm
depths, respectively. However, most of these medians were not
statistically different than zero based on the non-parametric
Sign Rank test (p-value <0.05). The only medians that were

Plants = No Plants
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Figure 7: Distribution of differences
between treatments with plants and
without plants in E. coli CFU per 100
mL of water collected from 8-, 25-,
50- and 100-cm depths. The box tops
mark the 75" percentile, the middle
line marks the median, the box
bottom marks the 25™ percentile, and
whiskers extend to the most extreme
data points not consider outliers.
Outliers are marked with ‘+” symbol
and are defined as points that are
greater than or less than the 75" and
25t percentile values, respectively,
by an amount that exceeds 1.5x the
interquartile range. Red asterisks
mark distributions with medians that
are statistically different than zero
according to the non-parametric Rank
Sum test.
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statistically different than zero were for the QA-QB treatment pair at the 8-cm depth (—950 CFU

per 100 mL) and 50-cm depth (600 CFU per 100 mL).

3.3. Sediment

The rate of sediment deposition increased and decreased over the
course of the experiment (SI Fig. 1), and the temporal changes were
not clearly associated with river height (Fig. 4), TDS concentration
(Fig. 5), or E. coli CFU concentrations (Fig. 6). For all of the
sampling events, the sediment deposition rate was greater in
treatments with plants (QA and QC) than in treatments without
plants (QB and QD) (SI Fig. 1 and Fig. 8). However, the median of
the distribution of differences in deposition rates between
treatments with and without plants was not statistically different
than zero according to the non-parametric Sign Rank test. This non-
significance is likely due to the fact that the sediment methods were
not solidified by the first sampling event and therefore only five
data points were available for the statistical test.

The number of E. coli CFU on sediment similarly had no clear
trend over time or association with other measured variables (Sl
Fig. 1). In general, the number of E. coli CFU on sediment
appeared greater in treatments without plants (QB and QD)
compared to treatments with plants (QA and QC) (Sl Fig. 1 and
Fig. 8), but the median of the distribution of differences between
treatments in E. coli CFU concentration on sediment was not
statistically different than zero according to the non-parametric
Sign Rank test. Multiplying the sediment deposition rate with the
number of E. coli CFU on sediment produced the deposition rate of
E. coli CFU due to sediment settling. This rate was both visually
and statistically similar between treatments with and without plants

(SI Fig. 1 and Fig. 8).

3.4. Plant Roots

In treatments with floating plants (QA and QC), E. coli was present
on roots. The concentration of E. coli on the roots (CFU per root
mass) was similar between the two quadrants (SI Fig. 3).

3.5. E. coli Mass Balance
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Figure 8: Distribution of
differences between treatments
with and without plants for
sediment deposition rate (top),
number of E. coli CFU associated
with sediment (middle), and
deposition rate of E. coli CFU
due to sediment settling
Explanation of box plots is in
caption of Fig. 7.

We calculated the total number of E. coli CFU associated with each sampled substrate (water,
sediment, or roots) by multiplying the measured concentrations of E. coli CFU with the total
mass and/or volume of the substrate in each quadrant. Figure 9 shows the results. Median total E.
coli (in CFU m-?) for the four quadrants was statistically similar, according to non-parametric
Wilcoxon Rank Sum test (Figure 9A). Most of this E. coli was associated with water; the median
percentage of total CFU m2 ranged between 60% and 95% for water (Figure 9B). Suspended
sediment held the least amount of E. coli ; the median percentage of total CFU m ranged
between 0% and 10% for sediment (Figure 9C). The treatments with plants (QA and QC) had

10



413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454

median percentages on the lower
end of both of these ranges for both
water and sediment because in these
treatments a notable portion of total
E. coli was associated with roots.
The median percentage of total
CFU m2 on roots ranged between
20% to 40% (Figure 9D).
Statistically speaking, however, the
median percentage of total E. coli
CFU m associated with water and
sediment were similar for the
quadrants, except for one exception.
The median percentage of total E.
coli associated with water was
statistically greater in treatment QD,
which lacked plants, than in
treatments QA and QC, which had
plants, according to non-parametric
Wilcoxon Rank Sum test (Fig. 9B).

Directly comparing the paired
treatments showed that plants either
increased the total amount of E. coli
present (QA-QB pair) or had no
discernable impact on the total
amount of E. coli (QC-QD pair)
(Figure 9E). The paired-treatment
comparison also indicated that
plants did not strongly affect the
total amount of E. coli in water or
sediment. The median of the
distribution of differences between
treatments in the total amount of E.
coli present in water was positive
for the QA-QB pair (i.e., treatment
with plants > treatment without
plants) and negative for the QC-QD
pair (i.e., treatment with plants <
treatment without plants), but
neither median was statistically
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Figure 9: E. coli mass balance. Left column, top to bottom: A. total E. coli CFU
per m?, B. percent of total E. coli in water, C. percent of total E. coli in
suspended sediment, and D. percent of total E. coli on plant roots in quadrants
QA, QB, QC, and QD. Lower case letters indicate distributions with medians
that are statistically different from each other according to non-parametric
Wilcoxon Rank Sum test. Right column, top to bottom: difference between
quadrants with and without plants (QA-QB and QC-QD) E. in total E. coli CFU
per m?, F. in E. coli CFU per m? in water, and G. in E. coli CFU per m?in
suspended sediment. Red asterisks mark distributions with medians that are
statistically different than zero according to the non-parametric Rank Sum test.
Explanation of box plots is in caption of Fig. 7.

different than zero, according to the non-parametric Sign Rank test (Figure 9F). For total E. coli
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455  on sediment, the median of the distribution of differences between
456  treatments was negative for both that QA-QB and QC-QD pair, and
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457  neither median was statistically different than zero, according tothe =~ 300
228 non-parametric Sign Rank test (Figure 9F). £~ 2007 I%I
= 1004
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464  zooplankton or unknown) within a given treatment (i.e., QA, QB, 300

465 QC, QD) (Sl Fig. 2). There was no clear connection in the temporal 5.~ 200+

466  patterns of organism concentration with other variables, like water f‘% = 400-
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471  unknown organisms) had similar concentrations, with the 300
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476  total organisms than the treatment without plants (SI Fig. 2 and Fig. -200

477  10). The median of the distribution of differences between treatments

478  was positive for all of the organism classes (i.e., QA > QB), butonly g 300

479  the medians for total organisms, phytoplankton and unknown € ~ 2007

480  organisms were statistically different than zero based on the non- %;—; 100 é

481  parametric Rank Sum test (Fig. 10). The median of the distribution of 2 5 0 =

482  differences in zooplankton concentration was not statistically § < “100-

483  different than zero. In treatment set QC-QD, there was not a clear ;c‘ 2001

484  difference in organism concentrations. The median of the distribution ® &

485  of differences for total organisms, zooplankton and unknown & &

486  organisms were positive, while the median of the distribution of Figure 10: Distribution of

487  differences for phytoplankton was negative. But none of these differences between

. - . treatments with and without

488  medians were statistically different than zero based on the non- plants for total organisms

489  parametric Rank Sum test (Fig. 10). (top row), phytoplankton

490 (second row), zooplankton
Table 1: Total number of potential parasites and ﬁtﬁiﬁdﬁﬁv ;;S:tiitg%anisms
parasite eggs identified during Sedgewick-Rafter (bottom row) per liter of
counting distibutions with median
Quadrant | QA QB QC QD cht are statistically different
Plants Yes No Yes No than zero according to the
Count |9 2 5 1 tet. Explanation of box plts

491 is in caption of Fig. 7.

492  Quadrants with plants (QA and QC) potentially harbored more

493  parasites and parasite eggs, compared to quadrants without plants

494  (QC and QD) (Table 1). However, the numbers in Table 1 represent potential parasites and

495  parasite eggs, not confirmed organisms. Further, the numbers cannot be statistically compared to
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each other as they represent a total count (the sum of identified organisms from 3 replicate
samples with 6 scanned rows for each replicate).

4. Discussion

4.1. Water Height and Water Chemistry

The river water level changes (Fig. 4) matched the typical discharge pattern for the Amazon
River, which peaks between May and June (Devol et al., 1995; Gibs, 1972). However, water-
chemistry changes were counter to what is expected based on published relationships for the
region. In our experiment, both pH and TDS increased as the river level increased. Other
investigations, within the main stem of the Amazon River, found that pH and concentrations of
dissolved constituents decreased as discharge increased (Devol et al., 1995; Gibs, 1972). While
pH values (Fig. 5) aligned with those measured for the Amazon River near Iquitos (6.7 with a
range of 5.8 to 8 (Moquet et al., 2016)), TDS concentrations (Fig. 5) were notably lower than
that measured for the Amazon River (158+23 mg/L (Moquet et al., 2016)).

It is well established that the dissolved load carried by the Amazon river is due, primarily, to
weathering reactions occurring in the Andes mountains (Gibs, 1967; Stallard and Edmond,
1983). Therefore, tributaries that do not originate in the Andes tend to have lower TDS
concentrations. The Itaya River, along which Claverito is located, does not originate in the
Andes mountains. As such, the patterns of increasing TDS with increasing river water level at
Claverito (Fig. 5) can be explained by backflow of the Amazon River up into the Itaya River
(Fig. 1), bringing in water with high pH and TDS concentrations.

4.2. E. coli in Water

Changes in E. coli water concentrations over the course of the experiment (Fig. 6) did not
appear influenced by river water level (Fig. 4) or water chemistry (Fig. 5). But there was
consistency across the different depths of the water column; when E. coli concentrations within a
given quadrant increased at one sampling depth they tended to increase within that quadrant in
the other depths as well. The temporal resolution of sampling was not fine enough to disentangle
the factors controlling concentrations over time. It is possible that increases and decreases in E.
coli concentrations over time were simply related to the alignment of the sampling event with
upstream or nearby sewage discharge into the Itaya River.

The measured E. coli loads within the water near Claverito reached up to 7700 CFU mL™, which
exceeded the Peruvian water standard of 3000 MPN for total coliforms (Ministerio del Ambiente
- MINAM, 2017) (i.e., E. coli is a subset of total coliforms) and the recreational water standard
in the United States of 126 E. coli CFU 100 mL (Environmental Protection Agency, 2012).
These elevated levels were more in line with raw municipal wastewater sampled in other studies
(Ansola et al., 2003; Solano et al., 2004; Wu et al., 2016). The EPA standard is based on
protecting the health of people recreating in water, with a gastrointestinal illness rate of 36 per
1000 people. In the experiment, only 17% of the collected samples (16 of 96 total) were below
the EPA standard, illustrating the persistence and high load of fecal contamination within the
river. (It is difficult to directly compare our E. coli results to the Peruvian standard since the
Peruvian standard is for all coliforms and we only measured E. coli). In corroboration of the high
fecal contamination load, some of the organisms collected with the tow net, which we assigned
as ‘unknown’ in Fig. 10, appeared to be parasite eggs or larvae (Table 1, SI Fig. 3). In Claverito,
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when the community is floating on water, interacting with the river is unavoidable. Therefore, it
IS not surprising that over 80% of adults and children in the community were diagnosed with at
least one parasitic infection with 42% of these collected stools categorized as soft to diarrhea
(Andrews, 2018; Bachman, 2020).

4.3. Effect of Floating Plants on E. coli in Water

The study did not find the floating water hyacinth very effective at removing E. coli from the
water column, except at the shallowest depth sampled (8 cm) where there was a median
reduction of 600 and 950 CFU 100 mL! in the two paired treatments (with the caveat that only
the 950 CFU 100 mL! reduction was statistically significant) (Fig. 7). While this performance
was not as effective as hypothesized at the outset of the experiment, there could, nonetheless, be
a benefit associated with removing E. coli from the surface water layer surrounding a floating
community; it is this layer of water that people mostly likely interact with while accessing and
living in their homes.

During the first three sampling events (in March and April), the shallowest sampled water depth
in both of the planted quadrants had zero E. coli CFU 100 mL* (Fig. 6) while the quadrants
without plants generally had E. coli at concentrations exceeding the EPA recreational water
quality criteria. However, in the later sampling events (May to July), E. coli did appear within
the near-surface water layer in the planted quadrants at a concentration of ~10° CFU 100 mL™?
(Fig. 6), which is an order of magnitude above the EPA recreational water quality criteria. The
data indicate that in this shallow water later, floating plants were only successful at keeping E.
coli at acceptable levels (i.e., below 126 CFU 100 mL-Y) when the E. coli load in the shallow
water layer without plants was at or below ~1500 CFU 100 mL"* (Fig. 6). When E. coli
concentrations rose above this apparent threshold, the plants were able to reduce E. coli levels
within the near-surface water, but not down to a level that would be considered safe for human
health.

At deeper depths there was some evidence that the floating plants actually increased E. coli
concentrations in water; the median of the distribution of differences between quadrant QA (with
plants) and QB (without plants) was positive for all sampled depths below 8 cm, though only the
median at the 50-cm depth was statistically significantly different than zero (Fig. 7). The mass-
balance calculations indicated that the presence of plants actually increased the overall E. coli
load, on a per m? basis, likely due to roots harboring the pathogens (Fig. 9A,E). Within the
planted quadrants, 20% to 40% of the E. coli was associated with plant roots (Fig. 9D). Other
investigations, conducted in less-impacted water bodies, have found that plants act as a long-
term reservoir for E. coli, harboring and protecting the pathogens from inactivation and predation
(Badgley et al., 2010; Mathai et al., 2019) and increasing the overall E. coli load on a per area
basis (Badgley et al., 2011).

It is important to note that, unlike treatment wetlands which are engineered to maximize
pathogen removal, the system studied here is uncontrolled. We had no control over hydraulic
regime, the length of time that water spent in contact with the plants, or chemical composition of
the water, which are all variables shown to be important within treatment wetlands (Wu et al.,
2016).
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4.4. Investigated Mechanisms of E. coli Removal by Floating Plants

At outlined in the introduction, the experiment was set up to investigate three different
mechanisms by which plants can facilitate the removal of pathogens from water: 1) pathogens
sorbing onto plant roots, 2) pathogens sorbing onto particles that settle out of the water column
due to the presence of plants, and 3) plants creating a protective environment for higher
organisms that then graze on the pathogens.

The first mechanism did occur; E. coli was detected on the roots of plants within both planted
quadrants (SI Fig. 3) and, as discussed in the previous section, the mass balance calculations
demonstrated that a notable portion of the E. coli load in these quadrants was associated with
roots (Fig. 9D). This association of E. coli with plant roots could, in part, explain the reduction in
E. coli measured in water at the 8-cm depth (Fig. 7), as plant roots extend into and beyond this
water depth. It is estimated that the thicker root section of water hyacinth extends 8 — 10 cm into
the water and the thinner roots extend an addition ~15 cm, reaching a total depth of ~25 cm (Fig.
2).

In terms of the second mechanism, the presence of plants did appear to increase the rate of
sediment deposition; the rate difference for each comparison between the paired planted and
unplanted treatments was positive (Fig. 8). Though, there were not enough samples to get a
statistically significant result. For many of the comparisons between the paired planted and
unplanted treatments, the concentration of E. coli on the deposited sediment was greater in the
unplanted quadrants than in the planted quadrants (Fig. 8). The mass-balance calculation also
showed that, in general, quadrants without plants had more total E. coli associated with
suspended sediment than quadrants with plants (Fig. 9G). Though, again, none of these
differences were statistically robust. In net, the outcome was that sediment deposition removed a
similar amount of E. coli for both planted and unplanted treatments (Fig. 8), indicating this
removal mechanism was not particularly robust within the studied context.

Previous studies have shown that plants create a protected environment for aquatic organisms
(Decamp and Warren, 2000; Gonzalez et al., 1990; Menon et al., 2003; Song et al., 2008). In our
study, the QA-QB treatment pair clearly aligned these previous findings; the total presence of
organisms that could graze on E. coli was greater for QA, the planted quadrant, than it was for
QB, the unplanted quadrant (Fig. 10). The results for the QC-QD treatment pair were less clear.
The median number of organisms were greater in the planted quadrants (QC) than the unplanted
quadrant (QD) but the difference was not statistically significant.

While it is not possible to isolate the exact depths within which the various organisms were
residing because the net tow spanned the top 100-cm of the water column, if the organisms were
congregating within the root zone, they could have contributed to the general reduction in E. coli
concentration found in the planted treatments within the 8-cm sample depth (Fig. 7). Notably, the
QA-QB treatment pair had statistically significant differences in both shallow E. coli
concentrations (with the planted treatment having lower concentrations) and organism presence
(with the planted treatment having more total organisms), while the differences between QC-QD
treatment pair tended to match the behavior of the QA-QB treatment pair but had less statistical
strength. This observation suggests that the extent to which the floating plants were able to
successfully remove E. coli was connected with the presence of aquatic organisms, presumably
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residing within the protected root zone. Unfortunately, it is also possible that the protected
environment created by plants also harbored parasites and parasite eggs (Table 1). Though this
result needs further investigation as our analysis only identified possible parasites and parasite

eggs.

5. Conclusion

The water surrounding Claverito has a high burden of fecal contamination, which has negative
impacts on the health of the community. Water hyacinth was able to keep E. coli concentrations
at safe levels in shallow water (i.e., below the EPA recreational water threshold), but only when
the overall river water had concentrations at or below ~1500 CFU mL"*. When E. coli loads
increased above this level, water hyacinth continued to reduce the presence of E. coli in shallow
water, but not down to levels considered safe for human health in the U.S.A. It is difficult to
assess how water hyacinth performed with regards to the Peruvian standard for natural water
because this standard is for total coliforms and we only measured E. coli, which is a subset of
total coliforms.

It appeared that the E. coli was removed from water in the presence of floating plants due to
sorption onto plant roots and/or due to grazing by other organisms that congregated in greater
numbers when plants were present. Unfortunately, some of these congregated organisms within
the planted treatments were identified as potential parasites and parasite eggs. Sorption of E. coli
onto plant roots did not remove E. coli from the system nor did it inactivate them. A notable
portion of culturable E. coli within the water column (a median 20-40%) was associated with
roots in treatments that had water hyacinth. Data indicated that due to this association of E. coli
with roots, the presence of floating plants actually increased the total load of E. coli.

With the number of floating communities around the world potentially increasing due to climate
change and sea level rise, and with millions already living in floating communities, many of
which are informal, the design, planning, upgrade, and management of these communities can
consider aquatic vegetation as a way to improve environmental quality. Other studies in the
InterACTION Labs program have revealed that aquatic vegetation creates biodiversity-rich
‘habitat islands' that support reptiles, amphibians, birds, and fish —important for this primarily
fishing community (Andrews et al., 2022). However, the use of floating vegetation as a means to
remove pathogens from water around floating communities should only be considered if there is
a desire to keep the surface layer of water free from E. coli. It should be clearly understood that
the plants do not reduce contamination within deeper water layers, and that even in the shallow
water layer, the treatment does not always keep contamination at levels deemed safe. It is also
possible that the plants are harboring parasites — a possibility that deserves further investigation.

6. Community Implications

Aquatic vegetation naturally proliferates in and around Claverito and is used for animal feed and
as compost for hillside trees. While this study was based on the idea of intentionally placing or
curating aquatic plants in order to achieve a specific water-quality outcome (i.e., low E. coli
counts), it nonetheless supports a set of concrete actions for the residents of Claverito under
natural or non-curated conditions:
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e If water is going to be obtained from the river, it is best to scoop it up from the top 8 cm
in areas where there are plants, but know that this water is not safe to ingest without
treatment.

e Do not swim in the river, as it is not safe anywhere. If one needs to bath or swim and
completely immerse oneself, do not open eyes or mouth underwater. Wash hands and
face thoroughly with soap and clean water as soon as possible after submersion.

e Avoid touching submerged roots of aquatic vegetation, as they harbor active E. coli, and
wash hands thoroughly with soap after touching or moving aquatic vegetation.

e When the water levels drops during the dry season, remove aquatic vegetation before it
interacts with the soil surrounding the community. This effort will reduce the E. coli load
delivered to the soil surface that people walk and play on. Removed vegetation can be
used in gardens for fertilizer. Use gloves, a net and/or wash hands with soap after
touching aquatic vegetation.

e E. coli can live in soil for weeks to months. The soil surface exposed during the dry
season likely contains active E. coli that were absorbed from the overlying water and
deposited by settling sediment during the flooding season. Wear closed toed shoes when
walking in this exposed soil. Avoid bringing this soil into your homes by keeping shoes
outside and wash hands with soap after touching the soil.
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Influence of water hyacinth (Eichhornia crassipes) on concentration and distribution of
Escherichia coli in water surrounding an informal floating community in Iquitos, Peru

Rebecca B. Neumann, Susan Paredes Fernandez, Leann Andrews, Jorge A. Alarcon,
InterACTION Labs Working Group

Abstract

Floating communities exist throughout the world. Many live on water with a high pathogen load
due to difficulties associated with sewage management. In Claverito, an informal floating
community in lquitos, Peru, we conducted a controlled experiment to test the ability of water
hyacinth (Eichhornia crassipes) to remove Escherichia coli from water. When river E. coli
concentrations were at or below ~1500 CFU 100 mL?, water hyacinth reduced shallow
concentrations (8-cm depth) down to levels deemed safe by U.S. EPA for recreational use.
Above this threshold, plants were able to reduce E. coli levels within shallow water, but not
down to “safe” levels. At deeper depths (>25 cm), there was evidence that plants increased E.
coli concentrations. Water hyacinth removed E. coli from shallow water by providing a surface
(i.e., submerged roots) onto which pathogens sorbed and by protecting organisms that consume
E. coli. Unfortunately, because of root association, the total E. coli load within the water column
was greater with water hyacinth present, and results hinted that the plants’ protective
environment also harbored parasites. The use of water hyacinth to keep surface water around
floating communities low in E. coli could be beneficial as this is the water layer with which
people most likely interact. Aquatic vegetation naturally proliferates in and around Claverito.
While this study was based on curating aquatic plants in order to achieve a water-quality
outcome, it nonetheless supports concrete actions for Claverito residents under non-curated
conditions, which are outlined at the end of the manuscript.

Plain Language Summary

Globally, many people live in floating houses. Sewage treatment plants do not serve floating
communities, so sewage is often dumped into surrounding water. Sewage carries pathogens that
make people sick with diarrhea and others diseases. People living in floating houses get infected
by these water-borne pathogens. We conducted an experiment in a floating community in
Iquitos, Peru to test if a floating plant called water hyacinth could remove a pathogen called
Escherichia coli (abbreviated E. coli) from water. We found that water hyacinth removed E. coli
from near-surface water because the E. coli attached onto the plant roots and because organisms
that eat E. coli congregated under the plants. Water hyacinth did not removed E. coli from deeper
water. Also, there was a larger total number of E. coli in the water column when water hyacinth
was present because of the number of E. coli associated with the plant roots. Our results indicate
that water hyacinth can be used around floating houses to reduce E. coli concentrations in
shallow water. However, it is important to know that water hyacinth does not remove E. coli
from deeper water and the roots have a high load of E. coli.

Key Points
e Floating communities exist globally and are regularly exposed to water-borne pathogens;
aquatic vegetation can remove pathogens from water.
e In an experiment, water hyacinth removed E. coli from shallow water; E. coli sorbed onto
roots and E. coli grazers congregated under plants.
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e Water hyacinth did not remove E. coli from deep water and, due to association with roots,
plants increased total E. coli in water column.

Keywords
Water Quality, Aquatic Vegetation, Slum, Sanitation, Environmental Health, Public Health

1. Introduction

Despite the fact that the planned development of modern floating communities has been
suggested as a novel climate adaptation strategy for coastal populations (Cusick, 2020; Revkin,
2019), floating communities already exist around the world, with some having existed for
thousands of years. Well-known floating communities include: Ganvie, Benin; Ko Panyi,
Thailand; Halong Bay, Vietnam; Yawnghwe, Myanmar; Tonle Sap, Cambodia; Day-asan,
Philippines; Makoko, Nigeria; and Uros, Peru. However, many other less-well-known or even
informal floating communities exist globally.

Delivery of clean water and management of sewage are persistent problems for floating
communities due to technical challenges associated with living on water (e.g., large seasonal
changes in water level, limited access to land treatment plants, etc.) and due to the fact that many
floating communities are not legally recognized by local governments who adopted more static
urban Western models of city planning and have limited legal frameworks for communities that
live on land and water (Djonoputro et al., 2010; Pedro et al., 2020). This latter factor, in
particular, limits the willingness of governments to invest in sanitation infrastructure within
floating communities and, while the communities themselves often do invest in such
infrastructure, their resources are limited. Without sanitation options, human waste is directly
released into the water upon which the community lives. This is the same water within which
people bathe, wash clothes and dishes, recreate, and sometimes obtain food and drinking water.
As such, the people living within these floating communities regularly suffer from diarrheal
diseases associated with pathogen exposure (Andrews, 2018; Pandey et al., 2014). Globally,
diarrheal diseases associated with poor water, sanitation, and hygiene behaviors (WASH) are
responsible for hundreds of thousands of deaths and tens of millions of disability-adjusted life
years annually (Priss-Ustin et al., 2019).

Since 2015, an interdisciplinary team of Peruvian and United States researchers has been
working with an informal floating slum community called Claverito, located in Iquitos, Peru on
the Itaya River, a tributary floodplain of the Amazon River (Figure 1). The program, called
InterACTION Labs, has focused on using targeted interventions to the built environment as a
way to improve One Health outcomes for the community (Alarcon et al., 2018; Andrews, 2018;
Andrews et al., 2022; Bachman, 2020; Conery, 2019). Notably, the program found the pathogen
burden of the water upon which the 280 community members live to be large, reaching 7700
Escherichia coli colony-forming units (CFU) per 100 mL of river water (Figure 7). This E. coli
concentration indicates a substantial public health concern; for example in the United States, the
Environmental Protection Agency flags measures above 126 E. coli CFU per 100 ml as not
meeting recreational water quality standards (Environmental Protection Agency, 2012), and in
Peru, waters in the natural environment are not to have greater than 3,000 most-probable-number
(MPN) per 100 mL total coliforms (Ministerio del Ambiente - MINAM, 2017), of which E. coli
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is a subset. (CFU and MPN are roughly equivalent). In addition, there is indication that residents
of Claverito may be experiencing poor health outcomes related to water quality. For example,
other InterACTION Labs studies examined six measures over three years, and found between
17-74% of Claverito households self-reported family members with diarrhea at any given time,
including up to 1 in 3 children ages 10 and younger, and 80% of residents had a professionally
diagnosed parasitic infection (Bachman, 2020).

Claverito is not recognized by the local government, and therefore has no formal access to water
and sewer services. In addition, it is located immediately downstream from a much larger
community of approximately 30,000 people also living in the river called Belén that lacks
adequate sanitation as well. Preliminary data collected by our research team in three locations in
Claverito across 6 points in time in 2017 indicated that E. coli counts were up to 97% lower in
near-surface (8 cm) water when floating vegetation was present, particularly water hyacinth
(Eichhornia crassipes, local name Putu-Putu) (see Supplemental Information, SI). These data
indicated it might be possible to use this readily available, native, aquatic plant as a way to
manage E. coli contamination in the water.

Aquatic vegetation is often used in treatment wetlands as a means of removing pathogens from
water (Wu et al., 2016). The vegetation supports removal of pathogens from water via different
mechanisms:

e The pathogens can associate with or sorb onto the plant roots, which removes them from
the water but does not necessarily deactivate them (Badgley et al., 2010; Kansiime and
van Bruggen, 2001; Macintyre et al., 2006; Mathai et al., 2019; Rivera et al., 1995)..

e The plants can foster a protective environment for higher organisms like zooplankton,
which eat the pathogens (Decamp and Warren, 2000; Gonzélez et al., 1990; Menon et al.,
2003; Song et al., 2008).

e The plant roots can trap sediment particles, including detritus from the plant, and
facilitate settling of the particles out of the water column. Pathogens can associate with or
sorb onto these settling particles (Boutilier et al., 2009; Jasper et al., 2013; Kansiime and
van Bruggen, 2001; Quifiénez-Diaz et al., 2001).

A non-profit called Wetlands Work! has harnessed these ideas to develop a successful sanitation
system for floating communities in Cambodia called HandyPod that captures sewage within a
floating container populated with water hyacinth (Wetlands Work!, 2013). Given that pathogen
contamination in Claverito’s water does not all originate within the community itself (i.e., Belén
is a large upstream pathogen source because it did not have a functioning wastewater treatment
plant), we were interested in exploring the ability of free-floating aquatic vegetation to create
localized areas with minimal E. coli contamination for the community to access.

Toward this end, we set up a 4-month-long controlled experiment that tested the ability of water
hyacinth to remove E. coli from water surrounding Claverito and probed the mechanisms
associated with E. coli removal in the system. Residents of Claverito acted as partners in this
study and the overall efforts of InterACTION Labs. The team sought permissions from the
community, residents were informed about the study, and results and potential implications were
shared through community workshops, public health fairs and handouts. Out of respect for their
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livelihood and opportunities that closely revolve around water, residents were engaged in various
aspects of the study alongside the academic team, including assistance with constructing the
experimental frame, harvesting the plants, driving the canoes, and assisting the sampling. Further
narrative of their livelihood and this engagement process can be found in the book chapter,
Living on Water: Amphibious Communities in the Amazon Rainforest (Andrews et al., 2022).

2. Material & Methods

2.1. Site

The experiment was conducted in March to
July during the high-river season in Claverito,
an informal community located on the Itaya
River, which runs along the Eastern side of
Iquitos, Peru (Fig. 1). In the low-river season,
houses sit on soil. In the high-river season,
houses float on up to 4 meters of water.
Claverito has existed for ~45 years and
currently contains ~50 houses, 280 residents,
and 240 domesticated animals. Most of the
residents have Indigenous roots and are first or
second generation migrants from rural villages

in the rainforest. Figure 1: The experiment was conducted in the waters
surrounding Claverito, an informal community located in
Iquitos, Peru.

2.2. Experimental Design
To test the ability of and
mechanisms associated
with E. coli removal by
floating vegetation we
deployed a PVC frame
that was divided into
quadrants, each 3-m x 3-
m, within the center of
Claverito (Fig. 2). The
frame was anchored in
place with wood poles at
the four outside corners,
but it floated on the water

Figure 2: Image on the left shows the PVC frame used in the experiment along
and was able to move up  with direction of water flow; Image on the right shows Eichhornia crassipes and its

and down with the water ~ root system.

level relative to the

anchors. Two of the quadrants (A and C), which were diagonal to each other, were densely
packed with water hyacinth that was collected from nearby locations on the river (Fig. 2).
Quadrants B and D were left unvegetated. The frame was oriented such that vegetated quadrant A
and unvegetated quadrant B were upstream of unvegetated quadrant D and vegetated quadrant C,
respectively (Fig. 2). However, the water flow was slow. Surface debris and plants were
measured moving ~0.9 m min-%, but it was not possible to determine if this movement was solely
wind driven or due to river current. Therefore, we concluded that orientation of the quadrants
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relative to the river current was not a key factor in our study. We also note that the experiment
was located in a low-traffic area of the community, however, Claverito is a living community
with people swimming, fishing and boating, and with animals (domestic and wild) and humans
going to the bathroom.

Quadrants were sampled six times, approximately every two weeks, between March and June
2018 for E. coli in water at multiple depths, E. coli in captured sediment, and E. coli on plant
roots, as well as for protozoa. During sampling events, depth of the river was measured as well
as water pH and total dissolved solids (TDS). Quadrants A and B were sampled in the same day
and quadrants C and D sampled the following day (or as soon as possible). Given the sampling
schedule, comparisons between vegetated and unvegetated treatments were made between
quadrants A and B, and between quadrants C and D.

2.3. Water Sampling and Analysis

Water was collected from each quadrant at depths of 8 cm, 25 cm, 50 cm and 100 cm below the
water surface using a peristaltic pump (Geotech Geopump). Tubing was disinfected prior to
collecting each sample by pulling bleach solution (>10%) through the tubing for 10 minutes. The
bleach solution was then kept inside the tubing as the tube was lowered to the appropriate
sampling depth. Quadrant water was then pumped up through the tubing for 2 min to purge the
system, with the bleach solution collected into a waste bucket. Quadrant water was then collected
into sterilized 30 mL brown glass bottles. Bottles were placed in a cooler with ice packs. In
addition, water was collected into small plastic cups that were used to measure pH and total
dissolve solids with calibrated probes (Oakton Pocketmeters).

E. coli content of water was analyzed within the same day of collection using 3M Petrifilm E.
coli/Coliform count plates. One mL of water was transferred from the brown glass bottles to the
count plate using a sterilized pipet. Manufacturer instructions were closely followed. Plates were
then incubated for 24 hours at 35 °C. Triplicate plates were incubated for all water collected from
25-cm depth (i.e., 25% of collected water samples) to gain an understanding of method
variability. Available resources did not enable replicate plates for all water samples. After 24-
hours, plates were removed from the incubator and E. coli colonies were manually counted three
times for each slide and averaged. Results represent E. coli colony-forming units per 1 mL of
water.

Coliform colonies were initially counted, but eventually it was determined that the coliform
results were less reliable because coliform colonies were harder to see and to differentiate,
particularly when sediment and plant samples were analyzed (described below).

2.4. Sediment Sampling and Analysis

Sediment traps were built out of 2-L plastic bottles and sterile 50-mL Falcon tubes (Fig. 3). The
2-L plastic bottle was cut roughly in half, with the top portion of the bottle (~18 cm tall) used in
the sediment trap. The bottle was inverted, the top threaded portion of the bottle was placed
inside a 50-mL Falcon tube, and the two were taped together with electrical tape. The open
portion of the trap was 11 cm in diameter. Two traps were placed side-by-side in the middle of
each quadrant with the top of the Falcon tubes placed at a depth of 70-cm below the water
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surface. A brick was hung from the traps to weigh them down and keep them submerged at the
appropriate depth.

Traps were deployed for a period of 15 to 21 days.
At the end of the deployment period, the traps were
pulled up to the surface. In quadrants with plants,
the traps were moved horizontally into an
unvegetated quadrant before being pulled up to the
surface. Traps were then hung on wooden supports
(Fig. 3) for a period of ~1.5 hours while the water
in the top portion of the trap was stirred to
facilitate settling of all captured material into the
Falcon tubes. After all material had settled, the
Falcon tubes were carefully removed, capped, and
placed in coolers with ice packs.

In the laboratory, on the same day of collection,
Falcon tubes were centrifuged at 2000 RPM for 10
minutes and river water was poured off, leaving a
pellet of sediment in the tube. The sediment pellet ;
was then resuspended in 30 mL of distilled water, Figure 3: Sediment traps.
using a VVortex mixer. This slurry solution was then
further diluted with distilled water to 4% (1.6 mL
of slurry in 40 mL of water). Three different 4%
dilutions were generated. Finally, 1 mL of each dilution was transferred onto a 3M Petrifilm E.
coli/Coliform count plate, generating three plates for each sediment sample. The sediment plates
were incubated and E. coli colonies were counted following the same procedures as for water-
sample plates. Results were transformed into E. coli colony-forming units (CFU) per g of
sediment with the following equation:

( CFU )(40 deilut> (30 mleur)

1 m]-'dilut 1.6 mleur

Mgeq

where dilut stands for the 4% dilutions, slur stands for the initial slurry made with distilled water,
and msed IS the total mass of sediment captured by the sediment traps in grams. Total mass of
sediment captured in the traps was obtained by vacuum filtering all remaining sediment through
pre-weighted filters that were then oven dried at 60°C for ~12 hours and re-weighed.

2.5. Plant Sampling and Analysis

During each sampling event, one plant was removed from each vegetated quadrant and placed in
a large plastic bag. Back in the laboratory, on the same day of collection, plant roots were cut
away from the top portion of the plant into a sterilized bucket filled with distilled water. The
roots were agitated by hand to remove associated debris. The rinse solution was poured through a
sterile strainer and captured roots were place in a sterile blender that was filled with distilled
water. The roots were blended into a slurry. The volume of the root slurry solution was recorded
and three different 4% dilutions of the slurry were generated (1.6 mL of root slurry in 40 mL of
water). One mL of each dilution was transferred onto a 3M Petrifilm E. coli/Coliform count
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plate, generating three plates for each root sample. The root plates were incubated and E. coli
colonies were counted following the same procedures as for water-sample plates. Results were
transformed into E. coli colony-forming units (CFU) per g of root with the following equation:

< CFU ) <4O m]-‘rdilut) <Vrslur>

1 erdilut 1.6 erslur Myo0t

where rdilut stands for the 4% root dilutions, rslur stands for the root slurry, Vesiur is the
measured volume of the root slurry, and mroot is the total mass of root contained within the slurry.

Remaining root slurry was poured into pre-weighed containers that were oven dried at 60°C until
dry, and re-weighed.

2.6. Organism Sampling and Analysis

Agquatic organisms from each quadrant were collected with a plankton net (Wildco 8-inch, 153
um mesh). The net was dropped to a depth of 1 m and pulled vertically upward. In quadrants
with vegetation, plants were pulled to the side during the net tow. Contents of the plankton net
were rinsed off using clean water onto a mesh filter (that had a smaller pore size than the net).
Contents captured by the mesh filter were then rinsed off with 20% ethanol into a 125-mL plastic
bottle that was stored in a cooler with ice packs.

In the laboratory, 1 mL of the ethanol solution was transferred onto a gridded Sedgewick-Rafter
counting cell. The cell had 20 rows. Two rows at the bottom, two rows in the middle, and two
rows at the top of the cell were viewed under a microscope. All phytoplankton, zooplankton and
unknown organisms contained within the viewed rows were counted. Organisms that were
possible parasites or parasite eggs were specifically noted. The procedure was repeated two
additional times, generating three independent readings of organisms in the ethanol solution. The
remaining volume of ethanol was measured using a graduated cylinder.

The number of organisms per volume of water in each quadrant was estimated from the data
using the following equation:

( Norg ) ( 20 rows ) Vethanol
6 1mL ethanol - 2
rows mL ethano 100cm - 7 <82ﬂ 2.514rllcm)

Where Norg is number of organisms counted and Vethanol is the measured volume of the ethanol
solution. The denominator below Vethanol represents the volume of river sampled by the plankton
net tow.
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3. Results

3.1. River Height and Baseline Water Chemistry 3
The height of river water was ~190 cm above the river )
bottom at the start of the experiment and increased
over the next three sampling events, reaching a
maximum height of ~380 cm. It then decreased over
the final two sampling events, dropping to ~180 cm ‘/ M »

above the river bottom at the end of the experiment 150 .
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Figure 4: River height during
experiment.

pH and total dissolved solids (TDS) did not notably
vary across the water column or between treatments.

They did however vary with time. Figure 5 shows 7
average water-column pH and TDS versus time. ?\ e 0. o ¢
In QA, QB and QC, average pH was between 6.3 osl - / % | / B
to 6.4 for the first two sampling events. Average “ | ¢-§ 5,}
pH was lower in QD for these two events with a L . T
value of 6.2, but the standard deviation around 6
this average value was large and overlapped with
average values from the other treatments. By the 40
third sampling event, average pH in all of the 20 ® .,% %1 o
treatments jumped to ~6.8 and remained between /
6.6 and 6.8 for the remainder of the experiment. ~ F* e '
10 e e C"%
The average concentration of total dissolved

solids followed a similar pattern over time to that
of pH. In all treatments, average TDS
concentrations were ~10 ppm for the first two
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Figure 5: Average pH and TDS (in ppm) across the water
column during experiment. QA and QC were vegetated.

sampling events, increased to 20 ppm by the third @B and QD were not vegetated.
sampling event, increased further to 30 ppm by the fourth sampling event, and remained at 40
ppm until the end of the experiment (Fig. 5).

3.2. E. coli in Water

During the experiment, the number of E. coli colony forming units per 100 mL of water ranged
from zero up to 7700 (Fig. 6). There were no consistent trends with depth or over time across the
different treatments. In QA and QB, E. coli counts spiked during the fourth sampling event,
which was when the river height and TDS concentrations reached their maximum values (Figs. 4
and 5). However, in QC and QD, the pattern was more variable. E. coli counts reached a
maximum during the fourth sampling event for some water depths and during the fifth sampling
event for other water depths. The 100-cm depth in treatment QD experienced two peaks in E.
coli counts, one during the second and one during the fifth sampling event.

The impact that plants had on E. coli counts is unclear based on the presentation of data in Figure
6. Across sampling events and water depths, E. coli counts were sometimes smaller and
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Figure 6: E. coli colony forming unites per 100 mL of water for 8-,
25-, 50- and 100-cm depth below the water surface over the
experiment for treatments QA and QB (left column), and treatments
QC and QD (right column). QA and QC (black symbols) were
vegetated. QB and QD (grey symbols) were not vegetated. Error
bars for data from the 25-cm depth represent plus and minus one
standard deviation around the mean (i.e., plotted value) based on
triplicate slides.

sometimes larger in treatments with plants compared to
treatments without plants. (Treatments QA and QC had plants
while treatments QB and QD do not have plants.) Figure 7
provides a clearer understanding of the effect of plants on E.
coli count. It presents box plots of the differences between E.
coli counts for paired samples from treatments with and
without plants for the entire experiment. The median
difference in E. coli counts between QA and QB was —950,
117, 600 and 583 CFU per 100 mL of water for the 8-, 25-, 50-
and 100-cm depths, respectively. The median difference in E.
coli counts between QC and QD was —600, —200, —-1033 and —
550 CFU per 100 mL of water for the 8-, 25-, 50- and 100-cm
depths, respectively. However, most of these medians were not
statistically different than zero based on the non-parametric
Sign Rank test (p-value <0.05). The only medians that were
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Figure 7: Distribution of differences
between treatments with plants and
without plants in E. coli CFU per 100
mL of water collected from 8-, 25-,
50- and 100-cm depths. The box tops
mark the 75" percentile, the middle
line marks the median, the box
bottom marks the 25™ percentile, and
whiskers extend to the most extreme
data points not consider outliers.
Outliers are marked with ‘+” symbol
and are defined as points that are
greater than or less than the 75" and
25t percentile values, respectively,
by an amount that exceeds 1.5x the
interquartile range. Red asterisks
mark distributions with medians that
are statistically different than zero
according to the non-parametric Rank
Sum test.
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statistically different than zero were for the QA-QB treatment pair at the 8-cm depth (—950 CFU

per 100 mL) and 50-cm depth (600 CFU per 100 mL).

3.3. Sediment

The rate of sediment deposition increased and decreased over the
course of the experiment (SI Fig. 1), and the temporal changes were
not clearly associated with river height (Fig. 4), TDS concentration
(Fig. 5), or E. coli CFU concentrations (Fig. 6). For all of the
sampling events, the sediment deposition rate was greater in
treatments with plants (QA and QC) than in treatments without
plants (QB and QD) (SI Fig. 1 and Fig. 8). However, the median of
the distribution of differences in deposition rates between
treatments with and without plants was not statistically different
than zero according to the non-parametric Sign Rank test. This non-
significance is likely due to the fact that the sediment methods were
not solidified by the first sampling event and therefore only five
data points were available for the statistical test.

The number of E. coli CFU on sediment similarly had no clear
trend over time or association with other measured variables (Sl
Fig. 1). In general, the number of E. coli CFU on sediment
appeared greater in treatments without plants (QB and QD)
compared to treatments with plants (QA and QC) (Sl Fig. 1 and
Fig. 8), but the median of the distribution of differences between
treatments in E. coli CFU concentration on sediment was not
statistically different than zero according to the non-parametric
Sign Rank test. Multiplying the sediment deposition rate with the
number of E. coli CFU on sediment produced the deposition rate of
E. coli CFU due to sediment settling. This rate was both visually
and statistically similar between treatments with and without plants

(SI Fig. 1 and Fig. 8).

3.4. Plant Roots

In treatments with floating plants (QA and QC), E. coli was present
on roots. The concentration of E. coli on the roots (CFU per root
mass) was similar between the two quadrants (SI Fig. 3).

3.5. E. coli Mass Balance
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Figure 8: Distribution of
differences between treatments
with and without plants for
sediment deposition rate (top),
number of E. coli CFU associated
with sediment (middle), and
deposition rate of E. coli CFU
due to sediment settling
Explanation of box plots is in
caption of Fig. 7.

We calculated the total number of E. coli CFU associated with each sampled substrate (water,
sediment, or roots) by multiplying the measured concentrations of E. coli CFU with the total
mass and/or volume of the substrate in each quadrant. Figure 9 shows the results. Median total E.
coli (in CFU m-?) for the four quadrants was statistically similar, according to non-parametric
Wilcoxon Rank Sum test (Figure 9A). Most of this E. coli was associated with water; the median
percentage of total CFU m2 ranged between 60% and 95% for water (Figure 9B). Suspended
sediment held the least amount of E. coli ; the median percentage of total CFU m ranged
between 0% and 10% for sediment (Figure 9C). The treatments with plants (QA and QC) had
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median percentages on the lower
end of both of these ranges for both
water and sediment because in these
treatments a notable portion of total
E. coli was associated with roots.
The median percentage of total
CFU m2 on roots ranged between
20% to 40% (Figure 9D).
Statistically speaking, however, the
median percentage of total E. coli
CFU m associated with water and
sediment were similar for the
quadrants, except for one exception.
The median percentage of total E.
coli associated with water was
statistically greater in treatment QD,
which lacked plants, than in
treatments QA and QC, which had
plants, according to non-parametric
Wilcoxon Rank Sum test (Fig. 9B).

Directly comparing the paired
treatments showed that plants either
increased the total amount of E. coli
present (QA-QB pair) or had no
discernable impact on the total
amount of E. coli (QC-QD pair)
(Figure 9E). The paired-treatment
comparison also indicated that
plants did not strongly affect the
total amount of E. coli in water or
sediment. The median of the
distribution of differences between
treatments in the total amount of E.
coli present in water was positive
for the QA-QB pair (i.e., treatment
with plants > treatment without
plants) and negative for the QC-QD
pair (i.e., treatment with plants <
treatment without plants), but
neither median was statistically
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Figure 9: E. coli mass balance. Left column, top to bottom: A. total E. coli CFU
per m?, B. percent of total E. coli in water, C. percent of total E. coli in
suspended sediment, and D. percent of total E. coli on plant roots in quadrants
QA, QB, QC, and QD. Lower case letters indicate distributions with medians
that are statistically different from each other according to non-parametric
Wilcoxon Rank Sum test. Right column, top to bottom: difference between
quadrants with and without plants (QA-QB and QC-QD) E. in total E. coli CFU
per m?, F. in E. coli CFU per m? in water, and G. in E. coli CFU per m?in
suspended sediment. Red asterisks mark distributions with medians that are
statistically different than zero according to the non-parametric Rank Sum test.
Explanation of box plots is in caption of Fig. 7.

different than zero, according to the non-parametric Sign Rank test (Figure 9F). For total E. coli
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455  on sediment, the median of the distribution of differences between
456  treatments was negative for both that QA-QB and QC-QD pair, and

Plants - No Plants

457  neither median was statistically different than zero, according tothe =~ 300
228 non-parametric Sign Rank test (Figure 9F). £~ 2007 I%I
= 1004

460  3.4. Aguatic Organisms §§ ol *

461  The number of organisms captured during the plankton-net tow per & 8 1004

462 liter of water remained relatively consistent over the course of the P 200

463  experiment for a given organisms type (i.e., phytoplankton, *

464  zooplankton or unknown) within a given treatment (i.e., QA, QB, 300

465 QC, QD) (Sl Fig. 2). There was no clear connection in the temporal 5.~ 200+

466  patterns of organism concentration with other variables, like water f‘% = 400-

467  height (Fig. 4), water chemistry (Fig. 5), or concentration of E. coli s 5 ol B %

468 CFU (Fig. 7). A majority of the collected organisms were identified gg -100-

469  as zooplankton. Those identified as phytoplankton and those which 2200

470  could not be identified as either zooplankton or phytoplankton (i.e., :

471  unknown organisms) had similar concentrations, with the 300

472  concentration of each class of organism increasing and decreasing S~ 2007

473  relative to each other over the course of the experiment. = ; 100+ %

474 a2 o

475  In treatment set QA-QB, the treatment with plants (QA) had more R _100-

476  total organisms than the treatment without plants (SI Fig. 2 and Fig. -200

477  10). The median of the distribution of differences between treatments

478  was positive for all of the organism classes (i.e., QA > QB), butonly g 300

479  the medians for total organisms, phytoplankton and unknown € ~ 2007

480  organisms were statistically different than zero based on the non- %;—; 100 é

481  parametric Rank Sum test (Fig. 10). The median of the distribution of 2 5 0 =

482  differences in zooplankton concentration was not statistically § < “100-

483  different than zero. In treatment set QC-QD, there was not a clear ;c‘ 2001

484  difference in organism concentrations. The median of the distribution ® &

485  of differences for total organisms, zooplankton and unknown & &

486  organisms were positive, while the median of the distribution of Figure 10: Distribution of

487  differences for phytoplankton was negative. But none of these differences between

. - . treatments with and without

488  medians were statistically different than zero based on the non- plants for total organisms

489  parametric Rank Sum test (Fig. 10). (top row), phytoplankton

490 (second row), zooplankton
Table 1: Total number of potential parasites and ﬁtﬁiﬁdﬁﬁv ;;S:tiitg%anisms
parasite eggs identified during Sedgewick-Rafter (bottom row) per liter of
counting distibutions with median
Quadrant | QA QB QC QD cht are statistically different
Plants Yes No Yes No than zero according to the
Count |9 2 5 1 tet. Explanation of box plts

491 is in caption of Fig. 7.

492  Quadrants with plants (QA and QC) potentially harbored more

493  parasites and parasite eggs, compared to quadrants without plants

494  (QC and QD) (Table 1). However, the numbers in Table 1 represent potential parasites and

495  parasite eggs, not confirmed organisms. Further, the numbers cannot be statistically compared to
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each other as they represent a total count (the sum of identified organisms from 3 replicate
samples with 6 scanned rows for each replicate).

4. Discussion

4.1. Water Height and Water Chemistry

The river water level changes (Fig. 4) matched the typical discharge pattern for the Amazon
River, which peaks between May and June (Devol et al., 1995; Gibs, 1972). However, water-
chemistry changes were counter to what is expected based on published relationships for the
region. In our experiment, both pH and TDS increased as the river level increased. Other
investigations, within the main stem of the Amazon River, found that pH and concentrations of
dissolved constituents decreased as discharge increased (Devol et al., 1995; Gibs, 1972). While
pH values (Fig. 5) aligned with those measured for the Amazon River near Iquitos (6.7 with a
range of 5.8 to 8 (Moquet et al., 2016)), TDS concentrations (Fig. 5) were notably lower than
that measured for the Amazon River (158+23 mg/L (Moquet et al., 2016)).

It is well established that the dissolved load carried by the Amazon river is due, primarily, to
weathering reactions occurring in the Andes mountains (Gibs, 1967; Stallard and Edmond,
1983). Therefore, tributaries that do not originate in the Andes tend to have lower TDS
concentrations. The Itaya River, along which Claverito is located, does not originate in the
Andes mountains. As such, the patterns of increasing TDS with increasing river water level at
Claverito (Fig. 5) can be explained by backflow of the Amazon River up into the Itaya River
(Fig. 1), bringing in water with high pH and TDS concentrations.

4.2. E. coli in Water

Changes in E. coli water concentrations over the course of the experiment (Fig. 6) did not
appear influenced by river water level (Fig. 4) or water chemistry (Fig. 5). But there was
consistency across the different depths of the water column; when E. coli concentrations within a
given quadrant increased at one sampling depth they tended to increase within that quadrant in
the other depths as well. The temporal resolution of sampling was not fine enough to disentangle
the factors controlling concentrations over time. It is possible that increases and decreases in E.
coli concentrations over time were simply related to the alignment of the sampling event with
upstream or nearby sewage discharge into the Itaya River.

The measured E. coli loads within the water near Claverito reached up to 7700 CFU mL™, which
exceeded the Peruvian water standard of 3000 MPN for total coliforms (Ministerio del Ambiente
- MINAM, 2017) (i.e., E. coli is a subset of total coliforms) and the recreational water standard
in the United States of 126 E. coli CFU 100 mL (Environmental Protection Agency, 2012).
These elevated levels were more in line with raw municipal wastewater sampled in other studies
(Ansola et al., 2003; Solano et al., 2004; Wu et al., 2016). The EPA standard is based on
protecting the health of people recreating in water, with a gastrointestinal illness rate of 36 per
1000 people. In the experiment, only 17% of the collected samples (16 of 96 total) were below
the EPA standard, illustrating the persistence and high load of fecal contamination within the
river. (It is difficult to directly compare our E. coli results to the Peruvian standard since the
Peruvian standard is for all coliforms and we only measured E. coli). In corroboration of the high
fecal contamination load, some of the organisms collected with the tow net, which we assigned
as ‘unknown’ in Fig. 10, appeared to be parasite eggs or larvae (Table 1, SI Fig. 3). In Claverito,
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when the community is floating on water, interacting with the river is unavoidable. Therefore, it
IS not surprising that over 80% of adults and children in the community were diagnosed with at
least one parasitic infection with 42% of these collected stools categorized as soft to diarrhea
(Andrews, 2018; Bachman, 2020).

4.3. Effect of Floating Plants on E. coli in Water

The study did not find the floating water hyacinth very effective at removing E. coli from the
water column, except at the shallowest depth sampled (8 cm) where there was a median
reduction of 600 and 950 CFU 100 mL! in the two paired treatments (with the caveat that only
the 950 CFU 100 mL! reduction was statistically significant) (Fig. 7). While this performance
was not as effective as hypothesized at the outset of the experiment, there could, nonetheless, be
a benefit associated with removing E. coli from the surface water layer surrounding a floating
community; it is this layer of water that people mostly likely interact with while accessing and
living in their homes.

During the first three sampling events (in March and April), the shallowest sampled water depth
in both of the planted quadrants had zero E. coli CFU 100 mL* (Fig. 6) while the quadrants
without plants generally had E. coli at concentrations exceeding the EPA recreational water
quality criteria. However, in the later sampling events (May to July), E. coli did appear within
the near-surface water layer in the planted quadrants at a concentration of ~10° CFU 100 mL™?
(Fig. 6), which is an order of magnitude above the EPA recreational water quality criteria. The
data indicate that in this shallow water later, floating plants were only successful at keeping E.
coli at acceptable levels (i.e., below 126 CFU 100 mL-Y) when the E. coli load in the shallow
water layer without plants was at or below ~1500 CFU 100 mL"* (Fig. 6). When E. coli
concentrations rose above this apparent threshold, the plants were able to reduce E. coli levels
within the near-surface water, but not down to a level that would be considered safe for human
health.

At deeper depths there was some evidence that the floating plants actually increased E. coli
concentrations in water; the median of the distribution of differences between quadrant QA (with
plants) and QB (without plants) was positive for all sampled depths below 8 cm, though only the
median at the 50-cm depth was statistically significantly different than zero (Fig. 7). The mass-
balance calculations indicated that the presence of plants actually increased the overall E. coli
load, on a per m? basis, likely due to roots harboring the pathogens (Fig. 9A,E). Within the
planted quadrants, 20% to 40% of the E. coli was associated with plant roots (Fig. 9D). Other
investigations, conducted in less-impacted water bodies, have found that plants act as a long-
term reservoir for E. coli, harboring and protecting the pathogens from inactivation and predation
(Badgley et al., 2010; Mathai et al., 2019) and increasing the overall E. coli load on a per area
basis (Badgley et al., 2011).

It is important to note that, unlike treatment wetlands which are engineered to maximize
pathogen removal, the system studied here is uncontrolled. We had no control over hydraulic
regime, the length of time that water spent in contact with the plants, or chemical composition of
the water, which are all variables shown to be important within treatment wetlands (Wu et al.,
2016).
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4.4. Investigated Mechanisms of E. coli Removal by Floating Plants

At outlined in the introduction, the experiment was set up to investigate three different
mechanisms by which plants can facilitate the removal of pathogens from water: 1) pathogens
sorbing onto plant roots, 2) pathogens sorbing onto particles that settle out of the water column
due to the presence of plants, and 3) plants creating a protective environment for higher
organisms that then graze on the pathogens.

The first mechanism did occur; E. coli was detected on the roots of plants within both planted
quadrants (SI Fig. 3) and, as discussed in the previous section, the mass balance calculations
demonstrated that a notable portion of the E. coli load in these quadrants was associated with
roots (Fig. 9D). This association of E. coli with plant roots could, in part, explain the reduction in
E. coli measured in water at the 8-cm depth (Fig. 7), as plant roots extend into and beyond this
water depth. It is estimated that the thicker root section of water hyacinth extends 8 — 10 cm into
the water and the thinner roots extend an addition ~15 cm, reaching a total depth of ~25 cm (Fig.
2).

In terms of the second mechanism, the presence of plants did appear to increase the rate of
sediment deposition; the rate difference for each comparison between the paired planted and
unplanted treatments was positive (Fig. 8). Though, there were not enough samples to get a
statistically significant result. For many of the comparisons between the paired planted and
unplanted treatments, the concentration of E. coli on the deposited sediment was greater in the
unplanted quadrants than in the planted quadrants (Fig. 8). The mass-balance calculation also
showed that, in general, quadrants without plants had more total E. coli associated with
suspended sediment than quadrants with plants (Fig. 9G). Though, again, none of these
differences were statistically robust. In net, the outcome was that sediment deposition removed a
similar amount of E. coli for both planted and unplanted treatments (Fig. 8), indicating this
removal mechanism was not particularly robust within the studied context.

Previous studies have shown that plants create a protected environment for aquatic organisms
(Decamp and Warren, 2000; Gonzalez et al., 1990; Menon et al., 2003; Song et al., 2008). In our
study, the QA-QB treatment pair clearly aligned these previous findings; the total presence of
organisms that could graze on E. coli was greater for QA, the planted quadrant, than it was for
QB, the unplanted quadrant (Fig. 10). The results for the QC-QD treatment pair were less clear.
The median number of organisms were greater in the planted quadrants (QC) than the unplanted
quadrant (QD) but the difference was not statistically significant.

While it is not possible to isolate the exact depths within which the various organisms were
residing because the net tow spanned the top 100-cm of the water column, if the organisms were
congregating within the root zone, they could have contributed to the general reduction in E. coli
concentration found in the planted treatments within the 8-cm sample depth (Fig. 7). Notably, the
QA-QB treatment pair had statistically significant differences in both shallow E. coli
concentrations (with the planted treatment having lower concentrations) and organism presence
(with the planted treatment having more total organisms), while the differences between QC-QD
treatment pair tended to match the behavior of the QA-QB treatment pair but had less statistical
strength. This observation suggests that the extent to which the floating plants were able to
successfully remove E. coli was connected with the presence of aquatic organisms, presumably
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residing within the protected root zone. Unfortunately, it is also possible that the protected
environment created by plants also harbored parasites and parasite eggs (Table 1). Though this
result needs further investigation as our analysis only identified possible parasites and parasite

eggs.

5. Conclusion

The water surrounding Claverito has a high burden of fecal contamination, which has negative
impacts on the health of the community. Water hyacinth was able to keep E. coli concentrations
at safe levels in shallow water (i.e., below the EPA recreational water threshold), but only when
the overall river water had concentrations at or below ~1500 CFU mL"*. When E. coli loads
increased above this level, water hyacinth continued to reduce the presence of E. coli in shallow
water, but not down to levels considered safe for human health in the U.S.A. It is difficult to
assess how water hyacinth performed with regards to the Peruvian standard for natural water
because this standard is for total coliforms and we only measured E. coli, which is a subset of
total coliforms.

It appeared that the E. coli was removed from water in the presence of floating plants due to
sorption onto plant roots and/or due to grazing by other organisms that congregated in greater
numbers when plants were present. Unfortunately, some of these congregated organisms within
the planted treatments were identified as potential parasites and parasite eggs. Sorption of E. coli
onto plant roots did not remove E. coli from the system nor did it inactivate them. A notable
portion of culturable E. coli within the water column (a median 20-40%) was associated with
roots in treatments that had water hyacinth. Data indicated that due to this association of E. coli
with roots, the presence of floating plants actually increased the total load of E. coli.

With the number of floating communities around the world potentially increasing due to climate
change and sea level rise, and with millions already living in floating communities, many of
which are informal, the design, planning, upgrade, and management of these communities can
consider aquatic vegetation as a way to improve environmental quality. Other studies in the
InterACTION Labs program have revealed that aquatic vegetation creates biodiversity-rich
‘habitat islands' that support reptiles, amphibians, birds, and fish —important for this primarily
fishing community (Andrews et al., 2022). However, the use of floating vegetation as a means to
remove pathogens from water around floating communities should only be considered if there is
a desire to keep the surface layer of water free from E. coli. It should be clearly understood that
the plants do not reduce contamination within deeper water layers, and that even in the shallow
water layer, the treatment does not always keep contamination at levels deemed safe. It is also
possible that the plants are harboring parasites — a possibility that deserves further investigation.

6. Community Implications

Aquatic vegetation naturally proliferates in and around Claverito and is used for animal feed and
as compost for hillside trees. While this study was based on the idea of intentionally placing or
curating aquatic plants in order to achieve a specific water-quality outcome (i.e., low E. coli
counts), it nonetheless supports a set of concrete actions for the residents of Claverito under
natural or non-curated conditions:
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e If water is going to be obtained from the river, it is best to scoop it up from the top 8 cm
in areas where there are plants, but know that this water is not safe to ingest without
treatment.

e Do not swim in the river, as it is not safe anywhere. If one needs to bath or swim and
completely immerse oneself, do not open eyes or mouth underwater. Wash hands and
face thoroughly with soap and clean water as soon as possible after submersion.

e Avoid touching submerged roots of aquatic vegetation, as they harbor active E. coli, and
wash hands thoroughly with soap after touching or moving aquatic vegetation.

e When the water levels drops during the dry season, remove aquatic vegetation before it
interacts with the soil surrounding the community. This effort will reduce the E. coli load
delivered to the soil surface that people walk and play on. Removed vegetation can be
used in gardens for fertilizer. Use gloves, a net and/or wash hands with soap after
touching aquatic vegetation.

e E. coli can live in soil for weeks to months. The soil surface exposed during the dry
season likely contains active E. coli that were absorbed from the overlying water and
deposited by settling sediment during the flooding season. Wear closed toed shoes when
walking in this exposed soil. Avoid bringing this soil into your homes by keeping shoes
outside and wash hands with soap after touching the soil.
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8. Data Availability Statement

All data related to this study are available in Excel documents in HydroShare (Neumann et al.,
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coli CFU in water, sediment and plant roots; sediment captured by sediment traps; number of
counted organisms from plankton tow, and biomass of sampled plants. The excel sheet
references photos that were taken during the experiment and when counting organisms. These
photos are available upon request due to their large number and file size. The resource is shared
under the Creative Commons Attribution CC BY.

17



724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769

9. References

Alarcon, J.O., Alarcon, J.A., Andrews, L., 2018. Epidemiologia, arquitectura paisajista, “una
salud” e innovacion: experiencia en una comunidad amazonica. Rev Peru Med Exp Salud
Publica 35, 667-674. https://doi.org/10.17843/rpmesp.2018.354.4109

Andrews, L., 2018. Integrating human health, ecology and built environment design: A TDAR
Gardens Intervention case study with an informal slum community in the Peruvian
Amazon. University of Washington, Seattle, WA.

Andrews, L., Bachman, R., Fernandez, S.P., 2022. Amphibious communities in the Amazon
Rainforest, in: The Routledge Handbook of Sustainable Cities and Landscapes in the
Pacific Rim. Routledge.

Ansola, G., Gonzélez, J.M., Cortijo, R., de Luis, E., 2003. Experimental and full-scale pilot plant
constructed wetlands for municipal wastewaters treatment. Ecological Engineering 21,
43-52. https://doi.org/10.1016/j.ecoleng.2003.08.002

Bachman, R.A., 2020. Reimagining the amphibious city: from health data to ecological design in
an Amazonian informal community. University of Washington, Seattle, WA.

Badgley, B.D., Nayak, B.S., Harwood, V.J., 2010. The importance of sediment and submerged
aquatic vegetation as potential habitats for persistent strains of enterococci in a
subtropical watershed. Water Research 44, 5857-5866.
https://doi.org/10.1016/j.watres.2010.07.005

Badgley, B.D., Thomas, F.I.M., Harwood, V.J., 2011. Quantifying environmental reservoirs of
fecal indicator bacteria associated with sediment and submerged aquatic vegetation.
Environmental Microbiology 13, 932-942. https://doi.org/10.1111/].1462-
2920.2010.02397.x

Boutilier, L., Jamieson, R., Gordon, R., Lake, C., Hart, W., 2009. Adsorption, sedimentation, and
inactivation of E. coli within wastewater treatment wetlands. Water Research 43, 4370—
4380. https://doi.org/10.1016/j.watres.2009.06.039

Conery, K., 2019. Effects of the Built Environment on Health in a Floating Slum Community in
Iquitos, Peru. University of Washington, Seattle, WA.

Cusick, D., 2020. Could Floating Cities Be a Haven as Coastlines Submerge? Scientific
American.

Decamp, O., Warren, A., 2000. Investigation of Escherichia coli removal in various designs of
subsurface flow wetlands used for wastewater treatment. Ecological Engineering 14,
293-299. https://doi.org/10.1016/S0925-8574(99)00007-5

Devol, A.H., Forsberg, B.R., Richey, J.E., Pimentel, T.P., 1995. Seasonal variation in chemical
distributions in the Amazon (Solimd&es) River: A multiyear time series. Global
Biogeochemical Cycles 9, 307—328. https://doi.org/10.1029/95GB01145

Djonoputro, E.R., Blackett, I., Rosenboom, J.-W., Weitz, A., 2010. Understanding sanitation
options in challenging environments. Waterlines 29, 186-203.
https://doi.org/10.3362/1756-3488.2010.020

Environmental Protection Agency, 2012. 2012 Recreational Water Quality Criteria, Clean Water
Act.

Gibs, R.J., 1972. Water chemistry of the Amazon. Geochimica et Cosmochimica Acta 36, 1061—
1066.

Gibs, R.J., 1967. The geochemistry of the Amazon river system: part I. The factors that control
the salinity and the composition and concentration of the suspended solids. Geological
Society of America Bulletin 78, 1203-1232.

18



770
771
772
773
774
775
776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815

Gonzélez, J.M., Iriberri, J., Egea, L., Barcina, I., 1990. Differential Rates of Digestion of
Bacteria by Freshwater and Marine Phagotrophic Protozoa. Applied and Environmental
Microbiology 56, 1851-1857. https://doi.org/10.1128/aem.56.6.1851-1857.1990

Jasper, J.T., Nguyen, M.T., Jones, Z.L., Ismail, N.S., Sedlak, D.L., Sharp, J.O., Luthy, R.G.,
Horne, A.J., Nelson, K.L., 2013. Unit Process Wetlands for Removal of Trace Organic
Contaminants and Pathogens from Municipal Wastewater Effluents. Environmental
Engineering Science 30, 421-436. https://doi.org/10.1089/ees.2012.0239

Kansiime, F., van Bruggen, J.J.A., 2001. Distribution and retention of faecal coliforms in the
Nakivubo wetland in Kampala, Uganda. Water Science and Technology 44, 199-206.
https://doi.org/10.2166/wst.2001.0829

Maclintyre, M.E., Warner, B.G., Slawson, R.M., 2006. Escherichia coli control in a surface flow
treatment wetland. Journal of Water and Health 4, 211-214.
https://doi.org/10.2166/wh.2006.0017

Mathai, P.P., Dunn, H.M., Magnone, P., Zhang, Q., Ishii, S., Chun, C.L., Sadowsky, M.J., 2019.
Association between submerged aquatic vegetation and elevated levels of Escherichia
coli and potential bacterial pathogens in freshwater lakes. Science of The Total
Environment 657, 319-324. https://doi.org/10.1016/j.scitotenv.2018.11.484

Menon, P., Billen, G., Servais, P., 2003. Mortality rates of autochthonous and fecal bacteria in
natural aquatic ecosystems. Water Research 37, 4151-4158.
https://doi.org/10.1016/S0043-1354(03)00349-X

Ministerio del Ambiente - MINAM, 2017. Estandares nacionales de calidad de Agua Ambiental
para el Agua, Decreto supremo.

Moquet, J.-S., Guyot, J.-L., Crave, A., Viers, J., Filizola, N., Martinez, J.-M., Oliveira, T.C.,
Sanchez, L.S.H., Lagane, C., Casimiro, W.S.L., Noriega, L., Pombosa, R., 2016. Amazon
River dissolved load: temporal dynamics and annual budget from the Andes to the ocean.
Environ Sci Pollut Res 23, 11405-11429. https://doi.org/10.1007/s11356-015-5503-6

Neumann, R.B., Paredes Fernandez, S.C., Andrews, L., Alarcon, J.A., 2022. Influence of water
hyacinth (Eichhornia crassipes) on concentration and distribution of Escherichia coli in
water surrounding an informal floating community in Iquitos, Peru [WWW Document].
HydroShare. URL
http://www.hydroshare.org/resource/a559¢923b65443129af72403b92c39e1

Pandey, P.K., Kass, P.H., Soupir, M.L., Biswas, S., Singh, V.P., 2014. Contamination of water
resources by pathogenic bacteria. AMB Express 4, 51. https://doi.org/10.1186/5s13568-
014-0051-x

Pedro, J.P.B., Oliveira, C.A. da S., de Lima, S.C.R.B., von Sperling, M., 2020. A review of
sanitation technologies for flood-prone areas. Journal of Water, Sanitation and Hygiene
for Development 10, 397-412. https://doi.org/10.2166/washdev.2020.019

Pruss-Ustin, A., Wolf, J., Bartram, J., Clasen, T., Cumming, O., Freeman, M.C., Gordon, B.,
Hunter, P.R., Medlicott, K., Johnston, R., 2019. Burden of disease from inadequate water,
sanitation and hygiene for selected adverse health outcomes: An updated analysis with a
focus on low- and middle-income countries. Int J Hyg Environ Health 222, 765-777.
https://doi.org/10.1016/j.ijheh.2019.05.004

Quifibnez-Diaz, M. de J., Karpiscak, M.M., Ellman, E.D., Gerba, C.P., 2001. Removal of
Pathogenic and Indicator Microorganisms by a Constructed Wetland Receiving Untreated
Domestic Wastewater. Journal of Environmental Science and Health, Part A 36, 1311—
1320. https://doi.org/10.1081/ESE-100104880

19



816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837

Revkin, A., 2019. Floating cities could ease the world’s housing crunch, the UN says. National
Geographic.

Rivera, F., Warren, A., Ramirez, E., Decamp, O., Bonilla, P., Gallegos, E., Calderén, A.,
Sanchez, J.T., 1995. Removal of pathogens from wastewaters by the root zone method
(RZM). Water Science and Technology, Wetland Systems for Water Pollution Control
1994 32, 211-218. https://doi.org/10.1016/0273-1223(95)00622-2

Solano, M.L., Soriano, P., Ciria, M.P., 2004. Constructed Wetlands as a Sustainable Solution for
Wastewater Treatment in Small Villages. Biosystems Engineering 87, 109-118.
https://doi.org/10.1016/j.biosystemseng.2003.10.005

Song, ZW., Wu, L., Yang, G., Xu, M., Wen, S.P., 2008. Indicator Microorganisms and
Pathogens Removal Function Performed by Copepods in Constructed Wetlands. Bull
Environ Contam Toxicol 81, 459-463. https://doi.org/10.1007/s00128-008-9527-1

Stallard, R.F., Edmond, J.M., 1983. Geochemistry of the Amazon: 2. The influence of geology
and weathering environment on the dissolved load. Journal of Geophysical Research:
Oceans 88, 9671-9688. https://doi.org/10.1029/JC088iC14p09671

Wetlands Work!, 2013. Floating Villages and The HandyPod. Floating Villages and The
HandyPod. URL https://wetlandswork.com/products-and-services/sanitation-in-
challenging-environments/handy-pods/ (accessed 9.14.21).

Wu, S., Carvalho, P.N., Muller, J.A., Manoj, V.R., Dong, R., 2016. Sanitation in constructed
wetlands: A review on the removal of human pathogens and fecal indicators. Science of
The Total Environment 541, 8-22. https://doi.org/10.1016/j.scitotenv.2015.09.047

20



Supplemental Information
Influence of water hyacinth (Eichhornia crassipes) on concentration and distribution of
Escherichia coli in water surrounding an informal floating community in Iquitos, Peru

Rebecca B. Neumann, Susan Paredes Fernandez, Leann Andrews, Jorge A. Alarcdn,
InterACTION Labs Working Group

Results from 2017 Preliminary Study........cccceeveecevecceieeieeeen pages 2 —4
Results from 2018 Study Outlined in Main Manuscript.... Pages 5—7



Preliminary Study of E. coli and coliform removal by aquatic plants in Claverito

Compared naturally existing locations within Claverito that had and lacked aquatic vegetation.
Collected two water samples per condition and tested for E. coli using 3M Petrifilm slides.
Counted E. coli on slides after 24-hours of incubation. Averaged results for two samples.
Calculated percent removal by plants by comparing averaged values between vegetated and

un-vegetated locations.
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TEST 4: JUNE 26, 2017
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We also compared the E. coli counts for the control/open water samples to understand how
changes in river levels might be impacting overall E. coli counts at 8 cm and 40 cm. The April
tests were about 1 meter more deep than the February and June tests.

1 2 3 2 3

CONTROLS 2.19 test 4,17 test 4,26 test 6.26 test 4.17 test 4,26 test 6.26 test
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location 8cm 40 cm
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Washington 120 72 32 62 78 38 67
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Calle
Washington 140 71 20 40 75 23 42
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Calle
Washington 140 65 13 66 76 18 69
North

In addition, we tested the ability of specific plants to remove E. coli by identifying locations
dominated by a specific plant type. Used methods described above. Compared removal ability
of that plant to unvegetated locations on the other side of the boardwalk.
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Data from 2018 Study Outlined in Main Manuscript
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Sl Figure 1: Sediment deposition rate (top row), number of E. coli CFU
associated with sediment (middle row), and deposition rate of E. coli
CFU due to sediment settling (bottom row) over the experiment for
treatments QA and QB (left column) and QC and QD (right column).
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S| Figure 4. Possible parasite egg (left hand side) and parasite larvae (right hand side).



