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Abstract: Rainwater harvesting (RWH) systems can be used to mitigate global water crises; however,
they have been poorly received by communities because of the sub-standard quality of harvested
water. Heterotrophic bacteria present in the water can degrade the water’s microbiological quality
and create health issues. Moreover, exposure to visible light can affect both suspended and surface-
attached heterotrophic bacteria, a phenomenon that is poorly investigated. This study explored the
effect of visible light on surface-attached heterotrophs (SAB) and suspended heterotrophs (SB) in
an RWH tank for a period of three months. The SAB plate counts were observed to be significantly
higher in the tank exposed to sun (TES) than in the tank not exposed to sun (TNES). Furthermore,
the SB plate counts in the TNES reduced 10 folds faster than in the TES, especially at the top and
middle levels. When exposed to visible light, the phototrophs present in the water sustained the
heterotrophs by producing nutrients via photosynthesis. Based on the findings of this research,
this paper recommends providing shade to the tanks that are exposed to sunlight. Additionally,
it suggests not to disinfect the tank because it leads to a decrease in the self-purification effect
of microbes.
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1. Introduction

Water is critical for the survival of human beings. In developing nations, a constant
population growth corresponds to an increased pressure on water resource and water
consumption [1,2]. Thus, millions of people live in areas with extreme water vulnerability
and do not have access to clean water [2]. Furthermore, it has been predicted that by 2050,
more than half of the global population will live in areas that suffer from water scarcity at
least one month each year [3]. Serious actions to tackle these underlying threats should then
be implemented through improvement of water management, increased efforts of water
conservation, and adoption of nature-based solutions [3], one of which is via RWH [4].

RWH technology consists of collecting rainwater from a roof or other catchment
surface and directing it into a storage area [5]. This storage area ranges from a simple
rainwater barrel to a more complex multiple tank system [6]. Despite the inclusion of
simple methods, RWH is not widely used in developing countries due to the excess cost of
storage tank, the uncertainty of water quality, and poor installation or maintenance [5,7]. In
households that use RWH, cheap recycled or scavenged items like plastic barrels, jerrycans,
or plastic drums, that allow for the penetration of visible light, are often used in lieu of more
ideal opaque tanks [4,8] to help address water shortage for both potable and non-potable
purposes [5].

A common issue with RWH, nonetheless, is the quality of rainwater harvested. Be-
cause of the presence of dry and wet particles that settle on the roof catchment, such as dust
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and bird droppings, many researchers have observed poor quality of harvested water [9,10]
which may contain pathogens that are harmful to human health [11]. Few studies, which
utilized opaque and large storage tanks, have investigated the factors affecting microbial
growth in RWH [12-14]. However, to the knowledge of the authors, no research has been
done on the quality of rainwater using storage items that households in developing coun-
tries commonly use, which are cheaper, more accessible, and allow for the penetration of
visible light [8]. Thus, the purpose of this paper is to fill the current knowledge gap on
the microbial water quality of rainwater kept in storage of small capacity allowing light
penetration. The quality of harvested rainwater is influenced by several physicochemical,
spatial, temporal, and microbiological factors [15,16]. Baseline low concentration of total
dissolved solids and organic carbon in rainwater has the potential to inhibit growth of
SB [17]. On the other hand, high water temperature inside storage tanks can stimulate
bacterial proliferation [16]. The number of bacteria in rainwater also differ depending
on the storage water depth and over time for both suspended as well as SAB [18-20].
In addition, while SAB in tap water have been found to carry waterborne pathogens in
drinking water distribution systems [21], several studies have observed a positive effect of
SAB particularly on harvested rainwater quality [15,17]. The advantages, however, were
found only in investigations that involved stored rainwater not exposed to visible light.

A study by Kim and Han (2011) observed that after inoculating Pseudomonas aeruginosa
in rainwater storage with SAB, 99% of the Pseudomonas was removed after five days in full-
scale tanks [17]. In addition, Coombes et al. (2006) stated that in underground rainwater
tanks, SAB removed toxic metals and compounds from the water column by playing the
role of a bioreactor [12]. Suspended heterotrophic bacteria can also digest dissolved organic
compounds, attach to the SAB, and die naturally due to starvation [12,22] Thus, in a RWH
tank that is not exposed to visible light, SAB improves microbiological water quality [19,22].
Although these studies highlight the potential benefits of SAB, studies on their growth
and their effect on heterotrophic bacteria in stored rainwater exposed to visible light are
lacking. Nevertheless, the influence of visible light on water quality has been investigated
in other sources of water.

Research on the effects of visible light on SB present in aquatic ecosystem yielded
conflicting results. Visible light was found to hinder microbial growth by producing
reactive oxygen species, which cause oxidative damage in bacterial cells [23,24]. However,
a literature review done by Ruiz-Gonzales et al. (2013) discussed the effects of sunlight
on heterotrophic bacterial activity, suggesting that visible light induces photosynthesis,
which affects the quantity of organic compounds passing through the microbial food chains.
The photochemical transformation of dissolved compounds in the water in turn increases
the amount of food that is available for the existing heterotrophic bacteria, leading to its
multiplication [25]. Furthermore, a research done by Schmidt et al. (2018) showed that
SAB in water exposed to visible light, despite its stable counts over time, were significantly
higher in number compared to the non-exposed condition at the end of the study period [26].
These findings, however, are yet to be seen in studies on harvested rainwater.

The objectives of this paper are to investigate the effects of visible light on both
microbial and physicochemical properties of water in rainwater harvesting tanks of small
capacity and to suggest a possible practical way how to maintain the microbial water
quality of household rainwater tanks in developing countries and developed countries
as well.

2. Materials and Methods
2.1. Experimental Setup

Two 34 L acrylic tanks, having a diameter of 25 cm and a height of 70 cm each, were
fabricated with a tap at the bottom. As this study focused on the effect of visible light,
a PVC coating (ORACAL 8300) that was purchased from Orafol, Germany was used to
prevent the penetration of ultraviolet (UV) radiation into the tank. The two tanks were first
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washed with detergent and then rinsed with double-distilled water. Furthermore, they
were sterilized with 70% ethyl alcohol.

Coupons were made (each with a surface area of 16 cm?) using polyethylene tereph-
thalate (PET), with each coupon having a dimension of 2 x 4 cm. After sterilizing with
70% ethyl alcohol, three of these coupons were attached to a single sterile fishing line at
different heights that corresponded to the top water level (T) (at a depth of 15 cm from
the water surface), middle water level (M) (at a depth of 35 cm from the water surface),
and bottom water level (B) (at a depth of 55 cm from the water surface), as illustrated in
Figure 1. T was set at 15 cm, as many researchers have shown that solar disinfection is
ineffective at depths greater than 10 cm [27]. Furthermore, 24 strings were tied vertically
with three coupons each (T, M, B) to a cable tie, as shown in Figure 1.
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Figure 1. Experimental setup of sampling coupons in rainwater tanks (a) Top and side view of the
tank storage, (b) The effect of sunlight.

Rainwater was collected from the RWH system with a first flush tank in building
number 39 at Seoul National University, South Korea, and introduced into the acrylic tank
until the water level reached 30 L. The physiochemical characteristics of the water source
are as follow: pH and temperature were 7.83° and 22°, the concentration of dissolved
oxygen was 5.28 mg L1, and the level of total dissolved solids were 57 mg L~1. The total
phosphorous (TP) and total nitrogen (TN) were very low <0.01 mg L~! and 1.64 mg L1,
and the total organic carbon were 2.58 mg L~1.

This procedure was repeated for the other tank. Then, one tank was kept on the roof
of building number 35 at Seoul National University and the other tank was kept inside a
room with no openings to provide a dark environment. The experiment was conducted
from July to September 2020, that is, during the summer. The average meteorological
condition and the visible light intensity surrounding the study area are as follows: the
temperature was 27.28 4= 1.34 °C, the humidity was 58 & 21%, and the visible light intensity
was 70.12 + 9.20 kW /m? [28].

2.2. Sampling and Collection of Coupon

Water samples (20 mL) were collected weekly at each level using a sterile 10 mL
pipette, corresponding to the water level of the coupon. The collected water was then
poured into a 50 mL sterile conical plastic tube. During the experimental period, the tanks
were not refilled with water. The volume of the water sample did not exceed 1 L, and
water loss was minimized by placing a parafilm at the edge of the tanks. At the end of the
experiment, less than 2 cm of the water was depleted.

Every week, two strings, located at the opposite ends of the tank, were removed and
washed with 5 mL of sterile phosphate buffered saline (PBS) to separate the non-attached
bacteria. Then, three coupons (of T, M, and B) were placed inside the sterile conical plastic
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tubes filled with 20 mL of PBS to investigate the microbial properties. Another three
coupons were placed in sterile Petri dishes until they were assessed for biomass.

2.3. Bacterial Enumeration

The culturable suspended heterotrophic bacteria plate counts in the collected water
samples were assessed using 3 M petrifilm Aqua Heterotrophic Count (AQHC) plates. The
collected water samples were diluted using sterile distilled water to measure the plate
counts (15-200 colonies). After dilution, 1 mL of the diluted solution was spiked onto
the AQHC plates and evenly spread using a spreader that was provided with the AQHC
plates. The spiked AQHC plates were then incubated at 37 °C for 48 h. After incubation,
the number of colony-forming units (CFU) of each plate was counted. The plate counts
were performed in triplicate, and the average CFUs were expressed in CFU/mL.

The bacteria had to be detached from the surface in order to measure the SAB. To
detach them, this study used the method described by Kobayashi et al. (2009) [29]. First,
test tubes containing the coupons were shaken using a vortex shaker (SI-0246A Vortex-
Genie-2, Scientific Industries Inc., USA) for 3 min, and then immersed in a sonication
bath (SAE-HAN Ultrasonic cleaner SH-1025, SAE HAN Ultrasonic Co., Jongno-Gu, Seoul,
Korea) for 15 min at 60 Hz. The optimum sonication time was determined during the
preliminary study to maximize the detachment.

During the preliminary study, the sonication bath was on for time: 5, 10, 15, 20, and
25 min. After 5 min, 1 mL of the solution was spiked on the petrifilm in triplicate. We
repeated the process for the different time. The number of CFU did not increase from 15 to
20 min. Therefore, 15 min was retained as the optimum sonication time.

After the sonication bath, the number of CFUs in the water (detached from the coupon)
was measured using the same method described for the SB plate counts. However, for
the SAB, the number of colonies observed was multiplied by the volume of the PBS and
divided by the surface area of the coupon to estimate the number of CFUs per unit area of
the coupon. Therefore, all the SAB plate counts are expressed in CFU/cm? units. Every
bacterial enumeration was made in triplicate.

2.4. Total Biomass Quantification

Total amount of biomass is the structure formed by SAB, dead cell, and extracellular
substance [30]. The quantification of total amount of biomass is an indirect way to assess
the presence of bacteria attached to a surface [31] The biofilm formed by SAB was estimated
using the crystal violet staining assay, following the method used by Stiefel et al. (2016) [30].
The coupon collected in the Petri dish was dried at 25 °C in the room. Then, 5 mL of
0.5% crystal violet (CV) was added to the Petri dish and the coupon was immersed for
30 min. A 0.5% CV solution was prepared following the Cold Spring Harbor Laboratory
protocol [32]. Additionally, crystal violet powder (Daejung Chemicals & Metals, South
Korea) was mixed with 20 mL of methanol (Daejung Chemicals & Metals, South Korea)
and 80 mL of double-distilled water. The coupons were retrieved from the staining solution
and washed thrice with 5 mL of sterile distilled water. After the coupons were dried at
25 °C in the room, 5 mL of 96% ethanol was added to dissolve the surface-attached bacteria-
bound CV. The Petri dish was gently shaken after the introduction of ethanol. Alcohol
solution containing the stain was analyzed using a water analyzer and spectrophotometer
(HS-3300, Humas, Daejeon, Korea). Absorbance corresponding to a wavelength of 595
nm was measured (with a standard error of 1% of absorbance), which was an indicator of
the biomass.

2.5. Measurement of Physiochemical Parameters

The pH (with a standard error of £0.02) and temperature (with a standard error of
£0.2) of rainwater were measured using a pH meter (HM 31 P, TOADKK, Japan). Further-
more, total dissolved solids (TDS) (with a standard error of +0.002) was measured using
an HM Digital COM-300 EC TDS pH 4 in 1 Combo Meter (New York, NY, USA). Dissolved
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oxygen (DO) (with a standard error of £0.1 mg/L) was measured using an optical dis-
solved oxygen meter (ProODO, YSI, Yellow Springs, OH, USA). The concentration of total
organic carbon in stored rainwater was measured with (Shimdazu total organic carbon
analyzer ASI-V auto sampler).

2.6. Statistical Analysis

Data were first normalized by a log transformed due to the assumption required in
parametric statistical analysis methods such as t-test and ANOVA [33,34]. Then it was
subjected to two-way repeated measures ANOVA, and paired t-tests were performed using
this software at a 95% confidence interval. Two fixed factors were considered: time with
12 levels (1-12 weeks) and water depths (top, middle, and bottom). Statistical analyses were
performed on the data that were converted to a logarithmic scale using SAS University
edition software. A non-linear regression with exponential function was performed to
assess the decay rate of the SAB, total amount of biomass and SB.

3. Results and Discussion
3.1. Effect of Visible Light on SAB
3.1.1. Effect of Visible Light on SAB at Different Water Depths

All the coupons that were analyzed in this study contained heterotrophic bacteria on
their surfaces. The surface-attached heterotrophic bacterial counts are shown in Figure 2.
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Figure 2. Variation of surface-attached heterotrophic bacteria (a) in the tank exposed to sun and (b) in
the tank not exposed to sun at different water depths (T: top, M: middle, and B bottom).

Exposure to visible light had a significant effect on the amount of surface-attached bac-
teria in the tank (p < 0.02). While the number of heterotrophic bacteria was relatively stable
in the TES, it decreased in the TNES. The stability of heterotrophic bacteria is probably
caused by the higher availability of food produced by phototrophs during photosynthe-
sis [26]. This hypothesis is corroborated by a significant difference in the concentration
of total organic carbon in the two tanks, illustrated in Figure 3, (Student ¢-test p < 0.05).
According to Schmidt et al. (2018), phototrophic bacteria in biofilms contribute to their sta-
bilization and cultivation; additionally, low light intensity results in a significant reduction
in biofilm development [26].

Figure 2 also shows that the time trends in SAB plate count, with changes observed
in two stages in both tanks: (1) from the 1st week until the 6th week, then (2) from the
6th week until the end of the experiment. This effect of time on the surface-attached plate
counts is significant in the TES and TNES, Greenhouse-Geisser F (2.33) =46.303, p < 0.01 and
F (2.33) =90.415, p < 0.01), respectively. In this regard, Kim et al. (2016) and Amauri et al.
(2020) both reported that the accumulation of bacteria on the surface is a dynamic process
involving the adhesion, growth, and maturation of surface-attached structures [14,35].
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The main effect of water depth on the average SAB plate counts across the time is also
significant. In the initial phase, SAB plate counts at the top (1.51 Logjg CFU/cm?) and
middle (1.46 Log;o CFU/ cm?) were higher compared to bottom level (1.21 Log;o CFU/ cm?).
Van der Merwe et al. (2013) reported a similar trend, with higher bacterial attachment at the
top and middle levels [14]. During the second phase, however, the number of SAB at the
bottom level increased. Towards the end, the concentration of SAB at the bottom surpassed
both the top and middle level SAB plate counts. The pairwise comparisons indicated a
significant difference only between the middle and bottom water level (p < 0.09). Spinks
et al. (2007) and Kim et al. (2016) observed that the sedimentation of particle-attached
bacteria induced a better development of biofilm at the bottom level of an underground
rainwater tank [13,19]. Another possible explanation is the biota exchange between the
sludge and SAB at the bottom resulting in increased count over time, as also argued by
Tu et al. (2020) in their study on biofilm formation on microplastics [36]. This strongly
supports the results of this study. A similar sedimentation process took place in TNES,
which is responsible of statistically variation between the different water depths (p < 0.05).
Some authors also argued that the bacterial count differences between levels are due to
the water temperature gradient [19], but no significant differences in temperature were
observed in the current study. However, temperature was taken only once weekly, which
might not measure precise temperature gradient.

Total Organic Carbon
(mg/L)

Total Organic Carbon
(mg/L)

01234567 8910111213
. Tim k
Time (weeks) e (weeks)

(a) (b)

Figure 3. Variation of concentration of total organic carbon (a) in the tank exposed to sun and (b) in

012345467 8910111213

the tank not exposed to sun at different water depths (T: top, M: middle, and B bottom).

A non-linear regression with an exponential function was calculated to determine the
decay rate of SAB at the top, middle and bottom level as seen in Table 1. The regression
equation was y= A x et b represents the decrease of the bacteria per day. The coefficient
of determination R? and the 95% confidence interval (CI) for the decay rate are presented
in the Table 1.

Table 1. Growth and decay rate, coefficient of determination R?, and 95% CI of surface-attached heterotrophic bacteria in

tank exposed to sun and non-exposed to sun at different water depths.

Water Depths Tank Exposed to Sun Tank Not Exposed to Sun
Rate (d-1) R? 95% CI Rate (d~1) R? 95% CI
Top —0.34 0.60 [—0.676 — 0.010] —0.33 091 [-0.462 — 0.192]
Middle —0.17 0.41 [—0.279 — 0.072] —0.03 0.53 [—0.050 — 0.020]
Bottom 0.26 0.66 [0.093 0.417] —0.25 0.80 [—0.367 — 0.137]

The extremely slow growth rates, as shown in Table 1 confirmed again the effect
of visible light on the surface-attached bacteria. Without visible light exposure, it had
a similar pattern as that of the first phase, except that the number of surface-attached
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bacteria declined after the 6th week, with a higher decay rate being observed at the top
and middle levels.

3.1.2. Effect of Visible Light on Total Biomass of SAB at Different Water Depths

Figure 4 shows that the amount of total biomass that was exposed to visible light was
significantly larger than that of the non-exposed tank. Visible light induces the production
of organic compounds necessary for the metabolism of heterotrophic bacteria as seen
in Figure 3. Augusti et al. (2020) and Music et al. (2019) have emphasized that light
is a primary energy source for autotrophic organisms, linking photosynthesis directly
to the growth of biomass and uptake of nutrients [37,38]. In addition, the secretion of
the extracellular substance bu SAB might also contribute to the disparity between the
amount of total biomass in TES and TNES. Schmidt et al. (2018), found a higher amount of
extracellular polymeric substances with light exposure [26].
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Figure 4. Variation of the total SAB biomass (a) in the TES and (b) in the TNES at different water
depths over time (T: top, M: middle, and B bottom).

Storage time also had a significant impact on the variation of the amount of total
biomass of surface-attached in TES (Figure 4). Until the 6th week, the augmentation of
total biomass was slow, and then it showed a rapid increase. These temporal dynamics of
the biomass pattern on the PET surface were in accordance with those of a previous study
done by Tender et al. (2017) [39]. The first stage was argued to due to bacterial colonization
and early biofilm formation. Over time, bacterial proliferation intensified, and biofilms
grew in planar expansion and thickened [39]. Moreover, the faster growth at the bottom
level during the early phase can be explained by the integration of dead cells, a source of
DOM for heterotrophic bacteria that contribute to total biomass [25], into the biofilm due
to sedimentation [19]. Indeed, this study has added to the literature that highlight effect of
time on biomass accumulation [36].

In the TNES, the variation of the amount of biomass overtime was almost constant,
but there were significant differences in biomass count in water depth as shown in Figure 4
and in Table 2. The total biomass at the bottom level was significantly higher than that
at the upper level Stiefel et al. (2016) stated that the total amount of biofilm is formed by
live cells, dead cells, and extracellular substances [30]. Dead cells settle and accumulate at
the bottom of the tank [28]. Furthermore, the placement of the coupon at near the bottom
of the tank might have enhanced biota exchange [36].The growth rate of the amount of
biomass was estimated by non-linear regression for TES. The statistical analysis result was
summarized in Table 2. The regression analysis of total amount of biomass revealed that
there is no correlation between time and total amount of biomass.
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Table 2. Comparison of the growth rate, coefficient of determination R?, and 95% CI in the TES at

different water depths.
Tank Exposed to Sun
Water Depths
Rate (d-1) R? 95% CI
Top 0.03 0.67 [0.009 0.043]
Middle 0.03 0.94 [0.023 0.004]
Bottom 0.01 0.59 [0.005 0.023]

3.2. Effect of Visible Light on SB

Figure 5 shows the comparison of SB between TES and TNES over time and dif-
ferent water depths. The decay rate of heterotrophic bacteria summarized in Table 3
(0.024 CFU day ') in the TNES was significantly higher than that in the TES (0.004 CFU
day~!; p <0.05). According to Ruiz-Gonzalez et al. (2013) and Hameed et al. (2020),
visible light triggers the uptake of DOM and cell division of heterotrophic bacteria [25,40].
Therefore, a decrease in bacterial count was alleviated by the production of new cells. In
addition, with visible light exposure, phototrophs produce carbohydrates that sustain
heterotrophic bacteria [41,42]. Furthermore, the oligotrophic condition of the rainwater
tank not exposed to sunlight, therefore with less bacteria due to lack of food, might have
accentuated the difference in the plate counts of the two tank [22].
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Figure 5. Variation in suspended heterotrophic bacteria (a) in TES and (b) in TNES at different water
depths over time (T: top, M: middle, and B bottom).

Table 3. Comparison of the growth rate, coefficient of determination R?, and 95% CI of suspended heterotrophic bacteria in
the TES and TNES at different water depths.

Water Depths Tank Exposed to Sun Tank Not Exposed to Sun
Rate (d~1) R? 95% CI Rate (d~1) R? 95% CI
Top —0.03 0.57 [—0.039 — 0.019] —0.26 0.97 [—0.305 — 0.215]
Middle —0.03 0.48 [—0.037 — 0.014] —0.30 0.98 [—0.340 — 0.256]
Bottom —0.17 0.97 [-0.162 — 0.148] 0.02 0.38 [0.010 0.032]

The effect of time on the number of SB was significant, with greenhouse Geisser F
(1.33) = 130. 245, p < 0.001 for TES and F (1.33) = 90.250, p < 0.001 for TNES. Coombes
et al. (2006) also reported that the bacterial counts in stored rainwater diminish over time
due to sedimentation, natural death, and bacterial attachment to the surface. Besides, the
main effect of water depth on the average SB plate counts across the time is also significant,
with a Greenhouse Greisser F (3.33) = 17.839, p < 0.001, and F (3.33) = 130.871, p < 0.001
respectively in TES and TNES.
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Changes in the amount of SB in TES and TNES showed different trends at varying
depths (Figure 5). In the TES, suspended plate counts were higher at the top and middle
levels, and their numbers decreased during the experimental period at all water depths.
Furthermore, the pairwise comparison indicated a significant difference only between
the top and bottom level (p < 0.01) as well as middle and bottom level (p < 0.01). This
stratification in the number of suspended heterotrophic bacteria is similar to a previous
study conducted by Spinks et al. (2007), which explained that a potential reason for
these findings could be the occurrence of thermal gradient and difference of bacteria
buoyancy [19]. These factors may disturb the settlement of bacteria and slower the decay
rate of bacteria at the upper level [19]. In the TNES, a gradual decrease in the number of
bacteria at the top and middle levels was observed over time, with opposite trend observed
at the bottom level. Also, statistical differences were observed between all the water depths
(p < 0.05) This phenomenon can be attributed to the sedimentation of particle-attached
bacteria in water not exposed to visible light, which eventually increases the number of
bacteria at the bottom [18]. Furthermore, natural sedimentation, biofilm formation, and
bacterial death reduce bacterial counts in the water body [12,18].

Similarly, a non-linear regression with exponential function was used to estimate the
decay rate of the SB. The result is summarized in Table 3.

3.3. Effect of Visible Light on Physiochemical Paramters

The pH, TDS, and DO concentration were not affected by different water depths, as
shown in Table 4. The difference in temperature between the top and bottom levels was
around 1 °C for more than half of the experimental period and the temperature ranged from
20.7 to 28.9 °C. Heterotrophic bacteria grow rapidly when the temperature ranges between
20 and 30 °C; that is higher the temperature, faster the replication [41,42]. The difference
in temperature between the TES and TNES was approximately 1.5 °C, as depicted in
Table 4, and was not statically significant. A noticeable difference in the physiochemical
characteristics of water between the tanks was the slightly higher concentration of dissolved
oxygen in the TES. This difference was possibly due to photosynthesis by phototrophs in
the presence of visible light [43].

Table 4. Variation in the physiochemical parameters of rainwater: pH, temperature, total dissolved solids (TDS), and

dissolved oxygen concentration.

Tank Exposed to Sun Tank Not Exposed to Sun :
Physiochemical Parameters P P Average Difference
Min Max Min Max between TES and TNES
Top 5.42 8.29 5.97 8.4 048 + 04
pH Middle 49 8.29 5.72 7.95 0.46 + 04
Bottom 4.09 7.83 6.07 7.83 049 +04
Top 21.9 28.9 20.3 27 151+ 1.0
Temperature (°C) Middle 20.2 28.9 20.6 27 134 £ 09
Bottom 20.7 28.6 20 26.9 1.39+1.0
Top 5.28 8.94 5.28 7.54 1.26 £ 0.4
Dissolved oxygen (mg/L) Middle 5.28 8.94 5.28 7.56 1.24 £ 04
Bottom 5.28 8.7 5.28 7.44 1.31+0.5
Top 41 57 37 57 433 +3.8
Total dissolved solid (mg/L) Middle 38 57 35 60 458 +44
Bottom 31 57 39 57 3.08 +2.7

3.4. Limitation of the Research and Further Study Needed

This study has some limitations. Firstly, the microbial species that compose the SAB
and SB at both TES and TNES condition were not identified, so it is not possible to explain
the exact reasons why such phenomena occurred. Secondly, although the microbial activity
is a function of various factors, such as color of the tank, TDS of the water in the tank, the
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surface to volume (S/V ratio), dosage of disinfectant, and temperature, this study focused
only on the effect of visible light.

Therefore, we recommend conducting further studies characterizing the types of
organisms and microbial species in SAB and SB by using PCR tests. Furthermore, other
important factors that influence the microbial quality in rainwater tanks.

4. Conclusions

The study experimentally investigated the effect of visible light on microbiological
and physicochemical quality of harvested rainwater. The bacterial count of SB decreased
faster at TNES than TES case, resulting in a better microbial quality at TNES. The number
of SAB decreased over time, when it is not exposed to the visible light, while it remained
stable when exposed to visible light. There was no big difference between TES and TNES
in other physicochemical parameters except that the total organic carbon and concentration
of dissolved oxygen were higher in TES than in TNES. Overall, the water quality can be
maintained well without the effect of visible light.

From this research, it is possible to suggest a practical implication in the design and
operation of typical household rainwater tanks to maintain a good water quality. The
storage should be installed to avoid penetration of visible light by putting it under a shade
or cover the opening. Disinfection in the tank should be avoided to maintain the microbial
balance and self-purification in the rainwater tank.

Some limitations of this research are identified, and further research need is suggested
to find easy ways to maintain good water quality in household rainwater harvesting tanks
in developing countries and developed countries as well.
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