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Abstract: Remediation of water quality by stimulating algal photosynthesis using light-emitting
diodes (LEDs) has attracted attention, but few studies have examined this in outdoor freshwater
environments. To understand the effects of LED illumination on water quality, the dissolved oxygen
(DO), temperature, pH, and electric conductivity were monitored over 5 months in three depressions
with or without a red/blue LED light at the bottom of an experimental pond. The effects of the blue
LED on water quality were evident in the period with less rainfall after the change of water quality to
an equilibrium state; DO and pH were higher, and EC was lower for the blue LED than for the control.
The diel changes of these variables were also lower for the blue LED. The effects of the red LED on
DO and pH were also evident, but to a lesser extent compared to those of the blue LED. A vertical
mixing of water associated with a nighttime cooling of the surface water was suggested by a rapid
DO increase after a temperature decrease in the control. Such internal water circulation and an inflow
of water after rainfall might have obscured the LED effects in the rainy period. The bottom water of
the blue LED had a higher density and species richness of phytoplankton than that of the control
at the end of the experiment. A lower density of phytoplankton and higher nutrient concentrations
in the red LED might have been due to a higher density and feeding activity by zooplankton. Our
results confirmed the applicability of LED illumination in stimulating algal photosynthesis, and in
improving the oxygen condition of the bottom water in freshwater ponds.

Keywords: eutrophic ponds; bottom layer; anoxic condition; light-emitting diode; algal
community; photosynthesis

1. Introduction

In recent decades, cyanobacterial blooms caused by eutrophication have frequently
occurred in ponds, lakes, marshes, and dam reservoirs worldwide [1–3]. Moreover, the
intensity and economic losses that are associated with these blooms have also increased in
both fresh and marine waters [4–8]. The majority of suspended organic matter, including
anthropogenic waste, terrestrial plant litter, and dead microorganisms in inflow rivers,
settles down to the bottom and becomes organic pollutants [9–11]. During the stratification
period, which often occurs in summer, the presence of thermoclines limits the vertical mix-
ing of water and reduces the supply of oxygen from the surface to the bottom layer [12,13].
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Dissolved oxygen (DO) in the lower layer decreases as heterotrophic microbes decompose
the deposited organic matter, which, in extreme cases, leads to the formation of an anoxic
water zone [14,15].

Anaerobic conditions promote the release of mineralized nutrients from the bottom
sediment, which results in increased concentrations of phosphate (PO4

3−), ferrous (Fe2+),
and manganese (Mn2+) ions in the overlying water [16–18]. These ions, in turn, promote
algal blooms in the surface water, and the blackening or reddening of water as these ions
are oxidized and flocculated in aerobic conditions during water usage [8,16,17]. Anoxic
conditions can also release arsenic and other toxic heavy metals and hydrogen sulfide (H2S),
or the greenhouse gas, methane (CH4) [19–21]. The spatial expansion of the anoxic water
zone limits the habitable area for benthic organisms, zooplankton, and fish [22,23]. Organic
detritus is especially prone to settlement in depressions (hollows) that are artificially
created by dredging in ponds and lakes, and countermeasures to anoxic conditions are
often required [24].

Several countermeasures are known to improve oxygen conditions, including surface
splashing aeration, deep shaft stirring aeration, oxygen direct injection, and backfilling of
bottom depressions [25–27]. However, these methods are energy intensive, require special
equipment, are costly, and sometimes detrimentally disturb the environment. In recent
years, biological methods using plants and animals have been widely encouraged and
applied for water environmental issues [28–30]. Light is a key factor for photosynthesis (i.e.,
nutrient uptake and oxygen supply) by plants, and microalgae prefer to grow under either
blue or red wavelengths of light [31]. Artificial light, such as light-emitting diodes (LEDs),
can provide suitable photosynthetic photon flux density and light spectra for microalgae
and can thus improve underwater oxygen conditions [32–34]. Several advantages of using
LED lights have been suggested, including their high luminous efficiency, low energy
consumption, long life span, and flexible shape, and the prevention of the overheating of
the medium [34,35] limits their detrimental impact on the environment.

Although the application of LEDs in aquatic systems has attracted attention, the
number of LED studies applied in aquatic environments is still limited [36–38], and very
few studies have targeted outdoor freshwater habitats. The objective of the present study
is to clarify the effects of LED illumination on dissolved oxygen (DO) and other water
variables (e.g., pH and phytoplankton) that are relevant to photosynthetic activities in
three depressions in a field experimental pond. The water quality in the depressions was
monitored over 5 months, while the water quality was in a non-equilibrium state associated
with the acclimatization of water to new bed conditions in the early months. Thus, we
divided the experimental period based on water quality change and rainfall occurrence
and examined the effect of LED illumination mainly in the latter sub-periods with a new
equilibrium state. A diel cycle of water quality was evident in the experimental pond, and
hence, we focused on the diel changes, as well as average values of water quality.

2. Materials and Methods
2.1. Experimental Pond

The study was conducted in a riverside aquatic experimental area of the Aqua Restora-
tion Research Center, Public Works Research Institute, in Kakamigahara City, Gifu Prefec-
ture, Japan. There were several flat-bottom elliptical ponds (length: 50 m, width: 30 m) that
were filled with river water (approximately 1 m deep and 560 m3 volume) for experimental
purposes. In these ponds, algal blooms were often observed in summer. In one of the
ponds, three circular depressions (diameter: 2.5 m, depth: 1.3 m) with 3–4 m spacing were
created, and a device (either a blue or red LED treatment or control) was installed in each
depression (Figure 1a,b).
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Figure 1. Overview of the experimental pond and the location of three depressions (a), vertical view
of the depressions (b), and LED devices (blue and red) (c).

2.2. LED Devices

LED light sources in the blue (400–500 nm) and red (600–700 nm) wavelength ranges
were used to illuminate the bottom of the depressions. The red (LW-50R1, 50-W) or blue
(LW-100B1, 100-W) LED lights (Takuyo Riken Co., LTD., Fukuoka, Japan) were housed in
a cylindrical waterproof case (diameter: 0.07 m, height: 0.2 m, water pressure resistance),
and were hung in the center of a rectangular frame (PVC pipe, length: 1 m, width: 0.5 m,
height: 0.7 m) to provide 360◦ of illumination in the horizontal direction (Figure 1c).
Polypropylene filaments were also arranged inside the frame as a substrate for the attach-
ment and proliferation of periphyton. A frame without light was used for the control. The
devices were carefully placed in the depressions (arranged with the control in the middle
and the blue and red LEDs at the sides, Figure 1a), and the LED lights were maintained to
run continuously over the entire experiment.

2.3. Experimental Period and Measurements

The experiment commenced at the end of August 2015 and continued up until the
following February. After filling the pond with river water at the beginning, there was
no additional inflow during the experiment except for rainfall. Water temperature, dis-
solved oxygen (DO), pH, electrical conductivity (EC), and turbidity were monitored using
a multiparameter water quality logger (W-22XD, Horiba, Ltd., Kyoto, Japan). Light quan-
tum under the water was measured using a logger (DEFI-L, JAE Advantech Co., Ltd.,
Nishinomiya, Japan). The water quality sensors were set 0.2 m above the bottom of each
depression via attachment to a vertically standing steel pipe. The sensors for light were
located 1.0 m above the bottom, and facing upwards, to detect the availability of natural
light (i.e., solar radiation) in these depressions. Data were recorded at 1 h intervals over
the entire experimental period. Additionally, rainfall and air temperature data were col-
lected during the survey from the nearest monitoring station (Gifu, 5 km northwest of the
experimental site) of the Automated Meteorological Data Acquisition System (AMeDAS).

Water samples (500 mL) were collected 0.1 m above the sediment in each of the de-
pressions using a hand pump tube (inside diameter: 5 mm) at the end of the experiment.
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These samples were analyzed for total nitrogen (TN) and total phosphorus (TP) using a
continuous flow analysis auto-analyzer (swAAt, BL TEC K.K., Osaka, Japan), and for am-
monium nitrogen (NH4–N), nitrate nitrogen (NO3–N), and phosphate phosphorus (PO4–P),
using an ion chromatography system (DIONEX DX-120) and a portable colorimeter (Orion
AQ3700) (Thermo Fisher Scientific K.K., Tokyo, Japan).

A 15 mL of each bottom water sample was fixed using 2% formalin and used to
analyze phytoplankton and zooplankton composition. The substrate filaments near the
LED lights were also sampled at 5 cm, to analyze the periphytic algae and zoobenthos,
at the end of the experiment. The filaments were placed in 15 mL centrifuge tubes, so as
not to disturb the filament surfaces during cutting using scissors. The samples were also
fixed by 2% formalin. These plankton and periphyton samples were then centrifuged at
3000 rpm for 30 min, and 10- to 15-fold concentrated solutes were extracted. To evaluate
the phytoplankton and zooplankton compositions, a total of 1 mL of each sample was
transferred multiple times to plankton counting chambers (MCP-200, Matsunami Glass
Ind., Ltd., Osaka, Japan), and the phytoplankton and zooplankton were visually identified
and manually enumerated at 40 to 300× magnification under an OLYMPUS BX50 phase
contrast microscope (Olympus Corporation, Tokyo, Japan).

2.4. Statistical Analysis

Because it may take time for the water quality to acclimate to the created depressions,
the whole experimental period was divided into several sub-periods according to the
changing patterns of water quality and the rainfall occurrence, as in the Result section.
Differences in water quality between the control and the treatments were tested using
analysis of variance (ANOVA) for each period. Two-way ANOVA without repetition was
performed for the daily mean and diel change (maximum to minimum difference) for DO,
pH, EC, and temperature, with the treatment (control, red LED, and blue LED) and day
(38–48 days each period) as the factors. If the effect of the treatment was significant, Dun-
nett’s test (priori comparison), which compares the control and each of the two treatments,
was performed. For all tests, an α-value of 0.05 was used to determine the significance of the
effects. All statistical tests were performed using R software (version 4.0.3; R Development
Core Team, Vienna, Austria) with the package “multcomp”.

3. Results
3.1. Overall Changes in Water Quality of the Pond during the Experiment

Rainfall occurred frequently in September and November, and less frequently in
October and January, with a maximum rainfall (84.5 mm) in December (Figure 2a). The
mean air temperature changed from 31.1 ◦C in early September to −5.0 ◦C in late January
during the experiment.

The solar radiation that penetrated the water was captured by the light quantum
sensor facing upward in the depressions for one month from November to December
(Figure 2b). Although we expected a limited light availability in the depressions, the
photon flux density sometimes exceeded 100 µmol m−2 s−1. Its diel cycle was obvious,
with zero photons at night and a peak density at around noon every day (as shown in the
small frame of Figure 2b). No photons at night indicated that the sensor captured the solar
radiation but not the light from the LED. The depression of the control and red LED tended
to have a higher photon flux density than that of the blue LED.

The water temperature changed from a range of 25 to 26 ◦C in early September to
4 to 5 ◦C in late January (Figure 2c). The temperature gradually decreased during the
experiment, while it often showed a minor increase after rainfall. The DO concentration
fluctuated between <1 mg L−1 and >4 mg L−1 in all of the depressions in September,
increased to 8–10 mg L−1 in the first half of October, and became much more stable in
November and afterward (Figure 2d). The DO constantly increased from the middle of
December and peaked in the middle of January. Large error bars in the control and red
LED treatments indicated that the diel change was large in these depressions. The pH
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was approximately 6 in all depressions in September, increasing to approximately 7 in
early October, and it further increased from late December to 9–10 in the middle of January
(Figure 2e). The EC was 60–70 µS cm−1 in September, and it gradually increased and
reached 160–180 µS cm−1 by the end of October, and it was relatively stable afterward,
except for the red LED, with temporal rises in January (Figure 2f). The EC sometimes
increased slightly after a rainfall (e.g., after the rainfall on 11 December, Figure 2a,f). The
turbidity substantially increased (>600 NTU) in the middle of October (red LED) and the
beginning of November (control) (Figure A1 in Appendix A) when rainfall was none or
less. An increase in the base level (>100 NTU, blue LED) and large fluctuation (0–900 NTU,
red LED) were observed in the latter months.
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Figure 2. Changes in rainfall, mean air temperature (a), photon flux density (b), water temperature (c),
DO concentration (d), pH (e), and EC (f) of the 3 depressions in ponds during the experiment. Daily
maximum (with example diel cycle in a small frame) (b) and daily mean (±1SD) (c–f) are shown.

According to the low and fluctuating DO and a constantly low pH and EC, it appeared
that the water quality was at a pre-acclimation state inside the depressions in Septem-
ber. The change in EC suggested that the water quality of the depression reached a new
equilibrium by the beginning of November. The DO and pH increased constantly from
December and peaked in January, corresponding to less rainfall occurring during these
periods. Accordingly, the entire experimental period was divided into a pre-acclimation
period (from 1 to 30 September), an acclimation period (from 1 October to 7 November),
and after the new equilibrium, a rainy period (From 8 November to 24 December), and a
stable period (from 25 December to 5 February). The latter three periods (hereafter referred
to as period-1, -2, -3, see also Figure 2) were used to compare the water quality of the
depressions.
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3.2. Differences in Water Quality of the Depressions in the Different Periods

Water temperature was significantly higher in the red and blue LED treatments than
in the control in all periods except for the blue LED in period-1 (acclimation period)
(Figure 3a). The temperature was 0.4–0.7 ◦C higher in the two LED treatments than in the
control in period-2 (rainy period) and period-3 (stable period). The diel change (maximum
to minimum difference) in temperature was 0.6–0.8 ◦C, and it tended to be slightly higher
in the red LED than in the control (Figure 3b).

Water 2022, 14, x FOR PEER REVIEW 6 of 16 
 

 

3.2. Differences in Water Quality of the Depressions in the Different Periods 

Water temperature was significantly higher in the red and blue LED treatments than 

in the control in all periods except for the blue LED in period-1 (acclimation period) (Fig-

ure 3a). The temperature was 0.4–0.7 °C higher in the two LED treatments than in the 

control in period-2 (rainy period) and period-3 (stable period). The diel change (maximum 

to minimum difference) in temperature was 0.6–0.8 °C, and it tended to be slightly higher 

in the red LED than in the control (Figure 3b). 

 

Figure 3. Differences in water quality of the depression between the control and LED treatments 

((a): daily mean temperature, (b): diel temperature change, (c): daily mean DO, (d): diel DO change, 

(e): daily mean pH, (f): diel pH change, (g): daily mean EC, (h): diel EC change). Error bars are SD 

of the difference from the mean each day. Asterisks show the significance of the difference between 

the control and LED treatment (*: p < 0.05, **: p < 0.01, ***: p < 0.001). 

The DO concentration was significantly lower in the red LED than in the control in 

period-1, slightly but significantly lower in the blue LED than in the control in period-2, 

and significantly higher in the red and blue LED than in the control in period-3 (Figure 

3c). In period-3, the DO was 0.7 mg L−1 and 1.5 mg L−1 higher in the red and blue LEDs, 

respectively, than in the control. The diel change in DO was significantly lower in the red 

and blue LEDs than in the control in period-2 and period-3 (Figure 3d). The mean diel 

6

8

10

12

14

16

18

20

Period-1 Period-2 Period-3

Control Red-LED Blue-LED

W
T

(°
C

)

0.5

0.6

0.7

0.8

Period-1 Period-2 Period-3

4

6

8

10

12

Period-1 Period-2 Period-3

D
O

co
n

c.
 (

m
g 

L−
1 )

0

1

2

3

4

5

6

Period-1 Period-2 Period-3

6

7

8

9

Period-1 Period-2 Period-3

p
H

EC
(μ

S 
cm

−1
)

0

0.2

0.4

0.6

0.8

Period-1 Period-2 Period-3

100

140

180

220

Period-1 Period-2 Period-3
0

20

40

60

Period-1 Period-2 Period-3

Period

D
if

fe
re

n
ce

in
 W

T
(°

C
)

D
if

fe
re

n
ce

 in
 D

O
co

n
c.

 (
m

g 
L−

1 )
D

if
fe

re
n

ce
 in

 p
H

D
if

fe
re

n
ce

in
 E

C
(μ

S 
cm

−1
)

***

*****

******

***
*

***

***

***
***

***
***

*** ***

*** ***

***

***

***

***

***

***

***

***

***

**

***

a

c

b

d

fe

g h

*** ***

Figure 3. Differences in water quality of the depression between the control and LED treatments
((a): daily mean temperature, (b): diel temperature change, (c): daily mean DO, (d): diel DO change,
(e): daily mean pH, (f): diel pH change, (g): daily mean EC, (h): diel EC change). Error bars are SD of
the difference from the mean each day. Asterisks show the significance of the difference between the
control and LED treatment (*: p < 0.05, **: p < 0.01, ***: p < 0.001).

The DO concentration was significantly lower in the red LED than in the control in
period-1, slightly but significantly lower in the blue LED than in the control in period-2,
and significantly higher in the red and blue LED than in the control in period-3 (Figure 3c).
In period-3, the DO was 0.7 mg L−1 and 1.5 mg L−1 higher in the red and blue LEDs,
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respectively, than in the control. The diel change in DO was significantly lower in the red
and blue LEDs than in the control in period-2 and period-3 (Figure 3d). The mean diel
change in DO in period-2 and period-3 was 3.2 mg L−1 and 5.3 mg L−1 in the control, and
1.5 mg L−1 and 2.2 mg L−1 in the blue LED, respectively.

The pH was significantly lower in the red LED than in the control in period-2 and
period-3, while it was significantly higher in the blue LED than in the control in these
periods (Figure 3e). The diel change in pH was significantly lower in the blue LED than in
the control in period-1 and period-3, but it was similar between the control and the two
LED treatments in period-2 (Figure 3f).

The EC was significantly higher in the red and blue LED than in the control in the
period-1, while it was significantly lower in the blue LED than in the control in period-2
and period-3, and significantly higher in the red LED than in the control in the period-3
(Figure 3g). The diel change in EC was significantly higher in the blue LED than in the
control in period-1, while it was significantly higher in the red LED than in the control in
period-3 (Figure 3h).

3.3. The Diel Cycle of Water Quality and the Response to Rainfall

A typical diel change in the water quality of the depressions in each period is shown
in Figure 4. The first example is from 20 to 24 October without rainfall during these days
and the preceding nine days (Figure 4a). The water temperature increased from morning
to midnight and suddenly dropped at dawn. Inversely, the DO concentration decreased
from morning to midnight, and then it suddenly rose at dawn, most conspicuously in the
control. The change in pH was similar to that of DO in the control, while it was much more
irregular in the blue LED. EC in the red LED treatment tended to increase at midnight. The
water temperature increased and DO decreased continuously at dawn on the 24th when
the diel change in air temperature was relatively low.
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Figure 4. Hourly changes in water quality (water temperature, DO, pH, and EC) of the 3 depressions
for 5 days ((a): 20–24 October, (b): 9–13 December, (c): 12–16 January).
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The second example is from 9 to 13 December, with rainfall on the second (7.5 mm)
and third (84.5 mm) days (Figure 4b). The water temperature decreased from midnight
to morning, and it increased in the afternoon on the first and second days, while it con-
tinuously increased from the third day. The difference in water temperature between the
control and the two treatments gradually increased after rainfall. The DO concentration
began to decrease from the afternoon of the third day. There was no apparent diel cycle in
DO, while the fluctuation was large in the control. The pH also started decreasing from the
afternoon of the third day, and it did not show a clear diel cycle. The EC tended to be high
on the third day in all depressions.

The third example is from 12 to 16 January without rainfall during these days, nor over
the preceding 19 days (Figure 4c). There was a clear diel cycle in the water temperature,
with a minimum before noon and a maximum at midnight. Meanwhile, there was no
clear diel cycle in the DO. The DO sometimes abruptly decreased by >3 mg L−1 in the
control and the red LED, with greater frequency and extent in the former. The pH tended to
increase in the afternoon and decrease from midnight to morning, especially in the control
and the blue LED. The EC was relatively stable over these days, except for the red LED,
where the EC increased abruptly on the afternoon of the fifth day.

3.4. Nutrient Concentrations in the Depressions at the End of the Experiment

At the end of the experiment, the concentration of TN was higher in the red LED
(3.15 mg L−1) than in the control (1.85 mg L−1) and the blue LED (1.95 mg L−1) (Figure 5a).
The concentrations of NH4–N (0.63–0.76 mg L−1) and NO3–N (1.19–1.25 mg L−1) were
similar among the three depressions, while the concentration of the other fraction in TN,
presumably organic-N, was higher in the red LED than in the others.
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Figure 5. Nutrient concentrations ((a): nitrogen, (b): phosphorus) in the depressions at the end of the
experiment. Other shows the fraction other than the measured inorganic forms in TN/TP.

The concentration of TP was also higher in the red LED (0.23 mg L−1) than in the
control (0.11 mg L−1) and blue LED (0.11 mg L−1) (Figure 5b). The concentration of PO4-P
was similar among the three depressions (1.19–1.25 mg L−1), while the concentration of the
other fraction in TP, presumably organic-P, was twofold higher in the red LED (0.22 mg L−1)
than in the others (0.11 mg L−1).

3.5. Periphyton and Phytoplankton Communities in the Depression at the End of the Experiment

In total, nine taxa (one cyanobacterium, six diatoms, and two green algae) occurred
in the periphyton community on the filament of the device (Figure 6a, Table A1). Only
diatoms occurred in the control, while diatoms and green algae occurred in the red LED,
and these algae and cyanobacteria occurred in the blue LED. The total algal cell abun-
dance (cells mm−2) was lower in the red LED than in the others. Although diatoms,
including Gomphonema and Achnanthes, were dominant in the control, many of them had
ruptured/dead cells. Meanwhile, Cocconeis was the dominant taxon in the red and blue
LED. In the red LED depression, filamentous green algae Cladophora and Oedogonium oc-
curred. Due to their volume (more than 200–300-fold of the volume of many diatoms), algal
abundance was higher in the red LED than in the control in terms of algal volume. As a
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microfauna (zoobenthos), the protozoa Vorticella occurred in all of the depressions, with a
12-fold higher abundance in the red LED than in the control.
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Figure 6. The number of taxa occurring in the periphyton community on the filament (a) and in the
plankton community from the water (b) of the three depressions. The number on the bars shows the
total cell abundance ((a): cells mm−2, (b): cells 0.1 mL−1).

In total, 21 taxa (1 cyanobacterium, 15 diatoms, 3 green algae, and 2 other algae)
occurred in the plankton community in the three depressions (Figure 6b, Table A2). Only
diatoms and Dinoflagellate occurred in the control, while diatoms, green algae, and other
algae (Cryptomonas, Dinoflagellate) occurred in the red LED, and these algae and cyanobac-
terium occurred in the blue LED. The total algal cell abundance (cells mL−1) was the highest
in the blue LED and the lowest in the control. The diatom Cyclotella was the most dominant
taxon, followed by the green alga Scenedesmus in the red LED and the cyanobacterium
Merismopedia, the diatom Nitzschia acicularis, the green alga Scenedesmus, and dinoflagellates
were more abundant in the blue LED. More zooplankton taxa occurred in the red LED (four
taxa) than in the control (one taxa) and the blue LED (none). The total cell abundance of
zooplankton was also greater in the red LED than in the control.

4. Discussion

This study examined the effects of LED illumination on bottom water quality in a
field experimental pond via the monitoring of DO, pH, EC, and temperature for 5 months.
Although the differences in DO were minor or unclear among the depressions in the
acclimation period and rainy period, the daily mean DO was significantly higher, and the
diel change in DO was significantly lower in the blue LED than in the control in the stable
period, one month after the water quality reached a new equilibrium. The differences
in pH and EC between the control and blue LED were also clear. The effects of the red
LED on DO were also detected, but to a lesser extent compared to those of the blue LED.
Meanwhile, unexpectedly higher EC and nutrient concentrations were observed in the red
LED. More periphyton and phytoplankton taxa occurred in the blue LED treatment than in
the control, while more zoobenthos and zooplankton occurred in the red LED than in the
control. The internal and external factors that have possibly affected the responses of water
in the depressions to the LED treatments and the differences in effects between the red and
blue LEDs are discussed in the following sections.

4.1. Differences in LED Effects among the Experimental Periods

The water quality in the depressions seemed not to have acclimated in the early
periods of the experiment. The DO was lower than 6 mg L−1, and the pH was less than 6.5
in September (period-0: pre-acclimation period). This was probably due to the frequent
rainfall and the turbid water generated from the installation of the devices, which inhibited
algal photosynthetic activity in the pond. The DO increased to 6–10 mg L−1 and the pH
increased to around 7 in October (period-1: acclimation period) when rainfall occurred
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less frequently. Meanwhile, the EC changed from <70 µS cm−1 at the end of September
to >160 µS cm−1 at the end of October. The increase in EC was assumed to be associated
with an exchange of water between the pond and the soil, and with an increase in solutes
from the soil after the filling of ponds with river water at the end of August. These changes
suggest that it took more than 2 months for the water quality of the depressions to reach a
new equilibrium after the creation of the depressions.

The night cooling of the water surface of the pond by air was assumed to have induced
a vertical mixing of water that temporally increased the DO in the depressions in period-1
(the acclimation period). Diel cycles in water temperature, DO, and pH were evident
when there was no rainfall for several days in October (Figure 4a). The increases in DO
and pH were conspicuous, and they corresponded to a decrease in water temperature at
midnight, especially in the control. The surface water with a higher DO was considered to
go downward as it became cooler and heavier in the nighttime. Such a diel circulation cycle
with a vertical stratification in daytime and destratification in nighttime has been reported
in shallow ponds [39,40], and such a polymictic nature may be a characteristic of small
ponds with less thermal capacity. The effect of the LED on DO is difficult to detect in such
circulating conditions. Meanwhile, the diel cycle of DO was small in January (period-3:
stable period) even without rainfall for several days, probably because of the overall lower
and smaller vertical difference in the water temperature.

Algal photosynthesis was likely to be the major process of increasing DO in the pond.
Although oxygen from the atmosphere readily enters the surface, the oxygen diffuses
slowly into the deeper layer in still water without a mixing process [41]. In addition, the
oxygen transfer rate from the air to water is relatively high only when the DO concentration
is far below the 100% saturation level. In the case of October (Figure 4a), DO varied from
5.0 to nearly 10 mg L−1 in the control depression, and DO concentration at the surface layer
of the pond was supposed to be higher than this. Because the DO concentration with 100%
saturation is about 8.8 mg L−1 under 20 ◦C, the rapid increase in DO below 100% saturation
and any increases of DO in supersaturation level at the surface layer can be promoted
only by photosynthesis. Meanwhile, the decrease of DO from morning to midnight in the
depression may represent oxygen consumption by heterotrophic microbes. Further studies
with coupled biological-hydrological model are needed to eludidate the contribution of
different processes on the DO dynamics in ponds including diffusion from atmosphere,
photosynthesis, and consumption by microbes [42].

DO tended to decrease after rainfall. DO and pH decreased in all of the depressions
after a rainfall in December (Figure 4b), which was the largest rainfall during the experiment
(Figure 2a). There was also a gradual increase in EC corresponding to the rainfall (Figure 4b).
Because there was no apparent drain from the surrounding area, saturated water in the soil
with a lower DO and a higher EC appeared to have inflowed into the pond after the rain.
The water temperature often increased after the rainfall, and to a much greater extent in
the red and blue LED than in the control. Being located near the periphery of the pond, the
depressions in the red and blue LED treatments may have been more greatly affected by
the water from the soil compared to that of the control. The frequent occurrence of rainfall
in period-2 (rainy period) was likely to have obscured the effects of LED on DO.

The effects of LED on DO were evident in period-3, when there was less rainfall. In
this period, DO and pH increased constantly from late December and reached a peak in the
middle of January (Figure 2d,f), for instance, the daily mean DO in the control increased
from 7.0 mg L−1 (61% saturation) to 11.8 mg L−1 (98%). Although such increases in DO and
pH were likely to be associated with the photosynthetic activities of algae, because all of
the depressions showed similar changes, the major light source for the photosynthesis was
assumed to be solar radiation, rather than LED. The solar radiation in the three depressions
sometimes exceeded 100 µmol m−2 s−1, which is greater than the irradiation of the com-
pensation points for many algal species [43]. Thus, algal photosynthesis was potentially
possible in the daytime on sunny days in the depressions without LED illumination, and
much more possible in the shallower areas of the pond.
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The effects of the LED lights were evident on the base level and diel change of DO. On
average, the DO was 1 and 2 mg L−1 higher in the red and blue LEDs, respectively, than
in the control in period-3 (Figure 3c). Moreover, the diel change in DO was considerably
smaller with the blue LED (1 mg L−1) than in the control (5 mg L−1) (Figure 3d). A sudden
decrease in DO often occurred in the control in December and January, as shown by the
high standard deviation in Figure 2d, as well as in Figure 4b,c. Such a temporal decrease,
but with less frequency and extent, was also evident in the red LED. Notably, such a
temporal decrease tended to occur at a certain time of day (i.e., control: daytime, red
LED: nighttime, Figure 4b,c), rather than randomly. Abrupt changes in DO have been
shown in previous studies in shallow aquatic systems [39,40,44], and they may indicate the
presence of different DO level layers, which change in vertical distribution according to
a diel photosynthetic rhythm. A diel cycle of DO in period-3 based on the mean value of
each hour in the day (Figure 7a) shows that the DO tended to be lowest in the morning and
highest in the evening in the control, while the DO increased from the morning and peaked
at noon to early afternoon in the red and blue LEDs. It appears that the DO remained high
throughout the night in the blue LED, while the DO decreased during the night in the
control and red LED and remained low in the morning in the control. Although the diel
cycle for pH was similar among the depressions, a steep decrease tended to occur in the
early morning for the control, and in the evening for the red LED (Figure 7b). The possible
reasons for the difference in the diel cycle between the control and LED treatments will be
further discussed in the next section.
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Figure 7. Diel change in DO (a), pH (b), and EC (c) based on the mean value of each hour in the day
during period-3.

The effects of the LED lights on limiting the release of nutrients from the sediment
to the overlying water were not evident in this study. Nutrients, especially phosphate
and ammonium, are easily released from the bottom sediment in the absence of oxy-
gen [16,17]. Thus, the release of nutrients was most likely to occur in the control depression
with the lowest DO concentration. However, the increases in nutrients were not ob-
served in the control at the end of the experiment (Figure 5a,b), possibly because hypoxia
(<2–3 mg DO L−1) rarely occurred during period-3. To conclude the effects of LED on
the nutrient release through increasing DO via algal photosynthesis, further experiments
especially in summer time are needed.

4.2. Possible Algal and Microfaunal Activities in the Three Depressions

Algal activities were promoted most highly in the depression in the blue LED, accord-
ing to the greatest number of algal taxa (including cyanobacteria, diatoms, and green algae)
on the filament, and in the water, and the greatest cell abundance in the water. Although
the greatest cell abundance on the filament was in the control, many of the algal cells were
ruptured/empty. Thus, because of the attenuation of sunlight in the water, the light was
not always sufficient near the bottom of the depression without LED light, which caused
death to the previously colonized algae. In contrast, the algae in the red and blue LEDs
appeared active; this included Cocconeis, which formed multiple layers on the filaments,
and filamentous green algae (Cladophora and Oedogonium), which protruded such layers.
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Periphyton can develop, and algal activity can be greater on the sediment surface, which is
more stable, than on the filament of the device. Thus, LED illumination can stimulate the
growth of algae, which have been in a dormant stage on the sediment [45,46], and which
subsequently constituted periphyton and phytoplankton communities.

The differences in DO among the depressions in period-3 were likely to have been
associated with algal photosynthetic activities. In period-3, although DO was basically
high in all of the depressions, an abrupt temporal decrease in DO occurred in the control
and in the red LED, and with greater frequency and extent in the former. Furthermore, the
temporal decrease in DO tended to occur in the daytime and in the nighttime for the control
and the red LED, respectively. Steep decreasing trends of DO and pH in the evening in the
red LED (Figure 7a,b) suggest that the photosynthetic activity was low at night, without
sunlight. Meanwhile, the lowest DO and a steep decreasing trend of pH in the morning in
the control (Figure 7a,b) suggest here that the photosynthetic activities were the lowest in
the morning. It appears that algal photosynthetic activity in the control was limited until
the photon density became sufficient around noon, due to a poor abundance of algae. It is
assumed that the algal photosynthesis, stimulated by LED illumination, was kept active
for the whole day in the blue LED, which stabilized the high DO levels by dampening the
diel rhythms of photosynthesis and respiration that are associated with solar radiation in
the pond.

The greater abundance of zoobenthos and zooplankton might have reduced algal
abundance and photosynthetic activity in the red LED. The growth of algae, especially
those of diatoms and green algae, may be more highly stimulated by blue than red wave-
lengths [36,37]. However, the low abundance of algae and the high abundance of micro-
fauna in the red LED in both the periphyton and phytoplankton communities (Figure 6a,b)
was unexpected. It appears that the algal abundance was reduced by predation pressure
from the microfauna. Stalked protozoa Vorticella, which collect and feed on organic parti-
cles, were most abundant in the periphytic community in the red LED (Table A1). A rotifer
Keratella, which can exploit a wide range of food including algae, occurred in the plankton
community in the red LED (Table A2). In addition, despite the absence in the plankton sam-
ples, a large zooplankton Daphnia was visually abundant in the 500 mL water sample in the
red LED depression. The higher nutrient concentration (N and P) in the red LED, especially
in forms other than the measured inorganic forms, presumably organic-N and organic-P
(Figure 5a, b), may support the greater feeding activities of the microfauna with the red
LED (i.e., excretion and the leaching of solutes from ruptured algal cells). Notably, EC in the
red LED tended to increase abruptly in the daytime in period-3 (Figures 4c and 7c), which
may be associated with the diel cycle in the vertical distribution of zooplankton [47,48].
Zooplankton might have been attracted by the light of a red wavelength [49], or by edible
algal species growing under the red LED.

5. Conclusions

The effects of LED illumination on bottom water quality were examined in a field
experimental pond via the monitoring of water temperature, DO, pH, and EC in three
depressions, with or without LED devices, over 5 months. The effects of the LED lights were
unclear in the earlier periods because of irregular changes in the water quality that were
associated with the acclimation of the water to a new status, the vertical mixing of water in
the pond due to stratifications in water temperature, and external water inflow after rainfall.
In the latter period with less rainfall, the DO gradually increased in all of the depressions
due to algal photosynthesis stimulated by solar radiation. Nevertheless, increases in the
mean daily DO and pH, decreases in the mean EC and decreases in diel changes in DO, pH,
and EC were evident in the blue LED treatment. Increases in abundance and in the taxon
richness of algae in the periphyton and phytoplankton communities were also evident at
the end of the experiment. Meanwhile, the effect of the blue LED on nutrient concentration
was not detected. The effects of the red LED treatment on DO and pH were evident to a
lesser extent, as compared to those of the blue LED. The lower abundance of algal cells in
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the periphyton and phytoplankton communities, and the higher nutrient concentrations
and EC in the red LED treatment may be associated with a higher abundance of microfauna.
Our results confirmed the applicability of LED illumination in improving the bottom water
quality, especially for increasing DO levels in outdoor ponds. Further studies are needed to
clarify the spatial and temporal extents of these effects under internal water circulation and
external water inflow over various seasons.
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Figure A1. Changes in turbidity in the three depressions in ponds during the experiment. Daily
mean (±1 SD) is shown.

Table A1. Cell abundance (cells mm−2) of algal and microfauna on the filament of device in the three
depressions at the end of experiment.

Group Taxa Control Red-LED Blue-LED

Cyanobacteria Phormidium 7
Bacillariophyta Achnanthes 33 34

Cocconeis 28 79 85
Diatoma 16 2

Gomphonema 49
Melosira varians 1

Rhoicosphenia 14
Other taxa 15 12 13

Chlorophyta Cladophora 1
Oedogonium 9 1

Protozoa Vorticella 3 36 22
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Table A2. Cell abundance (cells 0.1 mL−1) of phytoplankton and zooplankton in water in the three
depressions at the end of experiment.

Group Taxa Control Red-LED Blue-LED

Cyanobacteria Merismopedia 7
Bacillariophyta Asterionella formosa 3

Aulacoseira distans 2
Achnanthes 2
Cyclotella 1 11 3
Cymbella 2
Diatoma 1

Gomphonema acuminatum 1
Melosira varians 3 1 1

Navicula 3
Nitzschia acicularis 1 7

Nitzschia palea 1
Nitzschia 2

Synedra acus 1
Synedra ulna 4
Other taxa 1

Chlorophyta Chlorella 1
Oocystis 3

Scenedesmus 4 8
Other algae Cryptomonas 1

Dinoflagellate 4 1 8
Protozoa Amoeba 1

Ciliata 2
Tintinnopsis 1

Rotifer Keratella 1
Crustacea Nauplius 3
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