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Abstract: Aquaponics offers a simple conclusive solution to the food and environmental crisis around
the world. This paper presents a comparative analysis of standard aquaponics with vermiponics
(aquaponics with earthworms) before and after applying an optimal freshwater replenishment. Fish
and plants were grown on a standard aquaponics testbed and a vermiponics testbed for 3 months
each, initially without water replenishment, and then with 19% replenishment based on the fishtank
volume. Water quality and environmental data were monitored, collected and processed using
sensors and internet of things (IoT) devices. Daily growth analysis, the mean productivity of both
testbeds before and after replenishment, the percentage of productivity difference and the general
productivity comparison between standard and vermiponics testbeds were determined. Results
showed an enhanced productivity of 2.83% and 5.54% for the standard testbed and the vermiponics
testbed, respectively, when replenishment was applied. The yield improvement after replenishment
was proven to be statistically significant, with p < 0.05 reassuring the impact of water replenishment.
This research contributes to the understanding of the impact of water replenishment in aquaponics
and vermiponics systems. Moreover, it provides insights into the effect of earthworms on both
systems’ yield productivity.

Keywords: aquaponics; vermiponics; internet of things; water replenishment

1. Introduction

The incrementing growth rate of the world population and the ever-growing need
for food alongside the pressure to achieve sustainable goals have driven changes from
conventional farming approaches to sustainable agricultural ones. Aquaponics is an agri-
cultural approach that links fish and soilless plant production in a recirculating ecosystem
where natural bacteria convert fish waste into plant nutrients [1]. The plants take up the
nutrients from the water to grow whilst purifying the water, which returns to the fish
tanks. A coupled aquaponics system contains aquatic organisms, bacteria and plants that
benefit from each other in a closed recirculated water body. A standard aquaponics system
has a growbed where the plants are grown and a fishtank is placed under the growbed
tray where the fish are kept. Fishtank water is recirculated between the growbed and
fishtank. Vermiponics is an aquaponics system with red tape earthworms, scientifically
known as Eisenia fetida, added onto the growbed media. The earthworms added onto the
growbed media help to break down any solid waste from the fish and any detritus from
the plants, and also provides additional nutrients for the plants. Earthworms help convert
organic waste to fertilizer [2]. They contain hormone-like substances, which encourage the
health and growth of plants [3]. They are rich in protein and recommended as fish feed to
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aquaponics systems, making them environmentally sustainable [4]. This helps to reduce
the negative environmental impact of the conventional aquaponics systems. The amino
acid content in the earthworms is higher than the standard fish meal [5,6]. Therefore, it is
hypothesized that the vermiponics testbed with earthworms tend to be more efficient and
sustainable. This article further describes the related work in Section 2 and the materials
and methods in Section 3. Later, the results are illustrated in Section 4, followed by the
discussion of the results in Section 5.

2. Related Work

Ref. [7] performed a comparative study between two different aquaponics systems
using the Life Cycle Assessment. The authors grew Lettuce and Rainbow trout in a raft
aquaponics and media-filled system. They found that floating systems are less effective
than those with cultivation in gravel. Ref. [8] studied the growth promoting effect of
earthworms on tomato plants. The authors tried different concentrations of vermiwash and
discovered that the vermiwash treatment outperformed the normal fish water treatment. A
project was conducted by the authors of [9] on the effect of vermiwash as a vermiponics
medium on the growth of biochemical indices of Amaranthus. They compared different
percentages of vermicompost and identified that 100% of vermiponics performed best
with statistically significant improvements at α = 0.05. Ref. [10] determined an optimal
freshwater replenishment rate of 19% on a 100-liter aquaponics system and found that a
regular water replenishment system helps to maintain fishtank water quality. Aquaponics
fish and plant production performance were analyzed when the authors of [11] studied
the optimal hydraulic loading rate on plant rations. The authors of [12] conducted an
evaluation of the growth of the different plants added to small-scale aquaponics systems
to obtain adequate concentrations. They used basil, chard and chive plants with different
concentrations of vermicompost added to each plant. Ref. [13] performed a hematobio-
chemical response and intestinal histomorphology of Nile-tilapia with earthworm meal
and concluded that elevating the diversity of protein sources is imperative for fish growth
improvement. Earthworms with a favourable content of amino acids are natural food
for numerous species of fish, especially benthophagous fish such as Cyprinids. They
have a beneficial effect on the fish, leading to fish immunity [14,15]. Ref. [4] suggested
that aquaponics productivity could be enhanced using earthworms and vermicompost
from vegetable waste. The authors proposed that the earthworms can be cultivated from
vegetable waste. A study [16] outlined that the use of vermiliquers from earthworms in
aquaponics leafy vegetable production improves nutrient uptake and supports immunity,
thereby boosting growth.

Regular water replenishment may help in improving the efficiency of aquaponics
productivity [10,17] than conventional aquaponics without water replenishment. Although
studies have been performed on conventional aquaponics and vermiponics systems sep-
arately, to the best of our knowledge, there is no study comparing aquaponics and ver-
miponics with and without water replenishment. The present study attempts to cover this
research gap by performing a comparative study of standard aquaponics and vermiponics
performance and the effect of earthworms in vermiponics productivity. The major con-
tributions of this research are as follows: a unique dataset of a comparison of standard
aquaponics and vermiponics systems along with novel algorithms and mathematical for-
mulae; an analysis regarding the impact of water replenishment on yield productivity with
gold carp fish and Swiss chard plants; and an attribute-wise productivity evaluation of
both systems.

3. Materials and Methods
3.1. Experimental Design and Data Collection

Two identical aquaponics testbeds were designed and installed for the experiment:
a standard aquaponics testbed and a vermiponics testbed, both with 12 g of red tape
earthworms added onto the growbeds. Both testbeds have the same specification with



Appl. Sci. 2024, 14, 8516 3 of 14

100 L fishtanks and were equipped with artificial LED lights. A total of 6 Swiss chard
plants and 6 cold-water carp fish, scientifically known as Cyprinus carpio, were chosen to
grow on both testbeds. Fish water was recirculated on both systems every 30 min. Initially,
the experiment was run without replenishment for 91 days. Then, water replenishment
of 19 L in 100 L tanks of both testbeds were performed weekly, for the next 91 days.
Manual data collection for fish and plant attributes was performed weekly in both terms
of experimentation. IoT-based data collection for water quality data and environmental
data was performed daily, in both terms. Plant length, leaf breath length, stem size and
leaf length were chosen as plant attributes, whereas fish length and fish weight were
used as fish attributes, contributing to evaluating the growth rate of the yields. Water
quality parameters such as pH, dissolved oxygen, Total Ammonia and Nitrogen (TAN),
temperature, turbidity and TDS values were also collected along with environmental
parameters such as room temperature, humidity and CO2, whose values were collected
using sensors and IoT. Arduino UNO was used for data collection and processing. Data
were collected and stored in a local computer and in the cloud. Cloud-based and IoT-based
predicative analysis has been proven to be effective in sustainable aquaponics systems [18].
Figure 1 shows the IoT communication of this experimental setup.

Figure 1. IoT communication in this project.

3.2. Sensors and IoT Devices

The main sensors used in the aquaponics system include sensors for water tempera-
ture (DFROBOT DS18B20 digital), water pH (DFROBOT Gravity Analog-SEN0161), water
turbidity (DFROBOT Analog), dissolved oxygen (DFROBOT Analog DO), total dissolved
solids (DFROBOT Analog TDS) and CO2 (DFROBOT Infrared). These sensors were con-
nected to the fish water tank for data collection. The sensors were attached to the Arduino
UNO Microcontroller and an ESP8266 Wi-Fi module, which is connected to a standard PC.
All these sensors and IoT devices were operated on the USB power from the connected PC.
Arduino UNO IDE 2.0 firmware was used for this project.

Overall, the length of the plant, the lengths of the plant leaves, breadth size and
leaf–stem size measurements as well as the fish weights and lengths were calculated on
a 7-day interval so that the changes would be noticeable. Fish and plant attributes were
measured using a measuring scale and a high-precision weighing scale. Fish were fed once
daily and the same source of water was used for water replenishment. After the first phase
of the project, the growbed media, trays, fish, plants, water, connecting pipes and filters
were replaced with new stock to avoid any possibilities of contamination or influence in
the new results. The room was sanitized before the second run, using soap water and
antibacterial wipes. The second phase of the project was performed for the next 3 months
with weekly water replenishment. Figure 2 shows the plants’ attributes, whose data were
collected, and that both testbeds were used along with the red tape earthworms added to
the vermiponics growbed media.
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Figure 2. (a) Plant attributes defined for productivity comparison. (b) Standard (left) and vermiponics
(right) testbeds with fishtanks of 100 L capacity under them, and artificial LED lights on top of them.
Both testbeds have black plastic frames with two shelves separating the growbeds and fishtanks.
(c) Red tape earthworms added onto the growbed media.

The fish and plant data collected were segregated as 4 CSV files: two of them for the
standard testbed’s data before and after water replenishment and the other two for the
vermiponics testbed’s data before and after water replenishment. Python code was used to
perform data analysis and comparison. Plant length, leaf length and breadth, and leaf–stem
perimeter measurements were stored, and average values were calculated. Fish weight and
length were measured for each fish and averaged for 6 fish within the system.

3.3. Algorithm Design

The Pandas library was used for data analysis while the Numpy library was used for
mathematical calculation and data analysis. Matplotlib library was used to plot the graph.
‘Avg_Plant_Length’, ‘Avg_Breadth’, ‘Avg_leaf_Length’ and ‘Avg_Stem_size’ columns were
used to analyze plant productivity and the ‘Fish_weight_avg’ and ‘Fish_length_avg’ columns
of the data were used to analyze fish productivity. The analysis was performed to determine
the productivity of both testbeds before and after replenishment and the graph was plotted
using the data of the final day of data collection, that is, Day 91 data. The fish productivity
data and plant productivity data were added to find out the total testbed productivity
for both testbeds before and after replenishment, as shown in Equation (1). Productivity
difference in percentage and the growth rate difference were calculated by finding the
difference of productivity of testbeds before and after replenishment, and then dividing
the value with that of before replenishment productivity, as shown in Equation (2). Linear
interpolation was applied to the data to scale up from weekly data to daily data.

(Γ = α + β) (1)

where Γ is the combined productivity, α is the total plant productivity score and β is the
total fish productivity score.

Ω = ((Φ − Θ)/Θ)× 100 (2)

where Ω is the percentage of productivity difference, Φ is the combined productivity score
after replenishment and Θ is the combined productivity score before replenishment.

4. Results

Figure 3 portrays the status of the standard (left) and vermiponics (right) testbeds
before and after the replenishment is applied. The plants’ health and size difference is
evident from the images upon comparing both testbeds on the first day (Figure 3a) and
on the 91st day (Figure 3b) before replenishment and after replenishment (Figure 3c,d),
respectively. It is also apparent that vermiponics plants have better productivity than the
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standard plants with and without replenishment. Figure 4 shows the progressive growth
of both testbeds from Day 1, until the 91st day, after replenishment.

Figure 3. Standard testbed and vermiponics testbed on (a) Day 1 and (b) Day 91 without replenish-
ment. Standard testbed and vermiponics testbed on (c) Day 1 and (d) Day 91 with replenishment.

Figure 4. Growth stages of the aquaponics and vermiponics testbeds on Day 1, Day 15, Day 30,
Day 60, Day 75 and Day 91 after replenishment is applied. In all images, the standard testbed is on
the left side and the vermiponics testbed is on the right side.

Figure 5 shows the productivity comparison on the 91st day of standard and vermipon-
ics testbeds before and after water replenishment. The Y-axis represents attributes such as
average plant length, average breadth, average leaf length, average stem size, fish weight
and fish length. The X-axis shows the maximum productivity values. The actual produc-
tivity values are displayed at the top of every bar in the chart. These comparative charts
illustrate a clear picture of the enhanced productivity of each individual attribute after
replenishment. Table 1 shows the mean productivity before and after replenishment of the
standard testbed. The results showed that there was significant productivity when water
replenishment was applied to both testbeds. The vermiponics testbed showed a better and
quicker yield than the standard testbed. When water replenishment was performed in the
standard testbed, plant length showed a 3.41% better growth compared to the yield without
replenishment. Average leaf breadth yielded 8.40% more productivity. Leaf length was
5.33% better grown with replenishment, with a stem size increase of 13.77%. Fish weight
was increased by 0.74% and fish length improved by 0.17%. Figure 6a shows a comparison
chart between mean productivity before and after replenishment in the standard testbed
with a percentage of productivity difference on top of every bar. The X-axis shows plant



Appl. Sci. 2024, 14, 8516 6 of 14

and fish attributes, and the Y-axis contains the sum of mean productivity. Figure 6b displays
a pie chart showing the percentage productivity difference.

Figure 5. Comparison of (a) standard and (b) vermiponics testbeds before and after water replenish-
ment. The Y-axis represents attributes such as average plant length, average breadth, average leaf
length, average stem size, fish weight and fish length. The X-axis shows the maximum productivity
values. The data labels display the productivity values of the attributes of the 91st day.
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Figure 6. (a) Comparison chart between mean productivity before and after replenishment in the
standard testbed with percentage of productivity difference on top of every bar. The X-axis shows
plant and fish attributes, and the Y-axis contains the sum of mean productivity. (b) A pie chart
showing the percentage productivity difference.

Table 1. Mean productivity comparison with productivity difference percentage for standard testbed.

Attributes
Mean Productivity

before
Replenishment

Mean Productivity
after Replenishment

% of Productivity
Difference

Avg plant length 36.92 38.18 3.42
Avg breadth 13.31 14.42 8.41

Avg leaf length 19.58 20.63 5.33
Avg stem size 2.89 3.29 13.78

Fish weight avg 29.64 29.86 0.75
Fish length avg 13.17 13.20 0.17

4.1. Standard Testbed Productivity Comparison

Table 2 shows the mean productivity before and after the replenishment of the ver-
miponics testbed. It is found that the plant length was improved by 5.04% and leaf breadth
size was increased by 7.89%. Leaf length was improved by 11.00% with a stem size better-
ment of 26.06% than the yields without replenishment. Fish weight and fish length had
an increase of 2.01% and 0.86%, respectively, showing improvement after replenishment.
With respect to average plant length, average breadth, average leaf length, average stem
size, average fish weight and fish length, Figure 7a shows a comparison chart between
mean productivity before and after replenishment in the vermiponics testbed with the
percentage of productivity difference on top of every bar. The X-axis shows the plant and
fish attributes, and the Y-axis contains the sum of mean productivity. Figure 7b shows a pie
chart showing the percentage productivity difference.

Table 2. Mean productivity comparison with productivity difference percentage for vermiponics testbed.

Attributes
Mean Productivity

before
Replenishment

Mean Productivity
after Replenishment

% of Productivity
Difference

Avg plant length 38.86 40.82 5.04
Avg breadth 14.91 16.09 7.89

Avg leaf length 19.86 22.05 11.01
Avg stem size 3.29 4.15 26.06

Fish weight avg 29.83 30.43 2.02
Fish length avg 13.20 13.31 0.86
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Figure 7. (a) Comparison chart between mean productivity before and after replenishment in
vermiponics testbed with percentage of productivity difference on top of every bar. The X-axis shows
plant and fish attributes, and the Y-axis contains sum of mean productivity. (b) A pie chart showing
the percentage productivity difference.

4.2. Vermiponics Testbed Productivity Comparison

Further statistical analysis was performed on the results to determine whether the im-
provement in the productivity after water replenishment in both testbeds were statistically
significant, using t-test and p-values. Paired-sample t-test is generally applied to compare
the means of the sample collected from the main group or population, but with different
intervals such as pre- and post-tests or before and after a treatment [19]. Mean productivity
scores were calculated first using the column values of ‘Avg_Plant_Length’, ‘Avg_Breadth’,
‘Avg_leaf_Length’, ‘Avg_Stem_ ’Fish_weight_avg’ and ‘Fish_length_avg’ column values
of the input data. Then, paired t-tests were performed with mean productivity scores
determined with before and after replenishment data for both testbeds. The stats.ttest_rel()
function was used to perform the test using Python code in Google Colab. libraries. The
minimum p-value set for comparison was 0.05. Lower p-values typically suggest that the
corresponding t-statistic is associated with highly significant results. Analysis revealed
that the p-values are far below 0.05, indicating a significant difference between data before
and replenishment. Table 3 shows the attributes and corresponding p-values for standard
aquaponics and vermiponics testbeds.

Table 3. Attributes with p-values for standard aquaponics and vermiponics.

Attributes p-Value (Aquaponics) p-Value (Vermiponics)

Avg Plant Length 8.31 × 10−61 1.77 × 10−54

Avg Breadth 2.15 × 10−66 1.31 × 10−57

Avg leaf Length 6.81 × 10−71 1.10 × 10−39

Avg Stem size 7.59 × 10−29 1.60 × 10−25

Fish weight avg 2.91 × 10−63 3.08 × 10−50

Fish length avg 7.80 × 10−12 1.78 × 10−43

Figures 8 and 9 show the progressions of the daily growth comparison over 91 days
on the X-axis and the plant or fish attribute productivity scores attained on the Y-axis for
vermiponics and standard testbeds in order, before and after water replenishment. In
Figure 8a, the daily growth of plant length is plotted before and after replenishment and a
clear difference is shown between the lines plotted. Similarly, all plots show clear differences
between the daily growth of all chosen attributes before and after replenishment. These gaps
in the plots visually prove the replenishment to be effective for fish and plant productivity.
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Figure 8. Daily growth of plant and fish attributes of vermiponics testbed before and after replenish-
ment. (a) Daily growth of plant length; (b) leaf breadth comparison; (c) leaf length. (d) The stem size
growth. (e,f) The fish weights and fish length daily growth, in order.

Figure 9. Daily growth of plant and fish attributes of the standard testbed before and after replenish-
ment. (a) Daily growth of plant length; (b) leaf breadth comparison; and (c) leaf length. (d) shows the
stem size growth. (e,f) The fish weights and fish length daily growth in order.
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Key water quality parameters such as dissolved oxygen and pH values seemed to be in
the healthy range [20]. pH values were maintained in between 6 and 8, whereas dissolved
oxygen values were between 5 and 10 during replenishment. Total Ammonia and Nitrogen
values were shown to be less than 1 after replenishment was applied. Figure 10 shows the
pH and DO values before and after replenishment was applied. A clear decline in pH and
DO values over time is noticeable in the figure, before the replenishment was applied.

Figure 10. pH and DO sensor values for (a) standard aquaponics before replenishment term and
(b) standard aquaponics during replenishment; (c) vermiponics before replenishment term and
(d) vermiponics during replenishment.

A general comparison between the productivity scores of both testbeds before and
after water replenishment showed an overall productivity difference of 2.83% for the
standard testbed and 5.54% for the vermiponics testbed, indicating a better outcome
with replenishment. This is particularly evident in Figure 11, which shows the total
productivity score as function of the treatments. The combined productivity was calculated
by adding the productivity scores of plants’ attributes with the productivity scores of the
fish attributes on Day 91. This calculation was made for both the testbed results before and
after replenishment, and the difference in the productivity was inferred.



Appl. Sci. 2024, 14, 8516 11 of 14

Figure 11. General comparison between standard and vermiponics testbed before and after water
replenishment against the productivity score.

5. Discussion

Standard aquaponics and vermiponics systems were designed, built and used to assess
the impact of water replenishment and earthworm presence on plant and fish growth and
the overall productivity of each system. The results proved that water replenishment
effectively improves plants and fish growth and the productivity of the aquaponics with
and without the presence of earthworms in the growbed. Further improvement of the
performance was observed with the vermiponics system. The results are in agreement
with the literature that suggests earthworm presence enhances the nutrient availability of
plants in the aquaponics [21] and thereby improves the growth of the plants. Similarly,
it is reported that the earthworms help to increase the crop yield and root structure of
the plants [22]. Earthworms in the aquaponics growbed could improve the biofiltration
mechanism and support to mineralize nutrients, influencing the bacterial ecosystem [23].
In both terms of experimentation of this project, it was evident that the vermiponics testbed
yielded better productivity than the standard testbed because of the worm’s presence. It is
quite evident from the data presented and the images of the vermiponics testbed that it
showed a better yield compared to the standard testbed.

Results show that a better yield close to 3% was possible with regular water replen-
ishment of 19 L in a 100-liter fishtank for the standard testbed and a more than 5.5%
productivity was possible on the vermiponics system yield. Leaf breadth size showed
a slightly better productivity in the standard testbed than the vermiponics system after
replenishment. Leaf length and stem size were the two attributes which were highly im-
pacted by water replenishment according to the results. Plant lengths increased faster with
the replenishment term than the previous term of growth without replenishment. Fish
length and weight increased steadily. The stems of the plants looked stronger, and the
leaves were greener and healthier when replenishment was applied. It is also noted that
the fish were more active and looked healthier during replenishment. When the water
quality parameter values were collected from the fishtank water while no replenishment
was applied, pH values were found to drop over time, making the fish water more acidic.
Without replenishment, the Total Ammonia Nitrogen (TAN) values were increased from 0
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to 1, which is detrimental for fish life [10]. Water temperature showed an increase up to
2 degrees when no replenishment was applied. Dissolved oxygen values dropped over
time while turbidity was unaffected. Water replenishment helped the key water quality
parameter values to stay optimal. That is, pH and DO values, which dropped when no
replenishment was applied, maintained the optimal range throughout the replenishment
term. TAN values were at 0 after replenishment. Turbidity values remained unaffected
during replenishment. The literature shows that most of the comparative studies have been
performed using manual approaches, whereas this project effectively blended the use of
technology along with conventional methods.

Limitation and Scope of the Project

The data and results could be influenced by the number and types of fish and plants
grown as well as the environmental conditions. The type of aquaponics used could be
another influencing factor in optimal replenishment rate calculation. This project is carried
out in a standard indoor coupled aquaponics system within a controlled environment. The
results discussed above were generated with the data collected from a specific aquaponics
system as described in the Section 3. This study was performed on a small-scale aquaponics
system, and the application of the results of this research to medium-level or industrial-level
farming needs adequate scaling in replenishment rate and other parameters according to
the size of the system. The replenishment rate calculated in the project was sensitive to
the aquaponics tank capacity used. This project used a 100 L water tank and optimal rate,
and water quality was calculated accordingly. The experimentation was carried out in a
controlled environment inside a closed room where artificial lighting was provided. A 19 L
water replenishment system was used in this study and a different replenishment rate may
result in different productivity rates. The results may have been impacted by the room
environment such as humidity, room temperature and carbon dioxide levels. Artificial light
operation timing, water recirculation timing, feed timing and feed quantity may have also
influenced the results obtained. The results discussed are based on experimentation which
was conducted for 91 days. The number of days may have influenced the productivity and
impact of replenishment. That is, experimentation in an uncontrolled environment for a
longer period than 91 days may cause variations in room temperature and humidity, which
can potentially influence the water quality.

This project opens a new arena of research in various aspects of smart aquaponics.
Investigation on the effect of water replenishment on the plant’s nutrients could be a
potential research topic. Further analysis on the impact of the earthworms on different
fish and plant types could be investigated. This research will be further explored with the
growth-stage classification of the Swiss chards using machine vision and machine learning.
Plant harvest time prediction is another prospective topic for investigation as a future step.

6. Conclusions

Fish and plants were grown on an aquaponics standard testbed and a vermiponics
testbed for three months without water replenishment and the next three months with water
replenishment. Both systems were monitored using sensors and IoT devices. The plants’
attributes selected were plant length, leaf length, stem size and leaf size, whereas the fish
attributes chosen were fish weight and fish length. The main observation from this study
was that there was better fish and plant growth as well as clear productivity improvement
in the yields produced, with water replenishment. The changes observed with the water
replenishment were statistically significant. Under the current investigation conditions,
adding earthworms in the growbed enhances productivity as water replenishment resulted
in 2.83% and 5.54% overall productivity improvement for the standard aquaponics and
vermiponics systems, respectively. This research will be further explored with the growth-
stage classification of the Swiss chards using machine vision and machine learning. Plant
harvest time prediction is another prospective topic for investigation as the growth rate of
the two systems were slightly different.
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