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Abstract: In the study of aquaponics, questions have risen concerning the role of microbiota
upon plant growth. This experiment compared unaltered aquaponic nutrient solution at pH 7.0
(treatment A7) with sterilized aquaponic nutrient solution at pH 7.0 (treatment SA7) to quantify
effects that live microorganisms had on the growth of lettuce (Lactuca sativa). Baseline comparisons
were made to conventional hydroponic conditions using inorganic nutrients at pH 5.8 (treatment
H5) or pH 7.0 (treatment H7), which showed a 51% reduction in lettuce fresh weight (FW) growth,
indicating a strong negative effect of the higher pH nutrient solution; a similar large difference (38%)
occurred for dry weight (DW) comparisons between these two treatments. No difference occurred
between the sterilized aquaponic treatment (SA7) and H5 in FW or DW. H5 produced more FW and
DW than the non-sterile aquaponic treatment (A7). Responses were not different in FW and DW
between the two aquaponic conditions. Reduced FW and DW of A7 compared to H5 may be related to
the 50 times higher microbial community living in the A7 treatment water than in H5 at the beginning
of each trial. Given that the sterile aquaponic solution SA7 and the H5 hydroponic condition were not
different in performance, we concluded that the beneficial effects of the microbial community in the
fish recirculating aquaculture system (RAS) occurred before the water was sterilized. An interesting
implication of our findings is that an RAS can be decoupled from the hydroponic growing system,
since its benefits are not dependent upon continuous recirculation between the plant and fish system
and its living biotic community.
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1. Introduction

Aquaponics is the incorporation of fish and hydroponically grown plants into one system.
Standard aquaponic systems are composed of fish rearing tanks, a clarifier to collect and mineralize
suspended solids, and a filtering tank to minimize the remaining suspended solids [1,2]. This system
provides a sustainable, closed-loop system for raising both fish and vegetable crops concurrently.

Aquaponic nutrient solutions have lower nutrient concentrations than comparable hydroponic
systems, yet plant yields do not decrease [3]. It has been postulated that aquaponic systems supply
more than just nutrients, and somehow cultivate an ecosystem of microorganisms, rhizobacteria,
or fungi that are beneficial to the plants in the system [4]. It is well known that nitrifying bacteria
associated with an aquaponic system reduce ammonia and nitrite nitrogen to nitrate, all of which
can be harmful to fish [5,6]. The integration of fish and plant components raises the possibility that
there are other organisms and products or byproducts associated with the fish system that improve
the growth of aquaponic plants using less than the ideal nutrient conditions supplied from closely
controlled hydroponic-type nutrient conditions. Previous research by our group had shown that
lettuce grown at a pH of 7.0 using fish nutrient water performed as well as lettuce grown under ideal
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hydroponic conditions and a pH of 5.8, while hydroponic lettuce grown at an elevated pH of 7.0 saw
a 26% decrease in fresh shoot weight at harvest [7].

The objective of this experiment was to discover if the benefits of aquaponic nutrient solution are
due solely to the nutrients provided by the fish and the microbial activity in the fish system, or if there
is a previously unknown microbial ecosystem benefitting the plants once the fish nutrient water is
supplied to the lettuce growing system. We investigated this question by comparing lettuce grown
using hydroponic water at an ideal pH of 5.8 and an elevated pH of 7.0 as well as two aquaponic
conditions at pH 7.0 where one of the aquaponic conditions used sterilized aquaponic water.

2. Materials and Methods

2.1. Experimental Setup

The experiment was conducted at Cornell University’s Kenneth Post Laboratory greenhouse
complex in Ithaca, New York at a latitude of approximately 42◦ N and a longitude of 76◦ W. Trial 1
occurred between 24 February and 21 March 2016, and Trial 2 occurred between 8 March and 4 April
2016. All environmental parameters were monitored by an Argus system (Argus Control Systems Ltd.,
Surrey, BC, Canada), in which data samples were collected every two seconds, averaged every 2 min,
and logged. The experiment was conducted in a middle section of a multi-sectioned glass greenhouse
with dimensions 9 m × 10 m × 7 m high to the ridge, oriented east-west. The greenhouse was kept at
a constant temperature of 24 ◦C, maintained by two identical forced air water-to-air heat exchangers
on opposite ends of the greenhouse, rated at 115,000 kJ/h.

A daily light integral (DLI) was maintained at 17 mol/m2·day of photosynthetically active
radiation (PAR) by a combination of natural and supplemental light. Day length increased over the
course of the experiment’s post-seedling stage from 11:43 h to 12:55 h. Since we maintained the
same DLI over the entire experiment, we assumed there was no effect from the day length change.
Supplemental light was provided by an array of 20 high-pressure sodium (HPS) lights (General
Electric, 400 watt clear S51/O, Mogul Base rated ED18 HSP, LU 400/H/ECO). Lights were arrayed to
ensure that each plant received the same amount of light. A LiCor quantum sensor (LI-190R, LI-COR
Biosciences, Lincoln, NE, USA) was used to quantify lighting at the plant level. CO2 was not controlled
or measured, but was assumed to be ambient. Humidity was not controlled but monitored and left at
ambient conditions, typically between 50% and 60% during the daytime period. Root zone temperature
was not controlled, but was within 1.9 ◦C of the average room temperature of 24 ◦C. Each trial took
place over 27 days with the last 13 of these days in the bucket environment. All plants were grown in
buckets, described in more detail below.

All seeds for all trials were germinated in an ebb and flow seeding bench and then were
transplanted after 14 days to the bucket system for days 15 to 27. Seedlings at day 14 were randomly
selected from the available seedlings after discarding atypical (including large or small) plants.

2.2. Treatments

Two trials of 10 replicates of four treatments were performed. The four treatments are shown in
Table 1. Each treatment will be referenced by their respective acronym throughout the paper. The H5
treatment of conventional hydroponic at pH 5.8 was considered the control treatment, and was used
as a basis for comparisons with other treatments.

Nutrient concentrations used for the four treatments at the beginning of the trial and then at
the replacement of solution every two days are given in Table 2. H5 was a standard Sonneveld and
Straver nutrient solution for lettuce [8], modified to half concentration, adjusted to pH 5.8, and without
silicon. H7 was the same nutrient solution as H5, adjusted to pH 7.0. Two hundred liters of H5 and H7
solution were prepared at once using reverse osmosis (RO) water and concentrated stock solutions.
The modified solutions were created following details provided in our previous publications [7,9].
The starting nutrient conditions for our four treatments were assumed to be the same as H5, H7, and
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A7 reported by Vandam et al. [10], since they used the same fish system, nutrient solution stocks,
and protocols, and were analyzed within one month of when we started this experiment. A7 and
SA7 nutrient elemental concentrations would be similar, since the same water from the fish system
was used for both. We did not investigate whether the autoclaving process had any impact on the
compounds present due to heat transformation.

Chelated iron (Fe-DTPA, brand name Sprint 330, BASF Corporation, Research Triangle Park,
Durham, NC, USA) was included for all treatments at 11 mg/L (10% of the material is active as
elemental iron or 1.1 mg/L). A7 received the Fe-DTPA immediately after its removal from the main
aquaponic system, while SA7 received Fe-DTPA after sterilization. The Fe values in Table 2 are for total
Fe present, which would be exclusively from the chelated additive for H5 and H7, while the higher Fe
value for A7 included the Fe in the chelated material, as well as Fe from other compounds in the fish
water and residual non-chelated Fe from previous experiments. The chelated form of Fe from the fish
system water was assumed to be minimal, since the chelated product breaks down fairly rapidly to
other Fe compounds due to UV radiation from sunlight, as was the case for our experimental setup.
Humic and fulvic acids can act as natural chelators and are the byproduct of decomposition [11], and
thus were likely present in our system. Selectivity for elements and the concentration of these natural
chelators was not evaluated in this experiment.

Nutrient solutions in each bucket were changed every two days to restore nutrient conditions to
their initial known values. Given the frequent change to known conditions and that nutrient solutions
are designed to provide surplus nutrients, we considered our data collection every two days to be
sufficient to characterize the nutrient conditions that the plants were grown under. Lettuce plants were
harvested after 27 days of growth to ensure that elements would not be depleted between solution
changes, e.g., our plants at 27 days were only 15% to 20% of a commercial harvest size of 150 g. From a
mass balance perspective, we calculated that macro elements in solution declined by only 2% to 4%
from their initial values.

Table 1. Tabulation of the four treatments tested.

Treatment Description

H5 1/2 Sonneveld nutrient solution at pH 5.8 (control treatment)
H7 1/2 Sonneveld nutrient solution at pH 7.0
A7 Untreated aquaponic water at pH 7.0

SA7 Sterilized aquaponic water at pH 7.0

Table 2. Nutrient solutions for treatments employed (SA7 same as A7) expressed in mg/L. Differing
superscript letters within response variables identify that significant differences occur between values
(p-level = 0.05), from Reference [10].

Element (mg/L) A7 H5 H7

Macronutrients

K 214 216 219
Ca 87.6 a 93.8 b 94.0 b

Mg 22.6 c 12.8 a 13.1 a

S 21.0 19.3 19.6
Na 19.34 c 4.73 a 5.59 a

P 12.4 30.5 31.1
NO3-N 135.1 149.7 154.7

TAN 1.1 8.9 9.5
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Table 2. Cont.

Element (mg/L) A7 H5 H7

Micronutrients

Fe 2.891 c 0.868 a 0.870 a

Sr 0.552 0.586 0.590
Zn 0.517 b 0.182 a 0.184 a

Cu 0.045 0.050 0.050
Co 0.003 b 0.001 a 0.001 a

Mn 0.033 a 0.162 c 0.157 c

Mo 0.002 0.025 0.026

Other elements

Al 0.100 0.090 0.090
Ba 0.018 0.016 0.011
As 0.010 0.006 0.006
Pb 0.010 c 0.000 a 0.000 a

Cd 0.004 0.003 0.003
V 0.0029 0.0025 0.0025

The H5 and H7 solutions were adjusted daily to the targeted pH five days in advance of plant
placement using KOH for base and HNO3 for acid corrections. While H5 did not require any corrections
after the first day, H7 experienced precipitation from the elevated pH that required daily adjustments
for a period (discussed in our previous papers [7,9]). The five-day adjustment period for the nutrient
solutions was to ensure that the majority of any pH-related precipitation occurred before we used the
nutrient solution for the plants and that the pH in the stock container remained relatively constant
once the experiment was initiated.

A7 used unsterilized water from a 1400-L recirculating aquaculture system growing approximately
52 adult koi (Cyprinus carpio) being fed 90 g per day of a commercial koi pelleted feed. Koi feed (Max
Growth Diet floating extruded pellet) was purchased from Blackwater Creek Farms (Eustis, FL, USA,
www.koisale.com). All food was used within six months of the mill date to ensure nutritional quality;
details of the fish system and feeding protocols are given in our earlier papers [7,9]). SA7 solution was
obtained from the same system as A7 and then autoclaved following an established liquid autoclaving
protocol [12]. Our sterilization protocol heated the nutrient solutions to approximately 120 ◦C and
1.36 atmospheres of gage pressure. Autoclave tape was applied to ensure that the liquid reached the
necessary sterilization temperature. After autoclaving, the nutrient solutions were allowed to cool to
room temperature before use.
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Figure 1. Required sterilization time as affected by liquid volume using an autoclave at 121 ◦C and
1.0 atmospheres (15 psi gage) pressure (data from Reference [12]).
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Based upon the data from the referenced manual [12], the regression shown in Figure 1 was
developed and used to prescribe the minimum autoclaving time-period for sterilization; we rounded
this time up to 90 min to be confident of solution sterilization. To verify that autoclave sterilization was
effective in reducing microorganism populations, an adenosine triphosphate (ATP)-based monitoring
system (novaLUM System manufactured by Charm Sciences, Lawrence, MA, USA) was utilized to
determine the relative living cells in the solution via Relative Light Units (RLU). RLUs are a comparative
measure of ATP present in a solution after cell lysing. A high RLU indicates that the solution contains
a large amount of ATP, meaning it contains a large amount of living cells [13]. Verification data is
reported in Section 3.

2.3. Experimental Protocol

The bucket system consisted of 40 plastic buckets, each filled near to the brim with 4 L of one
of the four treatments (Figure 2). Treatments and buckets were placed randomly within the growing
area. Each bucket contained an air stone placed in the nutrient solution that constantly aerated the
nutrient solution from common air pumps. Each bucket was covered with a 200-mm diameter lid
containing three 25-mm diameter holes drilled equidistant from each other. Buckets and lids were
painted silver to reduce chelation degradation and limit algal growth by preventing sunlight from
reaching the nutrient solution.
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Flats of rockwool (Grodan AO25/40, 25 mm; Grodan, Roermond, The Netherlands) were prepared
by soaking them in RO water for 10–20 min and then flushing each flat with RO water for 5 min. Flats
were then soaked for an additional 10–20 min using the 1

2 Sonneveld and Straver solution adjusted to
a pH of 4.5 to 5.0, following which flats were flushed with 6 to 7 L of nutrient solution that had been
adjusted to a pH of 5.8 (control pH for H5). We then did a final flushing using RO water for 7 min and
considered the flats ready for seed placement.

Un-pelleted lettuce seeds (Lactuca sativa cv. Flandria) purchased from Rijk-Zwaan (De Lier, The
Netherlands) were planted in the rockwool cubes 14 days prior to the desired transplant date and
placed in the mentioned greenhouse space within the DLI maintained light array. The day of seeding
is the reference date, day 1. Standard perforated 1020 trays of seeds in rockwool were covered with
an opaque cover for the first 24 h, after which the cover was replaced with a clear germination cover.
This cover was removed after the fourth day, leaving the seedlings exposed. Seedlings were placed
in an ebb and flood bench that supplied nutrient solution at pH 5.8 four times a day (7 a.m., 11 a.m.,
3 p.m., and 7 p.m.). Individual cubes were separated from the pre-cut rockwool slab and seedlings
that were considered typical (not large, smaller, or abnormal) were then transplanted to the bucket
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system on Day 14. One cube was placed in each of the three lid holes. Roots were submerged in
nutrient solution when the cubes were placed in the lids. New buckets were used in Trial 1 (cleaned
and disinfected before use) and then cleaned thoroughly before reuse in Trial 2.

Once placed into the buckets, the nutrient solutions were emptied every two days (days 16, 18, 20,
22, 24, and 26) and replaced with fresh nutrient solution for each treatment. Plants were removed at
day 27, compared to normal harvests occurring at day 35 (150 g plants). We harvested at the earlier date
to minimize the changes occurring in natural day length and before the late stage exponential growth
of the lettuce plant. Also, our experience was that we would see any effects of nutrient deficiencies or
environmental variables well before plants reach a typical market size at day 35.

Frequent replacement of nutrient solution, in addition to the factors mentioned in the treatments
in Section 2.2, were intended to maintain pH and nutrient availability at near target values. The pH
variations of each solution immediately before replacing the nutrient solution with fresh replacement
at the target pH value are shown in Figure 3.

Horticulturae 2017, 3, 46  6 of 11 

 

Frequent replacement of nutrient solution, in addition to the factors mentioned in the treatments 
in Section 2.2, were intended to maintain pH and nutrient availability at near target values. The pH 
variations of each solution immediately before replacing the nutrient solution with fresh replacement 
at the target pH value are shown in Figure 3. 

 
(a)

 
(b)

Figure 3. Magnitude of difference in pH value of nutrient solution between its addition to the bucket 
system and its replacement two days later. A positive y-value indicates an increase in pH while in the 
bucket system. ‘Day in bucket’ represents time in bucket after transplanting at day 14. (a) pH variation 
for Trial 1; (b) pH variation for Trial 2. 

2.4. Measurements 

The pH, electrical conductivity (EC), and root zone temperature were measured prior to the 
addition of new nutrient solution to each bucket. All treatment pH values were adjusted to their 
target values (5.80 ± 0.02 for H5, 7.00 ± 0.02 for H7, A7, and SA7) before the addition of nutrient 
solutions to individual buckets. Old nutrient solution from each treatment was collected into a barrel 
and mixed thoroughly. After mixing, the pH, EC, and root zone temperature were measured and 
recorded for each of the treatments. Change in nutrient concentrations was not measured and was 

-1

-0.5

0

0.5

1

1.5

2

0 2 4 6 8 10 12 14

pH
 V

ar
ia

tio
n 

(A
vg

)

Day in bucket

H5 H7 A7 SA7

-1

-0.5

0

0.5

1

1.5

2

0 2 4 6 8 10 12 14

pH
 V

ar
ia

tio
n 

(A
vg

)

Day in bucket

H5 H7 A7 SA7

Figure 3. Magnitude of difference in pH value of nutrient solution between its addition to the bucket
system and its replacement two days later. A positive y-value indicates an increase in pH while in the
bucket system. ‘Day in bucket’ represents time in bucket after transplanting at day 14. (a) pH variation
for Trial 1; (b) pH variation for Trial 2.
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2.4. Measurements

The pH, electrical conductivity (EC), and root zone temperature were measured prior to the
addition of new nutrient solution to each bucket. All treatment pH values were adjusted to their target
values (5.80 ± 0.02 for H5, 7.00 ± 0.02 for H7, A7, and SA7) before the addition of nutrient solutions to
individual buckets. Old nutrient solution from each treatment was collected into a barrel and mixed
thoroughly. After mixing, the pH, EC, and root zone temperature were measured and recorded for
each of the treatments. Change in nutrient concentrations was not measured and was assumed to be
minimal due to the small head size at harvest, circa 16% of a commercial head target size of 150 g.

Nutrient solution data were recorded for the final time on day 27. Shoots were cut level with the
rockwool cube and individual fresh weights were measured and recorded. Each shoot was individually
bagged and placed in a 70 ◦C drying oven for approximately 72 h. After this time-period, each shoot’s
dry weight was measured and recorded, from which the dry weight (DW) to fresh weight (FW) ratio
(DW/FW) or dry matter percentage was determined.

2.5. Statistical Analysis

Mixed effect models using least squares analyses were conducted using JMP Pro software (version
JMP PRO 11; JMP a Division of SAS, Cary, NC, USA). Shoot (FW, DW, and DW/FW) data were treated
as response variables, treatment and trial were treated as fixed effects, and plant number nested
within buckets was treated as a random effect to account for the three plants per bucket. Pairwise
comparisons between treatments were made using Tukey’s honest significant difference (HSD) at
an alpha value of 0.05.

3. Results

3.1. Sterilization Verification

As shown in Table 3, RLU values from non-sterilized A7 solutions (aquaponic water at pH 7.0)
were approximately 300 times higher than values from sterilized aquaponic water (SA7) solution,
indicating that sterilization killed the vast majority of microorganisms. Also, the RLU values for the
two hydroponic conditions H5 and H7 (combined as a single water source) were about five times
the values measured in the autoclaved SA7 solution water, indicating active bacterial action in the
hydroponic solutions but not nearly as much as the aquaponic solution (A7). This is strong evidence
that we were successful in killing most of the living organisms in the autoclaved treatment water. In
this testing procedure, we combined H5 and H7 since they were identical except for pH variation,
which would not significantly alter the presence or absence of microorganisms.

Table 3. Measure of ATP in solution as indicated by Relative Light Units (RLU).

Treatment Relative Light Units

H5, H7 47,093
A7 2,537,609

SA7 8484

Standard operating procedures for this instrument state that an RLU reading less than
1000 indicates sterilization [13]. These guidelines are for laboratory animal cages, which would
have ATP from lysed cells wiped away as part of cleaning procedures. Water for SA7 contained the
remnants of killed microorganisms, including ATP. Therefore, even though the RLU reading is higher
than the recommended level to indicate sterilization, there is no reason to believe that SA7 was not
sterilized effectively. Further, we regard the five-fold difference between SA7 and H5 and H7 and
the 300-fold difference between A7 and SA7 water to be a clear indicator of dramatic reductions in
bacterial activity in the SA7 water, which is the major variable of interest in this research paper.
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3.2. Lettuce Response to Treatment

Biomass responses for shoot fresh weight (FW), dry weight (DW), and DW/FW ratio are tabulated
for Trials 1 and 2 and as a combined dataset in Table 4. Table 5 shows the least squares mean analysis
(LSM) results of the combined Trials 1 and 2 datasets. Trial effect was significant, with the largest
variation between trials occurring for the non-sterilized aquaponic condition (A7). Trial effect was
accounted for in the LSM analysis.

Table 4. Summary data for shoot fresh and dry weights (g) and for dry weight to fresh weight ratio
(DW/FW), separated by treatment and trial. For the last three columns, values to the left are mean
values, while values in parentheses are standard deviations.

Trial Treatment n Fresh Weight (g) Dry Weight (g) DW/FW

1 H5 30 24.9 (3.71) 1.61 (0.192) 0.065 (0.004)
1 H7 30 13.6 (2.43) 1.06 (0.140) 0.079 (0.009)
1 A7 30 14.1 (4.52) 1.04 (0.260) 0.077 (0.013)
1 SA7 30 22.5 (2.99) 1.40 (0.151) 0.063 (0.003)
2 H5 30 34.6 (6.53) 1.74 (0.310) 0.051 (0.002)
2 H7 30 15.2 (5.03) 1.00 (0.254) 0.068 (0.008)
2 A7 30 33.5 (6.41) 1.67 (0.273) 0.050 (0.003)
2 SA7 30 31.8 (9.11) 1.62 (0.426) 0.052 (0.004)

Combined H5 60 29.8 (7.19) 1.68 (0.264) 0.058 (0.008)
Combined H7 60 14.4 (4.01) 1.03 (0.206) 0.073 (0.010)
Combined A7 60 23.8 (11.2) 1.35 (0.414) 0.064 (0.017)
Combined SA7 60 27.2 (8.18) 1.51 (0.336) 0.057 (0.007)

Table 5. Least squares mean analysis (LSM) of the combined data from both trials. Levels not
connected by the same letter are statistically different by Tukey’s honest significant difference (HSD)
(alpha value = 0.05).

Treatment Fresh Weight (g) Dry Weight (g) Fraction Dry

H5 29.76 a 1.676 a 0.0577 c

H7 14.38 c 1.031 c 0.0734 a

A7 23.77 b 1.354 b 0.0637 b

SA7 27.16 a,b 1.514 a,b 0.0571 c

4. Discussion

The nutrient solution used for the aquaponic conditions (A7 and SA7) was a less well-balanced
nutrient solution than the two hydroponic solutions H5 or H7. A7 was different (larger) than H7
in both FW and DW, but was different (smaller) for both FW and DW compared to H5 (Table 5).
Surprisingly, SA7 was not different from A7 for FW and DW, but was different (lower) for the DW/FW
ratio. Previous results [7] showed A7 FW and DW to be greater than those of H7, but A7 and H5
did not differ in that study. There were many differences in the experimental setup and protocols,
including harvest size, which we did not evaluate. Importantly, the sterilized aquaponic treatment
(SA7) was not different from H5, considered the optimum nutrient solution, in both FW and DW
comparisons, while the A7 treatment was. We can conclude that there was some advantage to the
sterilization of the aquaponic treatment water.

The higher DW/FW ratio for A7 compared to SA7 was also consistent with H7’s DW/FW ratio
being higher than H5, which is reflective of the water treatment condition being a more stressful
environment for growth in A7 and H7 compared to the other two conditions. We have previously
reported that DW/FW was higher for H7 than A7 or H5 [7], which suggests that when the plant is
nutritionally or environmentally stressed, DW/FW ratios may be affected.
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The data clearly indicated that there was a net positive effect gained from sterilizing the aquaponic
water prior to transferring to the plants which may have contributed some benefits. Results suggest
that the primary beneficial effects from the living microbes in the RAS was created while the water was
recirculated in the fish RAS and was retained even after the living microbes were killed by sterilization.
It is possible that the much larger bacterial community in A7 could have compromised plant nutrient
availability by consuming nutrients or by increasing the energetic cost to import nutrients across the
root interface. Ling and Chen [14] showed that increased organic loading on autotrophic biological
filters reduced nitrification rates exponentially as the C/N ratio increased from 0 to 2, which would
support our observation that increased bacterial loading on the roots compromised plant growth rates.

Trial effects were shown in Table 4 and expressed in Table 6 as a ratio of Trial 2 to their
corresponding values from Trial 1. Fresh weight was always larger in Trial 2; dry weight was generally
larger in Trial 2, although not as much as fresh weight was; and the DW/FW ratio was always lower
in Trial 2. This indicates that while the lettuce grew larger in Trial 2, most of this mass was due to an
increased uptake of water. Note also that the ratios for the different response variables were much
larger for the A7 treatment than the other treatments. This observation also supports our hypothesis
that it was the large living microbial community transferred into the A7 treatment that caused the
reduction in FW and DW compared to H5 and SA7, but A7 was still able to produce more FW and DW
biomass than H7 treatment. While light was maintained at 17 mol/m2·day (combined natural and
supplemental), Trial 2 occurred later in the season and therefore received a larger portion of its light
integral from natural light. As previously described, day length only increased by roughly an hour
over the course of the two trials and we do not believe that this would explain the larger shoots in Trial
2. While it is unlikely that the autoclave sterilization of the fish nutrient water significantly altered the
nutrient composition and compounds present, it is a possibility. Replicates of this experiment would
benefit from separate sterilized control treatments that are created in the same manner as the sterilized
aquaculture solution, i.e., SH5 and SH7 treatments.

Table 6. Ratio between trials of fresh and dry shoot weights. Ratios were obtained by dividing values
for Trial 2 by their corresponding values from Trial 1.

Treatment Fresh Weight Ratio Dry Weight Ratio Dry to Fresh Ratio

H5 1.39 1.08 0.78
H7 1.12 0.94 0.85
A7 2.38 1.61 0.65

SA7 1.41 1.16 0.83

In similar research by our group [7], we conducted extensive trials growing lettuce to 150 g
under treatment conditions represented by three of the same conditions as those used in the research
reported herein (H5, H7, and A7), but with no sterilized treatment of A7. Supporting the results
reported here, we saw a 26% reduction in fresh weight when comparing H7 to H5 and no significant
difference between H5 and A7 [7]. In that previous research, we had hypothesized that the enhanced
performance of the A7 treatment (we expected the pH 7.0 condition in A7 to have a negative effect
from the higher pH compared to the control pH of 5.8 with H5) was due to the living biotic factors
in the water. However, the research presented here refutes that concept, indicating that other factors
affected the nutrient availability in hydroponic lettuce culture than the live biotic community present
in the root zone. Microbiota in the biofilters of aquaponic systems are poorly understood, and this
research did not attempt to investigate them. Our research does indicate that while microbiota in
the root zone supplied directly from the RAS are unimportant to the growth of the plant, microbial
communities in the biofilter cause currently unknown biochemical processes on the RAS water that
likely result in the RAS water providing increased growth to the plants. Natural chelators, cofactors,
enzymes, hormones, differing forms of nutrients, mycorrhizal communities, and more are possibilities
for further research into possible causal agents. We do know that humic acids, a byproduct of organic
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decomposition such as that occurring regularly in our aquaculture system, has been shown to increase
root size, permeability, and uptake of micronutrients, as well as stimulate growth beyond mineral-only
nutrients [11,15].

5. Conclusions

Lettuce plants grown in sterilized aquaponic water (SA7) produced similar FW and DW to those
in ideal hydroponic conditions at pH 5.8 (H5), while plants in non-sterile aquaponic water (A7) had
reduced FW and DW. This strongly suggests that the positive contribution of the living microbes
in the RAS had already occurred prior to the RAS water being removed and then sterilized for the
SA7 treatment. Since the only difference between these two aquaponic treatments was the 50 times
higher microbial community in the A7 nutrient water, a conjecture is that root zone competition for
nutrients between plant and bacteria or thicker bacterial biofilms on the A7 roots affected nutrient
transport phenomena. Further research and water quality analysis of the differences between the fish
water and the inorganic nutrient solutions is warranted in order to determine any unidentified growth
factors that can be attributed to having caused the growth advantages provided by SA7 compared to
A7. An interesting implication of our findings is that a RAS can be decoupled from the hydroponic
growing system, since its benefits are not dependent upon continuous recirculation between the plant
and fish system and its living biotic community.
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