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Recycling Aquacultural Waste through Horticultural Greenhouse Production as a
Resource Recovery Approach

Divya Nair Sreelatha Nair
ABSTRACT

For intensive production systems like the Blue Ridge Aquaculture (BRA), based in Martinsville,
VA, there are significant economic incentives to reuse the waste by diverting it into a cropping
system that would increase the total productivity and total resource-reuse efficiency, and
decrease the environmental, ecological, and financial costs of aquacultural waste disposal. In
order to facilitate the reuse of effluent from the tilapia production at the BRA, a green house was
developed. On this site, sludge waste from recirculating aquaculture was separated and
composted using a vermicomposting technique and the resulting compost was utilized as an
amendment to conventional greenhouse potting mixes. These aquacultural waste products were
compared to conventional greenhouse culture of a common ornamental annual plant.

It was hypothesized that (1) vermicomposted aquaculture sludge would increase the growth of
plants over conventional greenhouse potting mixes, and (2) recycled aquacultural wastewater can
serve as a quality source of irrigation water, and plant response would differ with irrigation
method. Plant growth and 11 out of 12 plant tissue nutrients were greater when compost was
increased in the substrate. Plant root growth and 3 out of 12 tissue nutrients were increased
when irrigated with wastewater. Plant shoot mass and total mass was greater when irrigated by
ebb and flow irrigation compared to overhead mist irrigation, and 4 out of 12 tissue nutrients
were greater when irrigated with mist irrigation. Overall plant performance was greatest with
15% vermicomposted sludge in the substrate and watered with wastewater by ebb and flow
irrigation.
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Literature Review

Aquaculture is any of several systems for the production of fish or other aquatic stock for
food. To varying degrees these systems consume energy and freshwater resources and
contribute to water pollution through effluent discharge. Limited water resources and the
increased importance of reducing point- and non-point source water pollution have
created a difficult regulatory, economic, and social environment for aquaculture facilities.
Consequently, technologies and strategies to manage water use and reduce wastes
generated during aquaculture production are being applied to abate aquaculture’s impact
on the environment [1]. The points of environmental concern in aquaculture, as well as
the strategies to address them, are many. These points will be addressed with particular
reference to technologies that integrate intensive aquaculture with horticultural
production systems to recycle waste into other value added products.

There are three general types of aquacultural systems. These are static and circulating
ponds, flow-through systems, and recirculating systems, plus a number of hybrid systems
between these. Each of these systems have different levels of intensity of resource use,
precision of control over the aquaculture environment, and environmental impact [2].
Static pond culture is still the most common system of aquaculture, used in the
production of catfish for example, which is the leading aquacultural product in this
country. In many respects static pond culture requires the least resource use among
aquacultural systems, including energy, water, and financial capital [3]. These are major
factors in their continued popularity. Static pond culture also (arguably) produces the
least waste. With good management practices, static pond culture utilizes natural
ecological community and ecosystem processes to cycle waste products through the
system, maintain reasonable water quality, and limit the amount of freshwater use in
draining and recharging the system [4, 5, 6]. Circulating pond systems are very similar
except that they utilize forced air or circulated water to destratify or mix the deeper,
cooler, oxygen-deficient pond water layers with the shallow, warmer waters rich in
dissolved oxygen. This practice improves water quality throughout the pond. Circulating
water also increases the suspension of nutrients which can stimulate plankton growth
(often an important sustainable fish food source) and increase microbial activity and
nutrient cycling and/or flocculation out of the system [7]. Because pond aquaculture
entails fewer environmental concerns, and is not particularly resource use intensive, this
aquacultural system will only be considered further in comparison to the challenges of
other systems.

Flow-through aquaculture systems are characterized by high rate, single-pass flows of
fresh water through the system. This is the most water use intensive aquacultural system.
In many cases, fresh water flows continuously and has a short residence time in the
system, and can be used only once before it is discharged, usually with little or no
treatment. This is often allowable due to low 24-hour pollutant concentrations of the
effluent, generally a result of short residence time in the system. Although flow-through
systems produce effluent concentrations that are generally within the standards of their
permit, high flow results in significant loadings of many pollutants which promote
eutrophication [8, 9], and toxicity in freshwater benthic communities [10]. Low
concentration, high flow effluent is more difficult to treat than effluents from some other



aquacultural systems [11]. Because of the potential for tremendous use of increasingly
valuable freshwater resources, and high potential for environmental impact from
discharge, flow-through systems are expected to receive the largest impact from future
regulations. Sedgwick, Stickney, and Brown and Gratzek [12, 13, 14] provide
background on the operation and maintenance of such farms.

The third general aquacultural system is recirculating aquaculture. There are many and
diverse forms that these systems take, including hybrid recirculating pond systems, and
partially recirculating flow-through systems. Recirculating tank systems represent the
most intensive aquacultural production. They also require the most sophisticated
understanding of technology and water quality management [3]. Recirculating systems
require significantly greater inputs of energy and capital investment in engineered
components such as pumps, supplemental oxygenation, and biofilters to replicate a
pond’s biological processes. Rotating Biological Contactors (RBCs) are the finest
example of the utilization of technology and microbial ecology to maintain water quality
in these systems [15]. Much of the progress in recirculating aquaculture is driven by the
potential to maximize profit with increased production, and lowered costs through water
conservation. These technologies also allow recirculating aquacultural farms to locate
closer to large markets. This comes with the challenges of disposing of highly
concentrated, but low and sporadic flows of effluent in municipal wastewater systems
that can provide the necessary, and expensive, treatment [16]. In this system disposal of
solids is especially crucial to maintaining the health and productivity of the system. The
nutrients and organics associated with particulates (total suspended solids -TSS) can be
converted to the dissolved form within the system as the particles decay with time. This
process is associated with dissolved oxygen consumption and generation of ammonia-
nitrogen [17], which in its un-ionized form is highly toxic to the fish [18]. In the
particulate form, suspended solids can promote gill damage [19, 20] and potentially can
clog bio-filters intended for nitrification [21]. For this reason, waste solids should be
removed from the system as quickly as possible.. The environmental impacts of
recirculating systems are compounded by the financial impacts of dealing with them,
increasing the motivation of operators of these facilities to minimize water use and waste.

Environmental Impacts of Aquaculture

Two general concerns challenge the environmental sustainability of aquaculture. These
are water use and water pollution. Increased value of and competition for fresh water
resources motivate aquaculture operators to search for ways to reduce their water use.
Whole system changes are driven by this need and it has stimulated technological
advances in all aguacultural systems, most of these dealing with better maintenance of
pond or tank water quality so that less flushing and recharge is needed. Still, obvious and
inherent in aquaculture is a need for fresh water and this resource limits industry
expansion. The concerns of water pollution are more complex and the strategies to cope
with this challenge more numerous.

The water pollution concerns of aquaculture arise from the production of wastewater and
the solids that are carried with it. Both the wastewater and solids or sludge, including
feces, uneaten food, and other solid wastes are rich in biologically available nutrients.



Nutrient laden wastes are harmful to local fresh water resources and water sheds. The
effluent from different aquacultural systems, i.e. flow through versus recirculating
systems, are of different volumes over time and different concentrations of contaminating
components such as solids. Though there are important differences in the level of
environmental risk, mostly the same pollutants are generated by all aquacultural systems.
Effluent discharged from recirculating systems often have higher levels of suspended
solids, dissolved organic matter and nutrients, much more concentrated than the culture
water, and more than other systems [3]. Comparing the waste production of fish culture
systems with those of other animal production operations, aquaculture systems generate a
greater sludge volume than most other animal operations [22]. Virtually all of the waste
generated within a RAS originates from the feed, and depends largely on the type of
culture system, management practices, quality and composition of feed and cultured
species [23].

The effluent from fish farms can have three polluting elements. These are solids in
suspension, biochemical oxygen demand or BOD, which is an indirect measure of the
organic matter in solution, and residual chemicals from the fish disease treatment. The
sources of these elements are waste food, feces, urine and treatment residues such as
copper sulfate and formalin from baths, as well as fungicides and various antibiotics,
including the mycetines and sulfonamides. The direct effects of the effluent on running
waters downstream of a fish farm are to increase turbidity of the water and reduce the
amount of dissolved oxygen. It may also raise the water temperature. Effluents can also
be harmful to living organisms, including plants, due to the presence of ammonia, carbon
dioxide, nitrogen as nitrite or nitrate, and phosphates. The BOD is generally less for tank
farms, but the solids in suspension are much greater. The interchange of the water is too
fast to allow waste food and feces to break down before they are discharged [12].

As the water races through a linear raceway of a flow through system, DO will be
reduced and ammonia levels will be increased because of the metabolic activities of the
fish or invertebrates in the system.

Traditional aquaculture production in ponds and raceways requires large quantities of
water. It also poses environmental impacts, such as eutrophication of natural water bodies
receiving aquaculture effluents and depletion of groundwater.

Remediation Strategies and Challenges

There are three classes of strategies in dealing with aquacultural waste: Reduce, Dispose,
and Reuse, and inherent in all of these are techniques to treat the waste so that it is less
harmful either within or outside of the aquaculture system. Waste reduction is often a
component of, and used in concert with, the other two. The more obvious and universal
contaminant of aquacultural waste is suspended solids and this is where the most
concentrated nutrients are found. Dealing with aquacultural solids or sludge is a focus of
remediation strategies.

There are many options for the treatment and disposal of aquacultural sludge. These
include land application [24] and/or on-site thickening [25, 26], composting [24, 27] and
diversion to constructed wetlands [25]. The least common method is collection and



disposal in landfills due to the high cost, both financial (transportation, tipping fees) and
environmental, and lack of available on-site space. Land application of aquacultural
sludge is the easiest and most common method of waste solids disposal for fish farms
[24].

Land Application

Regulations governing land application of solid waste vary from state to state, but most
allow aquacultural sludge to be land applied because of minimal concentrations of
metals, pathogens, and toxics within the sludge. Soil type, plant type, odor issues and
sludge nutrient content are the major factors that govern the application rate and land area
required for proper application [11]. Nitrogen is frequently used to set sludge application
rates because of possible leaching to the groundwater. These rates vary with the nitrogen
(N) use efficiencies of the crops or other vegetation on site. If nitrogen concentrations in
the sludge are high, if the N use efficiency of the vegetation is low, or if the season limits
plant nitrogen use, then land sludge applications can contribute to nutrient laden run-off,
or nitrate leaching to ground water. Land application of sludge can actually help reduce
sediment and nutrient losses for no-till and conventional-till croplands, by enhancing soil
organic matter and therefore soil permeability [11]. There are also strategies to prevent
excessive run off during winter months [28]. There are many studies and lots of anecdotal
experience that suggest a strong net benefit to soils, and to crop productivity from the
land application of sludge, both from improved soil organic matter, and the addition of
plant available nutrients.

Harmful components of sludge can result in on-farm soil damage from excess
application, however. For example, soil sodium concentrations may become elevated,
possibly resulting in increased soil dispersion, degraded soil structure, reduced
workability, and reduced soil permeability. Soil salinity may also be increased to levels
where productivity is reduced. Excessive nitrate levels in soils may result in toxic levels
of nitrate in forage or reduced forage palatability. If sludge is found to accumulate at a
high rate, if the disposal site is far from the farm, and/or if the farm experiences climates
that would prevent land application, on-site thickening may be considered. This reduces
the volume of sludge, but does not solve ultimate disposal problems.

Composting

Composting is another popular sludge treatment alternative used in the aquacultural
industry. When large land areas are not available for land application, or if transportation
and disposal costs are high, on-site composting can be an attractive alternative [24].
Composting may also contribute to net farm income if there is a market for it as a soil
supplement or as a fertilizer, taking advantage of the high nutrient content of most sludge
[11]. Composting is the manipulation or control of the natural decomposition of organic
matter [29]. Composting requires optimizing the conditions for the mixed populations of
microorganisms (mainly bacteria, fungi, and actinomycetes) responsible for the
decomposition. During decomposition, the microorganisms multiply, consume oxygen
(O2), and release carbon dioxide (CO,), water, organic by-products, and heat. Eventually,
the readily available food supply is exhausted, microbial growth and heat generation



decrease, and a stable humus-like material that is rich in cation exchange capacity, slow
release nutrients, and properties that improve soils, termed “compost,” remains [30].

Vermicomposting has been shown capable of treating a wide range of organic wastes
from agricultural, industrial and municipal sources, with feedstock including manure
slurries, paper mill sludge, biosolids, and food wastes [31, 32, 33, 34, 35]. These systems
use earthworms to efficiently convert wet and highly putrescible materials into
earthworm protein and high value soil amendments and biological fertilizers. Recently
developed and commercialized, automated and scalable vermicomposting technologies,
such as continuous flow vermicomposting reactors [36,37], require little labor, offer
increased process control and rapid material throughput and provide effective odor
control, thereby making vermicomposting a potentially economically viable alternative
for managing solids from aquaculture facilities [38].

Land Applications of Wastewater

Aquacultural wastewater, regardless of its solids content, can also be land applied, with
obvious potential benefits to plants; in addition to serving as irrigation, aquaculture
effluent contains dissolved plant available nutrients [39, 40]. But excessive or poorly
planned application can have serious off-farm effects on ground or surface water, through
the following mechanisms. The increased phosphorus in surface soils due to effluent
application is vulnerable to mobilization by erosion or dissolution in run-off water. This
is currently thought to be the primary pathway for effluent-phosphorus entry into surface
water, where phosphorus is often the limiting nutrient for algal growth. Algal blooms
cause problems by the toxins or depletion of the water’s oxygen supply. The end results
of these problems include fish kills, stock deaths, and sickness in humans. Where the
soil’s safe phosphorus-storage capacity is exceeded, phosphorus may enter surface water
resources through leaching to ground water. Nitrate- and nitrite-nitrogen are readily
mobilized by leaching or transport in run-off, linked to "blue baby" syndrome, and other
negative health effects. While final pond effluents tend to not contain high concentrations
of nitrate or nitrite, ammonium is rapidly converted to these nitrogen forms in soil.
Effluent-nitrogen may also play an important role in triggering harmful algal blooms
[41].

Opportunities and Challenges in Integrating Aquaculture and Agriculture
Strategies to reduce or dispose of waste can only go so far toward enhancing the
sustainability of aquacultural operations. Far better to consider the reuse of the
components of this waste in other resource-saving or value-added enterprises.
Economic benefits arise when an aquatic animal-plant integrated system helps production
aquaculture and agriculture meet their goals of sustainability. The following principles
may play a role in this integration [42]:
» The waste products of one system serve as food or fuel for a second biological
system.
*The integration of fish and plants is a type of poly culture that increases diversity
and thereby enhances system stability.
* Biological water filtration removes nutrients from water before it leaves the
system.



» Sale of greenhouse products generates income, which supports the local
economy.

* The nutrient wastes from the fish ponds are used to fertilize the crop production
beds via irrigation water. These nutrients - generated from fish manure, algae,
and decomposing fish feed - are contaminants that would otherwise build up to
toxic levels in the fish ponds, but instead serve as liquid fertilizer to grown
plants.

» The use of fish-manured irrigation water as a source of organic fertilizer that

enables plants to grow well.

Water reuse

Effluent reuse may pose potential environmental problems. The pathogens, which may be
present in effluents, cause potential health hazards. Those pathogens, which pose the
greatest health risk, are viruses and protozoa. So if the effluent contains pathogens, it
should be treated with caution if potential health risks are to be minimized [43]. The
concept of using treated wastewater with minimal risks is based simultaneously on field
experiments and complementary management analysis by defining an exposure-risk
model (ERM) [44]. Figure 1 shows an ERM.

Exposure is any of a series of events in which a person (or a community) comes into
close contact with biological, chemical, or physical agents [44]. Exposure is generally
predominant in the human adult, who ingests the reclaimed water from effluent —irrigated
crops. When modeling the exposure of a community to wastewater, the important
considerations are wastewater-treatment characteristics, route of virus migration from
irrigation wastewater to and within the plant; virus die-off during the period between last
irrigation and agricultural raw-product consumption; and consumption pattern of the
population.

Still, treated wastewater for agricultural irrigation has been shown to be a very valuable
tool to increase the sustainability of the integrated system [45, 46]. There are other
challenges related to wastewater irrigation that have to do with plant responses to some of
the likely components of this water. That is, how does aquaculture wastewater match up
to the water quality requirements of crop plants?

Water quality

Agricultural water quality parameters are relevant to the yield and quality of crops,
maintenance of soil productivity and protection of the environment. These parameters
mainly consist of certain physical and chemical characteristics of the water. Some of the
obvious parameters that should be important include pH, alkalinity, hardness (Ca®,
Mg?"), dissolved oxygen, temperature, ammonia, nitrate and nitrites, and total dissolved
solids/salinity. Aquacultural water may also contain constituents that may be harmful to
plants or to people working with these plants, or to the general environment should the
water drain from production areas. It would be advisable to remove these constituents or
neutralize them before agricultural applications, and certainly before disposal.

e Soluble organics: These cause depletion of dissolved oxygen.



e Suspended solids: Sludge blankets containing organic solids will undergo
progressive decomposition resulting in oxygen depletion and the production of
noXious gases.

e Trace organics: When receiving water is to be used as a potable water supply,
phenol and other organics discharged in industrial wastes will cause tastes and
odors in the water. If these contaminants are not removed before discharge,
additional water treatment will be required.

e Heavy metals, cyanide, and toxic organics: The EPA governs the toxic organic
and inorganic chemicals contained in the final effluent discharging into
watercourses.

e Color and turbidity: These present aesthetic problems.

e Nitrogen and phosphorus: These enhance eutrophication and stimulate
undesirable algae growth.

e Refractory substances: These may be undesirable for certain water-quality
requirements.

e Oil and floating material: These produce unsightly conditions and in most cases
are restricted by regulations.

e Volatile materials: Hydrogen sulfide and other volatile organics will create air-
pollution problems and are usually restricted by regulation.

Many of these waste constituents are harmful to the diverse communities of aquatic
organisms that make up healthy watersheds [47].

Other characteristics of aquacultural wastewater are less likely to contribute to high
environmental risk, but may nonetheless cause problems in agricultural applications, if
only because their affect would be difficult to predict. Organic matter in wastewater,
such as feces, uneaten fish food etc, contains the following elements: carbon, oxygen,
hydrogen, nitrogen, phosphorus, and sulfur, as well as diverse microorganisms. This
leads to both aerobic and anaerobic biodegradation of the organic matter [48]. Any of the
end products of the two kinds of biodegradation can influence plant growth. Many
aquacultural wastewaters also contain a lot of algae. The two main reasons for this are the
warmer temperatures and the light in the green house where the pond is housed. Excess
algae may clog irrigation components or proliferate in poorly drained substrates or
puddles, creating mostly a nuisance and unsightly mess.

This water is also fairly turbid. The suspended particles clouding the water may be due to
such inorganic substances as clay, rock flour, silt, calcium carbonate, silica, iron,
manganese, sulphur or industrial wastes. Turbidity would likely contribute to clogging of
irrigation components and may also deposit unsightly residues on plants that are watered
with it. Mechanical filtration will remove all forms of turbidity and most of the algae
from the water. In most cases, filters containing specially graded and sized gravel and
sand are effective in screening out turbid particles. With such units, a periodic
backwashing to remove the filtered material is all the maintenance necessary. This
inevitably leads to a search for a simple, cost-effective, and durable solution to the water
servicing needs. A sand filter provides an effective treatment for turbidity, bacteria, and
greater than 4 log removals of cysts. There are no pre-treatment chemicals, no



requirements for backwashing and automation. The filter provides excellent turbidity
removal. It offers the advantage of simple operation and low operating costs [49].

Sludge reuse:
Sludge on the one hand contains compounds beneficial to agriculture and soil; on the
other hand it has a few potential hazards.

Benefits from sludge application, as they are or once further transformed, include organic
matter, main constituents of chemical fertility for soils and vegetation, other elements
important for chemical fertility, and some heavy metals themselves could be beneficial
till a certain extent, depending on soil needs [50]. The potential harmful effects include
the presence of heavy metals, organic pollutants and pathogens [50].

Composting may be used as a way to improve sludge application onto soil [50].
Compared with untreated sludge, composted sludge shows some major beneficial effects
[50], such as:

Sanitizing, and thus preventing re-growth of pathogens;

biochemical “stabilization” of organic matter, loss of fermentability;

possibility of manipulation and long-term storage;

loss of odors.

For its agronomic features, compost from sludge can be used in all those soil applications
(including field crops, silviculture, land reclamation, landscaping, gardening, etc.) that
benefit from organic matter. In comparison to uncomposted sludge, compost has many
features (loss of faecal features, lack of odors, consistency, etc.) that make it also
marketable and usable by retail purchasers, including households [50].

By composting sludge and using it in plant production, the demand on valuable water
resources is reduced and the costs of expensive inorganic fertilizers are reduced. It
stabilizes soils, maintains good organic content, and improves the long-term productivity
of the soil. It decreases pollution by reducing the waste load discharged into water bodies.

The objective of this research project was to investigate the feasibility of aquaculture-
horticulture integration. It focuses on the utilization of aquacultural wastewater and
sludge as raw materials in the biological processes that constitute a sustainable
ornamental horticulture production system. Specifically, the use of water from a Tilapia
fingerling pond as an irrigation source, two methods of applying that irrigation, and the
use of vermicomposted aquacultural sludge as a component of horticultural substrates in
the greenhouse production of an ornamental annual plant was investigated.

The unique resources of Blue Ridge Aquaculture (BRA), based in Martinsville, VA were
used. The hatchery produces approximately 1,000 metric tons of tilapia annually, and in
the process discharges more than 1,600 m® of wastewater per day to the Martinsville
POTW [2]. The daily discharge of the total suspended solids is approximately 1,000 kg
[38]. Blue Ridge Aquaculture pays the City of Martinsville considerable monthly sums to
dispose of this waste, meanwhile squandering a potentially valuable resource. There are



also costs associated with energy used to heat the water, cost of equipment to purify the
wastewater, and filtering the sludge from the water. For intensive production systems like
the BRA, there are significant economic incentives to facilitating reuse of both water and
sludge within the facility.

An effective reuse strategy would be to divert this waste to a cropping system that would
increase the total productivity, total resource-use efficiency and decrease the
environmental, ecological, and financial impact of their current waste disposal practices.
The interaction of aquatic animal-plant integrated system is an efficient method for
recycling water and economizing energy. Problems to aquaculture are opportunities to
horticulture. Integrated production systems are more efficient in the use of resources
since in them, wastes from one process can be the input for another and there are more
possibilities of recycling wastes in the farm.
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Introduction

Blue Ridge Aquaculture (BRA), based in Martinsville, VA, produces approximately 1,000
metric tons of tilapia annually, and in the process discharges more than 1,600 m’ of
wastewater per day to the Martinsville Publicly-Owned Treatment Works plant [2]. The
daily discharge of the total suspended solids is approximately 1,000 kg [3]. Disposal of
aquaculture wastewater via municipal wastewater treatment is expensive, both
environmentally and financially, and squanders potentially valuable by-products. Recycling
of solids in aquaculture wastewater can provide a source of organic matter and nutrients for
improving soil quality and enhancing plant production. And recycled wastewater may be a
source for agricultural irrigation water. Besides the considerable monthly costs associated
with the discharge of water, there are energy costs to heat water, cost of equipment to purify
the wastewater, and filtering the sludge from the water. For intensive production systems
like the BRA, there are significant economic incentives to the treat the effluent and sludge to
facilitate reuse within the facility, or in another value-added enterprise.

An effective reuse strategy would be to divert this waste to a cropping system that would
increase the total productivity and total resource-reuse efficiency, and decrease the
environmental, ecological, and financial costs of aquacultural waste disposal. The interaction
of aquatic animal-plant integrated system is an efficient method for recycling water and
economizing energy. Problems to aquaculture are opportunities to horticulture. Integrated
production systems are more efficient in the use of resources since in them, wastes from a
process can be the input for another and there are more possibilities of recycling wastes in the
farm.

A horticultural greenhouse at BRA was constructed to diversify their aquacultural operation,
and to reuse some of the waste. On this site, sludge waste from recirculating aquaculture was
separated and composted using a vermicomposting technique and the resulting compost was
utilized as an amendment to conventional greenhouse potting mixes. Wastewater from a
tilapia fingerling pond on site was diverted to the greenhouse as an irrigation water source to
be compared to well water. These water sources were used to irrigate ornamental annual
plants via two different methods, overhead mist irrigation, and ebb and flow irrigation. It
was hypothesized that vermicomposted aquaculture sludge increases the growth of plants
over conventional greenhouse potting mixes, and may serve as a sole source of plant
nutrients. It was also hypothesized that recycled aquacultural wastewater can serve as a
quality source of irrigation water, and that plant response may differ with irrigation method.
This research may inform Blue Ridge Aquaculture and other aquaculture enterprises on the
potential to utilize horticulture in a sustainable integrated production system to reduce the
waste stream and increase revenue.

Materials and Methods

Greenhouse and irrigation

This study was undertaken in a 9.144 m X 36.576 meter Quonset style greenhouse on the
property of Blue Ridge Aquaculture in Martinsville, VA. The greenhouse has a gravel floor
and is equipped with ventilation fans, gas-fired forced hot air furnaces, rafter-mounted
horizontal-flow fans, and an evaporative pad cooling system (Jaderloon, Inc., Burleson, TX).
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These environmental controls are relatively standard equipment on modern production
greenhouses. A Growmaster Pro Com programmable controller (Micro Grow Greenhouse
Systems, Inc., Temecula CA) utilizes micro-circuitry and internal memory to control these
heating and air features. This controller also integrates inside and outside temperatures, and
intensity of photosynthetically active radiation (PAR) to monitor the greenhouse
environment. The controller is also interfaced with a computer and Grow-Link software to
facilitate programming and monitoring, and to increase memory for long term-data storage.
The computer has broadband (DSL) internet connectivity, which together with PC Anywhere
software, enables remote control of the greenhouse environment. This level of sophistication
and control is not common in production greenhouses, but facilitates research considerably.

The greenhouse is supplied with water for irrigation from two sources, wastewater from a
flow-through tilapia fingerling pond in a greenhouse approximately 92 meters away, and
ground water from a well approximately 54 meters away. Both waters are pushed by
submersible pumps through 0.05m PVC pipe buried 0.5m below the soil surface. The well
water empties into one 1.2m’ plastic reservoir sunken partly below grade inside the
greenhouse (figure 1). A float valve inside the reservoir triggers the well pump and refilling
of the reservoir. This reservoir supplies irrigation water to one side of the greenhouse, as
well as water for the evaporative cooling pad [1].

The pond water empties into an intermediate 1.2m’ reservoir sitting above grade in the
greenhouse. The level of this reservoir is also controlled by a float valve triggering the
submersible pump in the pond. Because the pond water is almost constantly populated by
copious green algae, a sand filter treats the pond water between the intermediate reservoir
and a second sunken 1.2m’ reservoir that serves as the proximate irrigation source for the
other side of the greenhouse. The water level in this reservoir is also controlled by a float
valve connected to the sand filter pump which pulls water from the intermediate reservoir as
needed. This extra step (sand filter) in the flow of pond water to irrigate presumably reduced
the incidence of algae fouling the irrigation system components downstream, without altering
most of the chemical composition of the pond water.

Along each side, inside the greenhouse (each with separate water source) are sixteen, 1.2 X
3.9m greenhouse benches, made up as either a) eight, ebb and flow irrigation system benches
(Ebb-Flo™, Midwest GROMaster, St. Charles, IL, or b) eight, aluminum mesh top benches
placed under overhead mist irrigation emitters. Each side of the greenhouse (i.e benches
supplied by each irrigation water source) are separated into four independently controlled
irrigation zones, two zones of overhead mist irrigation, and two zones of ebb and flow
irrigation on each side. The zones are arrayed with four benches each and no two zones of
the same irrigation method or water source are adjacent to each other. Water flow into all
zones is controlled by a Water Pro VPD irrigation controller (Micro Grow Greenhouse
Systems, Inc., Temecula CA), that controls the timing and duration of water flow into any
zone through solenoid valves. In addition, each of the four benches in each zone can be
independently manipulated manually (not via controller, or remotely) by adjusting individual
mist emitters or shutting off flow to individual ebb and flow benches. Pressure within the
0.025m PVC plumbing of the irrigation supply lines along the greenhouse walls is
maintained by pumps and solenoid valves at 1,72,370 — 275 790 pascal. Flow rate of

15



irrigation water through these lines is 0.0004— 0.001 kg/s [1]. Flow into ebb and flow
irrigation benches is unrestricted so long as solenoids are open. In the overhead mist system,
each emitter delivers 0.00001m’/s at max pressure. In addition to water supply lines along
the walls of the greenhouse, there are also gravity flow water return lines of 0.1m PVC. Each
ebb and flow bench is connected to these return lines such that irrigation water from these
benches is recycled back into the source reservoir. The mist irrigation falls to the greenhouse
gravel floor and is not recycled.

The Water Pro VPD controller utilizes an uncommon technology to control irrigation. A
vapor pressure deficit (VPD) sensor hanging near the center of the greenhouse monitors
temperature, humidity and solar radiation in the greenhouse. These data are entered into an
algorithm that calculates current Vapor Pressure Deficit. This deficit is a measure of the
potential of a plant to be water stressed, and therefore require irrigation, based on the
difference between the 100% humidity inside a plant leaf and the ambient humidity of the
greenhouse, together with the potential for temperature and radiation to influence the drying
conditions. Programmable set points in the VPD controller trigger the solenoid valves to
open and close. It requires considerable hands-on monitoring initially to set these VPD
points according to plants’ actual water needs. As plants increase in size, their water use
increases. Consequently, on-site monitoring throughout the crop cycle is necessary to
readjust VPD set points in each zone. This controller did not perform well and automatic
irrigation based on VPD was rarely an improvement over manual operation of the zones.

The construction of the complex greenhouse irrigation system was a major accomplishment,
but one that took about two months longer than anticipated. After the rigors of construction,
there was another 6 weeks of testing, adjusting, and troubleshooting the system and the
controllers. There were initial problems with adequate pressurization of the system.
Adequate pressure was necessary for proper functioning of the solenoids on the mist
irrigation zones. Water pumps had to be replaced with larger ones, and the irrigation control
circuit board had to be returned to the manufacturer (on the other side of the continent),
repaired and returned. The automated VPD function of the irrigation controller was never
utilized to satisfaction. In spite of these frustrations, the climate controls, and the irrigation
system itself worked amazingly well. The system when operated manually imposed the
treatments that had been designed, and the plants responded quickly with rapid growth.

Plant compost substrates

In addition to using wastewater from the Blue Ridge Aquaculture facility, composted organic
waste solids from BRA was also utilized in greenhouse potting mixes in this study. Solids
were extracted from wastewater via settling and centrifugal separation in a hydrocyclone
(Quality Solids Control Co. Model Number 240, 10.2 cm diameter). A detailed description of
the solids extraction procedure is given by Marsh et al [2]. Once dried, the solids were
composted through either of two methods. Some compost was created in a large rotating
drum through thermal composting processes that utilized the heat generated by compost
microbial activity to greatly increase decomposition rates. This method is described in detail
in the work of Evanylo et al [3]. The second composting method was vermicomposting
which utilizes the digestive systems and metabolism of composting worms to create a well
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aged mixture of ‘worm castings’ and aged organic bedding material of saw dust and shredded
cardboard. There were six, 1.2m x 1.8m x 0.9m (deep) vermicomposting bins at the facility.

Because vermicompost alone was considered too high in nitrogen salts [1] and too dense to
use alone as a plant substrate, it was mixed with an industry standard commercial greenhouse
potting mix. ProMix HP (Premier Horticulture Ltd., Dorval, Quebec, Canada) is
approximately 75% peat moss, and the balance is proprietary mix including perlite, a starter
charge of nutrients and dolomitic limestone. Our experimental potting mixes consisted of
100% commercial potting mix and 5%, 15%, and 25% vermicomposted aquaculture sludge
in a ProMix blend. These mixes were used to fill RootMaker™ flats with eighteen, 0.08m x
0.08m x 0.lm (deep) cells (RootMaker Products Co., Huntsville, AL) which utilize
horizontal holes in the sides of each cell to provide air circulation and purported benefits of
‘root pruning’ to produce a better rooted plant. Four substrate mixes were allocated evenly to
benches under each water source and irrigation regime.

Plant species

Coleus ‘Wizard Rose’ is a robust annual plant with pubescent leaves of orange, red, and
yellow multi-colored patterns. It grows quickly from seed and is widely available in the
horticulture trade. In the greenhouse it stood out from all other plants partly due to its size,
but also because of its vibrant colors.

Coleus was propagated from seed into ‘512’ flats (i.e. 512 individual plants in one flat, each
plug or root mass approximately 0.01m diameter and 0.01m deep, each plant approximately
0.009m in height) by Aaron’s Creek Nursery in Brunswick Co, VA. They were shipped to us
on May 5, 2004 and transplanted over the next week into 18-cell flats filled with
experimental substrates described earlier. Any one flat had only one substrate mix and one
plant variety, so flats are the level of replication in this study, though multiple samples could
be taken from any flat and averaged. Eighty, 18-cell flats of Coleus were arrayed on
greenhouse benches such that at least one flat of this plant variety in each substrate mix was
on any one bench. There were four benches of drip irrigation and four benches of ebb and
flow irrigation used with each water source (i.e. pond and well) and each had at least four
flats of Coleus in different substrates.

Over the course of the next three months the flats were watered as needed with either pond
water or well water via either overhead mist or ebb and flow irrigation. No fertilizer was
added to whatever nutrients the substrates and irrigation water provided. There were no
instances of greenhouse pest outbreak during this time, so no pesticides were necessary.
Water need was determined mostly by close monitoring of substrate dryness, as it varied
widely across locations in the greenhouse, between plant species, between substrates, and
between growth stages and growth rates of plants. Coleus ‘Wizard Rose’ was a valuable
indicator plant as it had a fast growth rate, large biomass, and high water use. It was usually
the first plant species to require irrigation. During the rapid growth phase (through the month
of July), plant species were relocated among benches in the greenhouse in attempt to place
plants of similar water use characteristics together. In order to maintain the integrity of
replication in our experimental design, flats of Coleus remained in treatment conditions such
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that each bench had at least one flat of each substrate type. These relocations of plants did
change the spatial arrangement of Coleus among its neighbors, potentially changing the light
and air-flow environment, but all experimental treatment conditions remained the same.

Water quality analysis

Concurrent with the most rapid growth of plants, irrigation water supplied to the greenhouse
was sampled at points in the delivery stream that were most likely to show differences in
physical or chemical composition. These included 1) the Tilapia fingerling pond, 2) the
intermediate reservoir into which fingerling pond water was pumped, 3) the outflow pipe
from the sand filter, 4) the reservoir of recirculated pond water; 5) the point at which well
water entered the greenhouse, and 6) the reservoir of recirculated well water. Initial analyses
revealed that fingerling pond water and the water stored in the intermediate reservoir was not
significantly different. Thereafter water sampled from the intermediate pond was presumed
to reflect the water quality of the fingerling pond. Sampling was done from the remaining 5
points in the delivery flow each week between June 23 and August 4, 2004 for the 7 weeks of
greatest plant growth in the experiment. Three liters of water was collected from each source
in a dipper made from Nalgene plastic, and placed with as little head space as possible in
sealed 1 liter Nalgene bottles. Two liters from each sample were immediately placed on ice
in a cooler. The third liter bottle was analyzed in the greenhouse for temperature, pH,
salinity, and dissolved oxygen. These data were collected with a YSI model 85 combination
meter, and a Hanna Waterproof Mulitparameter Meter for pH. The samples on ice were
transported to the Virginia Tech Aquaculture Center laboratory and refrigerated at 4 °C until
analyzed. In no instance did the time between collection and analysis exceed 12 hours.

The parameters measured in the laboratory were dissolved oxygen (DO), hardness, pH,
alkalinity, suspended solids, total solids and turbidity using standard methods [4]. Analyses
for N as nitrite, N as nitrate, Total ammoniacal nitrogen (TAN) and orthophosphate were
done using HACH® techniques for preparation and spectrophotometric analysis [5]. Sulfate,
and chloride were measured using the ion chromatograph, Dionex DX-120 with conductivity
detector and AS40 auto sampler [6]. The Dionex workstation uses the Peak 6.0 Chromeleon
software for data analyses. Total organic carbon (TOC) was measured using the Total
Organic Carbon Analyzer Seiver DC80 with auto sampler [7]. Sub samples were prepared for
the Virginia Tech Soil Testing Lab where Inductively coupled plasma atomic emission
spectrometry (ICP AES) was used to analyze fluoride, nitrite, nitrate, phosphate, bromide,
aluminum, calcium, copper, iron, potassium, magnesium, manganese, barium, molybdenum,
lead, lithium, cobalt, cadmium, zinc and sodium. Subsequent ICP analyses included the
cations calcium, potassium, sodium, iron, barium and lead.

Water quality data were analyzed first for effects of sampling date to determine if there were
any systematic changes (trends) over time. Simple regression tested for significant
differences in the slope of regression lines from 0. The volumes collected from each source
represented only one replicate sample for each date. Statistical analysis was therefore
prohibited for any source-date interactions. In order to provide tests for differences between
sources in water quality, sampling date was used as the replication (n = 7) for Analysis of
Variance (ANOVA) with sampling source as a fixed effect. In almost all cases, the replicates
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reflected independent samples. Means were separated using Tukey-Kramer’s Honest
Significant Difference (HSD) at a = 0.05.

Plant growth and tissue nutrient analysis

On August 4, all irrigation of all plants was stopped and harvest procedures commenced.
Coleus was harvested first in such a way that one replicate plant was processed from each
treatment combination at a time, reducing the likelihood that some treatments were left to
grow for longer than others. Each replicate was harvested from a separate flat. A plant was
removed from the cell of the flat, and shoots were severed at the soil line and placed in paper
bags for drying. Root masses were washed clean of substrate with the help of several bins
and a garden hose. Root washing was performed over an aluminum 1 mm mesh screen
placed above a bin of water to catch most roots that broke from the mass during washing.
Roots were placed in wax paper envelopes for drying. This harvest process for Coleus took a
little less than 3 days, during which time shoots and roots were left to partially dry on
greenhouse benches.

All plant tissue was then oven dried at 40 °C for at least 36 hours or until randomly chosen
replicates of high mass exhibited constant mass over time. All replicate plant tissues were
weighed. Plant tissue nutrients were analyzed as follows: The leaves from three replicates of
Coleus shoots from each treatment were removed and 1 g (£ ca. 0.1 g) of dried tissue was
finely ground with a mortar and pestle, reweighed and transferred to 50 ml crucibles. These
samples were dry ashed in a muffle furnace at 475 °C for 5 hours and allowed to cool. Ash
residues were dissolved in 5 ml of concentrated HCI added to each crucible and allowed to
stand for 30 minutes. Ten ml of deionized water was pipetted into each crucible and allowed
to stand for 20 minutes. Each crucible was brought to 50 ml and a 1.2N HCI matrix with
deionized water and filtered through Whatman No.42 ashless filter paper.

The resulting extracts were analyzed by (ICP) Spectrometry in the Virginia Tech Plant
Tissue Analysis Lab for calcium, magnesium, potassium, sodium, phosphorus and sulphur.
These data were recorded as ppm nutrients in extracts. The percent of nutrients in leaves was
calculated and total plant nutrients were estimated by multiplying this proportion by the total
mass of the shoot.

All data on plant parameters were analyzed by a full factorial, three-way ANOVA model
with water source (pond vs. well) and irrigation method (ebb and flow vs. overhead mist) as
fixed effects, and percent of compost in the soil mix (0, 5%, 15%, and 25%) as a continuous
variable. Transformations facilitated meeting the assumptions of normal distributions of the
data, and homogeneity of variance in the data between treatments. Shoot, root and total plant
mass, and all estimates of total elements in shoots were log transformed. All element
percentages in shoots were arcsine - square root transformed prior to analysis. Plant root :
shoot ratios did not require transformation. All means and standard errors were calculated on
non-transformed data, but means separations by Tukey-Kramer HSD used transformed data
at a = 0.05. These statistical analyses were done with JMP version 5.1.4 (2004, SAS
Institute, Cary NC).

19



Results and Discussion

Water Quality

There were several cases of significant systematic trends of water quality change over time.
After initial analyses it was determined that levels of bromide, aluminum, copper, fluoride,
molybdenum, lithium, cobalt, cadmium, and zinc were either below detection limits or did
not differ between treatments and these elements were excluded from further analysis. In 6
out of 10 cases, these occurred in the recycled green water reservoirs. Dissolved oxygen (R*
= 0.79, p = 0.007), calcium (R2 = 0.96, p = 0.0001), potassium (Rz, 0.80, p = 0.007),
magnesium (R* = 0.66, p = 0.025), and lead (R* = 0.78, p = 0.009) decreased over time at this
sampling point, while TAN almost significantly increased over time in the recycled green
water reservoir (R = 0.57, p = 0.0505). In the recycled well water reservoir, both pH and
turbidity significantly increased over time (R* = 0.60, p = 0.041; R* = 0.83, p = 0.004
respectively). Nitrate significantly increased over time in the intermediate reservoir that
accepted pond water before sand filtering (R* = 0.63, p = 0.032). And finally, in the well
water sampled before recycling, alkalinity significantly decreased over time (R* = 0.66, p =
0.027). The reservoirs were not agitated and water was stagnant except for turbulence from
water being drawn from them by submerged pumps, and refilling when their float valve
signaled for this. It is likely that the four cations decreased in green water as they settled out
of solution on negatively charged particulates. DO decreased both from the stagnant water
conditions and also likely from consumption by bacteria perhaps in their decomposition of
settled dead algae. Algae are photosynthetic and could have contributed oxygen to this
system, but likely not at a rate to produce a net gain over time. Total ammoniacal nitrogen
increased over time in this recycled water. This may have been a result of anaerobic nitrate
reduction from bacteria in the reservoir [9]. This same process was likely occurring in the
sand filter where nitrate decreased between the intermediate reservoir and the sand filter
sampling point, while TAN increased across this interface (Table 1c). Nitrate did decrease
slightly over time in the green reservoir, but not significantly, and there was high variance in
that measure.

In the recycled well water, pH and turbidity increased over time. This water was relatively
clean and likely poorly buffered from the well, and was influenced by the recycled water
from ebb and flow irrigation. The pH of vermicompost from this same source has been
measured at 4.5 (Eaton, personal communication) to 7.4 [3], so it is not a simple compost
effect on pH. Between the well water samples and the recycled well water samples only four
parameters changed: pH, Turbidity and TOC increased (Table la) and nitrate decreased
(Table 1c). This is likely to be the result of algal proliferation. The algae would use up the
nitrates in water to grow, explaining the decrease in nitrate levels. Also, this would lead to an
increase in TOC [10] and pH [11]. Algal density would contribute to the raised levels of
turbidity in waters too.

Nitrate concentrations significantly increased over time in the intermediate reservoir. This is
likely the result of nitrification of ammonium in fish pond water. Among the requirements
for this process, the pH of this water (7.75) was in the ideal range for nitrifying bacteria (7.5-
8.6), and also had adequate oxygen (DO was the highest of all sampling points) and
carbonate (high hardness, ca. 160 mg CaCO; / L). As might be expected from nitrification,
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no evidence of O, or carbonate consumption over time in this tank, or any decrease in pH
was found, but this water was continually being drained and replenished from the fish pond.
The significant decrease in alkalinity in well water over time may not be chemically or
biologically important. The slope of this regression line was -3.5 mg/L per week, and there
was only fair fit to the data. Alkalinity in well water comes from the dissolution of limestone
or dolomite bedrock. It is unknown whether there is likely to be fluctuations in the rates of
dissolution.

There were many significant differences between well water and green water that should be
expected. Green water samples taken from the intermediate reservoir and representing water
from the fingerling pond were higher than well water inl4 of 22 parameters measured
(Tables la-c). The exceptions to this were lead, barium, iron, phosphate, nitrate, ammoniacal
nitrogen (Table Ic), pH, and temperature (Table 1a). Well water has little in the way of
dissolved solutes, and for this reason is usually of high quality as drinking water and as
irrigation water. In most cases the differences between well water and green water in the
intermediate tank were sufficient for the significant effect of sampling location (Table 2).
There were more interesting results, however, found between pond water and recycled green
water, and between well water and recycled well water. These differences are indicative of
physical, chemical or biological processes at work, either in the tanks, or on the greenhouse
benches. There were priori expectations that plants or plant substrates would influence
recycled water chemistry from ebb and flow irrigation, by taking up nutrients from the
irrigation water, or leaching components to the recycled water. There was evidence for both
of these processes.

First, there was higher turbidity, TOC, and pH in recycled well water than in samples from
the well line as has been discussed. There was also significantly lower nitrate in recycled
water than in the well samples (Table 1c). This may be evidence of plant uptake of this
limiting nutrient. This was, however, not seen between pond water and recycled pond water.
The mediation of the sand filter, probably through nitrate reduction, lowered the nitrate level
of the green water, maybe to the point that there was not enough in the recycled water to
measure plant uptake. It is also possible that plants had nothing to do with this change in
well water chemistry. Denitrification by bacteria in the anaerobic conditions of the recycled
reservoir could also explain this. One potential way to resolve this is to measure nitrogen
uptake in plants grown in 0% compost (i.e. low substrate nutrition) in both well water (where
nitrate is being consumed) and in green water (where there is at least no evidence of
consumption). Unfortunately, we did not measure nitrogen content of leaves.

Second, a look at the influence of the sand filter on fingerling pond water is interesting. The
sand filter was installed to remove algae and the largest particulate solids to reduce clogging
problems in the mist irrigation system. No predictions about what other impacts the sand
filter would have on water quality were made. There were no significant differences in
turbidity, suspended solids, total solids or TOC between pond water and the sand filter outlet.
Besides the important changes in nitrogen content mentioned earlier, only sulfate, DO and
pH were significantly reduced by the sand filter.
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Between the sand filter outlet and the recycled pond water tank, turbidity decreased, DO, pH,
and sulfate increased (SOg, Table 1¢). For sulfate, it may be that plants (and microbes) were
selective in not taking up sulfate, allowing this ion to accumulate. Plants have a considerable
sulfur requirement; it is classified as a macro nutrient, making up approximately 0.1% of
total plant dry mass [12]. Irrigation water quality recommendations suggest that plants may
be detrimentally affected by greater than 50 ppm sulfate in water [13]. The concentrations in
this experiment were near the ceiling of that range, and it may have been more than their
need.

One of the most important results of this study is that no parameter that we measured in Blue
Ridge Aquaculture wastewater was beyond the range of tolerance by most crop plants (Table
3). There is certainly the need to reassess these parameters for particular crops with
particular tolerances.

Plant growth and nutrient absorption

The most robust findings of this study are the substantial responses of plants in growth and
nutrition to vermicomposted aquaculture sludge. The greatest differences in water use were
seen between plant species, but there were also systematic differences in some species
between substrate types. Irrigation water source and method seemed to have less visual
influence on growth rates. Coleus ‘Wizard Rose’ responded in nearly every parameter with
greater growth and nutrient concentrations with greater percentages of compost in the
substrate mix (Table 4-6, and Compost effect Table 6 a-c). On average shoot mass increased
1.6 fold from 0% to 25% compost; root mass increased by 82% from 0% to 15%, and then
decreased again at 25% compost. Total mass increased 86% on average (across other
treatments) from 0-25% compost. Exceptions to these trends are seen in evidence that
several growth measurements indicated a potential toxic effect at the highest compost
percentage. For example, root mass was less in ebb and flow irrigation and under overhead
mist irrigation with wastewater, with a 25% compost mix than with 15%. Total plant mass
was lower under ebb and flow irrigation in wastewater at 25% compost than 15%. There are
many examples in the horticultural literature of poor plant responses to some compost mixes.
In many cases this results from salt toxicity. Salts of ammonium and other decomposition
products can be high in composts that are not stable, but rather still in active stages of
decomposition. Other common effects of unfinished composts are excess heat that can scald
plant roots, toxicities of some elements, and the presence of pathogens that were not killed by
proper heating phases in compost production. Another potential influence of high compost
substrate mixes is excessive water holding capacity. When substrates stay to wet for too
long, anaerobic conditions can develop that retard root growth, slow nutrient cycling, and
eventually suffocate roots. An analysis of Blue Ridge Aquaculture vermicompost (Table 7)
suggests no parameters that are outside of preferred ranges. It is likely, given our struggles
with providing irrigation to many plant species with many different water use characteristics
that heavy compost mixes stayed too wet, especially under ebb and flow irrigation which
tends to saturate substrates.

In nearly every case, root: shoot ratio decreased with increasing compost in the potting mix

(Table 4). Root: shoot ratio, on average decreased 45% from 0% to 25% compost. This was
a result of greater increase in shoot mass than root mass with more compost. Higher root :
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shoot ratios can be beneficial, especially in drought or nutrient poor environments, allowing
greater plant access to water and other soil resources in relation to the mass these resources
have to support. In this case, decreasing root: shoot ratios were a response to ever richer
nutrient environments and adequate water. Reducing this ratio in environments like these is
adaptive, as plants shift their allocation to shoot growth and the fixation of carbon, rather
than scavenging for soil resources.

There were also many examples of significant effects of both water source and method of
irrigation (Tables 6 a-c). Many of these instances strongly suggest that aquacultural
wastewater may be a better irrigation source than well water, with plants exhibiting strong
responses in growth and mineral content to wastewater. For example, on average plant root
mass was 63% greater under wastewater irrigation than with well water (Figure 2, Table 4);
and root: shoot ratio under wastewater was 23% greater than under well water (Figure 3,
Table 4). Coleus responded to ebb and flow irrigation with greater shoot mass, root mass
(26% greater) and total mass (23% greater) than under mist, though these were not
significant differences (Figures 2, 3; Tables 4, 6 a); and root : shoot ratio was 12% greater
under mist irrigation (Table 4). Wastewater also interacted strongly with both compost and
irrigation method in some growth parameters. For example there were three significant 3-
way interactions (A X B X C effect, Tables 6 a-c). Shoot mass responded strongly to
compost, but this response was strongest when irrigated with wastewater under ebb and flow
irrigation, and this was true except at the highest compost percentage (Figure 2, Table 4).
These interactions were also evident in measures of tissue nutrients. For example, sulfur
concentration in leaves was highest under mist irrigation with wastewater. The difference in
Ca concentration in leaves between mist and ebb and flow irrigation (higher in mist) was
greater in wastewater than well water, and the response of this parameter to compost differed
with water treatments as well, with a more flat response in wastewater and ebb and flow
irrigation, and a stronger response under mist and in well water (Table 5).

Plant tissue nutrients also responded strongly to compost in the substrate. Every element
measured was in higher tissue concentrations with more compost (Table 6b). And the
estimates of total nutrients were also higher with more compost, driven by both higher
concentrations and greater shoot mass. All of the tissue element concentrations were also
higher when irrigated with wastewater than with well water (magnesium and sulfur were
significantly so, Table 6b), with the exception of potassium which was higher when watered
with well water in spite of the fact that there was more potassium in pond water than well
water.

Calcium, sodium, and sulfur were also in higher concentrations under mist irrigation than in
ebb and flow. Plants are capable of absorbing some nutrients through their leaves, and it is
also possible that the analyses included residues of these elements on leaves. This possibility
is strengthened by the fact that many element concentrations were highest with mist
irrigation with wastewater, e.g. sulfur (Tables 6b, 5). Taken together these results suggest
that plants are acquiring nutrients both from the substrate and from the wastewater.

Contrary to this, the estimate of total shoot phosphorus was 28% higher when irrigated with
ebb and flow than under mist, and also higher when watered with well water (Tables 6, 6¢).
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This may be largely related to greater shoot mass, as this variable also responded similarly to
water source and irrigation method. However, shoot tissue P concentration followed this
pattern as well though not significantly (Table 5). Plant acquisition of P is governed by more
than P concentration in the water. It could be that plant responses to other wastewater
environmental variables are limiting P uptake.

Except for potassium and phosphorus, plant tissue element concentrations were greater when
the plant was watered with wastewater. Wastewater also contained the higher concentrations
of those elements. This begs one last question about the ability of these plants to not only
respond to, but also to influence nutrient concentrations in wastewater. If this were so, these
ornamental greenhouse plants could potentially serve as bioremediators of pollutants in
aquacultural wastewater. The significant differences between the source water and the
recycled water in this study that support this possibility are nitrate in well water significantly,
and TAN in wastewater and orthophosphate in both waste and well water, though not
significantly. The fate of nitrogen in this system could not be assessed, because nitrogen in
tissue was not measured. The evidence that bioremediation processes are occurring can only
be found with orthophosphate. Because it does not appear that Coleus is accumulating more
P in its tissue as the concentration of P goes up in the water, nor is there more estimated total
P in Coleus shoots in higher P environments, the evidence for bioremediation potential is not
found in this study

Conclusions

The growth and nutrition of greenhouse plants can be drastically improved by incorporating
vermicomposted aquacultural sludge into the potting substrate. Total mass of Coleus
increased 86% on average (across other treatments) from incorporation of 0-25% compost.
There was an indication that there is a limit to positive plant response to vermicompost,
however. Under some conditions vermicompost can be incorporated in excessive amounts
detrimental to plant growth. The greatest growth of Coleus was achieved with 15%
vermicompost in the potting substrate.

The growth of greenhouse plants can be improved by irrigation with aquacultural
wastewater. Root mass of Coleus was 64% greater, and root : shoot ratio was 23% greater,
when watered with wastewater compared to well water. t appears that the waste water from
the Blue Ridge aquaculture was of sufficient quality as an irrigation source. Plant shoot mass
and total mass also responded positively to ebb and flow irrigation compared to mist
irrigation. The best growth response was shown by coleus when watered with waste water
using ebb and flow irrigation.

Except for potassium and phosphorus, the concentrations of elements in plant tissue were
greater when the plant was watered with wastewater. Wastewater also contained higher
concentrations of these elements. The concentrations of nutrients in plant tissue were highest
under mist irrigation using wastewater. Every element measured was also found to be in
higher plant tissue concentrations when grown with more compost in the substrate. Together
these results suggest that plants are acquiring nutrients both from the substrate and from the
wastewater.
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There was no conclusive evidence of bioremediation of wastewater by plants in this study.
However, nitrate was reduced in well water when cycled through the greenhouse system.
This could have been the result either of plant or microbial activity. Though these plants did
not appear to influence the nutrient concentrations in wastewater, there is still sufficient
reason to further investigate the bioremediation potential of ornamental crops in a
greenhouse.

Finally, integration of ornamental horticultural production is a promising waste management
strategy in aquaculture. Ornamental annual plant production can incorporate waste solids
and wastewater and reduce the potential for these products to contribute to pollution from
aquaculture production.
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Tables 1 a - c. Water quality parameters of irrigation water in the greenhouse at Blue Ridge
Aquaculture. Water was sampled at the locations in the first column which were determined
to be the most likely sources of variance in these parameters. Represented in the columns are
means (£SE) for n=7 measurements, one each week over the course of the experiment.
Measurements in each column followed by the same letter were not significantly different at
o= 0.05 using Tukey’s Honest Significant Difference (HSD) test.

a Temp Turbidity Suspended Total solids TOC DO H
(°C) (NTU) solids (mg/L) (mg/L) (mg/L) (mgl/L) P
Intermediate  28.77 14.91 65.71 337.1 4.67 9.71 8.72
Reservoir +0.49 a +4.81 ab +19.61 a +29.1 a +0.66 a +0.52 a +0.12 a
Sand Filter 29.57 21.09 37.33 331.6 6.69 2.4 7.34
+0.60 a +6.0 a +13.92 ab +40.6 a +1.92 a +1.05 ¢ +0.22 b
Green 29.17 6.53 9.71 281.4 4.8 5.23 8.46
Reservoir +0.63 a +0.74 b +4.93 b +22.8 a +0.36 a +0.46 b +0.19 a
well 27.44 0.36 4.57 161.3 0.83 1.86 7.23
+1.22 a +0.05 d +3.95 b +17.2 b +0.23 b +0.22 ¢ +0.08 b
Well 27.53 1.80 4.0 160.1 3.44 3.98 8.49
Reservoir +0.66 a +0.22 ¢ +3.12 b +18.1 b +1.67 a +0.7 bc +0.31 a
b Alkalinity Hardness Salinity Na Cl Ca K
(mgiL) (mgiL) (ppt) (ppm) (mgiL) (ppm) (ppm)
Intermediate 105.0 159.29 0.197 11.15 9.21 46.36 6.82
Reservoir +8.97 a +13.21 a +0.004 a +0.16 a +0.54 a +1.26 a +0.14 a
Sand Filter 125.83 175.0 0.199 10.57 8.29 46.52 6.65
+4.59 a +11.47 a +0.017 a +0.84 a +0.59 a +3.71 a +0.65 ab
Green 108.29 164.86 0.189 11.37 9.04 46.43 7.57
Reservoir +4.16 a +8.19 a +0.003 a +0.18 a +0.3 a +2.19 a +0.21 a
well 74.71 111.57 0.111 5.67 4.48 30.16 4.15
+3.53 b +13.68 b +0.004 b +0.07 b +0.13 b +0.47 b +0.06 ¢
Well 72.0 99.71 0.093 6.97 5.6 31.8 5.4
Reservoir +3.85 b +5.80 b +0.025 b +0.85 b +0.67 b +3.65 b +0.42 b
C NO;3 TAN PO, SO, Fe Mg Pb
(mg/L) (mg/L) (mgiL) (mg/L) (ppm) (ppm) (ppm)
Intermediate 0.60 0.33 0.15 44.68 0.006 12.96 0.030
Reservoir +0.27 a +0.07 b +0.03 ab +0.81 a +0.003 ab +0.19 a +0.006 a
Sand Filter 0.28 1.12 0.37 25.53 0.016 13.24 0.036
+0.12 b +0.40 a +0.1 a +5.66 b +0.003 a +0.4 a +0.008 a
Green 0.22 0.47 0.20 45.95 0.005 13.31 0.035
Reservoir +0.13 b +0.15 ab +0.03 ab +2.08 a +0.001 ab +0.1 a +0.004 a
well 0.65 0.05 0.13 12.19 0.0004 6.8 0.021
+0.03 a +0.03 b +0.03 b +0.18 ¢ +0.0003 b +0.08 b +0.004 a
Well 0.20 0.08 0.08 14.80 0.014 6.87 0.029
Reservoir +0.02 b +0.05 b +0.03 b +2.04 bc +0.003 ab +0.14 b +0.005 a
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Table 2. Results of ANOVA of effect of sampling location on water quality parameters.

Refer to Table 1 a-d for means of sampling locations for these parameters.

Parameters Df F P Parameters | df F P

den. den.
Temp 30 1.6 0.1995 Na 30 23.5 <0.0001
Turbidity 29 58.75 <0.0001 Cl- 30 19.42 <0.0001
Suspended Solids 29 5.25 0.0026 NO; 29 1.998 0.12
Total Solids 29 11.52 <0.0001 TAN 30 6.8 0.0006
TOC 28 15.01 <0.0001 PO, 29 4.27 0.0077
DO 30 23.14 <0.0001 K 29 18.98 <0.0001
pH 30 12.6 <0.0001 Ca 30 10.69 <0.0001
Alkalinity 29 17.46 <0.0001 SO, 30 31.18 <0.0001
Hardness 30 9.73 <0.0001 Fe 30 3.34 0.0225
Salinity 30 13.43 <0.0001 Ba 30 5.48 0.002
Mg 28 440.4 <0.0001 Pb 30 1.13 0.36

Table 3. Desirable ranges for elements in irrigation water used for plants.
[Brian, W.1999. Irrigation water quality for container-grown plants. University horticulture

guide. Pm- 1699.Iowa state university. February 1999]

Parameters Target Range
pH 5.8-6.5
Alkalinity 37.5-130 mg/L CaCO3
Nitrate Nitrogen <5 ppm

TAN <5 ppm
Phosphorus <5 ppm
Potassium <10ppm
Calcium 50-120ppm
Iron <5 ppm
Boron <0.3 -0.5ppm
Copper <0.2ppm

Zinc <0.5 ppm
Chloride <50ppm
Flouride <lppm
Magnesium 25-50ppm
Sulfate <240ppm
Sulfur <100ppm
Sodium <50ppm
Manganese <lppm
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Table 4. Means (= SE) of plant mass and allocation of mass of Coleus ‘Wizard Rose’ under different irrigation and substrate regimes.

Each value is from 3 replicates in each treatment.

Waste water

Well water

Ebb and flow irrigation

Overhead Mist irrigation

Ebb and Flow irrigation

Overhead Mist irrigation

Compost (%) 0 5 15 25 0 5 15 25 0 5 15 25 0 5 15 25
shoot mass (g) 2.03 2.10 4.00 4.02 1.40 1.30 2.35 3.70 1.30 1.53 5.90 4.68 1.37 2.13 2.73 3.33
9 +038 +03 +117 *109 *001 =+025 =*043 =072 +0.15 *012 =+032 +044 +009 =028 =+0.34 =*047

root mass (g) 3.03 1.70 3.65 2.30 1.87 1.63 3.20 2.50 137 1.00 3.60 2.53 1.63 1.07 2.43 3.00
9 +066 +025 +045 *+040 *026 =044 =+062 =052 =+009 *001 =+106 +023 *020 =012 =+090 =*0.75

total mass (g) 5.07 3.80 6.50 6.32 3.27 2.93 5.55 6.20 2.67 2.53 9.50 7.22 3.00 3.20 5.17 6.33
9 +1.03 +055 +080 *086 *026 =+0.69 *£103 +123 +0.15 *012 +135 +034 *025 =040 +1.23 =*1.07

R'S 1.48 0.81 1.28 0.68 1.33 1.22 1.36 0.68 1.09 0.66 0.60 0.56 1.20 0.50 0.84 0.90
' +0.17 002 +001 +021 +019 +0.09 =+007 +£003 =*=0.17 +006 =+0.15 *0.09 =*=0.13 +001 =+020 =+0.17

Table 5. Means (£ SE) of leaf tissue nutrient concentrations in Coleus ‘Wizard Rose’. Each value is from 3 replicates.

Waste water

Well water

Ebb and flow irrigation

Overhead Mist irrigation

Ebb and flow irrigation

Overhead Mist irrigation

Compost (%) 0 5 15 25 0 5 15 25 0 5 15 25 0 5 15 25
Ca (%) 2.25 1.88 1.87 2.07 2.55 3.35 2.46 261 2.40 2.46 2.27 2.58 2.54 2.17 2.56 2.70
+0.10 +018 +0.17 +014 +017 =+080 +045 +0.09 *013 +007 +0.16 =007 *024 +003 +0.07 =+0.18
K (%) 4.07 4.36 4.01 4.63 3.98 4.38 3.19 4.40 4.92 6.60 3.68 4.44 3.99 4.28 4.36 4.33
+031 +£031 +08 +015 =*067 +£001 +041 +036 *033 +019 +043 +018 *038 +011 +0.16 =*0.43
Mg (%) 0.49 0.50 0.97 0.74 0.55 1.04 0.98 0.86 0.49 0.66 111 0.93 0.52 0.56 1.08 0.88
9 +002 +£003 +0.09 +002 =*+005 =+046 +031 =006 *002 =+004 +0.08 =015 =*004 =+004 +0.07 =*0.06
Na (%) 0.044 0.072 0.064 0.059 0.097 0.160 0.111 0.156 0.048 0.053 0.055 0.088 0.069 0.047 0.112 0.077
+0.004 +0.004 +0.008 +0.008 +0.017 +0.070 +0.025 +0.033 +0.001 +0.008 +0.007 +0.016 +0.005 +0.001 +0.011 +0.006
P (%) 0.805 0.955 0901 1.156 0.789 1.365 0.833 1.093 0901 1432 1085 118 0.767 0.957 0.978 1221
+0.052 +0.103 +0.127 +0.140 +0.095 +0.295 +0.113 +0.061 +0.047 +0.024 +0.096 +0.016 +0.065 +0.004 +0.072 +0.148
S (%) 0.129 0.169 0.211 0.153 0.239 0.231 0.200 0.290 0.126 0.135 0.175 0.179 0.120 0.105 0.197 0.160
+0.002 +0.034 +0.035 +0.019 +0.036 +0.061 +0.040 +0.031 +0.005 +0.008 +0.030 +0.011 +0.011 +0.006 +0.016 +0.009
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Table 6. Means (x SE) of estimated total nutrients in shoots of Coleus “‘Wizard Rose’ under different irrigation and substrate regimes.
Each value is from 3 replicates in each treatment.

Waste water Well water
Ebb and flow irrigation Overhead Mist irrigation Ebb and flow irrigation Overhead Mist irrigation

Compost (%) 0 5 15 25 0 5 15 25 0 5 15 25 0 5 15 25
Total Ca 44.9 39.0 71.2 80.9 35.7 35.6 61.1 97.3 31.6 38.0 1346 1211 344 46.4 70.4 88.2
+6.2 +45 147 £173 +24 +97 +187 203 52 +40 +134 127 +2.7 6.8 +10.7 7.8
Total K 80.6 90.3 141.3 185.2 55.8 61.3 78.4 160.1 643 1015 216.7 207.8 5438 90.8 120.2 140.6
+8.8 +89 +80 +491 +94 +174 +21.8 +282 +101 +100 +263 +204 7.1 +10.1 192 +99

Total M 9.9 10.3 36.7 30.1 7.7 8.2 25.6 31.3 6.4 10.2 65.1 43.8 7.0 12.0 30.1 30.0
9 +1.6 +1.0 +7.3 +9.0 +0.8 +22 +101 +53 +09 +13 +5.1 +8.3 05 +23 +538 +5.8

Total Na 0.9 15 2.4 2.4 14 14 2.8 5.4 0.6 0.8 3.3 4.0 1.0 1.0 3.0 2.6
+0.1 +0.3 +0.4 +0.7 +0.2 +0.7 +0.9 +09 01 0.2 +0.6 +0.6 0.1 +01 0.2 +0.5

Total P 16.0 19.5 33.2 45.5 11.0 14.6 20.3 41.2 11.6 21.9 64.0 55.6 10.5 20.4 27.2 39.5
+1.8 +1.2 +45 +109 +13 +24 +57 +94 10 +17 +6.4 +57 1.0 +27 55 +3.2

Total S 2.6 3.5 7.6 6.4 3.3 3.5 5.0 10.4 15 2.1 10.5 8.4 1.7 2.2 5.5 5.4

+0.5 +0.6 +0.8 +24 +0.5 +1.8 +1.6 +15 +02 03 +21 +0.7 +0.2 +03 =11 +0.9
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Tables 6 a-c. Results of three-way Analysis of Variance (ANOVA) of treatment effects on
Coleus ‘Wizard Rose’ growth and tissue nutrients. Values are the F values followed by
degree of significance of that test. Most variables were transformed to meet assumptions of
normality and homogeneity of variance within treatment. See text in Methods for particular

transformations.

6 a. Analyses of dry mass of shoots and roots.

Shoot mass Root mass R:S Total mass

A. Water source 0.495 457* 12.43** 0.90
B. Irrigation method 8.23** 0.98 1.50 4.39*
C. Compost 71.15%** 11.79** 11.76** 40.15***
AXB 0.72 0.63 0.08 0.86
AXC 1.26 2.89 1.46 2.48
BXC 0.75 0.08 0.49 0.18
AXBXC 4.23* 0.52 0.81 2.17
MSE (df = 40) 0.104 0.196 0.095 0.119
*p<05
**p<0.01
**% ) < 0.001
6 b. Analysis of percent of nutrients in leaf tissue.

Ca K Mg Na P S
A. Water source 0.495 4.57* 12.43** 0.90 1.59 15.08***
B. Irrigation method 8.23** 0.98 1.50 4.39* 0.72 6.51*
C. Compost 71.15%** 11.79** 11.76%* 40.15%** 6.15* 4.63*
AXB 0.72 0.63 0.08 0.86 2.75 8.87**
AXC 1.26 2.89 1.46 2.48 0.13 1.82
BXC 0.75 0.08 0.49 0.18 0.07 0.07
AXBXC 4.23* 0.52 0.81 2.17 2.11 0.07
MSE (df = 40) 0.000195 0.000631 0.000221 0.000029 0.000133 0.000041
*p<05
**p<0.01
**% ) < 0,001

6 c. Analysis of total nutrients in leaves. Calculated as percent leaf nutrient multiplied by

shoot mass.

Ca K Mg Na P S
A. Water source 1.77 1.28 0.59 2.16 2.76 3.96
B. Irrigation method 1.50 1.13 1.89 2.67 12.43** 0.30
C. Compost 71.17%** 0.44 67.88*** 73.22%** 106.2*** 59.67***
AXB 0.32 0.62 0.04 1.75 0.07 1.61
AXC 3.04 0.41 161 2.58 1.80 3.36
BXC 0.58 0.33 0.67 0.44 0.41 0.60
AXBXC 3.20 2.23 1.05 4.22* 1.23 1.65
MSE (df = 40) 0.106 0.014 0.258 0.180 0.104 0.200
*p<05
**p<0.01
**% ) < 0.001
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Table 7. Composition of thermophilic compost and vermicompost produced from
aquaculture sludge at Blue Ridge Aquaculture, and preferred compost standards suggested by
the U.S. Compost Council (1996) (from Evanylo et al, 2004)

Aquaculture sludge
Variable Thermophilic | Vermicompost | Preferred
Solids (%0) 37 33 55-65
Volatile solids (%) | 54 31 =30
Stability (S) Highly Stable | Stable Stable
pH 78 74 6.0-7.5
EC (dS/m) 2.13 1.29 =3
TEN (%) 2.65 1.17 =1
NH4-N (ppm) ND ND
NO:-N (ppm) 125 429
Organic N 265 1.17
Organmic C (%) il5 297 =29
CN 12 25 15-20
P (%) 2.57 035 =1
K (%) 0.33 0.60
S (%) 043 0.20
Ca (%) 6.93 2.69
Mg (%2) 0.35 1.15
Na (%) 0.19 0.09
Fe (%) 194 143
Mn (%) 034 0.06
Al (%) 0.74 0.97
As (ppm) 24 6.5 =41
Cd (ppm) 1.1 ND =39
Cu (ppm) 89 26 =13500
Pb (ppm) 26 23 =300
Hg (ppm) ND ND =17
Mo (ppm) 8 ND =43
Ni (ppm) 40 22 =420
Se (ppm) 14 0.5 =100
Zn (ppm) 6035 150 =2800
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Figure 1: Lay out of the Green house and its water sources
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Figure 2: Shoot and Root dry mass for Solenostemon scutellarioides ‘Wizard Rose’ grown in
varying vermicompost-amended substrates, water sources, and irrigation methods in the Blue Ridge
Aquaculture greenhouse. Error bars represent standard error of the means.
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Figure 3 : Total mass and root to shoot ratios of Solenostemon scutellarioides ‘Wizard Rose’
grown in varying vermicompost-amended substrates, water sources, and irrigation methods
in the Blue Ridge Aquaculture greenhouse. Error bars represent standard error of the means.
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GROWING POWER

A much simpler approach to a very similar aquaponics system is done by the Growing
power, Milwaukee, WI. Growing Power is the last remaining registered farm in the city
of Milwaukee; it is also a non-profit organization that teaches techniques in sustainable
agriculture and provides hands-on training for developing community control over food

systems.

Considering the two-acre farm remains located in the heart of the city, it produces an
impressive amount and variety of food. Produce includes Swiss chard, salad mix,
watercress, various herbs, tomatoes, lemon grass, and water spinach. They also raise
tilapia, keep chickens for eggs, and produce their Urban Honey from five hives around
the back.

Allen, a basketball player turned organic farmer turned entrepreneur turned community
activist, runs something of a living laboratory on the two-acre plot near the city’s
northern border. Every day the farm is open to many visitors from all walks of life-
researchers, gardeners, farmers, teacher, school kids etc. The farm, which is a collection
of five greenhouses and a plot, welcomes anyone who has a desire to learn or just wants
to watch in awe! The Growing power system is shown in figure 1.

Green house 2 is the hydroponics area where two tiers of plant rows run along each side
of the green house bay. A variety of plant types are potted in the organic black soil
(Called black gold), which is produced in the vermiculture component in the next green
house. A 0.2m* drum is used as the water holding tank. A pump within this tank pumps
the water into the growing trays. It flows along the base of the pots providing water and
nutrients to the plants and then drains back to the holding tank. A trench that runs the
length of the greenhouse is filled with water and fish. The water from this long race way
will be pumped to the plant rows above. After the plant roots filter the water, it will drain,
by gravity, back into the raceway. Just one pump keeps the whole system growing. Low

energy and minimal equipment is the key in this mechanism [1].
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It is the greenhouse in the middle that is definitely the showstopper. This soil room is
comparatively open and still. Just a long, bright corridor where, at first glance, it seems
nothing is happening. Plywood boxes sit in rows on long tables, topped with a fine, soft
mulch. To a first time visitor, all the food left there rotting doesn’t appear as being

silently and relentlessly worked on by the Worms [2].

Aah!! The worms!!! They are the pride of Growing power and they probably number in
thousands. And no one on Allen’s farm works harder. Every day, every night, they sift
through the immature compost that Allen and volunteers pile on top of them, slowly
breaking it down, digesting it, converting it. In their tracks they leave a soil so high in

nutrients and micro organic life that it’s considered one of the finest fertilizers around [2].

This worm poo—politely known as castings—is the secret to Allen’s operation. They are
so hungry that they just can’t stop making soil. In an average day, the worms will yield

several hundred pounds of the stuff. That’s a lot of dirt to use, even for a farmer. [2].

In a space no bigger than a smallish supermarket live some 20,000 plants and vegetables,
from tomatoes and leafy greens to exotic varieties like Japanese kiwi. There are also fish,
chickens, goats, rabbits, fruit trees, vines, peppers, and flowers, and a commercial kitchen
where community growers can process honey and jams. And, of course, the boxes of

worms and soil [2].

Some of that stuff—hydroponics, for instance—is pretty advanced agriculture, more what
you’d expect to find in a university lab. But Allen dismisses the suggestion that he’s gone
high-tech. “Everything we do is very simple,” he says. “We use what’s available in the

community and make it available so that everybody can afford to do this.” [2]

His latest fascination is the stack of pipes and tanks humming away at the rear of
Greenhouse No. 4: Growing Power’s newest hydroponics demonstration project. The
system is somewhat like a contained river—a complete ecosystem that replicates nature
in plastic and PVC. At one end is a six-foot-tall tank, filled with plump tilapia fish. The
water that circulates into and out of the tank travels through a series of plant beds that
filter the fish waste, both helping them grow and obviating the need for expensive

37



filtration. The tank came secondhand from a paper mill, and most of the pumps and pipes
are commonly found varieties. “We built this whole system for about one thousand
dollars,” Allen says. “People who come see this may not think that they can do it, but
they can.”[2].

The system enables someone to grow—with very little space and not too much effort—a
veritable dinner plate of food. Beyond the fish, which can reach two pounds each,
Growing Power nurtures basil and other leafy greens in the filter beds, and fat eggplants

dangle their roots into the pipes that lead to the tank [2].

Greenhouse four is home to the tilapia breeding program and various aquaponic systems.
The fingerling production area encompasses many tanks with different sized fingerlings.
About 6000 gallons of water is used to raise 4000 fish in about 6-8 months. It is
maintained at 85°F optimum temperature and there is about 10% of fresh water input
everyday. The smallest tilapias are grown in conjunction with a duckweed pond. The
duckweed is then fed to the larger tilapia along with the worms from the vermi-
composting bay. The net usage of fresh water is 34,600 ft* in 90 days. It can be assumed
that the facility generates about 20% waste water, which makes it about 2175L of waste

water per day.

The main aquaponics bay contains many types of plants including strawberries, eggplant,
watercress and some aquatic plants growing in two tiers. The raceway below held tilapia
as well as one 4,400-gallon tank with about 800 tilapia in the water and the surface
mostly covered by water hyacinth. The whole system runs on one water pump with no
external filters. All of the fish waste breaks down in the tank and grows beds [1]. This

system is shown in figure 2.

Even with a relatively low stocking density (400-800 Ibs of fish in 4400gal water) and the
low light levels associated with the winters in Wisconsin, the plants thrive well. The fish,
whose entire diet consists of worms, duckweed and an occasional handful of organic dog
food, are healthy and based on the plan growth, eating well and providing plenty of
fertilizer for the plants [1].
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Figure 1: Lay out of Growing Power
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Figure 2: Aquaponics system schematics
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