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Abstract

Agricultural managers are continually looking for ways to increase production
while at the same time reduce costly inputs. One such way is an integration of two or
more crops or production systems. Sustainability is a key word in our world today and
one component of sustainability is the reduction of waste and the reuse of all available
resources and refuse. Aquaponics is the combination of plant production and fish
production whereby the byproducts of one system are used as an input for the other,
thereby creating a symbiotic effect. One such system that has been used and shows
promise is the combination of intensive production of tilapia (Oreochromis spp) and
greenhouse production of lettuce (Lactuca sativa L.). Monoculture systems have
traditionally relied on proven methods and inputs. However, in cross-cultural systems,
what has proven to be “standard practice” for one production system may actually be
harmful to the other production system. In intensive tank culture of fish, it is a common
practice to add salt in the form of NaCl or CaCl2 to the tank in order to ease stress on fish.
Fish tend to have a high tolerance for salt and benefit in many ways from it. However,
plants typically do not have such a tolerance. This study was conducted at facilities at
Auburn University, Alabama, to determine the tolerance of hydroponic Bibb lettuce to
various chloride concentrations resulting from the addition of NaCl or CaCl2 to the
hydroponic solution. In a 29.3 x 9.1 m (96 x 30 ft) double insulated greenhouse located
at the E.W. Shell Fisheries Center, North Auburn Unit lettuce seeds (Lactuca sativa L.
„Charles‟) were sown in one inch (1”) oasis blocks in July, 2010. In August, three weeks
after sowing, the blocks were placed in a hole cut in 20 cm x 20 cm (8” x 8”) ½” thick
styrofoam squares. The squares were placed on top of 6 liter (1 gal.) buckets containing a
standard hydroponic fertilizer and concentrations of NaCl or CaCl2 measured in ppm
chloride ranging from 0 to 500 ppm. A one (1) inch airstone was put in each pot powered
by an 80 watt compressor. Salinity, measured in parts-per-thousand (ppt), electroconductivity (EC) and pH of the treatment solutions were monitored using a YSI Model
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63 meter (YSI Inc., Yellow Springs OH). Chlorophyll level in the foliage was measured
with a SPAD-502 meter (Minolta, Spectrum Industries Inc.). Water loss from plant
uptake and evaporation was replaced with fresh water throughout the experiment.
Approximately 30 days after transplanting, plants were harvested and fresh shoot weight
(FSW), fresh root weight (FRW), and a Growth Index were taken. The Growth Index
was calculated by taking the average of the height and two perpendicular widths of each
plant. Plant tissue was then dried in a forced-air oven for nine (9) days at 45o C (113o F)
and dry shoot weight (DSW) and dry root weight (DRW) measurements were taken.
Results from these experiment showed that Bibb lettuce (Lactuca sativa L. „Charles‟) is
not adversely affected by either NaCl or CaCl2 at levels ranging from 0 to 500 ppm (0.5
ppt) chloride. A second set of experiments was begun in December 2010 with increased
concentrations of NaCl or CaCl2 in order to determine salt concentrations needed to
observe adverse effects on Bibb lettuce. The second experiment was conducted at the
Paterson Greenhouse Complex located on the main campus of Auburn University in a
14.6 x 6.1 m (48 x 20 ft) gas-heated greenhouse where the air temperature was
maintained between 21o and 35oC (70 to 95oF). Concentrations of NaCl or CaCl2 were
from 0 ppm to 20,000 ppm (20 ppt) chloride. Experimental setup was the same. Water
quality parameters were again monitored and growth parameters taken 35 days later at
harvest. Results showed that SPAD readings and pH ranges were poor indicators for
measuring the effects of chloride concentrations on Bibb lettuce. Treatments of NaCl or
CaCl2 over 5000 ppm (5 ppt) chloride were lethal to Bibb lettuce. Significant adverse
affects were seen at concentrations above 2000 ppm (2 ppt) chloride for both salts.
Regression lines of the Growth Index, FSW, FRW, DSW, and DRW suggests that the
decline begins prior to where differences are significant. Our research suggests that
managers not view the 2000 ppm (2 ppt) chloride level as a tipping point for lettuce but
as the point at which significant adverse physiological root-mediated plant responses
occur. More research is needed to determine a more precise point at which physiological
health and growth is significantly affected. Perhaps more importantly, additional
research is needed to determine a more specific salt level at which plant health and
growth begins to be adversely affected in hydroponic Bibb lettuce.
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INTRODUCTION

With the ever-increasing earth population and the resulting decreasing supply of
natural resources, two of the key phrases used in today‟s culture are “Sustainability” and
“Go Green”. The overriding concepts of these two phrases are three-fold. The first
concept is an effort on the part of the manager or producer to optimize the use of any
resources that are used in producing a product, which encompasses using as small an
amount of an input as needed while at the same time making as big an impact as possible.
The second concept follows directly behind the first which is that the first objective is
usually best achieved by concentrating the inputs or production area into as small a
physical footprint as possible. Intense, highly concentrated inputs are applied only in the
area where that input is directly needed. An example in the field of horticulture would be
irrigation. A grower can water an entire field of crops using sprinkler or overhead
irrigation or put water directly at individual plants using drip irrigation. Many variables,
such as equipment costs and water availability determine levels of intensity. The third
concept in “Sustainability” and the “Go Green” movement is the need to determine ways
to use, sell, or recycle any byproducts of the production cycle itself. Managers need to
explore and know ways that leftovers can be sold, recycled, or even used by another
system.
According to the Food and Agricultural Organization of the United Nations
(FAO, 2007), total world fishery production in 2004 was 142 metric tons (156 million
tons) produced in three basic systems. The largest system by far is the harvest of natural
fish populations. Of the 142 metric tons, approximately 94 metric tons comes from the
harvest of natural freshwater and oceanic stocks (FAO, 2007). Even though harvesting
natural resources is the largest source of production, the per unit area production on a
weight of fish per hectare basis is very low, 3.08 kilograms per surface hectare of ocean
water (2.75 pounds per surface acre). The second source of fish production comes from
the science of aquaculture. Aquaculture is defined as the culture of aquatic organisms
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under controlled or semi-controlled conditions (Stickney, 1996). Aquaculture, in its
conventional sense, is the science of building production ponds, stocking a large number
of a single fish species, and then feeding the fish until they reach a harvestable size.
Ponds are either drained and fish caught in catch basins, or the fish are harvested by
seining. Aquaculture is much more intense than natural systems with production levels
typically running in the 8000 to 15,000 kilogram of fish per hectare (7137 to 13,383
lbs/acre) basis or 2500 to 5000 times that of natural systems (Popma and Lovshin, 1996).
A third system that is being used to produce fish is an even more intense level, and that is
rearing fish in an artificial tank system where the fish are stocked at extremely high
densities and the manager controls the input of all variables into the system. Production
on a per hectare basis of tank culture systems can be in excess of 100,000 kilograms per
hectare (89,218 lbs/acre) or 33,000 times the ability of natural biological systems (Popma
and Lovshin, 1996).
Natural systems tend to be stable and, in many cases, seemingly self-sustaining.
However, with the increase in demand for fish protein, natural systems have, over the last
50 years, been subject to overfishing when demand has exceeded supply (University of
Michigan, 2006). Pond aquaculture systems can supplement the supply of fresh fish;
however, with pond culture, capital requirements, land footprint, water availability, labor
requirements for maintenance, and harvest are issues that become a concern. For tank
culture systems, if the manager controls all inputs, then high levels of maintenance and
monitoring become important and the culturist must stay on top of the entire process and
literally control it all. In tank culture, crowding, disease, infections, and water quality
become a major concern.
For human food plant culture (vegetables, grains, etc.), three levels of production
also exist. Natural plant systems, even at their highest level of production, simply do not
produce sufficient amounts of harvestable food per hectare to sustain large human
populations. A second system, and the one responsible for the majority of the world food
supply, is in field cultivation of food crops. Worldwide, production levels range from
several hundred to 60,000 kilograms per hectare (53,531 lbs/acre). The third system of
intensity is greenhouse production of food. Greenhouse production encompasses total
control of vegetable and food production. Greenhouse production has been on an
2

increase for the last 30 years with levels of greenhouse production as high as 650,000
kilograms per hectare (579,916 lbs/acre) (Heyden, 2009).
For plant culture, there are pluses and minuses of the three levels of production.
It goes without saying that natural production will not supply the demand for food crops
worldwide. For field culture, weather affects production and harvest. Insects and pest
control, as well as labor for harvesting, are also major concerns. Many areas of the world
have soils not suitable for food production or have an insufficient water supply. In
greenhouse production, monitoring, maintaining, and supplying all the basic nutrients and
water needed for healthy plants is of upmost importance.
In intense integration production systems, the first two concepts of
“Sustainability” and “Go Green” are accomplished. Smaller amounts of “purchased”
inputs are needed because some of the necessary inputs may be provided as byproducts of
another production system. Maximum profit is accomplished when there is optimal use
of resources. In intense agricultural production systems, the plants or animals being
grown are typically crowded together or confined in high densities to a small footprint or
production area. The third concept, recycling or reuse of byproducts becomes a chief
concern.
Much work has been done in studying the integration of many intense culture
systems over the last few years. One such integration is the cross between raising fish in
an intensely managed tank culture while raising plants in a nearby greenhouse system.
In intense fish culture, byproducts include large percentages of the food and other
nutrients supplied to the fish which are not converted into fish flesh. On the average, 1.8
to 2.0 kilograms of feed is required to produce one kilogram of fish flesh (Popma and
Lovshin, 1996). Additional byproducts of intense fish production are in the form of
feces, urine, and ammonia. Fish naturally excrete large amounts of ammonia from their
bodies through their gills. For most fish, high amounts of nitrogen-based byproducts
such as ammonia are toxic and can result in poor growth, disease, and death. Brownblood disease, methemoglobin anemia, is a lethal fish disease caused by high levels of
nitrites. High ammonia, rather than low dissolved oxygen, is often the most limiting
water quality constraint in intense fish culture (Popma and Lovshin, 1996). In intense
culture, excess nutrients have to be flushed from the system or remain in the tank until
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broken down by bacteria. Flushing requires water. Supplies of fresh water are not
always available and, in the United States, many aquifers and water resources are now
being regulated and restricted by government agencies. If left in the tank, nutrient
byproducts are eventually broken down by bacteria. Nitrosomonas and Nitrosospira
bacteria take fish production byproducts and break them down into nitrite (NO2-)
(Francis-Floyd et al., 2009). Nitrites are readily absorbed by fish and are toxic to most
fish. If left in this condition, water quality conditions quickly deteriorate to toxic levels.
Other bacteria, Nitrobacter and Nitrospira, take nitrites and break them into nitrate
(NO3). Nitrates are not as toxic as nitrites to fish (typically 10 times less).
Plants need nitrogen. Of the major plant nutrients, nitrogen (N) is typically the
element of greatest demand by plants and is necessary for almost every biological
function. In plants, nitrate is often a preferential source of N for crop growth (Mengel
and Kirkby, 1979).
Much research has demonstrated how water from an intense fish tank system can
be filtered to remove fecal and other solids, and redirected through an adjacent
greenhouse containing vegetables or other plants (Holliman, 2006; Rahman, 2010;
Rakocy, 2002; Sleeper, 2009). After plants filter out many of the nitrates, the water can
be recycled back into the fish production tanks. The plants benefit from byproducts of
the fish and the fish benefit from filtered water via the plants, a symbiotic relationship.
One such fish-plant production system that has been shown to work successfully
is integration of the fish culture of tilapia (Oreochromis spp) and the greenhouse plant
culture of lettuce (Lactuca sativa) (Diver 2006; Rahman, 2010; Rakocy, et al., 1992).
Just as there may be benefits of combining fish culture and plant production, there are
problems as well.
Because of the intense nature of the fish systems, it is not uncommon for fish to
become stressed in some way. Stress can arise from many different causes such as
diseases, parasites, bacteria, crowding, or poor water quality. In fish culture, managers
often add salt to a tank of fish in the form of NaCl or CaCl2 at the first sign of stress. As
a general rule in fish culture, the common “cure-all” is to add salt to distressed fish.
Salt provides many benefits for fish. Brown-blood disease is caused when excess
ammonia, primarily from fish respiration, builds up in fish tanks. In fish, the buildup of
4

ammonia causes a condition called methemoglobin anemia in which the ammonia
prevents the absorption of oxygen needed for respiration by fish, quite often resulting in
death. Salts help prevent this from occurring. Also, when stressed, fish naturally excrete
high levels of ions from their bodies into the water. Additions of salts to the water
provide a concentration gradient against which the flow of ions is reduced or stopped.
Salts also resupply ions and results in an almost immediate “calming down” of the fish.
Fish parasites do not do well in saline water. The salts irritate them and, in many cases,
cause them to fall off their host and/or die. Bacteria, as well, do not do well in saline
water, and as a result, many bacterial infections clear up with the addition of salts. The
commonly used treatment for stress, brown-blood disease, parasites, and bacterial
infections is the addition of salt to the water in the form of NaCl or CaCl2 (Brunson,
2009).
Currently, there is a lack of information regarding response of hydroponic Bibb
lettuce to varying salt levels, NaCl or CaCl2, present in effluent from intensive tilapia
production systems. This is in contrast to the abundance of soil salinization studies in
arid areas of the western United States, Australia, and the Middle East where salts have
built up over time from high rates of evaporation, heavy fertilization and irrigation, or the
use of brackish waters as a water source. The purpose of this study was to determine
threshold concentrations of NaCl or CaCl2, measured in parts-per-million (ppm) chloride,
to a crop of hydroponic lettuce before seeing a decline in growth.

5

LITERATURE REVIEW

Aquaculture
Aquaculture is defined as the agricultural science of rearing aquatic life forms, be
they plant or animal (Sleeper, 2009). The majority of aquaculture crops are fish and/or
shellfish. Aquaculture is big business. In Alabama alone, in 2006, aquaculture provided
producers with a farm-gate income value of $105 million dollars (Crews and Chappell,
2007).
Different aquaculture systems are segregated based on their levels of intensity,
ranging from extensive systems where human input is minimal, followed by semiintensive, and then intensive systems where man controls both water quality and
available food resources (Tave, 1986). Intensive aquaculture has been defined as a
production system of cultivating fish or aquatic life species by way of substantial human
input and management practices (Rice, 2008).
Within the aquaculture industry, production systems can be divided into open and
closed systems. Open systems take water in from one point and discharge it at another,
thereby using the water one time. Closed systems involve reusing the same water and
only adding new or fresh water as water is lost. Closed systems often have a series of
filtration and processing components that help maintain water quality appropriate for fish
(Berghage, et al., 1999). One of the key issues is the management of effluents produced
by either system. Effluents are of a concern because they are sometimes discharged into
rivers and creeks which, in turn, can lead to environmental issues. Effluents are also a
concern because they represent unused value. Feed conversion rates for tilapia in intense
systems are typically 1.8 to 2.0 grams of feed for every gram of fish flesh assimilated
(Popma and Lovshin, 1996). This equates to a “waste” of 40% to 50% of the feed value
in the form of unused nutrients. Extracting some or all of this value would be a
significant recovery from the environment. Currently the industry is developing
guidelines and technological innovations to tackle environmental issues by implementing
6

practices to lessen pollution loads and to make use of aquacultural waste in an
economical and beneficial way (EPA, 1980). Under the National Pollutant Discharge
Elimination System (NPDES) permitting process, regulations place limitations on the
discharge of animal wastes. In order to reduce runoff of effluents into navigable waters,
minimum standards and a nutrient management plan are required before a permit is
granted.
Tank Culture
Tank culture of fish is typically intense and can result in production levels of 100
to 600 metric tons per hectare (89,218 to 535,307 pounds per acre) (Popma and Lovshin,
1996). Tank culture systems can be more efficient than earthen pond culture, in part,
because of their lower requirements of land, labor, and water resources (Rakocy, 1989;
Rakocy and McGinty, 1989). Commercial tank culture of Nile tilapia (Oreochromis
niloticus) or other species offers several advantages to other types of culture. Dense
stocking rates disrupt breeding which allows both sexes to reach a more marketable size
in a shorter period of time due to lack of energy expenditure on reproduction (Popma and
Lovshin, 1996). Such systems can be managed to a high degree to achieve optimum
production levels (Shaw and Cantliffe, 2003). Indoor tank culture, in thermally
controlled systems, also allows many species of fish to be grown and produced in
geographical ranges where they would not normally survive. For example, tropical fish,
endemic to South America are grown successfully in tanks in the very northern regions of
North America. Tilapia are cultured commercially in Wisconsin and the Dakotas, both of
which are well out of the normal temperature ranges where tilapia can survive in surface
pond systems.

Fish Feeds
Nitrogen (N) content of feed is important. Nitrogen levels in feed are reflected in
crude protein where % Crude Protein = 6.25 X %N. Recommended crude protein levels
in food varies between fish species; however, for tilapia, the protein range is generally as
low as 26% crude protein to 38% crude protein in modern production diets (Hargreaves
and Tucker, 2004; Popma and Masser, 1999), which corresponds to four (4%) to six (6%)
7

percent N in each kilogram of food. Of the N supplied in fish feed, approximately 20%
to 30% is recovered in the fish flesh (Auburn University, 2004), with the remainder
ultimately entering the culture system as ammonia nitrogen (NH 4) (Graber and Junge,
2008). For example, 1 kg of 32% crude protein feed would produce 40 g NH4/kg feed.
The effluents from intensive systems tend to be high in nutrients and organic
matter.

Discharge of nutrient-rich effluents into natural bodies of water can cause

eutrophication or excessive plankton and algae growth (Boyd and Tucker, 1998). Excess
nutrients in effluent from fish production is not only potentially toxic to production
systems, but is drawing the attention of environmental activist groups and governmental
agencies (Dierberg and Kiattisimukul, 1996; Goldburg and Triplett, 1997; Naylor et al.,
2000; Palada et al., 1999) and many countries have established water quality regulations
to protect against high organic discharges. In the United States, effluent laden discharges
fall under the Clean Water Act and require a NPDES permit.
Biological filtration is one of the most important elements by which water
treatment is accomplished in many aquaculture production systems. In intense tank
culture, the N cycle is the primary filtration method used to breakdown ammonia. In the
N cycle, ammonia is changed to nitrite by Nitrosospira and Nitrosomonas bacteria.
Other bacteria, Nitrospira and Nitrobacter convert the nitrite into nitrate (Timmons and
Losordo, 1994).

Horticulture and Hydroponics
Horticulture is defined as that branch of agriculture concerned with intensively
cultivating plants that are used by people for food, for medicinal purposes, and for
aesthetic gratification (USDA, 2011a). Production methods used in horticulture include
field production, greenhouse production, outdoor container-plant production as well as
others. Olericulture is the study of horticulture as it relates to the production of
vegetables for human consumption. The US Department of Agriculture valued the 2010
U.S. vegetable crop at $11.2 billion dollars (USDA, 2011b). With an estimated 1000
acres in hydroponic production in the United States, this equates to an estimated value of
$6.6 million dollars of vegetables grown hydroponically.
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Hydroponics is a specialized horticulture method of plant production in which
plants are grown in a soilless media known as a substrate or in a fully liquid media
(Jensen, 1997). Hydroponics has developed by determining what substrates work when
combined with the appropriate nutrient solution for a particular plant (Resh, 2004).
Widespread commercial use of hydroponics began over the past 60 years in Europe,
Australia, and Israel beginning in the 1950‟s (Resh, 2004). Greenhouses are often used
with hydroponic systems for controlling environmental conditions (light, temperature,
and water usage) (Jensen, 1997).
Hydroponics provides some clear advantages over traditional field-grown
production systems (Alleman, 1985). Some of these are:


Reduced water waste.



Increased water-use efficiency.



Standardization of culture.



Sterile root-zone substrates.



Complete control of nutrients.



Spacing of plants is only limited by light availability.



Expanded growing seasons (multi-cropping) and locations.



Higher production yields.



Weeds and soil diseases can be reduced or eliminated.



Potentially reduced insect and pest problems.



Water stress can be eliminated.

In reference to production output, hydroponics has been shown to increase total
production significantly in some crops. Field-grown lettuce will produce an average
yield ranging between 20,000 kg/ha and 30,000 kg/ha (17,843 lbs/ac to 26,765 lbs/ac); on
the other hand, top growing hydroponics facilities can produce yields that are over 10
times larger than that of field production (Resh, 2004). For tomatoes, hydroponic
production can be up to 30 times greater than field production (Sleeper, 2009). For
cucumbers, field production is approximately 10,000 kg/ha (8922 lbs/ac) versus
hydroponic production of 200,000 kg/ac (178,436 lbs/ac), a factor twenty (20) times
9

larger (Sleeper, 2009). Australian Hydroponic & Greenhouse Association (AHGA)
produced 585,000 kg/ha of tomatoes hydroponically as compared to 69,231 kg/ha of
tomatoes grown in the field (Smith, 2007). Wolverton (1987) reported increased wheat
production of 143% per acre when grown hydroponically versus in the field. He further
demonstrated that potatoes, cabbage, tomatoes, and lettuce production was 87%, 138%,
54%, and 233% higher, respectively, when grown hydroponically. Resh (2004) stated
that, under the same greenhouse conditions, where the only difference was soil versus
soilless media, the increased production of tomatoes hydroponically was typically 20 to
25 percent, which was still a 400% to 1000% increase over conventional field-grown
conditions due to several possible factors such as lack of nutrients in field soil, possible
poor soil structure, and the presence of pest or disease in the soil.
Hydroponic culture is possibly the most intensive method of crop production in
today‟s agricultural industry (Hamdy et al., 2009). The future of hydroponics, as it
continues to grow, will depend greatly on the development of production systems that are
competitive in terms of costs with open field agriculture (Hamdy 1993, 1996). Control of
variables such as the nutrient content of the media, pest management, temperature
fluctuations, as well as water quality and quantity, will allow agricultural managers to
direct specific inputs in specific amounts, when and where needed, thus resulting in
reduced costs and increased production.

Tilapia
Tilapia (Oreochromis spp) belong to the Cichlidae family and are endemic to
Africa, but interest in their aquacultural potential has led to nearly worldwide distribution
within the past fifty years. Most tilapia species are herbivorous, readily reproduce in
small ponds, and are highly tolerant of poor water quality. For commercial production,
the Nile tilapia has been the preferred species (Popma and Lovshin, 1996; Watanabe et
al., 2002). Tilapia are more tolerant than most commonly cultured fish to salinity, high
water temperature, low dissolved oxygen, and high ammonia concentrations. Concerning
salt tolerance, most tilapia species used in commercial culture are freshwater species, but
all are euryhaline (tolerant to brackish water). Some tilapia species, Oreochromis
mossambicus and O. spilurus, can grow and even reproduce in seawater. Quite often,
10

tilapia producers will add salt to their tanks to provide a number of benefits to their fish
(Brunson, 2009). A common problem with intense culture of tilapia is the buildup of
high nitrite levels due to the breakdown of ammonia nitrogen from fish respiration, fecal
matter, and unused feed. High levels of nitrite can result in methemoglobin anemia,
brown-blood disease, which is toxic to tilapia. The chloride portion of the salt competes
with nitrite and helps prevent the nitrite from being absorption through the gills. Any
form of fish stress can causes tilapia to excrete ions from their bodies. High salt content
in water creates an ionic gradient that prevents tilapia from losing these ions. Inability of
tilapia to tolerate low temperatures is a serious constraint for traditional commercial
culture in temperate regions. The lethal low temperature for most tilapia species is 10° or
11°C (50o to 52o F), so the majority of the tilapia grown in the United States and Europe
require some form of winter thermal protection (Popma and Lovshin, 1996). Because of
their ability to withstand water quality extremes, tilapia have become an excellent fish
species to be raised in intense cultures. In intensive tank culture, it is possible to produce
tilapia at a level as high as 600,000 kg/hectare/crop (535,307 lbs/acre/crop) (Popma and
Lovshin, 1996). Large-scale commercial tilapia production is almost exclusively done
with “all-male” fish (>95% male). Recently hatched fry are fed a 3 to 4 week diet
containing the male steroid, 17-a-methyltestosterone, that makes genetic females develop
testicular tissue, producing fish that function and grow as males. Percentage of
phenotypic males after treatment usually exceeds 95% (Popma and Lovshin, 1996).

Salinity and Lettuce
Afzal et al., 2006; Allakhverdiev et al., 2000; Madidi et al., 2004; Munns, 2002;
Munns and Tester, 2008; and Parida and Das, 2005 all stated that salinity is the most
serious threat to agriculture today and the major environmental factor that limits crop
production and growth. Soil salinization, salinity stress, and plant responses to high
salinity have been discussed for over four decades (Ehret and Plant, 1999; Flowers et al.,
1977; Greenway and Munns, 1980; Hasegawa et al., 2000; Zhu, 2002). Salt has been
shown to affect plants in a variety of ways. For the vast majority of terrestrial plants, the
electrolytes sodium (a cation) and chloride (an anion) are extremely toxic to most plants
at relatively low concentrations due to the adverse effect both have on cellular
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metabolism, as well as cell structure. Only a few plants, called halophytes, particularly
those found along the coast near bodies of saltwater and inland within high evaporative
areas, saline lakes, or desert regions have adapted to tolerate high salt levels (> 0.5%
NaCl) (Choukr-Allah et al., 1996).
The literature reveals that a myriad of experimental procedures have been used for
determining salt tolerance (Maas and Hoffman, 1977; Takemura et al., 2000). Likewise,
plant response to salinity has been measured in several ways and at various stages of
growth (Chartzoulakis and Klapaki, 2000; Chartzoulakis and Loupassaki, 1997;
Chartzoulakis et al., 2002). Many studies were concerned with the effects of salinity on
horticultural crops and the mechanisms caused by salinity gradients or concentrations
(Debouba et al., 2006; Grattan and Grieve, 1999; Meiri et al., 1981; Munns, 2002;
Shannon and Grieve, 1999; Sonneveld, 1988, 2000).
Salinity increases, depending on the species of plant, are known to retard growth
in most terrestrial plants by influencing several factors of plant behavior like osmotic
adjustments, ion uptake, protein and nucleic acid synthesis, photosynthesis, enzyme
activities and hormonal balance (El-Gamal, 2000). The extent to which salinity stress
affects plant growth and development is also dependent on various factors, including
plant species, cultivar, phenological stage, soluble salt composition, stress intensity and
duration, and edaphoclimatic conditions (Cramer et al., 1994). Dependent on these
factors, adverse effects of increased salinity on plant growth and yield have been
attributed to simultaneous reduction in leaf area and root growth which affects
photosynthesis and water and mineral uptake (Shannon and Grieve, 1999).
During the onset of salt stress within a plant, all the major processes such as
photosynthesis, protein synthesis, and energy metabolism are affected (Parida and Das,
2005). Mass and Hoffman (1977) reported that most plants adversely affected by salt
usually appear normal but may have dark green leaves which, in some cases, are thicker
and more succulent.
Salinity is typically measured in terms of electrical conductivity (EC). The EC
value of a solution is linearly related to the equivalent salt concentration in solution.
While EC is indeed a measure of salt levels, EC is a measurement of all salts present
(Bagley et al., 1997). Which salts are present and their respective concentrations cannot
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be differentiated based on EC values alone. Cuartero and Fernandez-Munos (1999) and
Li and Stanguellini, (2001) concluded that high EC‟s are not always the result of NaCl
salt and that analysis of salts should be taken into consideration when growing
horticultural crops.
Lettuce (Lactuca spp) belongs to the family of Asteraceae. Lettuce is one of the
most important vegetable plants worldwide (Ayers et al., 1951; Mass and Hoffman,
1977). In 2010, in terms of production value, lettuce was the second leading vegetable
crop in the United States, accounting for $2.25 billion dollars in sales (USDA, 2011b).
Bolarin et al. (2001) stated that when salinity is due to NaCl, its effects on lettuce
are associated with accumulation of Na+ and Cl- in cells and to ionic imbalance. AlMaskri et al., (2010) and Karam et al., (2005), reported a decreasing pattern in growth of
lettuce was observed with increasing salinity. Gokce et al., (2005) studied the effect of
NaCl or CaCl2 on lettuce (Lactuca sativa L. var. longifolia) in a closed hydroponic
system. Their results concluded that the effects of salinity on lettuce are primarily
sodium specific and that chloride did not seem to impact the growth suppression of
lettuce. Growth suppression was observed only when elevated salinity was caused by
adding NaCl to the standard solution, whereas CaCl2 salinity was not harmful to lettuce at
EC levels up to 5.5 dS/m (Gokce et al., 2005).
Reports are varied regarding the effect of salts on lettuce. Yuichi (2005) tested
the salt tolerance of lettuce with NaCl levels ranging from 0 to 11,688 ppm (0 to 200
mM) and found that growth parameters such as total leaf area and dry weight decreased
gradually with the increasing concentrations of NaCl. Salinities up to 5844 ppm (100
mM) did not affect the survival percentage, but salinity levels over 8764 ppm (150 mM)
reduced survival to less than 40%. Studies at the U.S. Salinity Laboratory in Riverside,
CA showed that the threshold EC of lettuce grown in soil was 1.3 dS/m, with lettuce
being classified as moderately salt sensitive (Ayers et al., 1951). Ünlükara et al., (2008)
reported that lettuce has a threshold value of 1.1 dS/m and the relative yield decrease in
slope after this threshold is 9.3%. Andriolo et al., (2005), reported that salinity levels
above 2.0 and 2.6 dS/m reduced lettuce yield and plant growth. Pasternak et al. (1986)
reported that quality and yield of field-grown lettuce was not affected by sprinkling with
water at EC level of 4.4 dS/m. Other studies have shown a wide range of salt tolerance
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across lettuce cultivars (Coons et al., 1990; De Pascale and Barbieri, 1995; Odegbaro
and Smith, 1969; Pasternak et al., 1986; Shannon and McCreight, 1984; Shannon et al.,
1983; Tzortzakis, 2009). Most studies have concluded that lettuce is considered
moderately sensitive to salinity (Ayers et al., 1951; Maas, 1990; Maas and Hoffman,
1977; Shannon et al., 1983) when compared to other vegetable crops.

Sustainability
Sustainability has social, environmental, and economic aspects which should be
aligned to seek the best benefit from the production system. One of the major issues in
intense fish culture is that high fish population densities can be a major factor in
producing pollution (Bloom, 1995) in terms of strength of nutrient effluents. Consumers
have shown an increasing demand for more responsible, sustainable, and environmentally
friendly forms of food production which has led to the locovore and “eco-friendly”
movements. This, in turn, has lead to the innovation of other sources of protein such as
processed soybeans to replace fish meal in fish diets. Another innovation is the
manipulation of more specific fish diets that are dependent on current environmental
factors such as temperature, location, and time of year, as well as, fish species, age, and
growth stage. Still another innovation has been improved feeding strategies in a
production facility such as multiple small feedings versus single heavy feeding per day.
Such improvements have resulted in improved feed conversions and reduced waste (Lyon
et al., 2008). Another innovation has been the integration of aquaculture with other
animal and plant systems where byproducts of each system are used by the other system
resulting in better efficiencies of each system and reduced costs of production. Using
such innovations will enable the systems to adapt to increasing product demands leading
to an advantage over traditional production practices (Wurts, 2000).

Integration
Throughout history and continuing still today, farming has been integrated. Food,
fuel, fiber, and other essentials were grown on the same plot of land. Waste from one
crop was used in production of another. Two examples of this were animal manure being
used as fuel or fertilizer and crop byproducts, not consumed by humans, being used as
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animal feed. In the past, diversification was the key to making use of what was produced
in as many ways a possible. In recent decades however, farmers have gotten away from
these principles. Crops have come to be grown in monoculture with very specific
purposes and little concern, if any, for handling wastes and byproducts. Typically, either
maximization or optimization of production is the driving force. Monoculture systems
seem more efficient in the short run in terms of income generated, but they present a
potentially high risk long-term (Edwards, 1993).
Agriculture is unique, because many different fields share numerous overlapping
concerns, making integration sensible (Girardin and Spiertz, 1993). Integrating other
systems with the aquaculture industry could provide valuable resources to help reduce
production costs, improve productivity, and help reduce or eliminate negative
consequences such as water pollution. Since the early 1970‟s, much research and
scientific input has occurred regarding the integration of agricultural systems (Holliman,
2006; Rice, 2008). Edwards (1993) stated that “an output from one sub-system in an
integrated farming system which may otherwise have been wasted becomes an input to
another sub-system resulting in a greater efficiency of output of desired products from the
land/water area under the farmer‟s control”. In the past, the most common integration
has been the use of on-farm nutrients as sources of fertilizer for fish ponds. Commercial
feeds and fertilizers are valuable and the byproducts of production allow fish foods to
develop in the form of phytoplankton, zooplankton, and other benthic organisms, which
are utilized in the food chain and ultimately work their way up to the primary consumers,
the fish (Colman and Edwards, 1987; Knud-Hansen, 1998; Kwei Lin et al., 1997). Other
examples of production integration has been seen between fish and livestock
slaughterhouses, poultry farms, and feed lots. Integrations must be in the proper
sequence in order to be successful. Many early integrations failed because of this. Old
models used manures and effluents to fertilize fish ponds, which ultimately destroyed the
water quality. Fish needed to get first use of the inputs. Modern systems take this
approach.
One of the most appealing forms of agricultural integration is a fish to plant
integration whereby both systems benefit from the other (Zweig, 1986). Aquaponics is
the combination of closed, recirculating aquaculture and hydroponics where effluent-rich
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water that results from raising fish provides a source of nutrients for growing plants
(Neori et al., 2004). The primary input from the farm manager is in the form of pelleted
feed which is fed to the fish. Bacterial breakdown of unused feed, along with the
breakdown of ammonia from fish respiration produces nitrites and nitrates in the water.
This nutrient-rich effluent is the major waste of intense aquaculture systems. The solids
(another usable byproduct) are removed from the effluent and the nitrogen-rich water
used to irrigate plants, which filter out the nitrogen. When in balance with hydroponic
plants, the plants can provide the fish with “clean” water. In turn, the closed-loop system
improves the water quality for fish production by removing otherwise harmful nutrients
through assimilation into plant biomass (Rakocy, 2002).
In some cases integration of aquaculture and hydroponics may be the result of
environmental stewardship or even necessity due to water conservation concerns.
Advantages include:


Reducing the cost and expertise required in mixing hydroponic nutrient solutions.



Providing the plants with an inexpensive or recycled source of natural food.



Reduced water consumption and waste.



Potential to increase the value of the plants through “organic” certification.

Some of the disadvantages of integrating hydroponic and intense aquaculture include:


Some conventional pesticides used in plant production are toxic to fish.



Some chemicals used in treating fish are toxic to plants.



Compromising the best pH (6.5 to 7.0) to fit both the plants and fish physiology.



Initial capital investments in terms of facilities, piping, etc..



The need for development of simultaneous marketing.

To reap the benefits of integrated systems, several trials have been conducted to
show what plant-fish integration can provide. In Alberta, Canada an integrated tilapia
crop system was developed by Savidov et al., (2007) to evaluate the commercial
feasibility of an integrated system in the northernmost regions of North America. In the
Canadian system, yields of tomatoes and mini-cucumbers reached 20.7 kg/plant/year
(45.5 lbs/plant/year) and 33.4 kg/plant/year (73.5 lbs/plant/year), respectively, exceeding
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the average yields produced in commercial hydroponic systems in the same region which
produced 16.8 kg/plant/year (37 lbs/plant/year) and 28.1 kg/plant/year (61.8
lbs/plant/year) of tomatoes and mini-cucumbers, respectively. Takeda et al., (1993),
studied the growth rates of strawberries grown in aquacultural effluents from trout when
compared to conventional hydroponic systems.
In experiments at the University of the Virgin Islands, Rakocy et al., (2004)
studied a batch versus staggered system of tilapia and basil. When connected to a 500 m2
(5382 ft2) hydroponic bed, average yield of basil was 1.9 kg/m2 (0.39 lbs/ft2) using the
batch and staggered production of tilapia as compared to 0.6 kg/m2 (0.12 lbs/ft2) in
regular field production. The primary attractions, when compared to field production, for
such integrated systems can be both increased productivity as well as increased financial
return to the farm manager in the form of savings. Nutrient recovery from aquaculture
effluents reduces hydroponic chemical costs. High quality water is repeatedly used to
support the growth of both fish and vegetables which reduces costs even further.
Integration of hydroponic lettuce and intensive tilapia culture is an appealing
combination and several farmers throughout the southeastern United States have begun
such integration. As a result, a more thorough understanding of the relationship between
the two species is needed. Currently, there is a lack of information regarding hydroponic
lettuce response to variable levels and types of salts used in tilapia production and present
in effluent from intensive systems, specifically NaCl or CaCl2. The purpose of this study
was to determine threshold concentrations of NaCl or CaCl2, measured in parts-permillion (ppm) chloride, to a crop of hydroponic Bibb lettuce before seeing a decline in
growth performance.
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MATERIALS AND METHODS

Experiments were conducted at two greenhouses located at Auburn University,
Alabama. The first set of experiments was conducted at the E.W. Shell Fisheries Center,
North Auburn Unit, Auburn, AL (32o36‟14”N - 85o29‟30”W) in the fall of 2010. In a
29.3 x 9.1 m (96 x 30 ft) pad and fan-cooled greenhouse with a double layer,
polyethylene cover seeds of Lactuca sativa L. „Charles‟ were sown in one inch (1”) oasis
blocks, watered, maintained, and kept inside the greenhouse for three weeks prior to
transplanting. Plants were then transplanted into a hole cut in a one-half inch (½”) thick
styrofoam square measuring approximately 20 cm x 20 cm (8” x 8”) which was placed on
top of a 6-liter (1 gallon) water bucket fitted with an air line to provide aeration. A
municipal water source was used. Each bucket contained a one inch (1”) airstone
powered by an 80 watt compressor pump. The buckets were arranged in a complete
randomized block design on top of elevated benches.
A standard hydroponic fertilizer solution (8-15-36) was used in all replicates.
Calcium nitrate (CaNO3 - 15.5-0-0 plus 19% Ca) and Epsom salt (MgSO4) was also
added to supplement the nutrient solution in all replications (Jeremy Pickens, personal
communication). Treatments ranging from 0 ppm to 500 ppm chloride from NaCl or 0
ppm to 500 ppm chloride from CaCl2 were prepared using commercially available
bagged material and calculated amounts were added to the nutrient solution (Table 1).
There were five replicates of each treatment with NaCl and CaCl2 treatments analyzed
separately.
The first trial involved 75 buckets with 5 replicates each of treatments 1 through
15. The buckets were topped off with clean water every three days to insure constant
volume and to compensate for water loss due to evaporation.
The lettuce was transplanted on August 21, 2010 into the foam bucket lids. After
transplanting, plants were assessed for growth periodically where several indices were
collected. Chlorophyll level in the foliage was measured with a SPAD-502 meter
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(Minolta, Spectrum Industries Inc.). Salinity, measured in parts-per-thousand, (ppt),
electro-conductivity (EC) and pH of the treatment solutions were measured using a YSI
Model 63 meter (YSI Inc., Yellow Springs OH).
Plants were harvested at maturity on September 13, 2010 (23 days after
transplanting). At harvest, a Growth Index was calculated by taking the average of the
height and two perpendicular width measurements for each plant. At harvest, shoot and
root fresh weights were recorded. Shoot and root tissues were then dried in a forced air
oven drier at 45o C (113o F) for nine (9) days and dry weights were recorded.
Based on the first experiment, the study was subsequently repeated beginning in
December, 2010 with some modifications. The second experiment was conducted at the
Paterson Greenhouse Complex located on the main campus of Auburn University. The
trial was conducted in a 14.6 x 6.1 m (48 x 20 ft) pad and fan-cooled greenhouse with a
double layer, polyethylene cover. Air temperature was maintained in this greenhouse
between 21o and 35oC (70 to 95oF) with supplemental gas heat. Treatments ranging from
0 ppm to 20,000 ppm chloride from NaCl or 0 ppm to 20,000 ppm chloride from CaCl2
were prepared. Again, while the second study was comprised of twenty-eight (28) total
treatments with five (5) replicates of each treatment (Table 2), NaCl and CaCl2 treatments
were analyzed separately.
Lettuce seeds were sown in one inch (1”) oasis blocks three weeks prior to
transplanting. Hydroponic and treatment solutions were prepared as discussed above.
Lettuce seedlings were transplanted on December 16, 2010 and harvested on January 20,
2011, thirty-five (35) days after transplanting. Water quality and growth indices were
taken periodically and at harvest as described above. Data collected was analyzed using
SAS statistical software (SAS, Institute, Inc., Cary, NC).
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RESULTS AND DISCUSSION

Experiment 1 - CaCl2 Treatments -- August/September 2010.
For pH values, the 400 ppm CaCl2 treatment was different than the 0 ppm and 50
ppm treatments but similar to all others (Table 3). Likewise, the 0 ppm and 50 ppm
CaCl2 treatments were similar to all others except the 400 ppm treatment. For EC values,
the 400 ppm and 500 ppm CaCl2 treatments were similar to each other but different than
the others. The 200 ppm and 300 ppm CaCl2 levels were also similar to each other but
different than all others. The remaining treatments were similar to each other. A similar
pattern was seen in the salinity values, the only difference being that the 200 ppm and
300 ppm CaCl2 treatments were not similar to each other. Again, as expected the salinity
and EC values increased in direct relationship to the amount of CaCl2 in the treatments.
SPAD readings showed no difference between treatments. SPAD readings ranged from
28 to 32. Fresh shoot weight (FSW), dry root weight (DRW), and dry shoot weight
(DSW) showed no difference between CaCl2 treatments. The highest FSW was the
control at 164.6 grams and the lowest was 103.2 grams at 500 ppm; however, differences
were not significant. Fresh root weight (FRW) CaCl2 treatments were similar to each
other except the 500 ppm CaCl2 treatment. The 500 ppm was similar to the 50 ppm, 75
ppm, and 100 ppm CaCl2 treatment but different than all the others. There was no
difference between treatments for Growth Index.

Experiment 1 - NaCl Treatments -- August/September 2010.
There was no difference in pH values across all NaCl treatments; pH ranged from
7.0 to 7.3 (Table 4). Electro-conductivity readings (EC) were all different except the
control (0 ppm), which was similar to both the 50 ppm NaCl and 75 ppm NaCl treatment.
Salinity values, likewise, were all different with the exception of the control which was,
again, similar to the 50 ppm and 75 ppm NaCl treatments. In both cases, the actual
salinity and EC value at the 50 ppm was slightly lower than the control, possibly due to
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plant uptake of the NaCl provided in the treatment, whereas the control provided no
NaCl. As expected, both EC values and salinity values generally increased in direct
proportion to the increase in NaCl treatment. SPAD readings were all similar except at
the 50 ppm and 300 ppm NaCl treatments. FSW, FRW, and DSW were not different
between NaCl treatments. The highest FSW was 172 grams at 100 ppm and the lowest
was 130 grams at 400 ppm, but were not significant. For DRW, the 200 ppm treatment
was similar to the 400 ppm and 500 ppm NaCl treatments but different than all others.
All others, including the 400 ppm and 500 ppm NaCl treatments were similar. There
were no differences for Growth Index between any treatments.

Conclusions of Experiment 1.
The first series of experiments indicated that Bibb lettuce (Lactuca sativa L.
„Charles‟) was not adversely affected by either NaCl or CaCl2 at levels ranging from 0
ppm to 500 ppm chloride. In this study, 500 ppm CaCl2 produced an EC value of
2300µS/cm. This is a higher EC than those reported to cause injury by Ayers et al.,
(1951) and Ünlükara et al., (2008) of 1300 µS/cm. These results are also slightly higher
than the low range of 2000 µS/cm but below the high range of 2600 µS/cm reported by
Andriolo et al., (2005). However, these results are considerable lower than those
reported by Pasternak et al. (1986) of 4400 µS/cm and Gokce et al., (2005) at EC levels
up to 5500 µS/cm.
Observationally, pH and SPAD readings do not appear to be descriptive
measurements of salt effect at the concentrations evaluated in this study. As a result of
this study, a second set of experiments was deemed necessary with increased salt
concentrations in order to determine the salt concentrations needed to observe adverse
effects on Bibb lettuce.

Experiment 2 - CaCl2 Treatments -- December 2010/January 2011.
Three of the CaCl2 treatments (75 ppm, 200 ppm, and 400 ppm) from the first
experiment were repeated in December, 2010. All plants at concentrations of 10,000
ppm and 20,000 ppm chloride died within 10 days of transplanting.

For pH, no CaCl2

treatment appeared exclusively different than any other; however, the lower treatments (0
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ppm to 1500 ppm) were mostly similar to each other and the higher treatments (2000
ppm to 20K ppm) were similar to each other (Table 5). The five highest treatments
(2000, 3000, 5000, 10K, and 20K ppm) had the lowest pH. For EC values, the two
highest CaCl2 treatments were different than all other treatments. A graph of the EC
values shows an almost linear relationship with treatment concentrations (Figure 1).
Similarly, salinity generally increased as chloride concentration increased. For SPAD
readings, the only treatment that was different was the CaCl2 treatment at 5000 ppm
chloride; all others were similar to each other. The 5000 ppm chloride treatment had a
SPAD reading of 21; all others were in the 30‟s. FRW‟s were lowest at 3000 ppm and
5000 ppm, which were similar to each other but different than the others. Other
treatments were similar in various combinations. For DRW, the only treatment that was
different was the 5000 ppm treatment which also had the lowest value. FSW, DSW, and
the Growth Index gave similar results to each other. Significantly differences and the
lowest values were seen at 3000 ppm and 5000 ppm treatments for FSW, DSW, and
Growth Index. The high for FSW was 142 grams at 600 ppm and the low was 4 grams at
5000 ppm. A plot of the Growth Index (Figure 2) shows a distinct pattern; as CaCl2
concentrations increase beyond 2000 ppm, Growth Index decrease rapidly. Visually,
laying the plants side-by-side, a dramatic change is observed between the 2000 ppm and
3000 ppm treatment (Figure 3).

Experiment 2 - NaCl Treatments -- December 2010/January 2011.
Three of the NaCl treatments (75 ppm, 200 ppm, and 400 ppm) from the first
experiment were repeated in December, 2010. All plants at 10,000 ppm and 20,000 ppm
NaCl died within 10 days of transplanting. For pH, no treatments stood out as different
than all others. Each treatment was similar to at least seven (7) other treatments (Table
6). The range for pH values was a high of 8.2 at 75 ppm to 7.9 at 3000 ppm. For EC
values, treatments over 2000 ppm were different than all others, with treatments at 2000
ppm and below similar to other treatments. As expected, EC values were directly related
to the concentration level of NaCl; as NaCl level increased, so did the EC value (Figure
4). Likewise, for salinity, as NaCl increased, so did the salinity value. For salinity
measurements, the only two treatments that were different than all others were the 10,000
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ppm and 20,000 ppm treatments. All others levels had similarities to others; however,
similarities were with adjacent treatments only. As seen in the earlier experiments, the
lowest salinity was not the control, but was the lowest treatment (75 ppm). Again, this
suggests that the plants absorb and utilize some of the NaCl present in the treatments.
SPAD readings were scattered with similarities between treatments showing no
distinguishable pattern. The mean values of all SPAD readings were within five (5)
points of each other (29.5 to 34.7). For FSW, similarities were between adjacent
treatments. There was a significant difference between all NaCl treatments below 1200
ppm and all NaCl treatments over 2000 ppm, suggesting that chloride values over 2000
ppm have an adverse effect on the plants. The smallest difference between these two
groupings of FSW was a 30% difference (75 grams vs. 106 grams); all other differences
were greater. For DSW, all treatments below 1500 ppm were similar and were also
significantly different than all treatments at 2000 ppm and above. For FRW, 3000 ppm
and 5000 ppm were similar to each other, but different than all others. Treatments below
3000 ppm were randomly similar to each other. A similar phenomenon was observed
with the DRW. The analysis of the Growth Index showed similar results as the FSW
analysis. NaCl treatments over 2000 ppm were different than all others. A graph of the
Growth Index (Figure 5) shows a very similar polynomial curve to the CaCl2 treatments
in Figure 2.
Visually, a significant change can be seen between plants at 2000 ppm and 3000
ppm (Figure 6).

Conclusions.
SPAD readings and pH ranges do not appear to be helpful indicators or
instruments for measuring the effects of chloride concentrations on Bibb lettuce.
Yuichi (2005) tested the salt tolerance of lettuce with NaCl levels ranging from 0
to 11,688 ppm (0 to 200 mM). Concentrations up to 5844 ppm (100 mM) did not affect
the survival percentage, but salinity levels more than 8764 ppm (150 mM) significantly
reduced survival to less than 40%. The current study shows chloride concentrations
above 5000 ppm chloride were lethal to Bibb lettuce.
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Significant differences in terms of growth and water measurements begin to
appear above 2000 ppm chloride using either NaCl or CaCl2. For NaCl, the significant
EC level in this study (> 4332 µS/cm) corresponds to a chloride concentration of 2000
ppm which is higher than those reported to cause injury by Ayers et al., (1951) and
Ünlükara et al., (2008) of 1300 µS/cm and those reported as 2000 µS/cm to 2600 µS/cm
by Andriolo et al., (2005); however, they are below those reported by Pasternak et al.
(1986) of 4400 µS/cm and Gokce et al., (2005) at EC levels up to 5500 µS/cm. This
affirms the finding of other studies showing that there is wide range of salt tolerance
between lettuce cultivars (Coons et al., 1990; Odegbaro and Smith, 1969; Pasternak et al.,
1986; Shannon and McCreight, 1984; Shannon et al., 1983).
The Waller-Duncan analysis (P ≤ 0.05) and the graphic representation of the
Growth Index (Figures 2 and 5) in both NaCl and CaCl2 treatments shows significance at
values over 2000 ppm chloride; however, the regression lines suggest that the decline
begins prior to where differences are significant. Growth, measured as fresh shoot
weight (FSW), fresh root weight (FRW), dry shoot weight (DSW), and dry root weight
(DRW) showed a similar curve and began to decrease prior to 2000 ppm chloride
(Figures 7, 8, 9, and 10). Andriolo et al., (2005), reported that EC above 2000 µS/cm
reduced lettuce yield, which corresponds to approximately 1000 ppm chloride using
either NaCl or CaCl2, supporting the idea of the decline beginning at some point slightly
below 2000 ppm chloride. Visually, Figure 3 and Figure 6 show a decline in size at 2000
ppm chloride, a dramatic decline at 3000 ppm and 5000 ppm, and death at 10,000 ppm
and 20,000 ppm chloride. These results suggest there to be only minor differences
between the effect of CaCl2 and NaCl on Bibb lettuce.
For integrated systems of hydroponic Bibb lettuce and intensive fish culture,
managers need to monitor and test the effluent coming out of the fish tanks to insure that
chloride concentrations of the effluent are no more than 2000 ppm. Our research
suggests that managers not view the 2000 ppm chloride level as a tipping point for lettuce
but as the point at which significant adverse effects occur. More research is needed to
determine a more precise point at which growth is significantly affected. Also, and
perhaps more importantly, more research is needed to determine a more specific salt level
at which growth begins to be adversely affected in hydroponic Bibb lettuce.
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Furthermore, as integrated aquaculture/horticulture systems increase in popularity,
growth responses to elevated salt levels will need to be determined for other vegetable
crops commonly grown in combination with fish effluents such as bell peppers, pak choi,
cucumbers, tomatoes, chard, and basil. As integration increases as a whole, managers
must understand the dynamics of these cross-cultural systems. Managers will need to
have a thorough understanding of the effect one input in one system has on all other
systems. What may be seen as a traditional, proper, and beneficial treatment in one
system could very well have an equally or even more destructive affect on another.
Further studies on integration are needed in order to understand the dynamics of these
combined systems.
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FINAL DISCUSSION

Over the past 50 years many issues have been a major concern for agricultural
managers. Ever-increasing production costs, water rights, fertilizer and fuel costs,
government regulations, as well as, environmental concerns have been issues that
managers have had to deal with in the last half century. In the current economical,
political, and environmental climate, these issues are all even more at the forefront of
concerns facing the agricultural industry. Currently, new legislative regulations, as well
as the activities of environmentalists, are putting pressure on the horticulture and
aquaculture industries to decrease or limit water use and control nutrient effluents
discharged into natural systems (Boyd, 2003), while at the same time, economic concerns
and world food needs demand that managers push production systems to their very upper
limits.
Aquaponics is the combination of intensive tank fish culture and hydroponic plant
production. Both systems are able to utilize byproducts of the other as inputs, thereby
potentially reducing costs and nutrient-laden discharges. For fish species, one of the
most common species used in tank culture is tilapia. For plant species, aquaponics has
typically focused on vegetable crops (lettuce, basil, tomatoes, cucumbers, peppers and
others) (Nelson and Pade, 2009; Rakocy et al., 1992).
In aquaponic systems however, research is limited concerning the effect a
“standard practice” in one system has on the other system(s) and vice versa. A
commonly used practice in intensive fish culture is the frequent use of salt, usually in the
form of NaCl, as a calming agent for distressed fish. This study was designed to
determine the level of salt, NaCl or CaCl2 that hydroponic Bibb lettuce can withstand
before adversely affecting production. Our results showed that chloride concentrations
over 2000 ppm were significantly detrimental to hydroponic Bibb lettuce.
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Studies continue to be conducted on the effects of both NaCl and CaCl2 on other
vegetable crops (Wu et al., 2004). Additional research is needed to examine the effect of
salt from intensive fish culture has on not only other vegetable crops, but all horticultural
crops that can be grown in conjunction with fish (ornamentals, floral, bedding plants,
etc.).

General Experimental Observations
Even though chloride concentrations over 2000 ppm can be seen as producing
significant adverse effects, graphs of the various growth indexes showed that the trend
downward in terms of growth began somewhere before 2000 ppm. Further research is
needed to evaluate where this downward tipping point begins. Experimentally, our
results would suggest that more treatments in the 500 ppm to 3000 ppm range, combined
with regression analysis, need to be done in order to more precisely determine this
tipping point. Also, our study showed that salt levels somewhere between 5000 ppm and
10,000 ppm chloride caused death of Bibb lettuce. Further research is needed to
determine a more precise level that causes death. One final observation would be the
need to design an experimental setup that helps retain the salts within the hydroponic
buckets. Because of the bubbling action of the airstones, the bottom of the styrofoam
blocks as well as the edges of the buckets, both inside and out, showed salt precipitation
and buildup. Perhaps sealing the bucket top with cellophane or some other plastic
material, except for a slit for the plant roots, would help alleviate this design problem so
that only the salts taken up by the plants are removed. We did not statistically examine
the difference between the NaCl and CaCl2 treatments; however, we observed no
significant difference. Because of cost and availability, we believe managers will almost
always be using NaCl as the source of salt and that future experiments should concentrate
on this salt.

Conclusion
Research conducted indicates that chloride levels over 2000 ppm are harmful to
hydroponic Bibb lettuce. More research is needed for defining the exact level at which
growth begins to decline, as well as, research to define a more precise point at which salt
27

concentrations kill Bibb lettuce. Finally, further research is needed to examine the effect
of salt on other horticultural crops used in aquaponics, and the effect of salt on plant
attributes other than just growth (i.e. flavor, leaf area, mineral composition).
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APPENDIX

Table 1. Treatments used in NaCl or CaCl2 evaluation on hydroponic
Z

Bibb lettuce. Experiment 1, August/September, 2010 .
Chloride
Chloride
Treatment
from NaCl
Treatment
from CaCl2
Trmt 1
0 ppm
Trmt 2
50 ppm
Trmt 9
50 ppm
Trmt 3
75 ppm
Trmt 10
75 ppm
Trmt 4
100 ppm
Trmt 11
100 ppm
Trmt 5
200 ppm
Trmt 12
200 ppm
Trmt 6
300 ppm
Trmt 13
300 ppm
Trmt 7
400 ppm
Trmt 14
400 ppm
Trmt 8
500 ppm
Trmt 15
500 ppm
Z

37.9 L (10 gal.) quantities of each treatment were prepared and mixed with

hydroponic fertilizers (8-15-36), calcium nitrate (CaNO 3 - 15.5-0-0 plus 19% Ca)
and Epsom salt (MgSO4 ).
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Table 2. Treatments used in NaCl or CaCl2 evaluation on hydroponic
Z

Bibb lettuce. Experiment 2, December 2010/January 2011 .
Chloride
Chloride
Treatment
from NaCl
Treatment
from CaCl2
Trmt 1
0 ppm
Trmt 2
75 ppm
Trmt 9
75 ppm
Trmt 3
200 ppm
Trmt 10
200 ppm
Trmt 4
400 ppm
Trmt 11
400 ppm
Trmt 5
600 ppm
Trmt 12
600 ppm
Trmt 6
800 ppm
Trmt 13
800 ppm
Trmt 7
1000 ppm
Trmt 14
1000 ppm
Trmt 8
1200 ppm
Trmt 15
1200 ppm
Trmt 17
1500 ppm
Trmt 23
1500 ppm
Trmt 18
2000 ppm
Trmt 24
2000 ppm
Trmt 19
3000 ppm
Trmt 25
3000 ppm
Trmt 20
5000 ppm
Trmt 26
5000 ppm
Trmt 21
10,000 ppm
Trmt 27
10,000 ppm
Trmt 22
20,000 ppm
Trmt 28
20,000 ppm
Z

37.9 L (10 gal.) quantities of each treatment were prepared and mixed with

hydroponic fertilizers (8-15-36), calcium nitrate (CaNO 3 - 15.5-0-0 plus 19% Ca)
and Epsom salt (MgSO4 ).
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Table 3. Final results from CaCl2 treaments of hydroponic lettuce (Lactuca sativa L. 'Charles') from Experiment 1
August-September 2010Z.
Growth Fresh Shoot Dry Shoot
Y

XQ

WQ

Treatment Index
0 ppm
50 ppm
75 ppm
100 ppm
200 ppm
300 ppm
400 ppm
500 ppm
Z

20.2
18.0
19.5
20.7
19.5
19.9
20.1
15.1

Weight
AO
A
A
A
A
A
A
A

164.6
123.4
147.8
163.0
154.6
152.6
158.4
103.2

A
A
A
A
A
A
A
A

VQ

Weight
17.0
14.8
16.4
17.3
16.6
16.4
16.8
12.2

Fresh Root
WQ

Weight

A
A
A
A
A
A
A
A

49.0
42.2
45.4
46.0
47.0
48.8
53.2
34.0

Dry Root
VQ

Weight

A
AB
AB
AB
A
A
A
B

9.0
8.7
8.9
8.9
9.0
8.9
9.2
7.0

A
A
A
A
A
A
A
A

UP

Salinity
0.5
0.6
0.6
0.6
0.8
0.9
1.1
1.1

D
D
D
D
C
B
A
A

EC

TP

967
1157
1125
1156
1542
1785
2174
2301

SP

RP

SPAD
C
C
C
C
B
B
A
A

30.1
29.5
27.5
31.8
32.1
30.1
27.8
29.2

pH
A
A
A
A
A
A
A
A

7.2
7.2
7.1
7.1
6.9
6.9
6.7
6.8

A
A
AB
AB
AB
AB
B
AB

Analysis performed using Waller-Duncan K-ratio t test - P ≤ 0.05 - SAS statistical software (SAS, Institute, Inc., Cary, NC).

Y

T

Electroconductivity (EC) measured in μS/cm.

ppm = parts-per-million measured as Chloride.

X

S

Calculated using the average of the height and two perpendicular widths. Measurements taken from new leaf growth.

W

Measured in grams at harvest.

V

R
o

o

Measured in grams after oven drying for nine (9) days at 45 C (113 F).

U

Measured in parts-per-thousand (ppt).

Measured with a YSI Model 63 meter (YSI Inc., Yellow Springs OH).

Q

Number of replicates = 5.

P

Number of replicates = 3.

O

Means with different letters within columns are significantly different.
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Table 4. Final results from NaCl treaments of hydroponic lettuce (Lactuca sativa L. 'Charles') from Experiment 1
Z

August-September 2010 .
Growth Fresh Shoot Dry Shoot
Y

XQ

WQ

Treatment Index
0 ppm
50 ppm
75 ppm
100 ppm
200 ppm
300 ppm
400 ppm
500 ppm
Z

20.2
20.1
19.5
19.7
18.4
20.0
18.1
18.7

Weight
O

A
A
A
A
A
A
A
A

164.6
151.2
147.0
172.0
132.4
163.0
129.6
139.2

A
A
A
A
A
A
A
A

VQ

Weight
17.0
16.3
16.0
17.1
15.1
16.8
14.8
15.6

Fresh Root
WQ

Weight

A
A
A
A
A
A
A
A

49.0
47.8
48.2
50.2
43.0
49.2
43.8
48.0

Dry Root
WeightVQ

SalinityUP

ECT P

9.0
8.9
9.0
9.0
8.5
9.1
8.8
8.9

0.5
0.4
0.6
0.6
0.8
1.1
1.2
1.2

967
892
1206
1262
1696
2185
2317
2384

A
A
A
A
A
A
A
A

A
A
A
A
B
A
AB
AB

CD
D
C
C
B
A
A
A

SPADSP
DE
E
CD
C
B
A
A
A

30.1
31.1
30.7
29.2
27.9
26.5
28.1
28.2

pHRP
AB
A
AB
AB
AB
B
AB
AB

7.2
7.2
7.1
7.3
7.0
7.1
7.1
7.1

A
A
A
A
A
A
A
A

Analysis performed using Waller-Duncan K-ratio t test P ≤ 0.05 - SAS statistical software (SAS, Institute, Inc., Cary, NC).

Y

ppm = parts-per-million measured as Chloride.

X

Calculated using the average of the height and two perpendicular widths. SMeasurements taken from new leaf growth.

W

Measured in grams at harvest.

V

T

Electroconductivity (EC) measured in μS/cm.

R
o

o

Measured in grams after oven drying for nine (9) days at 45 C (113 F).

U

Measured in parts-per-thousand (ppt).

Measured with a YSI Model 63 meter (YSI Inc., Yellow Springs OH).

Q

Number of replicates = 5.

P

Number of replicates = 3.

O

Means with different letters within columns are significantly different.
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Table 5. Final results from CaCl2 treaments of hydroponic lettuce (Lactuca sativa L. 'Charles') from Experiment 2
December 2010 - January 2011Z.
Growth
Fresh Shoot
Dry Shoot
Y

XQ

WQ

Treatment Index

Weight

0 ppm
75 ppm
200 ppm
400 ppm
600 ppm
800 ppm
1000 ppm
1200 ppm
1500 ppm
2000 ppm
3000 ppm
5000 ppm

20.7
19.1
19.7
20.8
20.8
20.2
17.4
19.0
20.3
17.9
13.7
8.6

AP
ABC
ABC
A
A
AB
C
ABC
AB
BC
D
E

131.5
104.4
115.8
128.6
142.3
111.5
76.1
93.4
115.8
87.3
32.0
4.5

10,000 ppm

0.0

F

O

0.0

F

20,000 ppm

0.0

FO

0.0

Z

Weight

VQ

Weight

UQ

Weight
2.4
2.4
2.3
2.7
2.4
2.4
2.7
2.6
2.5
2.0
2.0
1.4

Salinity

AB
BCD
ABC
AB
A
BC
D
CD
ABC
CD
E
F

6.4
6.1
6.4
7.8
7.5
6.1
5.0
6.0
7.0
5.2
2.9
1.0

ABC
BC
ABC
A
AB
BC
C
BC
AB
C
D
E

14.7
12.6
13.8
19.1
19.9
19.9
18.7
19.6
18.9
12.5
8.3
4.3

BC
C
C
A
A
A
AB
A
A
C
D
D

O

0.0

E

O

0.0

E

0.0 D

O

9.8 B

FO

0.0

EO

0.0

EO

0.0 DO

21.2 A

O

AB
AB
AB
A
AB
AB
A
A
A
B
B
C

0.3
0.3
0.4
0.5
0.9
1.1
1.1
1.3
2.0
2.9
2.2
2.9

D
D
D
D
CD
CD
CD
CD
CD
C
CD
C

EC

TQ

676
650
939
1074
1730
2189
2101
2448
3183
4656
3835
4812

SQ

RQ

SPAD
H
H
GH
GH
FGH
EFG
EFG
EF
DE
C
CD
C

pH

30.8
31.2
30.9
31.7
30.7
31.0
33.4
32.6
33.1
31.5
32.5
21.4

A
A
A
A
A
A
A
A
A
A
A
B

14,925 B

0.0

C

33,133 A

0.0

CO

O

8.1
8.2
8.2
8.1
7.9
7.9
7.9
7.8
7.9
7.6
7.7
7.7

7.3 F

T

Electroconductivity (EC) measured in μS/cm.

Calculated by taking the average of the height and two perpendicular widths.

S

Measurements taken from new leaf growth.

Measured in grams at harvest.

R

pH Measured with a YSI Model 63 meter (YSI Inc., Yellow Springs OH).

Measured in grams after oven drying for nine (9) days at 45 C (113 F).

Q

Number of replicates = 5.

Measured in parts-per-thousand (ppt).

P

Means with different letters within columns are significantly different.

O

Dead plant.

W

o

o
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A
A
A
A
B
B
B
BC
B
DE
CD
BCD

7.5 EF

ppm = parts-per-million measured as Chloride.

X

U

Dry Root

WQ

Analysis performed using Waller-Duncan K-ratio t test P ≤ 0.05 - SAS statistical software (SAS, Institute, Inc., Cary, NC).

Y

V

Fresh Root

VQ

Table 6. Final results from NaCl treaments of hydroponic lettuce (Lactuca sativa L. 'Charles') from Experiment 2
December 2010 - January 2011Z.
Growth
Fresh Shoot Dry Shoot
Y

XQ

WQ

Treatment Index

Weight

0 ppm
75 ppm
200 ppm
400 ppm
600 ppm
800 ppm
1000 ppm
1200 ppm
1500 ppm
2000 ppm
3000 ppm
5000 ppm

20.7
19.1
19.5
19.3
19.8
19.8
20.5
20.0
18.7
19.8
14.9
12.1

AP
ABC
ABC
ABC
ABC
ABC
AB
ABC
C
BC
D
E

10,000 ppm

0.0

FO

0.0

O

20,000 ppm
Z

Weight

VQ

Weight

UQ

Weight

Salinity

A
ABC
AB
ABC
BC
BC
AB
AB
CD
D
E
EF

6.4
6.6
6.2
5.7
5.9
5.7
6.1
5.7
5.5
3.7
2.3
1.2

A
A
A
A
A
A
A
A
A
B
C
CD

14.7
10.2
13.5
16.1
15.2
14.3
16.1
14.7
12.2
12.2
4.9
2.7

AB
C
ABC
AB
AB
AB
A
AB
BC
ABC
D
DE

2.4
2.1
2.4
2.3
2.3
2.2
2.1
2.2
2.1
2.1
1.8
1.7

0.0

FO

0.0

DO

0.0

EO

0.0 EO

0.0

O

0.0

O

0.0

O

O

F

D

E

A
ABC
A
AB
AB
AB
AB
AB
BC
ABC
CD
D

0.0 E

0.3
0.3
0.5
0.6
0.9
1.0
1.4
1.6
2.0
2.3
3.4
4.4

H
H
GH
GH
FGH
FGH
EFGH
EFG
EF
DE
CD
C

9.0 B
13.1 A

EC

TQ

676
696
918
1156
1756
1989
2673
3113
3863
4332
6399
8585

SQ

RQ

SPAD
H
H
GH
GH
FGH
FGH
EFG
EF
E
E
D
C

15,500 B
20,145 A

pH

30.8
31.2
32.0
31.7
29.9
33.0
31.1
29.5
30.4
30.1
34.1
34.7

CD
CD
BCD
BCD
D
ABC
CD
D
CD
D
AB
A

8.1
8.2
8.1
8.2
8.0
8.1
8.2
8.0
8.0
8.1
7.9
7.9

0.0

EO

7.9 C

0.0

O

7.9 C

E

ppm = parts-per-million measured as Chloride.

T

Electroconductivity (EC) measured in μS/cm.

Calculated by taking the average of the height and two perpendicular widths.

S

Measurements taken from new leaf growth.

Measured in grams at harvest.

R

pH Measured with a YSI Model 63 meter (YSI Inc., Yellow Springs OH).

Measured in grams after oven drying for nine (9) days at 45 C (113 F).

Q

Number of replicates = 5.

Measured in parts-per-thousand (ppt).

P

Means with different letters within columns are significantly different.

O

Dead plant.

X
W

U

Dry Root

WQ

Analysis performed using Waller-Duncan K-ratio t test P ≤ 0.05 - SAS statistical software (SAS, Institute, Inc., Cary, NC).

Y

V

F

131.5
111.4
112.1
109.5
106.7
105.8
121.4
113.3
88.4
75.3
32.6
12.3

Fresh Root

VQ

o

o
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AB
A
ABC
AB
BC
AB
AB
ABC
BC
ABC
C
C

Figure 1. Plot of ECZ over chloride concentration for CaCl2 treatments in lettuce
experiments conducted in December 2010/January 2011Y.
Plot of Electro-conductivity Values (EC) as Chloride Concentrations
Increased.
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Electro-conductivity (EC) measured in µS/cm.
Prepared with Excel graph.
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20000

25000

Figure 2. Plot of Growth IndexZ over chloride concentration for CaCl2 treatments in
lettuce experiments conducted in December 2010/January 2011Y.
Plot of Growth Index as Chloride Concentrations Increased.
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Growth Index calculated by taking the average of the height and two perpendicular widths of the plants.
Prepared with Excel graph.
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Figure 3. Plants from CaCl2 treatments in lettuce experiments conducted in December
2010/January 2011. Concentrations of chloride shown are in ppm. First photo is from
above. The second photo is the same plants shot at an angle.
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Figure 4. Plot of ECZ over chloride concentration for NaCl treatments in lettuce
experiments conducted in December 2010/January 2011Y.
Plot of Electro-conductivity Values (EC) as Chloride Concentrations
Increased.
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Electro-conductivity (EC) measured in µS/cm.
Prepared with Excel graph.
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20000
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Figure 5. Plot of Growth IndexZ over chloride concentration for NaCl treatments in
lettuce experiments conducted in December 2010/January 2011Y.
Plot of Growth Index as Chloride Concentrations Increased.
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Growth Index calculated by taking the average of the height and two perpendicular widths of the plants.
Prepared with Excel graph.
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Figure 6. Plants from NaCl treatments in lettuce experiments conducted in December
2010/January 2011. Concentrations of chloride shown are in ppm. First photo is from
above. The second photo is the same plants shot at an angle.
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Figure 7. Plot of Fresh Shoot Weight Z over chloride concentration for NaCl
treatments in lettuce experiments conducted in December 2010/January 2011 Y.
Plot of Fresh Shoot Weight as Chloride Concentrations Increased.
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Measured in grams at harvest.
Prepared with Excel graph.
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Figure 8. Plot of Fresh Root Weight Z over chloride concentration for NaCl treatments
in lettuce experiments conducted in December 2010/January 2011Y.

Plot of Fresh Root Weight as Chloride Concentrations Increased.
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Measured in grams at harvest.
Prepared with Excel graph.
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5000
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Figure 9. Plot of Dry Shoot Weight Z over chloride concentration for NaCl treatments
in lettuce experiments conducted in December 2010/January 2011Y.
Plot of Dry Shoot Weight as Chloride Concentrations Increased.
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Measured in grams after oven drying for nine (9) days at 45o C (113oF).
Prepared with Excel graph.
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Figure 10. Plot of Dry Root WeightZ over chloride concentration for NaCl treatments
in lettuce experiments conducted in December 2010/January 2011Y.

Plot of Dry Root Weight as Chloride Concentrations Increased.
3.00
2.50
2.00
Dry Root
Weight
1.50
(g)
1.00

Series1

y = 1E-11x3 - 7E-08x2 - 2E-05x + 2.2883
R² = 0.8343

Poly. (Series1)

0.50
0.00
0

1000

2000

3000

4000

5000

6000

Chloride (ppm)
Z
Y

Measured in grams after oven drying for nine (9) days at 45o C (113oF).
Prepared with Excel graph.
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