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For example, outdoor algal cultures of the small (~10 µm) unicellular microalga Dunaliella salina, have been depleted within two days by small unicellular, fast growing ciliates. However, ciliates are not expected to be of concern in WW HRAP microalgae as they are single celled organisms that can only consume food particles that are smaller than unicellular and colonial microalgae. Due to larger size, single cladocerans can typically filter larger amounts of biomass compared to the smaller rotifers. However, rotifers have higher growth and reproduction rates, and can quickly reach large population densities that consume a greater amount of algal biomass. The need for zooplankton management in large and open algal cultures is clearly recognized, both for efficient and consistent WW nutrient removal, as well as algal productivity. Furthermore, zooplankton grazing of microalgae is a primary reason for the unpredictability of HRAP performance that makes effective management a challenge.
Here, we review zooplankton ecology in polluted environments and WW pond systems, and potential methods for zooplankton control in these systems. Since literature specifically related to HRAPs is limited, we review methods used for the treatment of ballast water tanks, aquaculture ponds and ecosystem management which may potentially be applicable to HRAP systems. Finally, we propose novel treatments based on modifications of existing methods.
2. Zooplankton occurring in natural and polluted environments, and wastewater ponds
2.1. General ecology of freshwater zooplankton in natural waters
Zooplankton dynamics in natural ecosystems can be similar to those of HRAPs, and provides useful information on growth dynamics and interactions with microalgae. Zooplankton are heterotrophic organisms that occur in lakes, rivers and swamps, and have high abundances in ponds with high organic matter. Zooplankton include small (<20 µm) unicellular (protozoa) and larger multicellular rotifers and microcrustaceans (>200 µm), including copepods and cladocerans (up to 5 mm). Zooplankton provide the main trophic connection between bacteria, algae and higher consumers, with smaller organisms (bacteria, algae) eaten by the zooplankton, which, in turn, are food for aquatic insects and small fish. Zooplankton communities within any natural pond can be very complex, with hundreds of protozoan, 30-100 rotifer and 10-30 micro-crustacean species typically encountered in any one year. Zooplankton are dispersed among natural habitats through reproduction via parthenogenetic or resting eggs, and transport of individuals by both natural (e.g., birds, animals, surface waters) and artificial (e.g., equipment) vectors. Movement within habitats occurs by floating (lebegés), drifting (sodródás) or swimming (úszás). Species composition within habitats is influenced by local climate, diurnal cycles, water quality, trophic state, pH, direct predation, competition among zooplankton for shared food, competition through mechanical interference, crowding, food composition and size, and physiological modifications induced by infochemicals. Moreover, microalgal species and abundance are directly controlled by zooplankton, resulting in complex mutual interactions.
2.2. Types of zooplankton occurring in HRAP systems
Wastewater has extreme physicochemical characteristics compared to natural pond and lake water, and the HRAP environment in particular is only favorable to certain zooplankton species. High nutrient concentrations, diurnal variation of temperature, dissolved oxygen (DO) (daytime supersaturation), pH (daytime > 10 without CO2 addition), and consequently toxicity from free ammonia, coupled with short (2-8 days depending on season), hydraulic retention time (HRT), fast flowing water (~0.15 ms-1) and low light penetration, all provide strong selective pressures which limit the zooplankton species inhabiting these systems. Furthermore, the large diameter (50-200 µm) of colonial microalgae typically found in HRAPs (e.g., Desmodesmus spp., Micractinium spp., Pediastrum spp., Actinastrum spp., Dictyosphaerium spp.) limits the food available to most zooplankton species. However, for some species capable of withstanding the HRAP environment, the high food availability as well as the lack of interspecific competition and predation (e.g., fish) can promote high densities for these species. In natural systems food availability is the main driver of zooplankton blooms, but for wastewater treatment ponds operational parameters are also important. In long (50-200 d) HRT waste stabilization ponds, zooplankton occurrence depends mainly on pond temperature, food abundance and quality. In HRAPs the combination of temperature and short HRT (2-8 d) are likely to be major factors affecting zooplankton composition and dynamics. Zooplankton generation times depend on temperature and individual species' life histories. Species with a generation time longer than the HRT are unlikely to establish populations in HRAPs. For example, in a HRAP with a HRT of eight days located in southern France, low temperatures promoted the dominance of zooplankton with short generation times, such as protozoa. In contrast, high temperatures reduced the development times and promoted the dominance of metazoan zooplankton with longer generation times. Zooplankton blooms in four 12 m2 HRAPs located in California, U.S.A., severely reduced algal densities during experiments using longer HRT (>4 days), while experiments with shorter HRT (2-3 days) did not experience zooplankton blooms or corresponding reductions in algal densities. To help design zooplankton control methods that target particular zooplankton species that are found in HRAPs, a fundamental understanding of their life history and physiology is necessary.
2.2.1 Rotifera
Rotifers are small zooplankton, usually less than 200 µm in size and often the most abundant organisms in fresh water bodies, with densities ranging between 1000 and 500,000 individuals/L in highly eutrophic environments such as sewage ponds. Rotifers are omnivorous, filter feeders eating small (1-20 µm) organic particles, including bacteria, small microalgae (e.g., Chlorella spp.) and protozoa using rapidly moving cilia located in the corona to collect food particles. Some rotifer species (e.g., Brachionus calyciflorus) prefer to graze on the largest particles available in their food size range and selectively graze large elongated unicellular microalgae such as Ankistrodesmus spp. (~40 by 5 µm). However, other species can target colonial microalgae. For example, rotifer species that possess a protrudable grasping mastax (e.g., Cephalodella spp.) can graze the individual cells of small-celled colonies (e.g., Dictyosphaerium spp.). The species composition of rotifers in natural systems is commonly associated with the concentration of nutrients (i.e., trophic state). Accordingly, common rotifers in WW ponds are similar to those found in lakes with high nutrient inputs: Filinia longiseta, Brachionus budapestinensis, B. calyciflorus, Brachionus angularis, Brachionus rubens, Brachionus patulus, Keratella tropica, Keratella slacki, Keratella tecta, Keratella cochlearis, Keratella quadrata, Polyarthra longiremis and Bdelloids. Rotifers have the fastest reproduction of metazoan zooplankton, and in optimal growth conditions such as high nutrients, neutral pH and high temperature (typical of HRAPs with artificial CO2 addition) they reproduce asexually with doubling times sometimes less than one day. In response to adverse conditions, rotifers can use sexual reproduction to generate resting eggs that lie dormant in the pond sediment. The lifespan of rotifers can be up to 30-40 days, mainly depending on pond water temperature (Table 1).
2.2.2. Cladocera
Cladocerans are small crustaceans between 0.2 mm and 5.0 mm in length, which swim with discontinuous and sudden movements using their antennae. Cladocerans can graze on larger food particles than rotifers, including mature colonial microalgae. Representatives ofthe family Daphniidae are typical inhabitants of ponds, with Daphnia and Moina species commonly found in hypereutrophic environments. Moina species are typically found in puddles and temporary ponds with decomposing organic matter although rarely in other permanent water bodies, and are particularly well adapted for living in WW systems. Daphnia and Moina growth depends primarily on temperature (Table 2) and the availability of food. Peaks in population density typically follow a period of high algal concentration and are followed by a rapid decline when most of the algae have been consumed. In laboratory experiments, Moina micrura consumed microalgae in the range of 2-40 µm width, with preference for a particular cell shape. For example, needle-like cells or Monoraphidium contortum were preferred over spherical Chlorella vulgaris. Although Daphnia species can graze on particles in the range of 1 -80 µm, and potentially consume larger colonial microalgae, they occur less commonly in HRAPs than Moina species. In laboratory cultures of C. vulgaris grown on WW, Moina macrocopa had longer lifespans, reproductive and neonate survival rates than those in controls without WW addition, while the lifespan of Daphnia pulex was shorter than that in the control. Moina species are also particularly resistant to DO variation and are capable of withstanding the typical DO variation of HRAPs (from almost zero to super saturation), due to their ability to increase their hemoglobin content. In contrast, Daphnia magna are less tolerant to low DO, surviving in small laboratory WW cultures with high atmospheric gaseous exchange but not in ponds with the same WW and less favorable gas exchange with the atmosphere. Like rotifers, cladocerans typically reproduce asexually, and can also undergo seasonal sexual reproduction to produce resting eggs.
2.2.3. [bookmark: bookmark3]Ostracoda
Ostracods are small crustaceans, 0.3-5.0 mm in length, protected by a hard shell composed of two calcareous half valves, which can be tightly closed. They have eight pairs of appendages that are used to swim, sense, crawl, mate and feed. Freshwater ostracods can be found in temporary water bodies such as puddles, where they live and crawl on, or in, the sediments, with species composition dependant on food abundance and water permanence. Little is known about their occurrence in HRAPs and WW environments, although ponds with abundant sediment generally provide the most suitable habitat. Species such as Cypridopsis vidua, Herpetocypris virens and Heterocypris incongruens can tolerate moderately to highly polluted water and survive very low DOs and high concentrations of organic matter. Ostracods are omnivorous scavengers, feeding on organic detritus, bacteria, protozoa, plant material, dead animal material and algae, with a preference for small food particles found in sediments. As ostracod generation time (up to three months) is much longer than HRAP HRT (2-8 d), only bottom dwelling species are expected, with little effect on microalgae suspended in the HRAP water column. Ostracods can also prey on rotifers and produce kairomones, chemicals that can induce morphological changes in rotifers (e.g., shortening of spines that reduces the chance of capture and retention by the ostracod's feeding appendages). Reproduction is mainly asexual and they can survive adverse conditions such as seasonal dry periods by producing resting eggs or by enclosing themselves within their valves.
2.2.4. Copepoda
Copepods are a group of small planktonic or benthic crustaceans, ~1-5 mm long, which swim with fast, erratic movements. They are divided into three orders, Calanoida, Cyclopoida and Harpacticoida. In general, calanoids are gliders and sporadic swimmers found in the open water; cyclopoids are constant swimmers, with a bouncing motion, and can be found in the plankton or associated with bottom sediments; and harpacticoids are found in bottom detritus moving with a wavy motion. Some species of cyclopoids (e.g., Paracyclops fimbriatus and Mesocyclops thermocyclopoides) have been found in sewage treatment ponds. Planktonic copepods are generally filter-feeders, forcing the water along their body to actively catch food particles in suspension. Copepods primarily feed on algae, and also prey on ciliates, small rotifers and bacteria. Cyclopoids can also prey on cladocerans, small copepods and chironomids (midge larvae). Copepods typically have only sexual reproduction, and as the reproductive age (7-30 d) is generally longer than the HRAP HRT (2-8 d), planktonic copepods are not found in large numbers in HRAPs.
3. Zooplankton control methods with potential application to HRAPs
Since the 1940s, a variety of zooplankton control methods including heating, centrifugation and application of chemicals, have been tested in open ponds to prevent loss of microalgal biomass. However, these have generally given poor results and to date, there are no reliable zooplankton control methods that are applicable to full-scale HRAPs. Some ballast water treatment and aquaculture water recirculation treatment technologies may provide opportunities, while other treatments may be inferred from physiological and lifecycle studies. Some control methods are not applicable to hectare-scale HRAPs. Some of the main constraints on effective zooplankton control in large-scale HRAPs are the large volumes of water involved, the presence of zooplankton resting eggs and juveniles which are usually more resistant to treatments, the necessity to minimize capital and operational costs, and the need to preserve the zooplankton community of the following maturation ponds.
Potential HRAP zooplankton control methods that are cost effective, selective, and do not have detrimental effects on the microalgae, water quality or beneficial zooplankton are reviewed below. These can be divided into physical, chemical, biological and enzymatic methods. Novel strategies to both control and concentrate zooplankton in specific areas of the pond will also be discussed further. All methods focus on removal of the zooplankton adult stages, and when routinely applied for a short duration will also deplete the resting egg bank present in the pond.
3.1. Physical control methods
Physical control methods are generally effective although they often have high capital and operation costs, and they can also remove or disrupt the microalgae-bacterial flocs reducing harvest efficiency. Furthermore, some technologies cannot be applied due to HRAP operational and physical constraints. For example, ultraviolet (UV) radiation has been successfully used to eliminate zooplankton both in laboratory experiments and ballast water trials. However, effective UV penetration requires clear water, which is not the case with algal laden HRAP water. Another example is deoxygenation, which has the potential to inactivate zooplankton without harming microalgae. Deoxygenation may be achieved by gas sparging, adding reducing agents or increasing the organic loading of the HRAP to enhance bacterial growth and respiration (O2 depletion). A low (0.27-0.87 ppm) O2 concentration is required for 48 h to asphyxiate 99% of zooplankton, but this is not achievable in HRAPs. During the daytime DO concentration is often supersaturated due to intense photosynthesis, while at night the constant water movement and the high surface area to depth ratio of HRAP promotes reaeration by O2 diffusion from the air.
Several potential physical methods for zooplankton control include mortality by high temperature, hydrodynamic cavitation, solid shear stress, and removal of zooplankton grazers using filtration or a hydrocyclone.
3.1.1. Temperature
High temperatures (>35 °C) can drastically reduce the survival of zooplankton and could be used to depress their populations in HRAPs. Very high temperatures (60-100 °C) could be applied for short time periods, but would require large amounts of energy, and would also have a detrimental effect on the algal community. However, moderate heat treatment (35-45 °C) could be feasible, particularly when waste heat (e.g., coolant fluid from engines, power generators, or turbines) is available. However, while heat treatment (35-38 °C for a few hours) has been used to treat ship ballast water, completely removing all zooplankton it also killed a large proportion of the microalgae. The lethal temperature for particular zooplankton depends on the organism's physiological tolerances, its acclimatization capacity, and the rate of temperature change, and is usually less than that required for microalgal mortality. D. pulex laboratory cultures acclimated at 20 °C had 95% mortality when exposed to temperatures of 35 °C for 4 h. D. magna had a LD50 (median lethal dose) of34.8 °C after 24 h; 37.8 °C after 15 min; and 39.4 °C if the temperature was continuously increased by 0.2 °C/min. Generally, freshwater green microalgae can tolerate temperatures of ~35 °C and some species already used for microalgae mass culture, such as Scenedesmus almeriensis, can tolerate temperatures of ~44 °C. The main constraint of zooplankton control by temperature is the need for a large source of waste heat; therefore, HRAPs would need to be constructed close to industry.
3.1.2. Cavitation
Cavitation occurs when a liquid is subjected to rapid changes of pressure, and the empty cavities generated at low pressures implode, releasing energy able to physically disrupt the zooplankton grazer's body. Cavitation can be generated by radiating sound waves (sonication) and generating hydrodynamic turbulences within liquid media. Sonica- tion has been utilized to treat ballast water, and was particularly effective in inactivating large zooplankton such as Ceriodaphnia dubia, Brachionus plicatilis and B. calyciflorus, with little effect on microalgae. However, it is considered too costly to treat large volumes of water. Moreover, the capital cost for a sonication unit with a capacity of 500 m3/h (~US$ 170k) is twice the capital cost required to construct a one hectare HRAP, and it is, therefore, unlikely to be appropriate for hectare-scale HRAPs. Hydrodynamic cavitation can be produced mechanically with the creation of turbulence and pressure drops in a liquid flow using pumps or impellers to force the liquid through small openings. Hydrodynamic cavitation is less expensive and easier to set-up, maintain and control than sonica- tion. Zooplankton are killed by a combination of mechanical effects (including collision impact, turbulence and bubble explosion shock waves), and chemical effects (e.g., from unstable radicals, OH and H2O2-). Hydrodynamic cavitation has been successfully used for cell disruption and inactivation of bacteria in water disinfection, and ballast water treatment systems have been tested with promising results. Cavitation attained by forcing the liquid through a 26 mm pipe with an orifice (75% open) killed ~80% of zooplankton larger than 50 µm after a single pass and > 95% after two passes, with an energy consumption of 0.31 kW/m3. A device using 21.5 mm diameter perforated plates and operated with different configurations (number of holes, size, shape and disposition) killed 28%-81% of zooplankton and 6%-46% of microalgae after a single pass. Cavitation can selectively kill particular zooplankton and has the greatest effect on adult zooplankton than on eggs. The use of a plate with openings (slits) inserted in a 50 mm pipe to generate shear stress and cavitation, killed between 65.1% and 99.9% of zooplankton, with higher effects on individuals larger than 100 µm. The estimated running cost for a 150 m3/h unit is ~US$ 0.01/m3 with a capital cost of ~US$ 100,000. Large zooplankton grazers may be killed simply by the generation of hydrodynamic shear stress, without the need for cavitation. Shear stress could be achieved using an inexpensive water pump connected to a valve or to a curved pipe. This option would have a milder effect on microalgae, require simpler equipment, and would drastically reduce capital costs and energy use.
3.1.3. Solid shear stress
Large zooplankton may be killed by applying constant, mild mechanical stress using a bead mill. The solid shear stress is generated by the grinding action of the sphere friction. Bead mills are commonly used in pharmaceutical and biotechnology industries to extract enzymes or other components from cells. The bead mill has a chamber filled with small glass beads 0.1 -10 mm in diameter and an impeller which stirs the beads. Bead mills could be applied to HRAPs using a rotating cylinder partially open at either end (e.g., perforated plate or metal mesh), containing large beads (0 > 10 mm) positioned longitudinally relative to the water flow. The algae suspension would gently flow through the slowly rotating device, with zooplankton killed by the friction generated between the beads. Various bead sizes and rotating speeds could be used to selectively kill particular zooplankton species. This system is potentially applicable to HRAPs because it is simply constructed and operated. Furthermore, if operated at low rotating speed (e.g., <30 rpm) and using large beads (e.g., 0 > 10 mm), it is expected to have low operation costs, and do not damage microalgae.
3.1.4. Filtration
Filtration is a cheap and simple technique that uses different filter mesh sizes to separate and capture zooplankton according to their size. In California, filtration using a 150 µm mesh size was used to partially control large zooplankton grazers in 12 m2 HRAPs. Automatic 100 µm and 50 µm mesh backwashing screen filters used for ballast water treatment, removed between 79% and 89% of zooplankton respectively. Rotating drum filters with a 60 µm mesh size have been used to filter smaller zooplankton species. Unfortunately, mesh sizes smaller than 200 µm are not suitable for HRAPs as the ponds grow algal-bacterial flocs of 50-200 µm, which would also be removed by such filters. Moreover, small mesh size filters clog faster resulting in higher operation costs. Filters based on rubber granules are cheaper than traditional filters (e.g., sand) because they can be easily backwashed and operated at high flow rates. A filter packed with a 600 mm layer of 0.5-1.2 mm diameter granules operated at a flow rate of 49 m3/h/m2 removed ~66% of zooplankton larger than 50 µm, and also 50.5% of total microalgae. To reduce microalgae retention in granule filters, larger granules could be used, so that only large zooplankton (>200 µm) are removed. The use of granules filters for zooplankton removal in HRAPS requires the pumping of pond water into the filter placed above the water level, and gravity flow of the filtered liquid back into the pond. Total separation of zooplankton would require 20 µm mesh filters. However, in aquaculture systems zooplankton are harvested according to size: 80 µm meshes for small rotifers; 160 µm for large rotifers and early life stage copepods; 300-500 µm for small cladocerans and cyclopoid copepods; and 700 µm for adult Daphnia and large cyclopoid and calanoid copepods. Total harvesting of Daphnia carinata and Moina australiensis from experimental tanks in Adelaide (Australia) required a 200 µm mesh filter. Adult cladocerans that are carrying eggs can be 50% larger than non-reproductive adults and therefore removable with large mesh sizes (600-800 µm) without removing algal biomass. Constant removal of reproductive adults is expected to eventually control their population. Estimated total costs for ballast water filtration are between US$ 0.06-0.19/m3. In HRAPs, the control of cladocerans using large mesh filters may be achieved using a passive system which relies on the flow generated by the paddlewheel (no pumping required), with consequent reduction in costs.
3.1.5. Hydrocyclone
Cladocerans can be separated and recovered using hydrocyclones with continuous high speed centrifugal water flow, which require less maintenance than filters. Hydrocyclones are less efficient for particles smaller than 400 µm and therefore have potential to separate large, mature cladocerans, copepods and ostracods from smaller algal flocs and rotifers. Mudsnails (Potamopyrgus antipodarum) of various sizes, including 150 µm neonates, have been successfully separated from aquaculture water using a hydrocyclone. In a pilot-scale ballast water treatment system, the removal efficiency of particles larger than 800 µm was 70-86%, while for particles smaller than 300 µm it was only 16.5-57%. In addition, the high water velocity and pressure within the hydrocyclone system increased mortality due to mechanical damage. For example, in a ballast pilot plant, 62.7% of zooplankton was removed, and 95.3% of the zooplankton remaining in the treated water was dead. In another pilot experiment, no living copepods were found after the hydrocyclone process. Unfortunately there have been no studies on the effects for large colonial microalgae and microalgal-bacterial flocs, although a certain level of separation and mechanical disruption is expected. Estimated total costs of hydrocyclone systems are US$ 0.05-0.26/m3.
3.2. Chemical control methods
An ideal zooplankton chemical control method should kill zooplankton with minimal effect on microalgae and it should be selective and not kill useful zooplankton species. Chemical treatments may be particularly useful to reduce the abundance of smaller zooplankton, such as rotifers, which are generally more difficult to remove using mechanical methods. Chemical control agents are often easy and relatively inexpensive to apply. However, these chemicals may also be assimilated by the algal biomass, and persist in the pond water affecting further treatment ponds (i.e., maturation ponds) and receiving waters. As such, only control agents with short half-lives must be used in HRAPs. If safe levels are reached rapidly (e.g., in <48 h) the outflow from the treated HRAPs could be temporarily stopped for this period. Options for chemical control of zooplankton include: raising of pH and NH3-N concentration; addition of chemical agents; injection of CO2; and the use of enzymes, enzyme inhibitors and infochemicals (chemicals that carry information between two individuals, and induce a behavioral or physiological response in the receiver).
3.2.1. pH
Alteration of pond water pH can be used to kill zooplankton. Cladocerans can tolerate a wide pH range, but their mortality rate drastically increased at values greater than 10.5. In a highly eutrophic pond the survival rate of Ceriodaphnia reticulata drastically decreased at pH 11.2, while in laboratory experiments the LC50 of D. magna at pH 4.4 and pH 10.7 was 48 h. Some rotifers, including the Brachionus species, can tolerate pH between <3 and 10. In laboratory cultures, B. calyciflorus had the lowest reproduction rate and highest resting egg production at pH 10.5, while at pH 11.5 total mortality occurred in less than 24 h. Another laboratory experiment showed the LC50 at both pH 5 and pH 10 of a B. calyciflorus population was ~4 days, while at pH < 6 a 50% reduction in the viability of eggs was achieved. B. rubens did not survive above pH 9.5 and below pH 4.5, even in the absence of ammonia. Immediate zooplankton mortality by adjusting pond water pH is not achievable in HRAPs due to the large volumes of concentrated acid or base required to shift the pH to extreme values (<3 and > 11). Furthermore, acidic pH is likely to be more detrimental to microalgae as they naturally shift pond water toward alkaline pH during day-time photosynthesis. For example, in four 5000 m3 HRAPs located in Christchurch, New Zealand, the maximum daytime pH reached throughout the year was almost always above 10. Zooplankton reduction in HRAPs can be achieved by augmenting the natural daytime pH increase, by stopping CO2 addition and adding alkalizing chemicals (e.g., lime, Ca(OH)2 or NaOH). However, pH levels should be carefully controlled because pH > 11 can be harmful to pond microalgae, and induce auto flocculation of microalgae with resulting sedimentation on the bottom of HRAPs.
3.2.2. NH3-N
Free ammonia (NH3-N) toxicity can be used to control zooplankton in HRAPs at pH > 9. At pH levels higher than 7.5 the ammonium (NH+) occurring in WW dissociates into un-ionized ammonia, NH3-N. The proportion of NH3-N increases with increasing pH: 50% at pH 9.5 and > 80% at pH 10. The concentration of NH+ in WW HRAPs generally ranges between 2 mg/L and 14 mg/L, and at high pH levels can generate sufficient NH3-N to potentially depress the zooplankton population. Test-tube experiments showed that 3 mg/L of NH3-N did not affect the reproduction of B. rubens, while in the range of 3-5 mg/L the population reversibly declined, and concentrations over 5 mg/L killed all the rotifers within two days. In a 0.1-ha HRAP constructed in Florida, USA, NH3-N concentrations of 17 to ~20 mg/L completely eliminated B. rubens and the cladoceran Diaphanosoma brachyurum after 24 h, without affecting the microalgae. In laboratory experiments D. carinata did not survive 3 mg/L of NH3-N for 24 h while 50% of M. australiensis survived for 48 h with an NH3-N concentration of 8.8 mg/L. Acute treatment can be achieved by increasing the pH to ~ 11 for a few hours. For example, in two 8 M3 HRAPs located in Ruakura Research Centre (Hamilton, New Zealand), complete zooplankton eradication was achieved by adding lime up to pH 11.2 for 4 h followed by neutralization using a concentrate acid (unpublished observation). Unfortunately, the cost of quickly raising and then lowering the pond pH using chemicals in hectare-scale HRAPs make this option uneconomic. Another possibility is to increase the pH of the pond by temporarily stopping the artificial CO2 injection and to perform the NH3-N treatment over a few days, using the natural rise of pH (~10) and increasing the NH+ concentration by adding more WW. For example, full-scale HRAPs for WW treatment located in Christchurch, New Zealand, and operated without CO2 addition over an entire year, reached pH values > 10 during spring and summer, and had only a few minor zooplankton blooms (D. Sutherland, personal communication).
3.2.3. Commercial chemical products
Chemical control agents typically have higher activity on cladocerans than rotifers. For example, in laboratory experiments using three pesticides the 24 h LC50 for the rotifer B. calyciflorus and cladoceran D. pulex were 318.5 mg/L and 0.0036 mg/L, respectively, using Trichlorphon; 263.5 mg/L and 0.0273 mg/L using Buprofezin; and 0.4 mg/L and 0.0598 mg/L using Tralocythrin. Cypermethrin is a neurotoxic insecticide, which at a concentration of 6.1 pg/L completely killed the populations of Daphnia and calanoid copepods located in lake enclosures in just two days. After the treatment, the abundance of rotifers, protozoans, bacteria and the chlorophyll-a all increased, probably due to the lack of competition and grazing activity of copepods and cladocerans. The half-life of cypermethrin is 25 h and costs ~U$15/kg.
Temephos is an organophosphorus insecticide, which has been applied to enclosures in the shallow, hypereutrophic Lake Suwa (Japan). Temephos at a concentration of 58.6 pg/L killed all cladocerans and drastically reduced rotifer numbers. When the rotifer community recovered, Trichocerca spp., K. cochlearis, F. longiseta and Lecane spp. were replaced by Polyarthra trigla, Hexarthra mira and B. calyciflorus, probably due to their higher tolerance to the chemical. Temephos half-life is 28.7 days at pH 7, is rapidly adsorbed in suspended particles and sediments, and is not detrimental to microalgae, which always increased after treatments.
Carbaryl is an agricultural insecticide belonging to the carbamate family that at a concentration of 1 mg/L in enclosures placed in small, shallow and eutrophic ponds, killed all the cladocerans, rotifers and Chaoborus larvae. The absence of Chaoborus larvae (that can prey on zooplankton) promoted the re-establishment of cladocerans soon after treatment, in turn cladocerans competed with rotifers and reduced their population. The treatment did not show obvious detrimental effects on microalgae and the rapid recovery of cladocerans was probably also related to the rapid dissipation of the chemical. Carbaryl halflife strongly depends on pH: in distilled water it is 3.2 h at pH 9; 12.1 days at pH 7; and 1600 days at pH 5.
Quinine sulfate is an anti-protozoal chemical that was used to control predatory ciliates in outdoor cultures of the algae D. salina, with only minor damage to algae itself. Doses required to inactivate ciliates are expected to be similar to those required to inactivate rotifers. The 24 h LC100 (absolute lethal concentration) for the ciliate was 12-14 mg/L, while for the algae the 72 h EC50 (half maximal effective concentration) was 14.5 mg/L. Its effects on larger zooplankton are unknown. The organophosphate insecticide Dursban reduced >99% of M. micrura in shallow experimental ponds located in Bakersfield (California). Doses of 0.028 kg/ha and 0.28 kg/ha inhibited Moina reestablishment for 1-3 weeks and 3-6 weeks respectively. Per- methrin is an insecticide, which at a concentration of 10 pg/L in pond enclosures eradicated the population of Daphnia rosea, without reestablishment in the following month. Photosynthesis and microalgae were not significantly affected, permethrin accumulated in the sediments at a concentration of 6 pg/L (wet weight), and 24 h after the treatment the permethrin concentration in water showed a six-fold decrease.
Commercial products commonly used for ballast water treatment such as PeracleanOcean™, SeaKleen™ and Acrolein™ typically have a short half-life and are broad spectrum. PeracleanOcean™ is a fastacting oxidizing liquid biocide based on peracetic acid and is active on bacteria, spores, yeasts, molds, protozoa, algae and viruses between pH 5 and 9. In laboratory experiments performed under optimum environmental conditions for the tested species, 400 ppm of PeracleanOcean™ completely inactivated the microcrustaceans Daphnia sp., Bosmina sp. and Cyclops sp. after just 1-2 h, while inactivation of the algae Chlorella sp. required 48 h. In water, PeracleanOcean™ rapidly decomposes into oxygen and acetic acid, the half-life in fresh water is 2-24 h depending on pH and temperature, and the costs are between US$ 0.20-0.30/m3 of treated water. Acrolein™ is an organic biocide, containing an unsaturated aldehyde (acraldehyde) marketed as "MAGNACIDER B Microbiocide”. In laboratory tests, the 48 h LC50 of D. magna was 0.022 ppm; the 5-day EC50 of the green algae Selenastrum capriconutum and the diatom Navicula pelliculosa were respectively 0.050 ppm and 0.068 ppm. Acrolein should be carefully managed because it is a strong irritant of skin, eyes, and nasal passages, the halflife is 8-24 h and the estimated costs are between US$ 0.16-0.19/m3 of treated water. Menadione, the synthetic derivative of vitamins K1 and K2, also has biocide activity. It is marketed as SeaKleen™ and it is more effective on adult cladocerans and rotifers than green microalgae. In laboratory tests, the 24 h LC50 of D. magna juveniles, the adult cope- pod Eucyclops spp. and the adult B. calyciflorus were respectively 0.46 mg/L, 0.43 mg/L and 0.45 mg/L. The freshwater green algae
Selenastrum spp. completely survived a SeaKleen™ concentration of 80 mg/L for 48 h. The resting eggs of B. plicatilis, a freshwater co- pepod, and Daphnia mendotae had 24 h LC50 and LC90 respectively at concentrations of 1.1—2.6 mg/L, 0.8-4.9 mg/L, and 6.7-8.7 mg/L. The cost of SeaKleen™ used in concentrations of 2 ppm is estimated at US$ 0.20/m3 of treated water.
The use of chemicals to inactivate zooplankton in HRAPs appears to be a simple and effective option. However, the application of several chemicals still needs to be tested in hectare-scale HRAPs. Cypermethrin, Permethrin and Carbaryl can be used in low amounts and have quick inactivation times. SeaKleen™ and quinine sulfate are very promising because of their negligible effect on microalgae, but quinine sulfate requires testing on rotifers. More information is needed on persistence in the effluent and sediment, and selection should be based on costs, availability and effluent discharge limits for the specific chemical.
3.2.4. O2 and CO2
Zooplankton grazers are aerobic organisms and use metalloprotein hemoglobin, or similar smaller multidomain molecules to transport O2. Hence, they can theoretically be controlled by removing all O2 from the water or by inhibiting the O2 binding capacity of hemoglobin. However, zooplankton are able to tolerate very low DO conditions. For example B. rubens grows at 1.15 mg/L O2, can tolerate 0.72 mg/L for ~5 days and will survive 0.3 mg/L for several hours. Cladocerans can modify their hemoglobin concentration and its affinity for O2 according to the DO of the water. D. magna has a 48-h LC50 of 0.6 mg/L and it is unable to remove O2 from water at a concentration lower than ~0.3 mg/L. D. pulex has a 48-h LC50 of 0.5 mg/L O2 and Moina mongolica can tolerate DO levels between 0.14 mg/L and 0.93 mg/L. Generally, aquatic species have low internal ppCO2 due to the high CO2 solubility in water and are sensitive to CO2 partial pressure variations. CO2 partial pressure affects the capacity of hemoglobin to bind O2 in two ways: directly by reversible CO2 binding, and indirectly by pH changes that modify the binding affinity. Laboratory experiments have shown that when gaseous CO2 was removed from the water, respiration was unaffected even at low pH indicating that gaseous CO2 affects the respiration of D. magna more than pH. CO2 addition in the form of dry ice was used to kill zooplankton in experimental enclosures. In 1.5 m3 microalgae cultures treated with pure CO2, the zooplankton density was much lower than in control cultures without CO2 and with the same pH (5 and 6). A combination of CO2 and low O2 using a gas mixture (2% O2; 12% CO2; 84% N2) was proposed to kill zooplankton in ballast water treatment. These results suggest the possibility of using CO2 injection to control zooplankton in HRAPs. For hectare-scale HRAPs, very high ppCO2 will be difficult to achieve due to gas exchange with the atmosphere. However, lower CO2 concentrations maintained for long time periods (hours/days) could still control zooplankton grazers. Any CO2 treatment should be performed at night, when algal/bacterial respiration reduces the DO, and produces CO2. CO2 can be derived from exhaust or flue gases, or as a by-product from processes such as fermentation. Furthermore, CO2 from flue gasses could contain CO (a known toxicant able to reduce the O2 carrying capacity of hemoglobin), further increasing zooplankton mortality.
3.2.5 Enzymes
Chitin is a structural polysaccharide which largely makes up cladoceran exoskeletons, and it is periodically degraded and synthesized during molting. The inhibition of chitin formation and degradation could be used to negatively affect cladoceran, copepod and ostracod growth. Chitin is hydrolysed by chitinases, a group of enzymes produced by bacteria, fungi, plants and insects during molting. Chitinases have been proposed as a biopesticide to degrade fungal cell walls, and natural chitinolytic enzymes are commercially available. However, their costs are high and their use is limited. A cheaper alternative is provided by substances that interfere with chitinase production and promote the mortality of crustacean zooplankton including diflubenzuron, chitosan and allosamidin. In laboratory tests, diflubenzuron at a concentration of 2.0 jg/L was lethal to D. magna and had very low vertebrate toxicity. Daphnia were successfully eliminated from a 0.1 ha HRAP in one week using a 20 jg/L concentration of Dimilin™, a commercial formulation of diflubenzuron. Chitosan and its derivatives repress chitinase activity through competitive inhibition that prevents larval molting from occurring. Laboratory toxicity tests have shown an artificial chito- san derivative added to the diet of the larva of the moth Spodoptera littoralis (Lepidoptera), at a concentration of 0.625 g/kg, resulted in 100% mortality. The cost of food grade chitosan (95%) is ~US$ 15/kg. Allosamidin are pseudotrisaccharides that exert inhibitory activity on chitinase at very low concentrations. In laboratory experiments, 30 jg and 50 jg of allosamidin per ml of enzyme solution (200 units of chitinase/ml) respectively inhibited 50% and 70% of chitinase activity. Unfortunately, data on the concentration of allosamidin needed for zooplankton inactivation and the half-life in water is not available, and the use on a large scale (e.g., HRAPs) is not possible due to production difficulties and high costs (~3000 US$/mg). In conclusion, chitinase inhibitors have potential for zooplankton control. However, their use in WW HRAPs requires further study, including their persistence in aquatic ecosystems.
3.2.6. Infochemicals
Infochemicals are substances excreted by organisms that may modify the behavior, physiology and structure of individuals of another species. Kairomone infochemicals can provide selective advantages for organisms that detect them. For example, kairomones can induce defence mechanisms in microalgae against zooplankton grazing by promoting colony formation, bio-flocculation, or generation of spines. Formation of colonies and spines reduces the grazing effects of B. calyciflorus, B. patulus, C. dubia and M. macrocopa on algae, with effects directly proportional to the chemical concentration. Some types of kairomones have been isolated and identified. For example, aliphatic sulfates and sulfamates as well as an artificial substitute (octyl sodium sulfate) have been found to induce colony formation in Scenedesmus sp. and Desmodesmus sp.. Moreover, lipophilic exudates of Daphnia and man-made lipophilic surfactants derived from detergents both cause a defensive response in Scenedesmus. In laboratory experiments the commercially available FFD-6 linear alkyl benzene sulfonate, in a concentration between 0.001 and 0.01 g/L, induced the unicellular S. obliquus to form 4 and 8 cell colonies. The FFD-6 drastically depressed the feeding and survival rates of D. magna. The LC50-24 h and LC50-48 h were respectively 148 jl/L and 261jl/L.
In hectare-scale HRAPs, infochemicals could potentially reduce zooplankton grazer activity by inducing defensive modifications in microalgae, and the addition of artificial substitutes (e.g., lipophilic surfactants) provides a low-cost option. Nevertheless, natural sources are also potentially viable. Infochemicals are expected to be abundant in zooplankton rich maturation ponds, and the outflow coming from these ponds could be filtered to remove zooplankton grazers and recirculated to the HRAPs to promote colony formation and bioflocculation.
3.3. Biological control methods
The introduction of zooplanktivorous organisms to HRAPs could provide a natural zooplankton biocontrol method. A predator should be able to permanently live in the WW HRAP but not be transferred to downstream ponds. For example, natural parasites of cladocerans such as bacteria and fungi are not suitable because of the unavoidable contamination of maturation ponds. Fish, amphibians, and crustaceans are potentially effective although the physicochemical parameters of HRAPs are likely to limit the number of species that can be introduced, and their interactions with zooplankton have only been studied in natural and aquaculture systems. Moreover, selective predation on some zooplankton species can allow for the survival or high abundances of other zooplankton species. For example, water bodies containing zooplanktivorous fish are dominated by small zooplankton species, as the larger species are eliminated by fish predation. Water bodies without zooplanktivorous fish, on the other hand, are dominated by large invertebrates that either compete with or prey on small species.
The following section will review the potential for biological control of zooplankton by natural predators including Notonectidae, Chaoborus spp., predatory cladocerans, predatory rotifers, competing herbivorous cladocerans, ostracods and fish.
3.3.1. Notonectidae
Notonectidae (Order: Hemiptera) are aquatic insects commonly called backswimmers because they swim backwards. Notonectidae are predators of cladocerans and are distributed worldwide, typically inhabiting still and gently flowing freshwater lakes, ponds and marshes. Anisops backswimmers live for one year and only reproduce once or twice in that time, with at least three months required to reach maturity. Anisops have been found in polluted waters as they are able to assimilate O2 from the atmosphere. However, despite being able to survive low DO waters, they also fly to new habitats when food and O2 conditions are unfavorable. Anisops prey on large cladocerans such as Daphnia spp. and Moina spp., even when light is limited in highly turbid waters. Laboratory experiments showed that Anisops are size-selective predators; a small Anisops (~3 mm long) can consume ~50 small (<0.5 mm) and ~30 large (0.5-0.9 mm) C. dubia in 24 h, while one large Anisops (~7 mm) can consume twice as much. In contrast, small Anisops were only able to eat small rotifers such as Synchaeta pectinata and Polyarthra dolichoptera but not the larger Anuraeopsis fissa, B. angularis, K. cochlearis and K. slacki. Anisops are common in WW treatment maturation ponds, but are less common in HRAPs, probably due to the flowing water, lack of a stable substrate for egg attachment, and extreme diurnal DO fluctuation. Without the implementation of specific systems to retain the organisms and a substrate on which to lay eggs, the use of Notonectidae to control zooplankton in HRAPs is unlikely due to their limited natural occurrence.
3.3.2. Chaoborus spp.
Chaoborus spp. are a type of a midge whose larvae (~6-23 mm) can live up to several months in anoxic sediments of small ponds. They are found on all continents excluding Antarctica, particularly in temperate and tropical climates and under eutrophic conditions and prefer environments with standing water. They prey on cladocerans, copepods and rotifers, preferring the smallest available prey. In experimental enclosures placed in Lake Ontario, Chaoborus resulted in the elimination of Daphnia galeata, and population reductions of the cladocerans Bosmina, Diaphanosoma, calanoid copepod species and the rotifer Conochilus. In in situ predation experiments using 0.95 L enclosures placed in a fishless lake (northern Michigan), Chaoborus completely eliminated Bosmina. In laboratory experiments, Chaoborus punctipennis effectively consumed rotifers such as Synchaeta spp., Brachionus and Polyarthra. However, Chaoborus predation pressure is not expected to greatly reduce the rotifer population in lakes due to their high reproductive output. Chaoborus sp. could therefore be established to moderate zooplankton population in HRAPs, as they do not feed on microalgae, and they are unable to disperse as larvae. However, more research is required to investigate their resistance to WW environments and ability to establish in the flowing waters of HRAPs.
3.3.3. Predatory cladocerans
Cladocerans such as Cercopagis pengoi, Leptodora kindtii, Polyphemus pediculus, and Bythotrephes longimanus are raptorial predators that feed on smaller zooplankton species, but not on microalgae. C. pengoi has been mainly found in brackish and fresh waters of Eastern and Central Europe, and has non-indigenous populations in and around the Great Lakes, USA. In Lake Ontario, C. pengoi reduced the populations of rotifers and crustaceans, such as Bosmina longirostris, Daphnia retrocurva and Diacyclops thomasi. In laboratory experiments, C. pengoi preyed on the rotifer Asplanchna priodonta and the cladocerans B. longirostris, D. retrocurva, Ceriodaphnia lacustris, Scapheloberis kingi and M. micrura. L. kindtii is widespread throughout Europe, north of the Himalayas, northern Arabia, northern Africa, and North America. In laboratory experiments, L. kindtii fed preferentially on Daphnia, Bosmina and Diaphanosoma over Chydorus, Keratella, Acanthocyclops, Leptodiaptomus and copepod nauplii. P. pediculus is mainly found in ponds and lakes of northern temperate zones such as the Great Lakes and the Caspian area. In situ studies using zooplankton chambers showed that P. pediculus selected small prey such as the protozoan Vorticella and the rotifer Keratella over larger prey such as copepod nauplii. Moreover, prey without protective structures (e.g., spines and or hardened lorica) such as the rotifers Conochilus and Polyarthra were preferred over prey with protective structures such as Kellicottia. B. longimanus is native to central and northern Europe and Asia, and has spread into the Great Lakes. In Lake Ontario, the invasion of B. longimanus promoted a quick and long-lasting reduction in the average species richness of zooplankton, especially small cladocerans species such as the B. longirostris and Diaphanosoma birgei, and the copepod Tropocyclops extensus. Predatory cladoc- erans can potentially be used as a natural and cheap biocontrol of zooplankton grazers. However, they are not reported to inhabit hypereutrophic environments, and their establishment in HRAPs can be difficult because they have a generation time longer than that of the herbivorous zooplankton. Depending on the geographical location of HRAPs, cladoceran species must be selected according to local availability or, if non-native species can be introduced, their ability to survive local climatic conditions. More research will be required to assess their survival and potential acclimatization to HRAP environments.
3.3.4. Predatory rotifers
Some species of large rotifers, such as Asplanchna species, are omnivorous and can grasp prey using their trophi. For example, the number of food items found in the stomach of Asplanchna herricki collected in two natural lakes (Minnesota) included 69% rotifers such as Keratella, Brachionus and Ploesoma species, and just 25% microalgae colonies/ cells; colonial Pediastrum and diatom species were tenfold less than Keratella bodies. Asplanchna girodi fed mainly on smaller rotifers and in a shallow hypertrophic lake, Asplanchna brightwelli suppressed the herbivorous rotifers K. cochlearis, feeding on reproductive females. At higher prey densities A. brightwelli increased their ingestion rate; at 25 °C a single B. calyciflorus was ingested in ~9-23 s, while the smaller A. fissa was ingested in just ~3-4 s. A. brightwelli has been reported in sewage ponds, and other species such as Asplanchna sieboldi had optimal growth in raw WW; hence, they are potentially suited to the HRAP environment. If established in HRAPs, Asplanchna spp. could reduce the rotifer population with minimal consumption of microalgae. However, it is crucial to select an appropriate species because some species such as A. girodi are mainly predacious, while other species such as A. priodonta can also feed on large algae (diameter up to 100 µm). The main challenge for the use of predatory rotifers in HRAPs is to maintain their population when rotifer prey are absent.
3.3.5. Competing herbivorous cladocerans
Herbivorous cladocerans such as Daphnia spp. exert an inhibitory effect on smaller species such as rotifers, both by mechanical damage and food competition. In waste stabilization ponds located in Luxemburg, competition with D. magna and predation by Cyclops strenuus inhibited rotifer establishment. In laboratory experiments the rotifer B. calyciflorus was largely suppressed by the cladoceran M. macrocopa, with larger population reductions at lower food levels. Low population densities (1-5 organism/L) of large Daphnia (> 1.2 mm) were sufficient to cause high mortality rates of susceptible rotifer species such as Keratella spp.. Hence, the establishment of a low density population of cladocerans is expected to depress rotifer abundance and maintain high microalgal settling by the preferential consumption of smaller particles. Cladocerans are normally undesirable in HRAPs. However, when able to reduce the abundance ofless easily-managed rotifers they may be beneficial, particularly when the dominant microalgae are ingestible by both cladocerans and rotifers. Populations of cladocerans can be easily controlled to achievable densities by filtration, and they are expected to consume less microalgae than a large population of rotifers. Unlike zooplankton predators that generally require specific prey items to survive, competing herbivorous cladocerans such as Moina spp. can be easily established in HRAPs because they feed on microalgae and bacteria. The constant removal of cladocerans by means of filtration would also theoretically enhance the WW performance by removing nutrients from the system.
3.3.6. Ostracods
Ostracods are generally bottom dwellers that eat detritus. However, some species, such as Heterocypris incongruens, can prey on Daphnia and rotifers (up to 40 K. quadrata/day). In laboratory experiments, large adults (~2 mm) of Cyprispubera significantly reduced the growth of a K. tropica population by direct predation and mechanical damage. In microcosm experiments the ostracod C. vidua, at a concentration of > 103 organisms/L, completely eliminated the rotifer Lepadella sp. from an initial concentration of > 103 organisms/L, although it was not clear if the effect was caused by predation or competition for a common resource such as algal detritus. Furthermore, microalgal dominance shifted from Scenedesmus sp. to Ankistrodesmus sp. The higher settleability of Scenedesmus sp. compared to Ankistrodesmus sp. may have promoted consumption of Scenedesmus sp. by the ostracod. However, the increase of Ankistrodesmus sp. abundance was likely promoted also by the elimination of Lepadella sp. (a small rotifer expected to preferentially feed on the thin, needle-like Ankistrodesmus sp.).
Ostracods have the potential to be established in HRAPs to maintain low levels of rotifers, because ostracods are heavy and not easily suspended, and are not expected to have major effects on suspended microalgae. In addition, the shallow water level of HRAPs may facilitate the predatory activity of ostracods on rotifers through the water column.
3.3.7. Fish
Both larval and adult fish can prey on zooplankton, affecting community composition and abundance in natural lakes. Fish have been suggested as zooplankton predators in algae production ponds, and could be potentially used to consume zooplankton species in HRAPs. Globally, various fish species tolerate a wide range of pH and DO and have been used in aquaculture ponds fed with human waste. Species such as silver carp (Hypophthalmichthys molitrix) and Nile tilapia (Oreochromis niloticus), have proven to survive physicochemical conditions similar to those in HRAPs. The planktivorous common carp (Cyprinus carpio) can live in shallow, eutrophic, and turbid environments with pH ranging between 6.5-9.0 and low (0.30.5 mg/L) or very high DO. Experiments conducted in 5 m2 cement tanks for 90 days showed that Nile tilapia is particularly suitable for WW environments and Pangasius (Pangasius sutchi) can survive the complete lack of O2 by breathing at the surface. In shock tests performed at 25 °C on three American freshwater fish species, the O2 concentration was instantly decreased from optimal to critical levels, in which fish consistently survived for 24 h. The critical O2 level was 0.75 mg/L for bluegill (Lepomis macrochirus), 0.92 mg/L for the largemouth bass (Micropterus salmoides), and 0.95 mg/L for the channel catfish (Ictalurus punctatu). The New Zealand native fish inanga (Galaxias maculatus) and common bully (Gobiomorphus cotidianus) placed in plastic tanks with a low O2 concentration (1 mg/L), required 48 h to exhibit mortality rates between 27% and 80%. Eels are widely cultured throughout the world, they withstand polluted and shallow waters (<0.5 m deep), and juveniles can feed on small crustaceans. For example, Anguilla dieffenbachia, Anguilla australis and Anguilla reinhardtii can withstand a pH between 4.6 and 9.1 and water temperatures between 10 °C and 25 °C, and survive for 48 h at 1 mg/L of O2. Zooplankton control using fish requires the selection of species able to withstand local climatic conditions, and their enclosure in meshed cages to simplify their recovery and avoid damage by the paddlewheel. Enclosure of fish in confined areas of the pond has been implemented to harvest phytoplankton in partitioned aquaculture systems, and could potentially be used to harvest zooplankton in HRAPs. If fish are constantly kept in HRAPs, food can become scarce, hence HRAPs should be in the proximity of aquaculture ponds, where fish can be collected and transferred back as needed.
3.4. Concentration methods
Any control method applied to HRAPs at the hectare-scale would require a large amount of water to be processed. The development of a method to concentrate the zooplankton in specific areas within the HRAP prior to the control method being applied could reduce costs. Control methods such as filtration, cavitation, hydrocyclone and bead mills could be applied only to the portion of the water column with a high density of zooplankton. For example, filtration of the upper layer of the water column (e.g., 50 mm), taking advantage of cladocerans natural migration toward the pond surface during the morning and evening, would reduce both the capital (smaller filtering surface) and operation (lower head loss) costs of filtration. The phototactic response of cladocerans could also be used for their night time concentration in areas of the HRAP with low velocity flow such as eddies, by using an artificial light source. Furthermore, cladocerans can be moved to the pond water surface by changing the concentration of respiratory gasses. In laboratory experiments, M. micrura increased their swimming time when O2 concentration was reduced from 10 mg/L to 1 mg/L. However, at lower concentrations the swimming time drastically decreased. A similar behavior was also observed in a laboratory experiment, with D. carinata which moved to the surface of a 2 L chemostat when CO2 concentration was between 100 and 150 mg/L. The response was not related to the O2 concentration since that was always > 1 mg/L (V. Montemezzani, unpublished data). Both low O2 and high CO2 are likely to induce cladocerans to move toward the upper water layers (richer in O2).
4. Conclusions
This review has provided an overview of the many potential options for zooplankton control in HRAPs. However, only a few of these are likely to be effective in controlling zooplankton on a large scale, and further research is required to demonstrate their effectiveness in full-scale HRAPs. The most promising options include:
· Increasing pond night-time CO2 concentration by gas injection, for rapid control of a zooplankton bloom.
· Selectivity, low capital cost and easy automation are promising.
· Further research is needed to assess the lethal concentration of CO2 for different zooplankton grazers.
· Promoting the temporary lethal un-ionized ammonia toxicity during daytime high pH periods, by raising the pond ammoniacal-N concentrations.
· When naturally achievable this treatment is without cost.
· [bookmark: _GoBack]Further research is required to quantify the adverse effects on phytoplankton, and to detect the optimal combination of pH, temperature, NH3-N and treatment time for zooplankton species occurring in HRAPs.
· Continuous filtration of the upper 50-80 mm of the water column to remove mature cladocerans.
· Filtration has low capital cost, simple operational and implementation requirements, and can be combined with CO2 or phototactic induced migration to reduce the amount of water processed.
· The harvested cladocerans are a potentially valuable by-product.
· Mechanical hydrodynamic cavitation and shear stress for a rapid mechanical disruption of zooplankton grazers, or the constant zooplankton reduction by regular disruption using a bead mill.
· These technologies are effective although research is needed to optimize the energy input required to disrupt targeted species.
· Application of chemicals such as cypermethrin, permethrin, carbaryl, and commercial products such as PeracleanOcean™, SeaKleen™, and the chitinase inhibitor chitosan to quickly and easily reduce or eradicate the zooplankton population.
· Chemicals provide an interesting option to kill small zooplankton species that cannot be removed with mechanical methods but are applicable only when the outflow of HRAPs can be stopped for 24-48 h or temporary stored.
· Further research is needed to assess the degradation of these chemical in the HRAP environment, and their residual activity once in the maturation ponds.
· Application of infochemicals naturally occurring in zooplankton laden maturation ponds to promote algal colony and spine formation, and inhibit the grazing activity.
· Further research is needed to assess the type and amount of infochemicals present in maturation ponds and the required doses to induce the formation of spines, clumps and colonies.
· Biocontrol of zooplankton grazers by using competitor or predatory organisms.
· Biocontrol is potentially cost-effective, although it requires the screening of organisms able to establish in HRAPs and availability of taxa in specific geographical locations. The use of competing herbivores such as the cladoceran Moina spp. to control rotifers has the greatest potential because they can easily survive long time periods without prey.
· Further research on the densities of cladocerans required to depress specific rotifer species and their impact on microalgae is needed.
Although microalgae cultures may recover relatively quickly from "crashes” with re-growth of species that are not grazed by the zooplankton present, random changes of microalgal dominance are not desired and zooplankton control is necessary to maintain stable and predictable HRAP performance. Furthermore, to prevent the ecological imbalance caused by complete zooplankton removal, which could favor the establishment of other zooplankton that may be less easy to control, it may be most beneficial to control zooplankton grazers at low levels as part of a stable community. The selection of the most appropriate control method requires knowledge of the specific HRAP ecosystem, operational parameters, and local climate conditions. In addition, it should be clear which algal species are preferred, and the occurring zooplankton species should be classified accordingly to their beneficial or detrimental impact on the HRAPs' main function (WW treatment performance, biomass production, culture of a specific alga).
