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Abstract

:

Negative impacts from aquatic invasive plants in the United States include economic costs, loss of commercial and recreational use, and environmental damage. Simulation models are valuable tools for predicting the invasion potentials of species and for the management of existing infestations. We developed a spatially explicit, agent-based model representing the invasion, growth, and senescence of aquatic weeds as functions of day length, water temperature, water depth, and the response of aquatic weeds to biological control. As a case study to evaluate its potential utility, we parameterized the model to represent two historical invasions (1975–1983 and 2004–2007) of Hydrilla (Hydrilla verticillata (L. fil.) Royle) in Lake Conroe, Texas, USA, and their subsequent biological control using grass carp (Ctenopharyngodon idella). Results of several hypothetical alternative management schemes indicated that grass carp stocking densities needed to control Hydrilla infestation increased exponentially as the lag time between initial invasion and initial stocking increased, whereas stocking densities needed to control infestation decreased as the amount of time allowed to control the infestation increased. Predictions such as those produced by our model aid managers in developing proactive management plans for areas most likely to be invaded.
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1. Introduction


Biological invasions generate pervasive global change, challenging biodiversity conservation and natural resource management [1,2,3,4]. Invasive species within freshwater ecosystems are of particular concern. Freshwater ecosystems make up less than 0.04% of terrestrial ecosystems, but a disproportionately high percentage, ≈13½% (5 out of 37), of the world’s worst invasive plant species are aquatic invasive plants (AIP) [5].



Negative impacts from AIP include changing habitat structure, decreasing native biodiversity, changing nutrient cycling and biological productivity, and modifying food webs [6], as well as the associated economic costs [7]. Economic costs include the monetary value of ecological and environmental damages, losses of commercial and recreational use, and costs of management and control [8]. For example, Eiswerth et al. [9] estimated the loss of water-based recreation value at only a subset of sites in the watershed of western Nevada and northeastern California could range from USD $30 to $45 million annually. The Florida Department of Environmental Protection invested USD $32 million to control invasive plants in natural areas in 2003, of which around USD $26 million was designated for AIP control [10]. The US government invested roughly USD $100 million annually in control and management efforts for AIP during the 1990s [8].



Many AIP can grow rapidly from fragments, tubers, or rhizomes [11], disperse efficiently [12], and have high phenotypic plasticity [13]. In addition to these biological attributes facilitating invasiveness, high propagule pressure is one of the most critical factors explaining the success of AIP [14]. Obviously, a key to minimizing the negative impacts and costs associated with AIP is to prevent their introduction into new non-native areas [15]. An a priori understanding of how a new species might grow and spread once introduced [2,16], and an assessment of the relative effectiveness of alternative management techniques [17,18,19], would be invaluable to management entities in regulating planned species introductions and managing unplanned invasions. Simulation models are widely used to assess potential causes of observed patterns and to project future patterns [20], and several models have simulated the spread and management of AIP.



Some AIP simulation models have focused on population dynamics [21,22], whereas others have focused on spatial processes [23,24]. Even though some AIP population dynamic models have been developed [20,25], to the best of our knowledge, Miller et al. [26] are the only group that has developed an individual-based AIP model. However, their model does not include a spatially explicit presentation. We are unaware of a spatially explicit, agent-based model simulating AIP spread and control in a real, large reservoir.



Thus, in the present study, we developed a spatially explicit, agent-based model simulating the invasion, growth, and senescence of aquatic weeds as functions of day length, water temperature, water depth, and the response of aquatic weeds to biological control. As a case study to assess its potential management utility, we evaluated the ability of the model to simulate the historical invasion of Hydrilla (Hydrilla verticillata (L. fil.) Royle) and subsequent biological control by grass carp (Ctenopharyngodon idella) in Lake Conroe, Texas, USA. We then used the model to simulate several hypothetical alternative management schemes.




2. Materials and Methods


2.1. Study Area and Target Species


Lake Conroe is a 9332-hectare impoundment in southeast Texas (30°25′ W, 95°35′ N) [27], which was impounded in 1973 as a water supply reservoir for Houston, Texas, USA, [27] and is operated and maintained by the San Jacinto River Authority [28]. Shortly after impoundment, the lake was invaded by Hydrilla, which had covered ≈190 hectares by 1975 [29], and since that time, Hydrilla infestation has been a concern for both the San Jacinto River Authority and the Texas Parks and Wildlife Department [28].



Hydrilla is native to tropical Asia and was first discovered in two locations in Florida, USA, in 1960 [30]. By the early 1970s, it was found in all major drainage areas in the state [30]. Hydrilla is extremely competitive due to its biological characteristics, including fast spreading through underground rhizomes and above-ground stolons [31], high propagule pressure, such as the form of stem fragments, tubers, and turions [32], and fast sprouting and growing [11]. Currently, it is reported in 29 states in the USA [33]. Hydrilla can occur as monoecious and dioecious strains that differ in distribution, growth form, and competitive interactions [30]. The female dioecious strain is dominant in Lake Conroe [34], and the demographic parameters of this strain were therefore used in our model development.



Grass carp are long-lived generalist herbivores that have been used as biological control agents for several decades in the United States to control AIP [35]. They are one of the largest members of the minnow family (Cyprinidae), typically reaching weights of more than 30 kg in their native environments in Asia [36]. Details of the biology of grass carp, including both diploid and triploid (sterile) forms, are available in [36], and detailed descriptions of different types of biocontrol agents for aquatic weeds are available in [37].




2.2. Model Description


We developed a spatially explicit, agent-based model representing the invasion, growth, and senescence of aquatic weeds as functions of day length, water temperature, and water depth, as well as the response to biological control (Figure 1). As a case study to evaluate its potential utility, we parameterized the model to represent the invasion of Hydrilla in Lake Conroe, Texas, USA, and its subsequent biological control using grass carp. This infestation, which began just two years after the lake was impounded in 1973, is well documented [29]. We programmed the model in NetLogo 6.0.2 [38], representing the lake and a portion of the surrounding land area as a 148 × 183 lattice of 27,084, 1-ha patches, of which 9332 represented the lake proper (Figure 2). Input into the model included spatially explicit data on lake bathymetry [39], water depth [39], and time series of data representing day lengths [40] and water temperatures [39]. We parameterized daily rates of local (within habitat patches) growth and senescence of Hydrilla, consumption of Hydrilla by triploid grass carp, and growth of grass carp based on Santha et al. [21] (Table 1), and represented grass carp mortality as a daily probability of dying based on an annual mortality rate (32%) estimated by Chilton et al. [28]. Note that the use of diploid grass carp in Texas is now prohibited, although it has been used for aquatic vegetation control in the past [36]. Only triploid grass carp, a sterile form of this fish, has been permitted for use in the state since 1992, and, therefore, triploid grass carp were used in our model [41].



The model calculates the daily rates of invasion (spread among habitat patches) of Hydrilla based on the assumption that an uninvaded habitat patch will be invaded by an initial biomass of Hydrilla (α) if the density of Hydrilla in any of the eight neighboring patches has passed a threshold level (β), provided that the water depth in the uninvaded patch is <6 m [42,43]. Although many submerged plants require ≈15% sunlight penetration, Hydrilla requires only ≈1%, which occurs at ≈6 m in Lake Conroe [39]. The model also allows Hydrilla to re-sprout in habitat patches from which all biomass has been removed by herbivory, with an initial re-sprouting biomass equal to α, and a daily probability of re-sprouting (γ) that decreases by one-half after each extinction event. α, β, and γ are calibration parameters (see Section 2.3).



The model represents the daily foraging movements of grass carp based on the assumption that an individual will stay in a single habitat patch until there is no longer forage (Hydrilla) in that patch, at which time it will move to another patch. The individual first tries to randomly select from among the neighboring patches that contain forage. If none of the neighboring patches contain forage, the individual tries to randomly select from among the patches within a distance of 4 patch widths (400 m) and then 8 patch widths (800 m) that contain forage [44,45]. If none of these patches contain forage, the individual tries to randomly select from among the patches at any distance that contains forage. If none of the patches contain forage, the individual moves to a randomly selected patch with water.




2.3. Model Calibration


To calibrate the model, we drew upon a study describing the use of grass carp to control Hydrilla in Lake Conroe from 1979 to 1983 [46]. Following the initial Hydrilla invasion in 1975, approximately 270,000 grass carp (stocking weights ≈ 0.2–0.3 kg) were introduced to the lake in two large stocking events at 29 sites throughout the reservoir. A total of 166,835 fish were stocked in the fall of 1981, and 103,165 were stocked in the summer of 1982, which represented a stocking density of ≈74 fish per vegetated hectare. By 1983, two years after the first grass carp were stocked, no Hydrilla remained in the lake.



We ran a series of calibration simulations in which we initialized the coverage of Hydrilla to represent the spatial distribution of biomass observed in 1979 and simulated the time series of introductions of grass carp into the lake (mimicking the number and mean size released) during the period from October 1979 to October 1983 [46]. We calibrated α (initial invasion biomass), β (invasion threshold), and γ (probability of re-sprouting) such that the simulated spatial–temporal dynamics of Hydrilla resembled the observed pattern of the invasion as represented by the spatial distributions of Hydrilla reported in 1980 and 1981 [46].




2.4. Model Evaluation


To evaluate model performance with regard to the adequacy of the rules representing grass carp foraging movements, we compared simulated grass carp weights produced by the calibrated model with the weights reported for grass carp stocked in Lake Conroe in September 1981 and sampled in May 1982 [46]. Note that we did not calibrate parameters directly affecting grass carp consumption and growth rates (those representing effects of temperature and day length), which were based on Santha et al. [21]. However, simulated weights were also affected by foraging movements. Thus, the comparison of simulated observed weights provided an evaluation of the adequacy of these foraging rules.



To evaluate overall model performance, we drew upon a second study describing the use of grass carp from 2006 to 2007 to control a reinvasion of Hydrilla in Lake Conroe (Table 2) [28]. During this study, nearly 102,000 grass carp (stocking weights ≈ 0.2–0.3 kg) were stocked in the lake from March 2006 to November 2007. The stocking scheme differed from that used during the previous invasion. During the earlier invasion, fish were stocked in two large events to achieve a final stocking density of ≈74 fish per vegetated hectare. During the 2006–2007 control effort, fish were stocked in seven small events, with the initial stocking density estimated at ≈22 fish per vegetated hectare and the final stocking density estimated at ≈104 fish per vegetated hectare [28]. Despite repeated stockings over the 20-month period, the grass carp were unable to reduce the amount of Hydrilla in the lake. One hypothesis regarding the failure of the 2006–2007 control effort was that grass carp mortality, either during stocking events or subsequently due to predation, had been underestimated [28]. Eventually, Hydrilla coverage was reduced to roughly 40 acres by 2008 using an integrated pest management plan that included grass carp, herbicide, and planting of carp-resistant native plant species [28].



We evaluated the overall model performance by initializing the simulated coverage of Hydrilla to represent the coverage observed in 2004 [28] and simulating the time series of introductions of grass carp into the lake during the period from March 2006 to November 2007 [28]. We compared the simulated invasion pattern of Hydrilla with the pattern observed from 2004 to 2007 [28]. If the pattern did not match the observation, we would test the hypothesis to increase the grass carp mortality rate since previous studies had reported mortality rates as high as 62% [47] or 95% [48] due to stress from hauling and stocking, water temperatures, and predators. To test the hypothesis, we reran a series of simulations of the 2006–2007 control effort in which we increased annual grass carp mortality rates incrementally from 32% until the simulated Hydrilla invasion mimicked the field data.




2.5. Model Application


To demonstrate model use, we ran two sets of simulations exploring the effects of timing and magnitude of invasion control on control efficacy. In the first set, we varied the time between the discovery of a Hydrilla invasion and the stocking of grass carp, and in the second set, we varied the number of grass carp stocked (Figure 3). In the first set, we determined the number of grass carp that would need to be stocked to eradicate Hydrilla within four years of grass carp stocking, assuming the stocking occurred (1) six months, (2) one year, (3) or three years after an invasion. In the second set, we determined the number of grass carp that would need to be stocked to eradicate Hydrilla within (1) one, (2) three, or (3) five years after a Hydrilla invasion, assuming the stocking occurred one year after the invasion. We initialized each simulation with an invasion that covered 190 ha and no grass carp present and introduced grass carp (weighing 0.309 kg) only once during the simulation.





3. Results


3.1. Model Calibration and Evaluation


With α = 10,000 kg∙ha−1, β = 20,000 kg∙ha−1, and γ = 0.1, the simulated Hydrilla dynamics resembled those observed in the field, reaching peak biomass during the fall of 1981 and being completely eliminated from the lake by 1983 (Figure 4). Even though mean simulated weights were slightly lower than the observed weights, reaching ≈5.1 kg, it was still within the 95% confidence interval of weights observed in the field, which reached ≈5.6 kg [46]. Thus, the foraging rules were adequate.



The simulated spatial–temporal dynamics of Hydrilla differed markedly from the observed pattern of the invasion when an annual mortality rate of 32% was used [28]. The simulated biomass of Hydrilla decreased as a result of the introduction of grass carp, whereas the observed biomass continued to increase despite the introduction of grass carp (Figure 5). However, simulations in which annual grass carp mortality rates exceeded 95% produced results most similar to the field data (Figure 6).




3.2. Model Application


Simulated stocking densities needed to control Hydrilla increased as the lag time between initial invasion and grass carp stocking increased and decreased as the amount of time allowed to control the infestation increased. If grass carp were stocked six months, one year, or three years after the initial invasion, ≈23,000 (≈110 per vegetated hectare), ≈27,000 (≈66 per vegetated hectare), or ≈80,000 grass carp (≈56 per vegetated hectare), respectively, were needed to control the invasion within four years of stocking (Figure 7). Assuming stocking occurred one year after the invasion, if control was desired within one, three, or five years of stocking, ≈60,000 (≈141 per vegetated hectare) ≈30,000 (≈70 per vegetated hectare), or ≈27,000 grass carp (≈62 per vegetated hectare), respectively, were needed (Figure 8).



Results from both scenarios were modeled using a single stocking event in each simulation and represented immediate Hydrilla control; however, regrowth was experienced during some simulations after initial control was achieved. In order to achieve long-term Hydrilla control through the use of grass carp, additional grass carp stockings would likely be necessary due to grass carp mortality over time.





4. Discussion


Though the results described here are only applicable to the Hydrilla infestation at Lake Conroe, the adaptation of the model to suit other impoundments and vegetation types should be possible. All data used in the creation and evaluation of this model were easily obtained through open-access government websites and other readily available sources and produced realistic results. Thus, the model could provide a useful prototype for future aquatic plant invasion modeling, which might be utilized by lake managers, ecologists, state-level resource managers, and/or other stakeholders.



It is unknown why the 2006–2007 control efforts were not effective in reducing the amount of Hydrilla in Lake Conroe; however, it is plausible that mortality rates of grass carp during these stocking events were higher than rates listed in the report (annual mortality rate of 32%, or 2.7% per month) [28]. Although the actual cause is not known, increased mortality during stocking events or due to predation are both possible causes for the failure of grass carp to control the Hydrilla infestation. Stocking rates during the 2006–2007 control effort began at much lower rates than the recommended 74 fish per vegetated hectare and gradually increased with each stocking event. It is possible that predators living in the lake were able to eliminate large numbers of grass carp between stockings, drastically increasing the mortality rate and reducing the number of fish available to consume Hydrilla. While plausible, these potential causes remain speculative.



While results from our mortality simulations suggest nearly 100% grass carp mortality during the 2004 to 2006 control efforts, actual mortality rates may not have been so extreme. Other factors, in conjunction with an increased mortality rate, may have contributed to the observed pattern of Hydrilla growth. An increase in Hydrilla growth due to lake temperature changes or increased nutrients in the lake could have contributed to the unsuccessful control of the Hydrilla. This, of course, also remains speculative. Nonetheless, we believe these simulations could provide useful insight into recommendations for successful grass carp stocking in the future. One or two large stocking events, rather than multiple small stocking events, may lead to greater success in the control of AIP. If predation is indeed the main cause of fish mortality, larger stockings could overwhelm predators resulting in a lower overall mortality rate. If multiple smaller stocking events are preferred, however, managers would likely need to estimate a higher rate of grass carp mortality due to a lower predator-to-prey ratio.



The simulations described in this research demonstrated the basic use of the invasion model, which was parameterized to represent control of Hydrilla in Lake Conroe. However, the model may have the potential for use in a variety of other growth and management scenarios. Temperature is the main limiting factor for both plant and grass carp growth, as well as for grass carp consumption rates. Annual water temperature data could be manipulated to simulate extreme cold or warm years, as well as years with average temperatures, to determine the number of fish needed to control an infestation based on water temperatures in a given year. Another scenario could involve determining the number of fish needed to reduce the infestation without completely eliminating all vegetation. Managers or stakeholders may be reluctant to remove all aquatic vegetation due to the impact on fishing or other activities; thus, determining the density of fish needed to reduce but not eliminate vegetation could be useful. Additionally, various integrated pest management strategies could be simulated with the model. The use of herbicide treatment in conjunction with biological control or mechanical removal is often used to control AIP infestations; multiple control methods could be simulated to determine the combination that would be most effective.



Simulation models of aquatic plant invasion could be highly useful in testing various management techniques and in determining what technique, or combination of techniques, would be likely to produce the most effective AIP control. Management can be very costly, so the ability to simulate control techniques prior to the application could reduce expenses through decreased labor and a reduction in the total amount of control required. In addition, the model could be useful when interacting with managers or educating stakeholders on the importance of preventative measures. Visual representation of a potential infestation could be highly effective in conveying the importance of preventative actions and the serious consequences of an AIP infestation.



Future work in aquatic invasion modeling might include adapting the Lake Conroe Invasion Model for new geographic locations. Risk assessments that are modified for more specific geographical areas could have the potential to further increase accuracy by eliminating issues in categorization due to the inherent generality of data when the risk assessment is applied on a larger scale, as well as serve as a useful management tool for existing AIP.



The Lake Conroe Invasion Model also has the potential to be a useful tool if adapted for other water bodies and aquatic plant species. Managing large AIP infestations can be very costly, especially when testing various control options in the field to determine the most successful management strategy. Simulating aquatic plant invasion and management could be a more efficient method. Testing various control techniques prior to field application to determine the best course of action could reduce costs and result in more effective management in a shorter time period.



Finally, the future use of the invasion model could be useful as a preventive management tool. If the risk assessment was used to test non-native species in the area of interest, incipient invaders, or species that receive a “major invader” score in the risk assessment but currently exist in the area of interest only as adventive species, could be identified. Those incipient invaders could be simulated to reveal their potential growth patterns; varied environmental factors could result in invasive behavior not currently seen in the area of interest. Simulation results could help managers determine if preventative management efforts would be worthwhile to prevent a serious infestation in the future and, if so, determine the best course of action for effective management.



Managing aquatic plant invasions will be of increasing importance as the global trade of these plants grows and demands on the world’s freshwater resources increase. As the availability of non-native plants and the interest in water gardening and aquarium-keeping grows, so does the threat of new, potentially devastating invasions (Keller et al. 2007). Left unchecked, AIP will continue to grow and spread, disrupting ecosystems, decreasing biodiversity, limiting the amount of available freshwater, and increasing control costs. Adequate pre-entry screening could decrease costs from control efforts and loss of use of water bodies for commerce and recreation. Although the fight against AIP is daunting and, at times, can seem like fighting a losing battle, control of existing invasions coupled with proper pre-entry screening and the exclusion of potential new invasive species could be effective in stemming the tide of AIP.
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Figure 1. Conceptual model representing the growth and senescence of Hydrilla, the growth, and mortality of grass carp, and the consumption of Hydrilla by grass carp. 
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Figure 2. Representation of Lake Conroe in the model within a 148 × 183 lattice of 27,084, 1-ha habitat patches. 
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Figure 3. Diagrammatic representation of the two sets of simulations demonstrating use of the model. (a) Grass carp were stocked (1) six months, (2) one year, or (3) three years after invasion to determine the number that would be needed to eradicate Hydrilla within four years of stocking. (b) Grass carp were stocked one year after invasion to determine the number that would be needed to eradicate Hydrilla within (1) one, (2) three, or (3) five years after invasion. 
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Figure 4. Comparison of biomass dynamics of Hydrilla simulated with the calibrated model to those observed in Lake Conroe from 1979 to 1983 [46]. 
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Figure 5. Comparison of simulated biomass dynamics of Hydrilla to those observed in Lake Conroe from 2004 to 2007 [46]. 
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Figure 6. Comparison of simulated biomass dynamics of Hydrilla in Lake Conroe assuming the indicated annual mortality rates for grass carp. 
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Figure 7. Number of simulated grass carp needed to eradicate Hydrilla within four years of grass carp stocking, assuming stocking occurred (a) six months, (b) one year, or (c) three years after invasion. Black arrows denote when grass carp were stocked. 






Figure 7. Number of simulated grass carp needed to eradicate Hydrilla within four years of grass carp stocking, assuming stocking occurred (a) six months, (b) one year, or (c) three years after invasion. Black arrows denote when grass carp were stocked.



[image: Diversity 14 01113 g007]







[image: Diversity 14 01113 g008 550] 





Figure 8. Number of simulated grass carp needed to eradicate Hydrilla within (a) one, (b) three, or (c) five years after Hydrilla invasion, assuming stocking occurred one year after invasion. Black arrows denote when grass carp were stocked. 
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Table 1. Equations used in the model to calculate daily rates of growth and senescence of Hydrilla, consumption of Hydrilla by grass carp, and growth of grass carp based on Santha et al. [21].






Table 1. Equations used in the model to calculate daily rates of growth and senescence of Hydrilla, consumption of Hydrilla by grass carp, and growth of grass carp based on Santha et al. [21].





	Growth of Hydrilla (Gh; kg fresh weight per ha per day):

   G h  =   0.03 ×  B h  − 1.07 ×   10   − 6   ×  B h 2    × c  

where Bh is the biomass of Hydrilla (kg fresh weight per ha), and c is a plant growth temperature coefficient:

  c = − 0.00004 ×  T 3  + 0.0016 ×  T 2  − 0.0127 × T − 0.0127   when day length is increasing

  c = − 0.00008 ×  T 3  + 0.0043 ×  T 2  − 0.0303 × T − 0.0378   when day length is decreasing

where T is the mean daily air temperature (°C).



	Senescence of Hydrilla (Sh; kg fresh weight per ha per day):

   S h  = d ×  B h  × e  

where d is the degree–day senescence coefficient, and e is the senescence temperature coefficient:

  d = 0.0090   when degree days accumulated since 1 April < 525

  d = 0.0006   when degree days accumulated since 1 April ≥ 525

  e = 0.00008 ×  T 3  + 0.0002 ×  T 2  − 0.2114 × T + 4.9429  



	Consumption (herbivory, H) of Hydrilla by grass carp (kg fresh weight of Hydrilla per grass carp per day):

  H =   0.871 ×  W  0.27     × t c h   × GC

where W is the live weight (kg) of an individual grass carp, GC is the number of grass carp in the system, and tch is an herbivory rate temperature coefficient:

  t c h = − 0.00016 ×  T 3  + 0.00802 ×  T 2  − 0.05481 × T − 0.16066   when day length is increasing

  t c h = − 0.00005 ×  T 3  − 0.0008 ×  T 2  + 0.1444 × T − 1.3646   when day length is decreasing



	Growth (Gc) of grass carp (kg live weight per day):

   G c  = 0.013 × H   when T ≥ 11 °C

   G c  = − M   when T < 11 °C

Where M is maintenance costs (kg live weight per day):

  M = 0.0021 ×  W  0.645    
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Table 2. Summary of the scheme used to stock grass carp into Lake Conroe from March 2006 to November 2007, including the cumulative numbers stocked and the estimated cumulative stocking densities [28]. Numbers of fish surviving were calculated based on an estimated annual mortality rate of 32% [28].
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	Date
	Number of Grass Carp Stocked
	Cumulative Number Stocked
	Number of

Surviving Fish
	Stocking Rate (N/ha)





	March 2006
	4330
	4330
	4300
	22.5



	August 2006
	9311
	13,641
	13,064
	36.8



	October 2006
	13,800
	27,441
	26,168
	56.6



	February 2007
	10,000
	37,441
	33,376
	70.7



	August 2007
	23,386
	60,827
	54,983
	72.6



	August 2007
	25,364
	86,191
	71,735
	99.8



	November 2007
	15,575
	101,766
	81,564
	103.8
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