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Abstract

Monitoring water quality is critical to maintaining life support systems for aquatic animals.  Zoo and aquarium water quality laboratories frequently face multiple challenges, including poor staffing, mediocre equipment, and high sample throughput.  Implementing or changing analytical procedures requires numerous considerations including, costs, time requirements, associated chemical hazards, detection limits, and how results compare to historical records or compare between different models of same type of analytical instrumentation.  This paper provides examples of new testing procedures for nitrate and total ammonia in use at the Monterey Bay Aquarium water quality laboratories.  The nitrate method is a multi-wavelength UV procedure that does not require chemical additions or sample modification.  The total ammonia procedure was modified from the Hach Company’s total ammonia salicylate procedure by the addition of another reagent, containing sodium citrate and sodium hydroxide, to allow it to work in natural seawater with a low detection limit.

Introduction
Establishing good water quality is critical to maintaining life support systems in aquatic animal displays.  Monitoring water quality parameters, such as the nitrogen cycle, is important both for the health of the displays and in assessing the performance of the different parts of the life support system.  The nitrogen cycle includes total ammonia (NH3 + NH4+), nitrite (NO2-), and nitrate (NO3-).  Total ammonia is introduced primarily from animal waste, whereas the nitrite and nitrate are the reaction byproducts produced as part of the nitrification reactions that happen in the bio-filter of an established life support system.
Understanding how the concentrations of the different parts of the nitrogen cycle vary at different places in the life support system and over time requires the establishment of a monitoring program.  Once established a monitoring program needs to be flexible enough to adapt to changing testing requirements, updates to analytical equipment, or new testing methodologies that are constantly being published.  Before implementing or changing testing procedures the costs, time requirements, associated chemical hazards, detection limits, and how results compare to historical records or compare between different models of same type of analytical instrumentation should be considered.
The Monterey Bay Aquarium (MBA) is located in the city of Monterey, California.  (Figure 1)  Our main water quality laboratory is located on the main campus where an Agilent HP8453 UV/Vis Spectrophotometer is used as our main analytical instrument to measure the different components of the nitrogen cycle.  In 2010, an offsite Animal Research and Care Center (ARCC) was opened in the city of Marina, California, about 14 miles north of our main campus.  The ARCC is also equipped with a small satellite water quality laboratory where a Hach DR/5000 UV/Vis spectrophotometer is the primary analytical instrument used to measure the different components of the nitrogen cycle. MBA is a flow through facility supplied directly with water from the Monterey Bay.  The ARCC however is a closed facility, using periodic water changes from natural seawater stored on site.  This seawater trucked from MBA and after use at the ARCC is trucked back to MBA for treatment and disposal in our outfall.  This paper will illustrate the steps taken to establish the new total ammonia and nitrate testing procedures used both at MBA and the ARCC.
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Figure 1.  Aerial view of the Monterey Bay region (Google Earth) showing the locations of the Monterey Bay Aquarium (MBA) in the city of Monterey, CA and the Animal Research and Care Center (ARCC) in the city of Marina, CA.
Monitoring Program Considerations
When implementing or changing a water quality monitoring program numerous factors should be considered in order to generate meaningful data.  Chief among these would be the accuracy and precision of the testing methodology.  Also important is the detection limit, or how low of a signal that can be differentiated from the blank signal.  However, given the large testing requirements and limited budgets faced by many zoos and aquariums today both the costs and time requirements associated with the testing procedures must also be considered.  If testing requires a large number of samples to be analyzed daily, a highly accurate and precise method that takes a lot of time is simply not practical.  As in any type of chemical testing, the hazards of the reagents used for the analysis should also be considered.  Lastly how the test results compare to other methods should be considered, which is especially important when changing methodologies or analytical equipment as changes in the magnitude of the concentrations measured would be misleading without such a comparison study being conducted.
The first step in establishing a monitoring program is to figure out what testing procedures you will use.  Consulting a general water quality testing reference (e.g. Eaton et. al 2005), one geared for seawater testing (e.g. Grasshoff, Kremling, and Ehrhardt 1999 or Parsons et. al 1984), technical publications from commercial companies (e.g. Hach 2008), aquarium reference books (e.g. Spotte 1992), published scientific literature, and colleagues in the industry are all good places to begin gathering information on available testing procedures.  Once a testing procedure is settled on it can be evaluated using these procedures as outlined in the examples below.
Nitrate Testing

In 1995, the water quality lab at the MBA was split off into its own department.  At that time the ultraviolet spectrophotometric screening method (4500-NO3-) of Eaton et. al (2005) was being used for nitrate testing at the aquarium.  Measurement of light absorption through the sample at a wavelength of 220nm, allows for nitrate concentrations to be calculated when compared to a standard curve.  Unfortunately organic matter also absorbs at that wavelength so even if you apply the correction factor specified in the directions the detection limit is not very low.  Since the Monterey Bay, which we draw our seawater from, is a very clean water body with low levels of nitrate it was necessary to find a method with a much lower detection limit.  The standard marine chemistry testing procedure for nitrate that uses cadmium reduction to convert nitrate to nitrite (Grasshoff et. al 1999 and Parsons, Maita, and Lalli 1984), as adapted for use with the auto sampler on our HP8453 UV/Vis spectrophotometer and was also run in duplicate with the UV screening method for several months.  While the cadmium reduction method will give low detection limits with good accuracy and precision it is time consuming as there are numerous reagents to prepare, including handling cadmium metal a hazardous substance.  Preparation time can be cut if you are willing to spend money on commercially prepared reagent packets (e.g. see Method #8192 in Hach 2008).  However in both cases the cadmium metal used in the testing, is both a hazard to the staff running the analysis and must be disposed of properly as hazardous waste.
Work was begun in the summer of 1998 to look for a new nitrate procedure that had fairly low detection limits, did not require a large amount of preparation time, and did not contain hazardous materials.  At that time a graduate student at Moss Landing Marine Laboratories (Guenther 1999) was conducting research into a multi-wavelength UV absorption procedure for measuring among other things nitrate in seawater.  This research continued at our sister institution, the Monterey Bay Aquarium Research Institute, to develop an in situ UV spectrophotometer for monitoring the nitrate, bromide, and bisulfide (HS-) in the ocean (Johnson and Coletti 2002), which was eventually marketed as a commercial in situ analyzer (ISUS 2010).  An updated algorithm for doing the necessary computations was also later published (Sakamoto, Johnson, and Coletti 2009).  So here was a method that had very little preparation time, no hazardous materials were involved, and had a fairly low detection limit due to the approximation of the background spectrum from colored dissolved organic matter by a simple quadratic function of wavelength (Equation 3 of Johnson and Coletti 2002).  This method met many of the testing considerations we were looking for but the question was if we could adapt this for use at our facility.   
Johnson and Coletti (2002) use low nutrient seawater to prepare the nitrate standards used for calibrations in their procedure.  Getting a source of low nutrient seawater and storing it correctly were problematic for us so alternative calibration procedures were investigated. Johnson and Coletti (2002) point out that many dissolved inorganic compounds absorb light at wavelengths <280nm in the ultraviolet region of the electromagnetic spectrum.  Compounds of interest to aquatic scientists include nitrate, nitrite, bromide, and bisulfide.  The UV spectra of seawater is dominated by bromide, nitrate, and to a much lesser degree organic matter.  In natural seawater bromide one of the minor elements is found in significant concentrations (68.7 mg/L, Libes 2009), whereas in freshwater it is generally not present to a significant amount.  For seawater samples nitrate standards prepared in a sodium bromide solution at the seawater bromide concentration could possibly be used as an alternative calibration solution for the procedures of Johnson and Coletti (2002).  While for freshwater samples nitrate standards prepared in laboratory grade water could be used.
After adjusting the analytical wavelengths used in computations slightly to compensate for the alternative calibration solution, an Excel spreadsheet was developed to calculate the nitrate concentrations from UV absorption data measured by the HP 8453 UV/Vis spectrophotometer using the quadratic equation of Johnson and Coletti (2002).  For the first year this multi-wavelength UV procedure was in place results were inter-compared with the results generated from the UV screening method.  Agreement of the results can be checked by performing a regression of one method results vs. the other (Figure 2).  Due to the good agreement between the different nitrate testing methods this multi-wavelength UV procedure is still in use today at our main water quality lab.  
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Figure 2.  Inter-comparison of some of the nitrate sample results ran using the multi-wavelength UV method vs. the UV screening method measured using an Agilent HP8453 UV/Vis spectrophotometer at the Monterey Bay Aquarium.

With the acquisition of the DR5000 UV/Vis spectrophotometer in 2009 for later use at the ARCC it was investigated whether or not this multi-wavelength UV procedure could be run on this instrument as well.  The DR5000 does not allow a method to be designed where the absorbance at enough individual wavelengths in the UV portion of the spectrum to be measured such that the calculations can be conducted.  It does however have a wavelength scan option that allows the absorbance measured at every 2 nm of wavelength in the UV region of the spectrum to be by the Hach Data Trans software for later export to Excel and further processing.  Using a modified Excel spreadsheet data from individual wavelength scan files are imported into that spreadsheet file for the computations to be run.  Comparison of nitrate results of samples ran on both the HP8453 and DR5000 (Figure 3) show good agreement, so this procedure is now used exclusively at both facilities.  
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Figure 3.  Inter-comparison of nitrate sample results ran using the multi-wavelength UV method measured on either an Agilent HP8453 vs. Hach DR5000 UV/Vis spectrophotometers.

Total Ammonia Testing

The most common method used for determining total ammonia in seawater in both marine seawater testing reference texts (Grasshoff, Kremling, and Ehrhardt 1999 and Parsons et. al 1984) or in some literature reviews (Aminot, Kirkwood, and Kérouel 1997) is the Berthelot reaction that involves the formation of an indophenool-blue complex.  However due to toxicity concerns of having to deal with the phenol reagent used in the method the Monterey Bay Aquarium never adopted that procedure.  Instead we initially adopted the Oxidation Method of Parsons, Maiti, and Lalli (1984) for which ammonia is oxidized to nitrite with hypochlorite in alkali using a large excess of potassium bromide as a catalyst.  If care is taken to minimize contamination sources highly accurate and precise results can be obtained with a low detection limit.  However, there is a trade-off as this procedure has a large amount of sample preparation time, requiring the addition of 7 different reagents plus a minimum of 45 min incubation in a hot water bath before analysis can be conducted.
As we were preparing to open the ARCC we were given the clearance to hire initially one person, now two, to work at that facility.  Besides functioning as water quality analysts these people also function as the system operators for that facility.  Therefore the time available each week for them to do water quality testing was very limited so adapting the Oxidative Method for total ammonia analysis to the DR5000 spectrophotometer was not practical.  Consulting with others in the industry and reviewing all the references already discussed above it decided to take a closer look at the Hach Company’s Saliclylate Method (Method 8155, Hach 2008) as it is a close cousin, proceeding by a similar reaction mechanism to the Berthelot reaction we had rejected previously.  It also has many of the testing considerations that we needed.  You can buy the reagents in prepared packets, thereby minimizing sample preparation time.  It is free of mercury salts and phenol, so hazardous material concerns were minimized.  Most important of all it only required an 18 min incubation time before the sample could be analyzed in the spectrophotometer.
So an initial inter-comparison study of samples ran on the DR5000 using the Hach salicylate method vs. samples ran on the HP8453 using the oxidative method was conducted (Figure 4) yielding very poor results.  Close examination of sample vials after addition of both Hach reagents showed that while standards prepared in laboratory grade freshwater were a translucent bright green solution, seawater samples had a cloudy white precipitate floating around in the bright green solution upon addition of the supplied Hach reagents.  In seawater at a pH >9.6 Mg and Ca ions can precipitate as hydroxides and carbonates (Grasshoff, Kremling, and Ehrhardt 1999).  The interference table listed in the Hach procedure (Hach 2008) says it can handle Ca up to 1000mg/L as CaCO3 (400 mg/L as Ca) and Mg up to 6000 mg/L as CaCO3 (1458 mg/L as Mg).  However Ca and Mg are two of the major ions in seawater having fairly constant concentrations of 420 mg/L for Ca and 1313 mg/L for Mg respectively (Libes 2009).  So while the published interference levels (Hach 2008) are close they are slightly less then the concentrations of Ca and Mg ions that occur in natural seawater, which makes using these reagents for low level detection of total ammonia in natural seawater extremely difficult if not impossible.
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Figure 4.  Initial inter-comparison of samples ran on the Hach DR5000 UV/Vis spectrophotometer using the Hach salicylate method with only the commercially supplied reagent packets vs. samples ran on the Agilent HP8453 UV/Vis spectrophotometer with the oxidative method.
Even with these discouraging results we were hesitant to disregard this methodology immediately especially with the attractive short 18 min reagent incubation time.  Many different ideas for improving the reaction were tried without success. At one point we were even thinking we may end up having to filter the precipitate out of our samples in order to achieve the low detection limit we were after.  However, the water quality lab at MBA is lucky enough to have a volunteer who is a practicing chemist that helps us out with problems such as these.  After reviewing our data she suggested adding more citrate to our samples to help bind up the Mg and Ca ions in order to keep them from precipitating at the high pH the reaction takes place at.  The commercial Hach reagents include sodium citrate in their ingredients and it was also noted elsewhere (Grasshoff, Kremling, and Ehrhardt 1999) the function of citrate was as a chelator for Mg and Ca ions in the Berthelot reaction so this made sense.  While the addition of citrate to the samples helped, we were not able to achieve as low of a detection limit as we were looking for.  Since the salicylate method is a close cousin to the Berthelot reaction a deeper review of the published literature for both was conducted.  

As part of a review of 64 participating laboratories questionnaires about the indophenol-blue reaction Aminot, Kirkwood, and Kérouel (1997) found problems with the buffering capacity of the reagents in seawater.  Pai, Tsau, and Yang (2001) found that this ‘pH-shift’ was caused by the Mg-citrate complex in alkaline seawater exhibiting some buffering characteristics that lowered the reaction pH from optimum.    Pym and Milham (1976) showed that the salicylate reaction was most sensitive at pH ~13 and exhibited a very narrow pH window before absorbance dropped off, so the ‘pH-shift’ of Pai, Tsau, and Yang (2001) also made sense in our case too.  Pai, Tsau, and Yang (2001) recommended adding additional hydroxide to samples to compensate for the ‘pH-shift’.  Experiments were begun to create a combination reagent containing different amounts of both sodium citrate and sodium hydroxide.  After trying different concentrations of both ingredients a combo reagent containing 110 g/L sodium citrate and 40 g/L sodium hydroxide was settled upon, for which 1 mL was pipette into each 25mL sample before the addition of any of the commercial Hach reagents.  Adding this combo reagent before, after, or in between the commercial reagents made no difference.   At the end of the 18 min reagent incubation time, after the addition of all 3 reagents seawater samples do not have any visible precipitate in them.  
An inter-comparison study of total ammonia samples ran on the DR5000 using the modified salicylate method vs. samples ran on the HP8453 using the oxidative method was then conducted (Figure 5), yielding very good results.  The linear range was also found to be extended by this modified procedure up to 1.5ppm NH3.  After inter-comparing the modified salicylate method vs. the oxidative method on the HP8453, again with good results, this modified salicylate method is now used exclusively at both of our facilities.
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Figure 5.  Inter-comparison of samples ran on the Hach DR5000 UV/Vis spectrophotometer using the modified salicylate method vs. samples ran on the Agilent HP8453 UV/Vis spectrophotometer with the oxidative method.

Conclusions

Monitoring water quality parameters is critical to maintaining life support systems in aquatic displays.  Before implementing or changing a monitoring program several factors should taken into consideration in order to generate meaningful data.  In the examples shown here the water quality lab at the Monterey Bay Aquarium was able to develop new testing procedures for both nitrate and total ammonia that are less time consuming then previous methodology, involve less environmental hazards, and offer comparable results with previous testing and with testing ran on different models of spectrophotometers.  This paper has been deliberately kept brief to give an overview of the factors that should be considered when implementing or changing a monitoring program.  For more details or to obtain copies of written protocols and Excel spreadsheets used for analyzing the data please contact the authors directly.
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