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ABSTRACT 

The Living Machine (LM) is a constructed wetland ecosystem performing primary, secondary and tertiary wastewater treatments for the AJLC [your reader may have no idea what the AJLC stands for] building at Oberlin College, in Oberlin, Ohio.  Tertiary treatment to remove phosphorus in this system is primarily accomplished via adsorption to the gravel substrate of the final (marsh) stage of the LM. Our study sought to establish a reliable [not entirely clear what reliable means in this context.  Precise?  Accurate?] method for measuring phosphorus retention capacity for the marsh substrate (the amount of phosphorus that the marsh rocks can efficiently adsorb). We extracted gravel samples from the LM marsh and immersed them in bottles with different concentrations of phosphate (2mg/L, 100mg/L and 200 mg/L), maintaining an anaerobic environment, similar to the LM marsh. The bottles were shaken continuously during the 12-hour incubation to accelerate adsorption. Samples of the solutions were extracted at regular time intervals to measure PO43-  concentration. We observed a hyperbolic relationship between the amount of PO43-adsorbed and the time elapsed since the start of incubation.  The total amount of PO43-  adsorbed over time eventually leveled off in all our samples [actually, from your data, it does not look like it saturated in the two higher concentrations]. This indicates that the rock surface is becoming saturated, no longer adsorbing more phosphate. 

In our analyses, we fitted a Michaelis-Menton type curve to our data to estimate the maximum PO43-  uptake for each concentration.  We used this data, combined with the size of the marsh to estimate total marsh retention capacity.  We then attempted to combine this estimate with long-term data on typical PO43-  delivery rates to estimate a useful lifespan of the marsh substrate. While somewhat imprecise due to lack of additional data, these estimates demonstrate the applicability of our methodological approach for measuring phosphorus retention capacity in the Living Machine marsh and other ecologically engineered wetlands and gravel beds that perform similar functions [Excellent – this sentence does a good job of making it clear why this work is important and how it might be relevant to others.].  Our results can inform management decisions regarding the cycling of the gravel substrate and input flow through such systems. However, further research on various compounding factors such as oxygenation, pH level, temperature and organic matter content will be needed, before one can construct a full picture of PO43-  retention capacity and phosphorus dynamics in constructed wetland ecosystems.          
INTRODUCTION
The Adam Joseph Lewis Center Living Machine at Oberlin College (Oberlin, Ohio) is an ecologically engineered ecosystem designed to treat the building’s wastewater by removing organic carbon, nutrients and pathogens. The treated water comes exclusively from the center’s bathrooms and sinks and after being treated is cycled back for flushing and landscape irrigation.  The system accomplishes primary treatment (biosolids removal), secondary treatment (aerobic metabolism of organic material by bacteria), tertiary treatment (nutrient removal, mostly inorganic nitrogen and phosphorus) and pathogen elimination (using UV-filtration).  Many traditional wastewater plants employ primary and secondary treatment and eliminate pathogens similarly to the LM, but on a larger scale, occasionally using chemical inputs such as chlorine as a bacteriocide.  Most wastewater treatment facilities do not employ tertiary treatment, which removes the key nutrients, such as nitrogen and phosophorus that contribute to cultural eutrophication. (EPA website).
The LM is designed to remove both nitrogen and phosphorus.  Nitrogen is removed by its conversion from organic to inorganic nitrogen, finally being emitted to the atmosphere through the microbial processes of ammonification, nitrification, and denitrification.  Unlike nitrogen, phosphorus does not have a gaseous state and thus cannot be eliminated into the atmosphere.  Thus the fate and retention capacity of phosphorus is a key consideration in this technology [need to build up to the fact that your paper focuses on P].
The Living Machine marsh, which is one of the final stages of tertiary treatment, has the capacity to remove inorganic phosphate from the water before it leaves the system by adsorption to the gravel substrate.  Phosphate in solution has a -3 charge and can undergo various sillicate reactions, binding to positively charged sites on the gravel in the marsh (Chapin 2002).  In addition, under aerobic conditions iron that is present in its Fe3+ state or other metals such as aluminum can bind to phosphate and precipitate out of solution.  Some traditional wastewater treatment plants use this as a method for phosphorus removal, for example by adding iron salts like FeCl2 to precipitate phosphate out of the wastewater stream (Robertson).  However, LM phosphorus removal does not make use of any chemical inputs, instead the LM relies solely on the ability of the phosphorus to adsorb to positive sites already present on the rock during normal flow conditions.   The phosphate adsorption mechanism is also dependent on various soil conditions, such as acidity, oxygen level and the presence of soil organic matter, which can compete with phosphorus for positively charged binding sites (Chapin 2002).  Ultimately the key factor for adsorption is the surface area of the substrate rocks, which determine the number of sites for phosphate adsorption.  [Excellent background]
Over the last four years since its construction, the Living Machine has been removing phosphate through the adsorption mechanism described above. However, since phosphorus stays attached to the positively charged sites on the marsh gravel surface (Ricklefs 2000) and is not removed from the system and since there is a finite number of positively charged sites available, we can expect a saturation point to be reached over time where the marsh will no longer be able to adsorb phosphate from the wastewater flow. It is unclear when this saturation point will occur, thus it is important to estimate when it will happen and what factors influence phosphorus retention in the marsh substrate, so as to optimize phosphate removal and assess the longevity of the marsh as a site for phosphorus removal.

Many relevant studies have been conducted demonstrating the dynamics and determining factors of phosphate cycling and sequestration in subsurface constructed wetland marshes (Brooks 2000, Forbes 2004, Liikanen 2004, McCarey 2004, Mulkerrins 2004). In one such study researchers determined the phosphorus adsorption maximum of thirteen Danish sands by placing the sand material in 200ml polyethylene bottles, adding KNO3 and KH2PO4 solutions and agitating the bottles for 20h.  They measured the decrease of phosphorus concentration in the solution to determine the amount of phosphorus removed by the sands, and were subsequently able to deduce the time it takes to reach P-saturation in a constructed reed bed (Del Bubba 2003). In another experiment, phosphorus adsorption for Light Expanded Clay Aggregates (Leca) was tested in Norway, using five 50 cm flow through columns, vertically flushed with phosphate solution. It was found that the addition of lime increased Leca P-sorption (Johansson 1997). Other studies focus on variables affecting the amount of additional removal of phosphate by organisms (bacteria and plants). These variables include pH of solution, temperature, the presence of ions, organic carbon content and dissolved oxygen (Mulkerrins 2004).

Our goal in this study was to establish a functional method for measuring the total phosphorus retention capacity for the gravel substrate of the Living Machine marsh.  We wanted our experimental design to simulate the conditions of the LM marsh as close as possible.  Still, we wanted to develop an experimental method, which is simple, inexpensive, and replicable so that future students can learn from and improve upon this pilot experiment.      Our methodology draws upon some of the previous phosphorus removal research, namely Del Bubba’s saturation experiment. 

We hypothesize that extracted gravel samples from the LM marsh flushed with sodium phosphate (Na2HPO4) solution will uptake a certain amount of phosphate from the solution, which will bind to positively charged sites on the gravel rocks’ surface. We predict that the total amount and rate of uptake will directly depend on the initial phosphate concentration of the solution. We also expect that no matter the initial concentration, an asymptotic trend in the rate of uptake will be observed, signifying a saturation point when no more additional phosphorus will be able to adsorb to the tested sample of gravel rocks. From this, we hope to be able to establish some approximation of the total phosphorus retention capacity of the Living Machine marsh and the time left before this retention capacity is reached under current flow conditions. Our research is inherently a pilot experiment and therefore we attempt to test out several basic underlying implications of the phosphorus adsorption model.

METHODS & MATERIALS 
Sample collection: 

We took rock samples from the Living Machine marsh at three different locations and at two different depths per location.  The first location is on the eastern side of the LM marsh near the influent sump (where water first enters the marsh).  The second location is approximately at the middle of the marsh and the third location is on the western side of the marsh near the effluent sump (where the water leaves the marsh).  At each location we extracted rocks from both the surface down to about 3 inches and at a depth of about 12 inches.  In the process we learned that the rocks at the lower depth are much larger in size and possibly of a different origin.  [Would be useful to include an estimate of average rock diameter and perhaps standard deviation.  Also, it seems critical to include some information on what kinds of rocks these are – obviously the mineralogy will have an influence on uptake (e.g. granite will be very different than limestone)]
We then placed the rocks in a bucket and filled the bucket with water from the effluent sump such that all the rocks were submerged.  Enough rocks were collected to fill a 26 cm diameter bucket to about two inches.  Total mass of rocks collected was about 4 kg.   [what about the volume of the rocks?  I know that you measured this]
The rocks were submerged in water in order to minimize any alterations in the rock’s phosphorus adsorbing capacity that might occur during the transport of the rocks to the LM lab in the science center and during the time between the rock collection and the phosphors experiment.  This procedure was most applicable to the lower depth rocks which were already submerged in marsh water, whereas the surface rocks were not.  

Plastic covers were placed on top of the water’s surface to minimize the diffusion of oxygen into the water because the oxygenation of the rock surface may alter the rock’s ability to adsorb phosphorus.

By taking rocks at different locations and depths our intention was to show that the phosphorus retention capacity of a particular substrate’s surface depends on its location and depth.  For instance, the rocks at the surface are not submerged in the LM water and do not receive any flow, thus they are expected to have the least amount of phosphorus already attached and thus the greatest phosphorus retention capacity.  Also, when comparing the rocks at lower depths we would expect rocks closest to the influent sump to be subjected to water containing higher phosphate concentrations (assuming phosphate levels are decreasing as the water flows through the marsh due to phosphorus adsorption to the rock substrate).  Consequently, we would expect the depth rocks near the influent sump to have already taken up the most phosphorus and thus would have the lowest phosphorus retention capacity (the least surface area available for adsorption of phosphorus).  [This is important information.  Much of this paragraph belongs in the introduction rather than the methods]
In addition to taking rock samples we took dissolved oxygen (DO) readings at each location from which the rocks were removed at a depth of 76.2 cm and 91.4 cm.  The intention of measuring dissolved oxygen was to see if differences in dissolved oxygen correlated with differences in phosphorus retention capacity.  

To measure dissolved oxygen we used a hand pump to suck up water from each depth.  Water from each depth was accessed via PVC pipes (diameter 1.91 cm) that were pounded vertically through the rock substrate several years prior by James McConaghie.  The water had to be pumped up slowly (so as to minimize air bubbles) into glass 300 ml BOD bottles.  A YSI-5000 DO probe was used to measure dissolved oxygen concentrations for each sample.


Due to time constraints, we were only able to test the surface rocks from one of our sampling locations near the effluent sump in the LM marsh.  Using these surface rocks we conducted two nearly identical experiments to determine the ability of the rocks to take up phosphorus over a 12 hour period.  The following experimental method was partially adapted from Del Bubba et al. (2000).  

The first experiment was a trial experiment conducted a week after the Living Machine marsh rocks were collected.  This pilot experiment helped us improve the efficiency of our method.  We do not present the data collected for the first experiment because some of the samples were altered while freezing and possibly because of dilution errors due to inefficiencies in our original experimental design.  We only present the results for the data from the second experiment, which was conducted 30 days after the LM rocks were collected.  The following procedure is based on our second experiment. 

We prepared three different one-liter solutions of phosphorus in the form of phosphate (PO43- ) with concentrations of 2 mg/L, 100mg/L, and 200mg/L, respectively.  

We selected these different phosphate concentrations because we sought to discover a relationship between the amount of phosphorus the rocks take up and the concentration of the phosphate solution [why?  Need to explain this].  We chose 2 mg/L as our lowest concentration, based on IC sampling results from the last four years for the LM marsh, which is the average PO43- concentration.  We chose 200 mg/L as our highest phosphate concentration because that is the concentration of the highest phosphate standard in the anion standard stock solution used for our ion chromatography (IC method adapted from Siniah 2001). We chose 100 mg/l as a median concentration. 
We prepared the phosphate solutions by diluting a measured amount of solid sodium phosphate (Na2HPO4) into a liter of distilled, deionized water.  We calculated the amount of Na2HPO4 needed to make each solution by the ratio of the molecular weights of Na2HPO4 to PO43- .  That ratio is 
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Since we wanted 200g/L of PO43- we multiplied 200 mg/L by 1.49 to get the amount of Na2HPO4, which is 298.93 mg.  We prepared the 2.0 mg/L sample by taking 10 mL of the 200mg/L sample and diluting it to a liter.  We prepared the 100 mg/L sample in a similar manner to the 200mg/L sample, but this time measured out 149.47 mg of Na2HPO4.Once the three phosphate solutions were prepared we collected 10-20 ml of each pure solution and placed in 25 ml scintillation vials for later analysis.  

Using three square plastic Nalgene bottles (one for each phosphorus solution), each having a total volume of 1150 ml, we added in 250 ml of the LM rocks from the surface near the effluent sump to each bottle. We assumed that similar sized rocks with the same volume would have approximately equal surface areas (i.e. potentially the same number of adsorption sites).  The volume of rocks was measured by filling a 500 ml graduated cylinder to 250 ml with one of the phosphorus solutions and then adding approximately the same size rocks to the graduated cylinder until the liquid solution reached 500 mL.  A total of 1.8 kg of rocks we added to the three samples.  
Once the three 1150 ml Nalgene bottles each contained 250 ml of rocks and were completely filled with one of the three initial PO4 concentrations (2.0 mg/L, 100 mg/L or 200mg/L) we took a initial 10 ml sample from each bottle. The three bottles containing rock in the three different phosphate solutions were strapped down onto a side-to-side shaker (fig.1).  The bottles were shaken at a frequency of about 4.5 Hz.

[image: image2]Fig.1 [Nice touch]
After we began mechanically agitating the rocks we took a 10 ml sample from each bottle after five minutes, 15 minutes, 25 minutes, 40 minutes, one hour, and then every following hour for 12 hours total.  The shaker had to be turned off for 2-4 minutes each time we took a sample. A total of 54 samples were taken during the experiment (18 samples for each of the different phosphate concentrations)
Immediately after the second 10 ml sample was taken, and directly after all the following samples were taken, 10 ml of DDI water was replaced in each bottle in order to keep the total bottle volume constant at 1150 ml.   We continuously added 10 ml of DDI water after each sample was taken because we wanted to minimize the formation of an air bubble inside the bottles, which would oxygenate the solutions during the vigorous shaking. Oxygenating the rocks could increase the adsorption capacity of the rocks.  Since one of the main desires of this experiment is to mimic the processes occurring in the LM as, the oxygenation would give results that would not correlate well with the LM, which is an anaerobic environment (Chapin 2002).  In the analysis of our data we factored in the dilutions.   [Did you measure O2 in the bottles?  Seems like you would want tot do this]


We used an ion chromatograph (IC) to determine the phosphate concentration in each sample we collected using a method adapted from Siniah et al. (2001).  The chromatograph we used was a Dionex-500 IC, ED40 electrochemical detector, G50 Gradient pump, and AS40 automated sampler, and it is equipped with an AS9 resin column (Dionex Corporation, Sunnyvale, CA).

Before we could us the ion chromatograph we had to filter each sample because the shaking of the rock solutions made the water very turbid (with a muddy brown color). We found that a small filtering apparatus worked best to minimize losses of sample liquid (because 10 ml is a relatively small sample volume).  Once each sample was filtered they were ready for being run on the IC. 

For the IC analysis we used pure samples from the 2 mg/L solutions.  We diluted the 100mg/L solutions by 5 and the 200 mg/L samples by 10 so that their concentrations could be in the range of the standards.

RESULTS
Results—Marsh PO4 Experiment

Table 1 lists IC phosphate concentration readings in mg/L. Sample names appear on the first column and the time we took the samples is listed in the second column. [This is way too much data to include in a paper!  At best you could include it in an appendix, but the graphs are really fine.  Data should appear in either graphs or tables, not both.  In this case, a graph makes much more sense.]
	2 mg/L
Sample#
Time (minutes)
IC mg/L (PO4-P)

PureA

0

0.7883

A0

0
0.8081

A1

5
0.8056

A2

15
0.7561

A3

25
0.7038

A4

40
0.6145

A5

60
0.5578

A6

120
0.3603

A7

180
0.3099

A8

240
0.3239

A9

300
0.3215

A10

360
0.3177

A11

420
0.3052

A12

480
0.386

A13

540
0.3826

A14

600
0.3527

*A15

-

-

*A16

720
0.7015

	100 mg/L

Sample#
Time (minutes)
IC mg/L (PO4-P)

Pure B

0

33.3342

B0

0
32.5777

B1

5
31.4484

B2

15
31.1234

B3

25
29.9694

B4

40
29.44

B5

60
28.2764

B6

120
23.7328

B7

180
20.1229

B8

240
16.2358

B9

300
13.742

B10

360
10.8815

B11

420
8.5841

B12

480
7.3561

B13

540
6.352

B14

600
5.499

B15

660
4.7923

B16

720
0.837


	200 mg/L

Sample#
Time (minutes)
IC mg/L (PO4-P)

Pure C

0

69.7363

C0

0
66.4627

C1

5
65.7153

C2

15
64.8528

C3

25
62.2745

C4

40
59.5867

C5

60
56.8983

C6

120
48.1367

C7

180
42.2898

C8

240
35.7557

C9

300
31.2544

C10

360
26.9808

C11

420
23.6196

C12

480
23.3059

C13

540
22.013

C14

600
19.4842

C15

660
17.8354

C16

720
15.8873




Table 1. IC phosphate concentration readings for 2mg/L, 100mg/L and 200mg/L and corresponding sample times. These values are not corrected for the additional dilution caused by introducing 10ml of DDI at each sampling. “Pure A,B,C” refers to the initial phosphate solutions before the rocks were added. “A,B,C 0” stands for the first sampling before agitation was started.  Note that sample A15 was lost due to dilution factor error, while we treated the succeeding sample A16 as a statistical outlier (probably due to a similar error) and we do not feature those samples in our graphs and data analyses.

The data received in the IC readings was consistent with the proposed hypothesis: downward trends were found in all of the samples’ PO4 concentrations over increasing time (see Table 1). From these results, it can be concluded that the rocks were removing PO43- via adsorption.

The IC gave us the change in PO43- concentration for our solutions over time.  From this we were able to calculate the change in amount adsorbed over time.  We determined the amount of phosphate adsorbed to the rocks (lost from the solution) between each sampling (adjusting for the minute additional dilutions made during the sampling procedure). Then, we calculated the total phosphorus uptake for the entire testing period by summing the in-between adsorbed amounts.  Figures 2-4 illustrate the change in total PO43- adsorbed over time.  These figures also contain a Michaelis-Menton type hyperbolic curve fitted to our data, which estimated the amount of phosphorus the rocks will adsorb once saturated.  The Michaelis-Menton equation is of the form rate = time*[saturation]/(Km + [PO4]o).  [Need to explain that in this application, Km has units of time]
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Figure 2. The amount of phosphate adsorbed onto rock surfaces in sample A (2.0 mg/L) as a function of time. The blue diamonds correspond to IC measurements converted to the total amount of phosphorus adsorbed after each sampling.  The pink hyperbolic curve represents a Mechaelis-Menton type saturation equation fit to our data. 
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Fig 3. The amount of phosphate adsorbed onto rock surfaces in sample B (100 mg/L) as a function of time.
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Fig 4. The amount of phosphate adsorbed onto rock surfaces in sample C (200 mg/L) as a function of time.

By applying the Mechaelis-Menton type equation to our data, we found that the rocks submersed initially in 2.0 mg/L phosphate solution reached saturation once they had adsorbed 0.56 mg of PO43-.   Even though the 100 mg/L and 200 mg/L solutions did not fully reach saturation [this statement contradicts your abstract!] we still were able to apply the Michaelis-Menton curve to project the saturation amount that would have been obtained beyond the time span of our experiment.  The rocks immersed in 100 mg/L initial phosphate solution would have reached saturation when after adsorbing 59.6 mg of PO43-.  The rocks immersed in 200 mg/L initial phosphate solution would have reached saturation after adsorbing 78.4 mg of PO43-.
After we had acquired the data on total phosphate adsorption for each sample, we went on to compare the respective projected saturation amounts derived from the Michaelis-Menton equation (Figure 5).   
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Figure 5.  The total amount of phosphorus adsorbed to the rock surface during the 12-hour experiment as a function of initial phosphate concentration.  [Too many significant figures for regression coefficients]
The R2 value of 0.91 for the trendline fitted to our data in Figure 5 indicates a significant relationship in our data: the total amount of phosphorus removed from solution by the marsh rocks increases with increasing initial phosphate concentration.  The slope for the equation fitted to the data shows that an increase in the initial phosphate concentration will correspond to an increase in the total phosphate uptake by a factor of 0.4. 

[image: image6]
Figure 6. Comparison of the percentage of total phosphorus adsorbed to the initial concentration  [Int this case, the data are so simple, that a bar graph is not really worth it – editors would tell you to just state the values within the text.
When we took the ratio of the total amount of phosphorus adsorbed for each sample to their respective initial concentrations and multiplied them by 100 we found that the solution with 100 mg/L initial concentration had the greatest percent uptake of phosphate.  The 2.0 mg/L, 100 mg/L, and the 200 mg/L solutions had percent uptakes of 28.1 %, 59.64 % and 39.2 %, respectively (Figure 6). 

ANALYSES [this should be combined with discussion]
We believe that the trend in Figure 5 showing that the total amount of phosphate that can be adsorbed increases with the initial concentration demonstrate the effect of Le Chatelier’s Principle.  In other words, when there is a greater initial concentration of phosphate in the solution surrounding the rock substrate, in order to reach equilibrium between the phosphate molecules adsorbing and de-adsorbing from the rocks, more molecules will have to adsorb (adding more phosphate forces more phosphate to be adsorbed).  Phosphorus adsorption will cease once there is an equilibrium reached between the phosphate adsorbed and the phosphate left in solution.
The leveling off of the amount of phosphorus adsorbed over time, as shown in Figure 2, for the rock solutions containing 2.0 mg/L initial concentration demonstrates that there is a limit to which the rocks can adsorb phosphorus [yes, good]. The saturation of rocks in the 2.0mg/L initial concentration phosphate appeared to occur between three and four hours of shaking.  The data in Figure 3 and 4 for the phosphate solutions containing 100 mg/L and 200mg/L, respectively, demonstrate that a full saturation was not achieved during the 12 hour experiment.  Nevertheless, the curves are approaching a saturation point indicating that a leveling off of the amount of phosphate absorbed over time will eventually be achieved.

The adsorption curves in Figures 2-4 show another interesting trend in our data: the time to reach saturation is longer with greater initial phosphate concentrations. One would think that with greater initial phosphate concentrations, saturation would occur quicker.  This indicates that more complex mechanisms may be acting upon phosphorus uptake.  One possible explanation is also based on Le Chatelier’s Principle.  We think that the reason that saturation occurred so fast for the 2.0 mg/L sample was that there was so little phosphate in solution that there was not enough to continue forcing more phosphate to adsorb and so the equilibrium was reach relatively quickly.  This is also indicated by this sample having the lowest percent adsorbance in Figure 6.  We believe that solutions with the higher initial concentrations (100 and 200 mg/L) took longer to reach saturation because with a greater concentration there be enough phosphate in solution force the phosphate onto the rock surface for a longer period of time. [But it is still puzzling…]
Figure 6 shows that there is a greater percent adsorbance of phosphate when the initial phosphate concentration is the intermediate 100 mg/L solution.  This indicates that there must be an optimal concentration at which phosphate is adsorbed most efficiently.  This may mean that once a certain amount of phosphate has been adsorbed, even when the phosphate concentration in the solution is high, the driving of adsorption, explained by Le Chatelier’s Principle, begins to not have as much of a forcing effect because the adsorption sites are becoming full.  

DISCUSSION

While we were successful in establishing an applicable method for measuring phosphate retention and in deriving significant relationships about phosphorus retention over time within and among our samples, a few imperfections and limitations of our simulation model and methods still need to be addressed. For example, we had no reliable secondary method for establishing that PO43- is indeed adsorbing to the marsh rocks’ surface (though we could not propose an alternative mechanism for its removal from the solution under anaerobic conditions) [where else would it be going?  Are you suggesting that it was all absorbed on the sides of the plastic?  I suppose you could have had a control with no plastic]. Also, we were not able to completely control all potentially compounding factors for our experimental procedure. Organic and particulate matter could not be effectively measured or removed from the rocks prior to the experiment, as this might have compromised their adsorption capacities.  We did our best to prevent oxygenation in the sample bottles during the incubation period by substituting extracted samples with DDI, however we were unable to ensure that a sealed environment was maintained using our current equipment. Finally, the kinetic force of the side-to-side shaker warmed the samples somewhat during incubation introducing temperature change as another potential influence on the adsorption capacity of the marsh substrate.  [I think you need to do a better job of explaining why you choose to agitate.  I think it makes good sense, but it still needs explanation]
There are many directions and opportunities for further research, building on the total phosphorus retention measurement experiment outlined in this study. First of all, compounding [interacting?]  factors such as pH, SOM, and nutrient concentrations in the marsh should be taken into account when comparing different locations and depths to better understand differences in adsorption capacities and mechanisms for adsorption.  Secondly, our work needs to be carried on so that all sampled sites of the Living Machine marsh, including the surface gravel and the depth portions that receive disproportionate amounts of wastewater flow, need to be measured and compared in terms of phosphorus retention.  The use of previous experiments that study the flow patterns of the LM marsh (such as McConaghie 2003) could help determine why adsorption capacities differ at different locations and depths.  A better method for determining the surface area of the marsh rocks being studied and the total surface area of the rocks in the marsh needs to be devised.  The total surface area of the marsh and the flow path of the wastewater of the marsh will need to be correlated with experimental results to more accurately determine the total phosphorus capacities of the rocks and the times to saturation for all areas of the marsh.  Once this information is extracted, one may be able to determine if and when the gravel bed has to be replaced. Our preliminary calculations involving the LM marsh could be useful in this respect, and enhanced by additional data on wastewater patterns and nutrient cycling in the Living Machine.  Additionally, information considering how different factors influence the adsorption capacity of marsh rocks can be used to improve upon the technology of future ecologically managed wastewater systems.   
In the end we acknowledge that our experimental procedure is far from perfect, and various alternative methods for measuring total phosphorus retention capacity might be devised, building on, or in some cases radically altering our experimental design. For instance, different initial phosphate concentrations and/or agitation frequencies could result in data considerably different from that which we anticipated and obtained in our experiment. 
Taking this one step further, a much more elaborate and realistic Living Machine marsh flow pattern simulation model could be attempted. Such a model (as we were initially considering) could utilize a sealed horizontal flow through column (e.g. PVC pipe) filled with marsh rocks, through which a phosphate solution is run continually, using a cycling pipe system and a peristaltic pump. Such an experiment will doubtlessly take away many potential sources of error and will greatly add to our understanding of phosphorus dynamics and wastewater flow in the Living Machine marsh.   
Another improvement on our experimental design would be to follow basically the same method we used for our experiment, but rather than diluting the solutions each time we take out a sample, we will remove the rocks from the solution and add it to a new phosphorus solution of the same initial concentration.  This way, with each sample we take we will be only measuring the change in concentration from the initial concentration due to adsorption, correcting for any error attributed to gradually diluting the samples to a point where the mechanisms of phosphorus adsorption might be affected.  

CONCLUSION

We can definitely say that the marsh rocks will achieve a point of saturation where they can no longer effectively adsorb phosphorus [good].  As the amount of phosphorus in the surrounding solution increases, the amount of phosphorus that can be adsorbed increases proportionally. Correspondingly, if the amount of phosphate in the wastewater stream flowing through the LM marsh increases, the rock substrate will be able to adsorb more phosphate.  However, the relative amount of phosphorus absorbed does not necessarily increase with increasing concentration of phosphate solutions.  This may be because there is an optimal concentration at which the marsh substrate adsorbs the most phosphate from the incoming wastewater stream.  
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Interpret meaning of findings in light of other studies

Address limitations of findings and suggests further study
This is good.
7.  Literature cited:
Use format of the journals Ecology or American Naturalist fine
Do not use footnotes 
8.  General comments:
Mike, Apo and Joy:

Overall this is great work.  Your introduction does a particularly good job of reviewing literature relevant to your work.  The only glaring issue is that in your abstract you claim, “We then attempted to combine this estimate with long-term data on typical PO43-  delivery rates to estimate a useful lifespan of the marsh substrate. While somewhat imprecise due to lack of additional data, these estimates demonstrate the applicability of our methodological approach for measuring phosphorus retention capacity in the Living Machine marsh and other ecologically engineered wetlands and gravel beds that perform similar functions”.  You don’t actually do this in your paper!!!  Obviously a key issue, which you don’t address as fully as appropriate, is that this marsh already has some P stored in it.  Seems like a very obvious follow up would be to also conduct experiments on “virgin” rock of the same type to determine how much P has already been taken up. 
Poster presentation was excellent.  I would say that of all groups, you folks did the finest job of integrating all members in the presentation of all components of the poster.  For the poster, there is probably not much point in mentioning that you sampled from several sites, since you only analyzed one.  Joy, I’m sure that you were not aware of this, but your eyes never left the poster while you were talking.  Something to be aware of for future presentations.
Nice job!
Grade for paper = 9.5/10

Grade for poster = 9.5/10
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