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ABSTRACT
In light of the current emphasis on wetland restoration and the growing understanding of the ecological importance of wetlands, simple and accurate tools for assessing wetland function are necessary.  This project compared different methods of determining aquatic total system metabolism (TSM) based on dissolved oxygen concentration (DO).  Our study compared continuous data logged on an in situ DO probe with dawn-dusk measurements taken with a hand-held DO probe, and analyzed variability [variance has a particular statistical meaning]  among [use among instead of between when you are comparing more than two things] wetland treatment types and variability within wetland cells.  The study site comprised six experimental wetland cells subjected to three different planting regimes in Oberlin, OH.  
Comparing data sets from the two probes demonstrated that DO values from the hand-held probe were consistent with data from the in situ probes.  Using this data we calculated net primary productivity (NPP), respiration (R), and gross primary productivity (GPP) in several different ways.  We found that rates of productivity and respiration within the wetland vary over the course of the day, making it difficult to use twice-daily measurements to calculate accurate rates [but doesn’t this depend on what you are trying to measure?  If what you want is to measure total carbon fixation (or total O2 production) over the course of an entire day, does it matter that it varies at a finer temporal scale?  Isn’t the real issue, what approach is best for capturing daily production?].  Comparison of calculations showed that dawn-dusk measurements with the hand-held probe provide a reasonable estimate of daily change in DO.  However, taking two afternoon measurements of DO may be a better way to accurately determine a steady rate of productivity.  We were not able to develop a method for accurately estimating R based on daytime or dawn-dusk measurements.  We found no noticable [never use “significant” unless you intend its statistical meaning – you don’t have the data to do this here] difference in average daily GPP between wetland types.  Our conclusions on methodology will inform future research in wetland TSM.
INTRODUCTION
The vast majority of wetlands in the United States have been drained and developed into agricultural or urban land for human use (McKenna 2003).  Recent research shows that natural wetland ecosystems play a crucial role in maintaining water quality (see Mitsch and Gosselink 1993).  This has created an incentive for wetland restoration projects and led to mitigation requirements for developers (Petersen 2003).  In addition to imitating structure of natural wetlands (biotic assemblages, hydrologic conditions, etc.), successful restored wetlands must accomplish the same functions as natural wetlands (Mitsch and Wilson 1996).
Productivity is a key indicator of wetland health and function (Mitsch and Gosselink 1993), and can be very high in some wetlands (McKenna 2003).  Studies investigating eutrophication in aquatic systems typically use productivity to assess damage to the system (Reyes and Merino 1991, McCormick et al. 1997).  Wetland productivity has both an aboveground and an aquatic component.  Terrestrial biomass is an important measure of wetland metabolism (McKenna 2003), but aquatic production by phytoplankton, periphyton, and submerged macrophytes also contributes significantly to total wetland productivity (Cronk and Mitsch 1994, McKenna 2003).  Aquatic total system metabolism (TSM) incorporates both productivity and respiration by organisms in the water column to characterize the trophic status of the ecosystem.  Wetland metabolism has been used to measure functional success in wetland restoration efforts (Mitsch et al. 1998).  This study seeks to develop a convenient and reliable methodology for assessing aquatic wetland metabolism in order to aid research in wetland function and restoration.  
[Exceptional job of establishing context for importance of your proposed work!]
Measuring the concentration of dissolved oxygen (DO) in the water column is a convenient way to assess wetland TSM.  DO generally increases over the course of a day as photosynthesis (in excess of respiration) produces oxygen and then decreases overnight as respiration consumes it.  Studies typically use some variation on the basic diurnal oxygen curve method as developed by Odum (1956) and Odum and Hoskin (1958) (as cited in López-Archilla et al. 2004, McKenna 2003, Young and Huryn 1999, Mitsch et al. 1998, Reyes and Merino 1991) [This is a nice job of citing and tracing a prior study].  This method allows estimation of net primary productivity (NPP), gross primary productivity (GPP), and respiration (R) within the water column, including respiration of allocthonous organic matter.  [Don’t you need to describe a bit more about the technique – e.g. say that it involves measuring dissolved oxygen at dawn and dusk?]
There are two common electronic prove technologies for measuring DO in aquatic systems: in situ probes, which are installed in the wetland and automatically log DO at specified intervals over a long period of time, and hand-held probes, which are used to measure DO manually at discrete times.  Both tools have advantages and disadvantages: the frequent measurements of the ​in situ probe produce a more complete data set, but it is technology-intensive and easy to misuse or break
.  The hand probe is cheaper and simpler to use, but also more labor intensive.  However, the comparability of these two probes in logging data that will accurately reflect TSM is unknown.  [Sounds like you don’t know this, but much of the work on dissolved oxygen has been conducted using the “Winkler method”, which is a chemical titration that is used to measure dissolved oxygen concentration.  You should at least insert a sentence indicating that this method has largely been replaced by electronic probe technologies, and then a few words about the probe technologies involved – you used two distinct technologies]
We developed this project in part to inform continuing research at an experimental wetland site at the George Jones Farm outside of Oberlin, OH.  The site consists of six experimental wetland cells subjected to three different planting regimes.  Given the importance of metabolism in evaluating wetland function, it would be useful to be able to compare TSM among the six wetland cells, but in order to accomplish this we need an accurate and reliable method for measuring metabolism.  Resources available for research at the Jones Farm wetlands are one hand probe and two in situ probes (one currently broken).  Thus, with six wetland cells, using solely in situ probes is not a viable option.   In this study, we attempted to develop a method for using the hand-probe to assess metabolism. [We actually have six in situ probes that were purchased specifically for this project, but do not currently have mixers and loggers set up for these.]
We first determined the consistency of the two types of probes in measuring data and diurnal DO patterns based on the in situ and hand probes.  We then examined hand probe data both for possible differences between wetland treatment types and for correlation between metabolic rates and outside forcing factors.  We predicted that light (measured as photosynthetically active radiation, PAR) and temperature should correlate positively with productivity, while turbidity would have a negative effect (Kayombo) [Why, what mechanisms are you invoking here?].  We further attempted to quantify spatial variation in DO concentrations within individual wetland cells.  Previous work at the Jones Farm suggests that there may be high variability of DO within wetland cells (Petersen, personal correspondence 2006).  It is important to understand spatial variation within the Jones Farm wetlands in order to determine a meaningful protocol for measuring metabolism.  Finally, we calculated different rates of TSM from in situ data, and we compared in situ and hand probe data to determine if dawn and dusk were the best times to take measurements or if there were times that would better capture wetland productivity.  
METHODS

Data Collection
Our study site at the George Jones Farm contains six rectangular quarter-acre experimental wetland cells.  The cells are arranged in a line from west to east, and numbered 1-6 (Wetland 1 is the westernmost cell).  All cells are similarly designed, with a northern deeper end sloping gradually up into a shallower or dry southern end.  We took most of our DO measurements at the northeastern or northwestern corner, at the location of the large white post in each cell [FYI, this post is where water trains from the wetland through the elevation control structure].
Since all wetland cells are adjacent to one another and were constructed at the same time and from the same soil materials, we assumed the effects of differing soil types, native species, climatic effects, and disturbance to be negligible.  Thus, treatment type should be the only variable driving difference among the experimental wetland cells.  Cells 1 and 4 have never been planted and all plants propagate naturally via self-recruitment.  Cells 3 and 6 were initially seeded with species native to Northeast Ohio, and cells 2 and 5 have been planted repeatedly with native species.  All wetland cells are weeded for invasive species (see Petersen 2003 for more complete description of site).
We used a YSI 550A hand-held probe (Yellow Springs Instruments, Yellow Springs, OH) and in situ Oxygaurd probes connected to HOBO data loggers to measure DO [generally you include the manufacturer and the city in which the manufacturer is located in parentheses adjacent to equipment descriptions].  Both types of probes consumed the O2 immediately surrounding the membrane while measuring DO.  To prevent the local depletion of O2 from skewing our readings, we gently bounced the hand-held probe while taking measurements and attached the in situ probes to mixers that used a magnetic stir bar to agitate the water around the membrane.  The YSI 550A includes a temperature sensor, and we used it to take discrete measurements.

A 6 volt rechargeable lead acid battery connected to an electric box powers the mixer and amplifies DO readings from the in situ probe (in mV) before they are recorded by the HOBO data logger.  In order to interpret the DO readings, we calibrated the in situ probe in oxygen-saturated water by using calculations from a previous wetland research group (Beierle and Lee 2003).  For all wetland measurements, we set the HOBO logger to record values every 2 minutes.

With the hand probe, we took DO readings within 30 minutes of published sunrise or sunset times during a period of six nonconsecutive days.  A “day” of measurements was defined as one set of dawn-dusk-dawn measurements, allowing us to calculated NPP and R for that day [it would be good to cite the Odum paper again here and describe you’re your work was similar or differed from his work].  The intervals ran from dawn, Oct. 21 to dusk, Oct. 23; from dawn, Oct. 25 to dawn, Oct. 27; and from dawn, Nov. 1 to dawn, Nov. 3.  We took dawn and dusk readings at these three intervals in an attempt to maximize sunlight during the relatively cloudy fall season.  All measurements were taken at the location of the white post, which is a few meters into the deep end of the wetland.  We were able to measure this far out by wearing hip waders and attaching the DO probe, which was attached to the probe’s display by a cable, to a long PVC pipe.

We took variability measurements with the hand-held probe over the course of the afternoon on Oct. 21, a relatively sunny day.  We attempted to measure DO at four locations and three depths per location in the wetland, but measurements were often complicated by shallow water, deep water, plants, or muck.  We measured three locations along a transect, starting from the corner of the wetland in which the white post was located and extending in a diagonal to the opposite southern corner.  The fourth location was at location 3D, which was farther into the deep end of the wetlands.  [A diagram of locations would be useful] We measured at depths of surface, 33 cm, and 50 cm in one or two locations, but the other locations were too shallow for the 50 cm and sometimes even 33 cm measurements.  [In retrospect, it strikes me that it would have been very interesting to estimate productivity with dawn-dusk-dawn readings at these different locations]
We launched two in situ probes at the location of the white posts, one in wetland cell 3 and the other in cell 4, during the first interval of hand probe data collection.  The in situ probes logged DO readings at two minute intervals for approximately the same about of time as our first period of dawn-dusk measuring.  However, the battery for the probe in cell 4 died in the field, and this probe did not give us reliable measurements past dusk on Oct. 22.  The other probe remained running over the entire interval, and we launched it a second time during the second interval of data collection in the same wetland cell.  In every case, we changed batteries daily in an attempt to prevent their depletion.

We used turbidity data from samples collected from all wetlands on Oct. 28 by Jake Grossman and photosynthetically active radiation (PAR) measurements from the climate monitoring system on the roof of the Adam Joseph Lewis Center at Oberlin College, about 2 miles from the wetland study site.

Data Analysis
We first determined whether the hand-held and in situ probes were giving us reliable measurements.  This is essential to the rest of our study.  For the hand-held probe, we measured consistency by measuring DO in all the wetland cells twice in succession at dawn on Oct. 27.  To measure reliability between the probes, we plotted hand probe measurements against in situ probe measurements taken the same time.
We only analyzed data from one of the three sets of in situ data.  The in situ probe in cell 4 broke in the field and the in situ probe in cell 3 gave us data that did not follow diurnal curves during the second interval of measurement.  In-depth analysis of in situ data is confined to the data from wetland cell 3 between dusk October 20 and dusk October 23.  We modified the data to exclude extraneous points that were logged during transportation of the probes to the wetland and battery changes.  We further excluded points that were obvious outliers (the reasons for the presence of these outliers are unknown.) We plotted in situ data against time to see patterns in NPP and R, and we plotted DO and light data from the AJLC sensor over time to determine the effects of light on productivity.

We used our 33 cm dawn-dusk hand probe measurements to calculate TSM, including rates of NPP, R, and GPP.  We assumed that for the purposes of this study diffusion of oxygen across the air-water interface was negligible and could be ignored, and based our productivity rates solely on the change in DO over time [it would be worth reporting wind data for this period and also citing other studies that have ignored diffusion to justify your decision to do this].  Assuming constant rates of change in DO between dawn and dusk, we calculated rates as: (DO at time 2 – DO at time 1)/(time 2 –time 1), with DO in mg/L and time in hours.  We calculated NPP as the rate of change in DO from dawn to dusk, R as the rate of change from dusk to dawn, and GPP as the sum of NPP and R.  From our six entire days of data collection, with an additional dawn to dusk period, we calculated seven rates of NPP and six rates of R and GPP for each wetland.  To examine the effects of independent variables on productivity, we plotted temperature and turbidity values against NPP and R.  
We compared wetland cells by treatment type using average rates of GPP [averaged over what?].  We used analysis of variance (ANOVA, MS Excel) to determine whether treatment type or chance explained wetland variation.  We analyzed differences between wetlands based on treatment types.
We quantified wetland variability from our spatial variability data.  We used our variability measurements to determine the average DO in each wetland, the range, the standard deviation, the coefficient of variation, and the standard error.  All analyses were performed in Microsoft Excel.

Finally, we calculated TSM from the in situ probe using various methods and differing data points, because the data did not display steady rates of productivity or respiration.  In the first method, NPP and R were calculated as a steady rate between “plateau” points, located in the center of the leveled off sections of in situ probe data, which coincided with changes in slope direction.  The “plateau” method is similar to our dawn-dusk calculations based on the hand probe in that it assumes that two maximum or minimum data points will accurately capture rates of NPP and R.  The second method calculated maximum rates of NPP and R based on the maximum slope during a given dawn-dusk period, determined as the greatest rate of steady change in DO over time.
Finally, we used an extrapolation method to calculate rates of NPP based on two specific data points that bounded a steady rate of change in DO over time.  We hoped that this method would allow us to determine measurement times when hand probe DO readings would accurately capture daily NPP.  We used 2pm and 5pm as our measuring points and extrapolated the slope of resulting rates of NPP to endpoints (PAR<1 UNIT).  We connected these endpoints to determine R.

RESULTS
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CONCLUSIONS
We found that measurements from the two probes are consistent when the in situ probe is (apparently) working.  Given the high failure rate of the in situ, this may mean that the hand probe is ultimately more reliable.  This is another reason that it is important for someone to develop an accurate method for using the hand-held probe to assess TSM. [I feel like I need to point out that these same in situ probes have been used for years in the LM and are fairly stable and fairly reliable – the problem may be that we just don’t have the equipment and the routine quite right in this application yet]
Rates of productivity and respiration within wetland cell 3 varied over the course of the day, and we predict that similar dynamics also occur in the other wetland cells at the study site.  GPP in the wetland cells, calculated from dawn-dusk data, did not show any significant difference between planting treatments, at least at these low levels of productivity [say something about seasons here].  Dawn-dusk measurements reasonably approximate daily change in DO, but we noted that this method does not reflect any actual rate of change observed in the in situ data [?not clear what you mean].  Though dawn-dusk measurements gave very different rates than close analysis of in situ data, our comparisons suggest that there may be some relationship.  Accepted metabolic analyses (see López-Archilla et al. 2004) rely on automatic loggers to calculate rates that exclude confusing near-dawn and near-dusk behavior related to these changing rates.  However, using light data to predict changes in NPP over the course of the day is problematic because NPP did not correlate with PAR on a short time scale.  
These factors make it difficult to predict times for twice-daily measurements which will capture accurate rates of productivity and respiration.  Future studies should further examine the possibility of using two afternoon measurements to estimate a rate of constant productivity.  Studies could also determine if there is reliably a relationship between the average rate of change calculated from dawn-dusk measurements and steady rates of change calculated from the in situ data.  Application of these methods to actual metabolic research will depend on the approach of the study.  Calculation of approximate daily change in DO with the dawn-dusk method is appropriate to long-term studies, while short-term research focusing on immediate rates of productivity would do better using in situ data or estimating rates from afternoon DO measurements.   [Good point]
We can tentatively conclude from our regression of DO at the water surface and at 33 cm that DO variability based on depth is a minimal factor at this specific location in the deep end of the wetland.  However, the lack of correlation between values at high DO indicates that variability between depths may be more problematic during periods of higher productivity, such as the summer [Could this be a function of diffusion?  The greater the gradient, the more rapid the diffusion across the air-water interface].  We did not take enough variability measurements within wetlands to ensure that our quantifications of variability are accurate.  In both of these cases, more careful study of variation within wetland cells (at more data points and over the course of different days) is crucial for the confident use of one-point sampling or to suggest other methods of choosing sampling locations.

Much of the confusion in our results may be resolved by the collection of more data [Indeed].  Our six-day study period is simply not long enough to evaluate trends in DO fluctuations; simply including more days of data may allow the detection of patterns we could not see.  Our study was also limited by taking place in mid-autumn, when the summer growing season is over and both sunlight and productivity are minimal.  Collecting data in the summer might yield clearer trends which could be useful both in their own right and in providing a framework for interpreting more ambiguous autumn data.  
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Figure 12: Comparison of rates (NPP and R) obtained by different means.  a: compared to rates calculated from plateau values. b: compared to the maximum daily rate.  Note that while there is a relatively strong correlation between rates from dawn/dusk readings and both plateau and maximum rates, the slope is close to 1 for the plateau-dawn/dusk comparison but very low for the maximum-dawn/dusk comparison.  





Comparison of calculation methods





The unpredictable leveling-off behavior seen in DO concentrations (Figures 3 and 4) made the calculation of metabolic rates difficult.  A number of methods were compared for calculating rates from in situ data. To calculate the “maximum rate” of NPP or R for a day, we found the average slope of the decrease or increase in DO during the region where DO was making its steepest consistent change for a day or night.  For the daytime increase in DO, 2-5 pm was always used.  Times of steady nighttime decrease were more unpredictable, and we picked a different period based on the appearance of each night’s data.  The “daily change” or “plateau” rate was calculated as the slope between points in the middle of daily or nightly plateaus.  Finally, we used the increase in DO over the course of an afternoon and assumed constant primary production during daylight hours to extrapolate hypothetical dawn and dusk measurements, from which, in turn, we calculated hypothetical R values.  These rates were compared to each other and to rates calculated from the appropriate hand-held probe data (see above) (fig. 12)








Figure 11: Coefficient of variation for all different DO measurement points in each cell.  Cells 1 and 4 have much lower variability than the other cells, while cell 5 has the highest.  [Interesting]





We measured variation in each wetland cell at a maximum of four locations and three depths (table 3).  Using standard error to compare variability between wetlands would not give us an accurate comparison because the number of measurements ranged from five to eight. This would mean that the standard error would be significantly lower in wetland cell one than in the other cells merely as an artifact of having the highest number of measurements.  Instead, we graphed coefficients of variation (standard deviation/average DO) (fig. 11).








Table 3: Wetland cells are listed with the number of total measurements (n) taken. The range shows the lowest and highest DO values, and the average DO is listed plus or minus the standard deviation.





Variability by wetland cell





Figure 9: Hand probe values taken at the surface compared to those taken at 33cm, omitting data points if surface DO>12 mg/L.  Note agreement between values at the two depths in this range of DO values. 





Spatial Variability





Comparing hand probe measurements taken at different depths (surface and 33cm), we found a strong correlation for most values (fig. 9), showing that within this range there is little variation in DO concentration with depth.  However, we noticed that for points where the DO concentration at the surface was greater than 12 mg/L, the correlation disappeared and thus the two depths produced different DO values (fig. 10) [This is very interesting and clever observation and analysis]








Figure 10:  The same regression for points where surface DO is greater than 12.0 mg/L. There is no correlation between surface and 33 cm DO (R2 < 0.11).








Figure 8: Average NPP and R v turbidity in each cell. Turbidity was measured in each wetland cell as part of normal wetland monitoring on October 28, 2006.  We found no significant correlation (R2 <0.14).





Figure 7: Hourly average NPP (as in fig.  6) plotted against hourly average PAR. Points where PAR<1 have been omitted.





Figure 6: We divided the in situ data into hour-long segments, calculated an average of all DO values within each hour segment, and then found the difference between one average and the next for an hourly rate of change. A positive rate of change means that there is net primary productivity (NPP), while a negative rate of change shows that respiration (R) dominates.  The rate of productivity during this experiment was mostly close to zero, with short high points of NPP during the afternoons and moving substantially below zero overnight.








Factors affecting productivity 





In order to analyze small changes in productivity throughout the day, we calculated rates of change in DO on an hourly basis (fig. 6).  Though the data logger took readings every two minutes, it was necessary to consider a longer period because the logger was unable to record changes of DO less than 0.17 mg/L.   NPP was not significantly correlated with PAR at this scale (R2 = 0.09 for a linear regression) (fig. 7).  Turbidity also had no correlation with either NPP or R (R2 ≤ 0.177) (fig. 8).








Hand-held probe data





To compare productivity between wetland cells we plotted our dawn and dusk measurements of DO for all wetlands (measured with the hand-held probe at a depth of 33cm) against time.  We used these values to calculate NPP, R, and GPP for all cells (table 2).  We plotted separate graphs for dawn temperature v. NPP, dusk temperature v. NPP, average daily water [???] temperature v. NPP, dawn temperature v. R, dusk temperature v. R, and average nightly temperature v. R.  Linear regressions showed no significant correlationsrelationship between temperature and productivity or respiration (R² ≤ 0.188).





We used analysis of variance (ANOVA) to determine if there was any significant difference between average GPP values between wetland treatment types. We compared the following groups: untreated v. low-intensity planting v. high-intensity planting, untreated v. treated (low- and high-intensity planting), untreated v. low-intensity planting, untreated v. high-intensity planting, low-intensity v. high-intensity planting, and untreated v. treated omitting wetland 5 (wetland 5 readings were often abnormal).  None of these comparisons showed any significant differences (P ≥ 0.4).














Average metabolic variables by wetland cell





Table 2: Using our 33cm DO hand probe readings, we calculated rates of net primary productivity (NPP) and respiration (R) in each wetland as hourly change in DO ((mg/l)/h). We measured seven rates of NPP per wetland and six rates of R.  We calculated six daily rates of gross primary productivity (GPP=NPP + R) per wetland.  





Figure 5: Comparison of DO readings among all wetland cells. All locally minimum values of DO are dawn measurements, and all local maximums are dusk measurements.  The data show a clear pattern in relative DO values, with the lowest concentrations in wetland cell 5, followed by cell 2, and the highest in cell 6.  





Figure 4:  Corresponding light data (PAR: µMol/m2/100) is superimposed on the first segment of the DO curve.





Figure 3: Dissolved oxygen data from in situ probe in wetland cell 3 over the course of the study.  The gap in data shows the time when the probe was removed from the wetland.





In Situ Probe Data





While one in situ probe broke soon after it was installed, the other gave DO values within a plausible range (6-12 mg/L) for the two installations (fig. 3).  During the second installation fluctuations were erratic and unpredictable, with unexplained increases in DO overnight.  This data was not used in subsequent analyses.  The first installation shows clear diurnal curves, which correlate correspond [like “significant”, you don’t want to use “correlate”, unless the statistical meaning is intended] as expected with the amount of light on those days (fig. 4).








Table 1: Two separate measurements, about 25 minutes apart, were taken in each wetland cell on the morning of 10/27/2006 in order to determine precision of the probe.  [A bit noisy, but Not too bad]





Figure 2: The same regression using data from the second in situ installation: here there is no correlation. 








Figure 1: DO readings obtained from the in situ and hand probes at the same time and place.  Paired measurements were very close to equal in all cases.  [Why not include the slop?]








Probe consistency





Repeated measurements in one morning with the same hand probe showed a difference of up to 0.3 mg/L between values (table 1).  While these large differences were both increases and thus may have been the result of legitimate productivity, we can conclude that the hand probe is accurate only to the first decimal place.  [Seems quite reasonable to me]


  


A comparison of DO readings taken with the two probes in the same wetland at the same time shows very good agreement during the first installation (fig. 1) but less so during the second installation (fig. 2).  This supports the theory (see below) that the erratic data from our second in situ installation may be due to a malfunctioning probe.











� For McKenna (2003), eight of sixteen in situ data sets were unusable due either to equipment failure or to an inverted oxygen curve.
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