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Abstract

Biotic  describes the process whereby the living component of an ecosystem controls the non-living component. In wetlands, emergent vegetation plays an important role in the controlof surface and sub-surface water flow. Most models of wetland hydrology are based on simple 1st order kinetics (i.e. Darcy’s equation) that assume average soil properties; these equations fail to account for  the influence of spatial heterogeneity in vegetation and soil characteristics on patterns of water flow. Likewise, they typically ignore changes in hydrology resulting from maturation of the biological community.  Because of these simplifications, these models may not accurately predict nutrient dynamics and the effective hydraulic residence time. This study was designed to examine how the introduction of emergent macrophytes to a sub-surface flow constructed wastewater treatment wetland might alter water flow. Flow pattern was quantified using a pulse of fluorescent dye.  Large quantities of NO3 and PO4 nutrients were also added to the influent water and concentration data  collected over a series of time intervals from sample ports distributed throughout the wetland in a 1m x 1m horizontal grid. A GIS model of dye concentration was constructed to visualize patterns of water flow. A Bulk-flow model was also developed to quantify gross inflow-outflow behavior to account for changes in average or overall wetland flow over time. These changes could then be compared to changes in spatial pattern. Nutrient tracers were used to examine the movement of nutrients in the wetland. Nutrient removal is an important function of a treatment wetland. Data from studies conducted before and after planting were compared to assess the effects of plants on water flow and nutrient removal. Although methodological difficulties present obstacles to data interpretation, in general, results indicate that the method employed in this study is useful for revealingspatial patterns, and suggest that the plant community had not yet developed enough to have a significant effect on flow pattern. Rhodamine dye has shown to be unsuitable as a tracer for this application, and further experiments using an alternative conservative tracer are suggested.

Background

Biotic regulation and wetlands

The field of ecology is concerned with interactions between organisms and their non-living environment.  On one hand, it is well recognized that physical and chemical characteristics (the “abiotic” component of an ecosystem) strongly influence the organisms that will successfully colonize a site (the “biotic” component).  The abiotic component also influences the subsequent pattern, rate, and direction of ecosystem development that will occur on a site. Communities of organisms shift in response to the physical properties of a system such as moisture content, availability of nutrients and organic matter, and light intensity. (Odum 1969).  On the other hand, biotic-abiotic interaction is two-way; as an ecosystem matures, the biotic component increasingly controls the physical and chemical environment.  For example, changes in the biological community have been shown to alter pH, humidity, light, temperature regimes, and soil erosion (Gorshkov, Gorshkov et al. 2000).  “Biotic regulation” can be defined as the ability of and degree to which the living component of an ecosystem exerts control over the non-living component. Biotic regulation tends to increase  ecological succession (Odum, 1969).  Biotic regulation can either stabilize existing conditions (i.e. it can be homeostatic) or it can drive changes in the physical environment that would not otherwise occur (Gorshkov, Gorshkov et al. 2000).  This thesis was designed to quantify biotic regulation in the development of a constructed wastewater treatment wetland. Specifically, I assessed biotic regulation by quantifying changes in the hydrologic patterns of our subject wetland before and after wetland plants were introduced.  

The mechanism by which the physical/chemical conditions control organismsand by which organisms, in turn, control the physical/chemical conditions obviously varies by ecosystem type. In wetland ecosystems, organisms and biogeochemical processes are strongly influenced by water.  Factors such as flow rate, seasonal variations in water level, and the availability of nutrients in inflowing waters determine what organisms can successfully colonize a site and influence the subsequent pattern of ecosystem development. Because certain plants are specific to certain wetland conditions, the presence of specific types of vegetation is one of the criteria by which wetland conditions are identified and defined (Brix 1997).  

Wetland plants are critical to biotic regulation. 

Once a plant community becomes established in a wetland, it increasingly influences the chemical and physical environment.  ,Plant roots bind soil in place, stems slow the flow of water increasing deposition, and roots and deposited sediments begin to fill pore space. Plant also roots alter hydrology by impeding the formation of erosion channels, promotingsedimentation and the buildup of sediments, decreasing  hydraulic conductivity, and reducing current velocities (Kadlec and Knight 1996). Darcy’s equation states that flow rate of water (V) through the soil substrate is proportional to a constant (P) that reflects the porosity of the substrate, and the difference in hydraulic head:  

V=P(h) / l                                                                                                        Equation 1

Where v is velocity, P of the hydraulic conductivity, h the difference in height of inflow and outflow and l is marsh length (Kazmann 1965). Plants alter pore space through the mechanisms indicated above, and can be expected to alter flow rate and spatial patterns as a marsh matures.  Plants remove nutrients and incorporate them into organic matter, add both labile and refractory organic matter to the soil, and stimulate the development of a complex biogeochemical environment and soil that stores, transforms and otherwise processes nutrients and organic matter.   Different species of plants have different above- and below-ground morphometry, different physiological requirements in terms of nutrient uptake, and produce organic matter that differs in chemical makeup.  We might therefore expect the specific combination of species within the plant community to have a strong influence on patterns of water flow and on the biogeochemical environment.  

Using wetlands for wastewater treatment: hydrological and biological considerations

Because certain natural wetland ecosystems have proven to be affective at processing and removing nutrients from the water that flows through them, there is considerable interest in constructing wetlands to treat wastewater (Kadlec and Knight, 1996). Nutrient removal is important to make the effluent safe for human consumption and to prevent the degradation of natural aquatic ecosystems associated with cultural eutrophication. A key objective of treatment wetlands is to remove inorganic nutrients.  

Wetland macrophytes (emergent plants) play a variety of roles in nutrient removal.  Macrophytes aid in the removal of both nitrogen and phosphorus from waters by direct uptake through roots and stored in tissues.  Additionally, plants foster conditions that enhance denitrification, the chemical process by which dissolved nitrate (NO3-) is converted to nitrogen gas (N2), released into the atmosphere, and thereby removed from water (Weisner 1994). Denitrification requires reduced (anaerobic) soil condition, the presence of denitrifying bacteria, and a carbon source to provide energy for denitrifying bacteria. Wetland macrophytes, through root exudation, provide these conditions and can enhance denitrification (Cronk and Fennessy 2001).  Macrophytes also physically impede the flow of water. The amount of time a given amount of water stays in contact with denitrifying bacteria and proper chemical conditions determines the efficiency and extent of treatment (Frederick and Lloyd 1996, Kadlec and Knight, 1996).We can expect the nutrient retention capacity of a marsh to change over time as the plant community matures.

Hydrology is a critical consideration in the design of wastewater wetlands

Hydrology strongly influences the biogeochemical environment and the distribution and character of macrophyte communities.  Therefore hydrological design of treatment wetlands is essential to stimulating ecological function that will serve design criteria (Richter 1996, Howington, Brown et al. 1997). Key features of wetland hydrology that must be considered in wetland design include the porosity of the medium, total wetland volume, the flow path of water, flow rates, residence time and the chemical makeup of influent water.  

Hydrological methods used to quantify wetland flow often rely on bulk properties of flow, and neglect effects of spatial heterogeneity in soil or in flow path.  For example, “retention time” is commonly used as an index of time that an incoming measure of water remains within a defined system.  Retention time is important because it is a measure of the time available for chemical transformations to occur. The Hydrologic Retention Time (HRT) is operationally defined as the ratio of wetland water volume (Vw) to the average influent flow rate (Qave, units for HRT = volume/time): 

HRT=(Vw) / Qave,                                                                                               Equation 2

A problem with this simple operational definition is that it implicitly assumes that flow is uniform throughout the wetland and does not provide a great deal of information about actual contact between material in the water and the substrate. For instance, a 1 ha marsh that has a well-defined flow channel through the middle may have the same HRT as a marsh with a highly divided and circuitous flow path through multiple small channels and subsurface flow.  The fact that contact between water and sediments and plants is much greater in the second marsh is not reflected in the HRT. Ideal flow models ignore spatial characteristics of the wetland and flow patterns. These patterns can cause diffusion effects by short-circuiting (Kadlec 2000), where water takes preferential paths that result in a transit time significantly lower than the calculated HRT. An assessment of “non ideal” (sensu Kadlec 1999) flow through subsurface flow wetlands has been suggested to better describe spatial patterns of water flow, and in turn distribution of vegetation and nutrient removal processes (Kadlec and Knight 1996; Kadlec 2000).  Non-ideal flow might also be termed “effective retention time” as it is an attempt to assess how long water actually stays within a wetland. Equations that assume uniform flow are often applied to characterize whole-wetland ecosystems.  For instance, studies often develop a single porosity term to use in Darcy’s equation, and use this to characterize the hydrological properties of an entire marsh ecosystem (King, Mitchell et al. 1997; Wynn and Liar 2001). Darcy’s Law assumes that water will flow along the path of least resistance.  The problem with applying an average hydraulic conductivity term to an entire wetland is that conductivity may be much greater in certain regions than in others. A more sophisticated approach is to conceptualize a wetland as a series of connected containers, each with different coefficient values for Darcy’s equation. These models are more complex than averaging the behavior of an entire wetland into one uniform set of conditions, and can be used to model heterogeneity. (King, Mitchell et al. 1997). An additional consideration is that the conductivity of different regions and of the marsh as a whole is likely to change over time as the plant community matures and as sediments begin to fill the pore space. Though Darcy’s Law may provide a basis for modeling the observed, net flow characteristics in a wetland system (Wynn and Liehr, 2001), Darcy’s Law may not be a good predictor of wetland hydrological function, from a design standpoint. 

Plants affect patterns of water flow through a constructed wetland

As discussed above, the presence of plants alters wetland hydrology.  This can be particularly important in wetlands constructed for wastewater treatment.  For instance, as the plant community matures, it has the potential to substantially alter spatial patterns of flow through a constructed wetland.  Portions of a wetland devoid of plants would undergo high flow velocity and low treatment (Kadlec 2000). Plants can retard water flow, either directly by blocking, or by changing the hydrologic conductivity of soils (Richter, 1996; Howard-Williams, 1984).  Spatial distributions of plant growth will not be uniform in wetlands. Since plants are implicated in the removal of nutrients from wetlands, areas of dense plant growth are likely to be areas of high nutrient removal or nutrient retention.  
Biotic regulation can alter the function of constructed wastewater wetlands over the course of ecosystem development. Those involved in designing and building such systems therefore need to have a clear idea of precisely how biology regulates physical and chemical conditions.  In spite of this need, few studies have documented the changing spatial patterns of sub-surface water flow through constructed wetlands over the course of ecosystem development. There are few analyses on shallow subsurface flow (Mann and Wetzel 2000; Wetzel 2001) and few on the interactions between plants and sub-surface flow (Mann and Wetzel 2000). This lack of research on this important topic may be a result of the fact that accurate measurements of subsurface flow are difficult to obtain in most situations (Kadlec 2000,Howard-Williams 1983, Mann and Wetzel 2000). This study was designed to quantify biotic regulation by measuring changes in the spatial characteristics of water flow and nutrient retention in a constructed wetland system. 

Methods

The “Living Machine” wastewater wetland 
The Lewis Center for Environmental Studies opened in the winter of 2000. A “Living Machine” was included in the building systems for the treatment of wastewater for gray-water reuse in the building’s toilets. Living Machines are ecologically engineered wetland ecosystems specifically designed to treat water and originally marketed by Living Technologies Associated (now marketed by IASIS Living Systems, Taos, New Mexico).  The Lewis Center Living Machine began operation in January, 2000.

A complex community of microorganisms and plants is used to remove organic material and nutrients. Nitrogen removal is accomplished through sequential ammonification, nitrification and then denitrification:

Ammonification: (requires bacteria) 


Organic N → NH4
Nitrification: (requires oxygen rich environment)

NH4+ + 3 O2 → 2 NO2- + 4 H+ + energy

2 NO2- + O2   → 2 NO3 + energy

Denitrification: (requires anoxic environment and organic carbon source)

C6H12O6 + 4 NO3 → 6 CO2 + 6H2O + 2N2 + energy

The system is designed to create environments that favor this series of reactions chiefly by control over dissolved oxygen conditions in sequential ecological subsystems. 

Wastewater first enters an anaerobic reactor where deamination of proteins and ammonification of urea take place, as well as anaerobic metabolism of organic material (Fig.1). From this tank, it enters a vigorously aerated aerobic reactor. Oxygenation of this water promotes aerobic metabolism of organic material and begins the nitrification of ammonia compounds. From the aerobic reactor, water is pumped to a greenhouse and through a series of open aerobic tanks (OA1, OA2, and OA3).  These tanks are also vigorously aerated to encourage complete nitrification. 

After bacterial flocs are settled in a clarifier, the water enters a constructed wetland, located in the floor of the greenhouse. The design is intended to provide an anaerobic environment in which bacteria can denitrify, converting NO3- to N2 gas, removing it from the water column.  Thus the system is optimized for the removal of nitrogen.

During the first 2 years of operation, the marsh was left unplanted to allow for the quantification of flow without plants. It was initially planted in September 2001 with wetland species during the course of the experiment as a treatment, and also with the intention of enhancing water treatment. 

Experimental Site description

The treatment wetland is located in a fully enclosed 60m2 greenhouse attached to the Adam Joseph Lewis Center at Oberlin College, in Northeastern Ohio. The wetland occupies the floor of the greenhouse and is bounded by a waterproofed concrete basin filled with gravel. The basin is roughly rectangular, 11.58m x 5.16m and 98 cm deep. The Living Machine’s Open Aerobic treatment tanks are situated in the greenhouse as well and extend to the base of the containment basin. These tanks and a structural pillar are impediments to flow and have helped determine the base hydrological patterns in the wetland (Figs. 2,3). The basin is filled with crushed stone media of sizes between 40mm and 100mm. The wetland is fed with water on the east side; water drains from the clarifier into a sump attached to a 10cm diameter perforated PVC diffusion header pipe that extends the full width of the marsh from North to South. A 2.0% grade slopes down to the west, where a similar 10cm perforated header pipe collects the water and drains into an effluent sump, from which the water flows to a holding tank located outside of the building. Water level is controlled by a standpipe in the effluent sump. Typical flow rates for the wetland during non-experimental periods are ~16 gallons per day, or 60.48 L/day (.042L/min). This gives an HRT, by Equation 2, of 281.2 days. (See Appendix VIII for calculations).

The water volume of the wetland was determined by draining the entire wetland and filling at a known constant rate. This was accomplished using a regulator set at a pressure well below city pressure and calibrating flow with a bucket.  Flow rate was determined to be 24.2 L/min and it took 703 minutes to fill the marsh (11 hours, 43 minutes). Elapsed time required to fill was multiplied by the flow rate of 24.2 L/min to give the volume of the interstitial pore space at 17,012.6 L (See Appendix IX). Typical water flow rates during experimental periods are 18.4L/min; by Equation 2, this corresponds to an HRT of 15.4 hours.

Since the wetland is hydrologically isolated in an impervious cement basin within a greenhouse, the clarifier tank provides the sole source of water input during normal operations.  A valve allows this flow from the clarifier to be redirected to the city sewer in order to completely isolate the marsh system.  Furthermore, a hose and pressure regulator can be used to deliver fresh water from the City to the marsh at a desired flow rate.  Evapotranspiration and flow through the outlet sump are the sole means by which water leaves the marsh. Hydrological isolation combined with an ability to regulate water flow rates makes this wetland particularly amenable for measuring changes in the spatial pattern of flow resulting from plant development.  Similar experimentation is challenging in nature where erosion channels, additional stream flows, variable water flows, groundwater infiltration and other confounding variables are likely to be encountered (Mann and Wetzel, 2000).

Sampling Apparatus

To take sub-surface water samples, a series of sample ports were installed in the wetland floor media. Sampling locations were placed at the intersecting points of a 1m x1m grid superimposed over the entire greenhouse basin (Fig. 3). For reference, this grid was labeled in rows (A-E) and columns (1-10) extending from near the influent on the east end (row 10) to near the effluent on the west end (row 1). Grid intersections that occurred inside the dimensions of tanks or structural obstructions were omitted. The squares enclosed by using adjacent sample ports as corners also provided a convenient spatial reference for planting and surveying.
Ports were installed at 27 sampling locations (Fig. 4). Sample ports were constructed of 3/4” interior (1.91 cm) diameter PVC pipe.  Pipe was cut to 7.62 cm, 76.2 cm, and 91.4 cm lengths, and all three lengths of pipe were installed at each sampling location.  Pipes were installed in the marsh by inserting threaded steel rod into the PVC pipe to provide support and pounding the rod into the marsh gravel with a sledge-hammer. The gradation of lengths allowed us to sample water from the wetland at three depths and in 3 spatial dimensions, and to identify different flow patterns in the vertical plane as well as the horizontal planes.  The 27 locations with ports terminating at 3 depths provided a total of 78 unique sampling loci. 

Wetland Plants

Species planted 

Carex languinosa, wooly sedge
Iris.spp, Iris
Juncus, spp. Rush, tropical and temperate (locally collected) varieties

Scirpus, spp., Bullrush (did not survive)

Typha minima, miniature cattail (did not survive).

These species were selected because they are locally or commercially available, have short or relatively short stature to prevent inhibiting movement for Living Machine staff, and are fast growing. Scirpus spp, Juncus spp. and Typha spp. are plant species often used in high-nutrient load wastewater treatment systems (Cronk and Fennessy,2001). These species are perennial and were expected to exhibit strong establishment, and spread from just a few planted individuals 

Typha was chosen as a replacement for the Bullrush (Scirpus, spp.) after the second planting. Like the locally collected species, it was selected for short stature, growth, and establishment, as well as aesthetic appeal. 

 Origin of plants, planting procedure, and management [Condense all this into one section]

(Typha) Klyn Nurseries, 3322 S. Ridge Road Perry, OH (440) 259-3811  

All others: from local wetland, on “Kendal at Oberlin” retirement home property, constructed for remediation purposes. 

Typha minima were removed from their pots and planting soil, rinsed to expose bare roots, and planted. Those dug from Kendal wetland were, transported in water-filled buckets to the Living Machine, rinsed of sediments to expose bare roots, and planted.

Plants were planted in equal sized “plugs” of one bulb or four or five individuals with associated root mass, depending on the species. Grid sections outlined by the sample ports, each a 1m square unit, provided spatial reference. Species were planted in a similar pattern in the four corner quadrants of grid cells.  Shovels were used to shore up one half of a hole while hands were used to scrape rocks out of the way until the water level was reached. Roots were placed in approx. 1-in depth of water and rocks replaced until the plants were propped up and the surface of the wetland even.

Initial planting: September, 2001

Planted locally gathered Juncus sp., Iris, sp., Carex languinosa, Scirpus, sp., and tropical Juncus, sp. from the Living Machine. Plants were arranged according to pattern in Fig. 5.


Re-planting: June 2002 

Mixed, random planting of same species as first planting except Scirpus, spp. which exhibited high mortality. Available space was packed, but same species were not placed directly adjacent to one another.  Initial planting was very ordered and regimented, but not very dense. Later planting was done to optimize the remaining space between plants to accomplish a dense planting. This second planting was used to fill non-regular spaces around tanks and grid cells.

Typha planting: July 2002, first week 

Nursery-bought Typha minima plants were placed in remaining open spaces.

Installation of grid-walkway was completed to prevent plants being trampled or damaged by greenhouse equipment (hose) and Operators. The plantings did noticeably better after walkway was installed. Plants were allowed to organize, spread, or die back as the ecology of the system dictated. The current distribution of surviving plant species, including an unidentified grass that was not planted, is shown in Fig. 6. 

Dye/Nutrient Addition Studies

A total of 3 dye studies were conducted over the course of a 13 month period to assess changes in flow patterns within the marsh over time. Additional studies were conducted to measured bulk inflow-outflow properties of the wetland, or develop the method (See Table 1 for details).

Table 1 Summary of Wetland Experiments and available data (Also see Appendix I)

	Date
	Flow Rate
	mL dye added
	NO3 fertilizer added
	g NA2HPO4 added
	Spatial Sampling
	Auto samplers
	Plants Present
	Fluorometer

	1/15/01
	22.4 L/min
	4.25 mL concentrate
	none
	none
	n/a
	Effluent, approx. center of wetland
	none
	Turner 112

	1/31/01
	22.4 L/min
	4.25 mL concentrate
	6170g
	126.7g
	L and S lengths
	none
	none
	Turner 112

	6/12/01
	22.4 L/min
	4.25 mL concentrate
	none
	none
	none
	Effluent, D7L, C5L ports
	none
	Turner 112

	7/26/01
	22.4 L/min
	4.25 mL concentrate
	6170g
	126.7g
	All depths
	Effluent, D7L, C5L ports
	none
	Turner 112

	1/28/02
	18.4 L/min
	4.25 mL concentrate
	none
	none
	All depths
	none
	Yes
	TD-700

	8/6/02
	18.4 L/min
	4.25 mL concentrate
	6170g
	126.7g
	All depths
	Effluent, D7L, C5L ports
	Yes
	TD-700

	1/29/03
	18.4 L/min
	4.25 mL concentrate
	6170g
	126.7g
	none
	Effluent, D7L, C5L ports
	Yes
	TD-700


Experimental Procedures

Flow

For tracer-flow experiments, municipal fresh water from an outdoor faucet was controlled by a regulator to ensure a constant pressure and therefore constant flow rate. A pressure of 30 psi, 15 psi below the current city water pressure was selected. Flow rate was established using a stopwatch and a calibrated 11 L container.  At 30 psi, flow rate was determined to be 18.4 L/min,  A commercial flow meter was also used to verify this rate,. This flow rate is about a factor of 1500 times greater than that typically encountered in the wetland of 0.042 L/min if constant. However, under usual operating conditions, the flow through the wetland occurs sporadically rather than at a constant rate.  

Because of this tremendous difference in flow rate, these tracer experiments are not measuring the operational flow conditions, but rather are an attempt to measure change in hydrological attributes of the marsh that might be attributed to the introduction of plants. 

Tracers

Dye:

 
To visualize water flow path, Rhodamine WT dye was used as a passive tracer. Rhodamine was selected because it would be stable and because we thought it would be conservative; Rhodamine was not expected to undergo any chemical transformations within the wetland. It is also inexpensive, can be precisely detected at low concentrations (Turner 2000, Turner 2000b). Dye concentrate was obtained from Keystone Corporation (Chicago, IL). The dye is listed as having a concentration of 49% and a specific gravity of 1.1 – 1.2. It is recommended that dye slugs be made to a specific gravity of 1.12 to prevent settling of the tracer and promote solubility in water (Turner 2000). However, I decided to reference the bottle as 100% concentrate, and all references herein to concentration are given as ppm of the dye concentrate.  A quantity of dye concentrate was selected sufficient to give 0.25 ppm if homogenously mixed in the entire wetland volume. In this case, 0.25 ppm in 17,000L corresponds to 4.25 uL of dye concentrate. With the water flowing at the set constant rate of 18.4 L/min, dye was added in a single pulse to the influent marsh sump and stirred vigorously to ensure that it was uniformly distributed in the sump. 

Nutrients: 

In addition to the passive dye tracer, a quantity of nutrients was added to the tracer slug. Phosphate-P and nitrate-N were used as active tracers. Unlike the dye, these compounds were expected to behave non-conservatively, and either be retained or undergo transformations in the wetland (i.e. through denitrification or absorption into media). Non-conservative behavior would result in recovery of less tracer than was input (Kadlec and Knight, 1996). These compounds were used to describe the spatial movement of nutrients in the wetland and possibly to identify zones of biogeochemical activity or retention. (i.e. zones with lower or higher concentrations of nutrients might identify sites of absorption, nitrification or denitrification.) A commercial potassium nitrate fertilizer was used as a source of nitrate: “K-Power” potassium phosphate fertilizer from the Vicksburg Chemical Company, Vicksburg, MS. The fertilizer had a guaranteed minimum analysis of 13.75% total N. Sample solutions of this fertilizer were analyzed on an ion chromatograph, and it was determined that the concentration was as stated on the packaging. The sodium phosphate was obtained from VWR scientific supply. (See Appendix IX)

Sampling

A team of assistants was needed to simultaneously sample all ports during each of the studies. We developed a sampling apparatus that allowed us to removed water from each sample port.  The apparatus consisted of a 60cc syringe attached to a plastic tube extending through a rubber stopper sized to make an air/water-tight seal within the PVC sampling ports.  At each sampling time, 180cc of water was first extracted and discarded from each port to ensure that fresh sample water was being drawn from the bottom of the port. 25mL samples were then withdrawn from each sample port.  Samples were removed once every hour for 8 hours. This gives 8 “frames” of spatial dye concentration data and covers the approximate time required for the majority of dye to be flushed from the wetland. 

In addition, three auto samplers (ISCO, Lincoln, NE, models 2700 and 3700) were used to collect 300 mL samples every hour for 24 hours from three sample locations: effluent, C5, and D7 grid coordinates at a depth of 3 ft. These provide data similar to the bulk flow measurements of effluent concentration typically done in wetland tracer studies to measure diffusion curves of substances (Kadlec 2000). These data for effluent are non-spatial and represent the composite hydrological behavior of the wetland when viewed as a homogenous unit.

Data Analysis

Fluorometry 
Samples were stored in a freezer until we were able to analyze them. Analysis was done using two models of fluorometer. Early experiments were analyzed on a Sequoia-Turner Corporation Model 112 fluorometer (Mountain View, CA) and later ones on a Turner Design 700 fluorometer (Sunnyvale, CA). Fluorescence of experimental samples was compared to the fluorescence of known standards of the dye. These fluorometers excite the sample at a specific wavelength (excitation wavelength 540 nm) and detecting the light emitted by the dye (emission wavelength 640 nm) with a photomultiplier through use of a filter (Turner, 200b),  This allows for very specific targeting of the tracer material, as opposed to other fluorescing materials that might be present.   

  
I experimentally verified that within certain concentrations the dye concentration was directly proportional to fluorescence values (Fig. 7); standards of 0.025ppm, 0.25ppm and 2.5 ppm gave an equivalent ppm of dye based on the equation {(Unknown Fluorescence / Standard Fluorescence) * standard ppm value = unknown ppm}. Rhodamine WT is reported to be linear to the .5 ppm range, which is equivalent to 1.02 ppm of dye concentrate, the units I have used for this study (Turner 2000a). Since Rhodamine is temperature sensitive, samples were immersed in a water bath at 28C prior to analysis to ensure that they would give equivalent fluorescence values.

Ion Chromatograph

A Dionex DX-500 ion chromatography system, consisting of an ED40 Electrochemical Detector and  AS9-HC analytical column from the Dionex Corporation (Sunnyvale, CA), operated using  on the PeakNET software, was used to determine the concentration of PO4 and NO3 anions in samples. The instrument uses a resin-studded chromatography column to detect the separation of ions in a sample through electrical conductivity. Specific ions will give a peak of conductivity at predictable time periods. The area beneath these conductivity curves is proportional to their concentration.

Bulk Flow Analysis

Concentration data from the effluent auto samplers was compiled to develop a record of concentration versus time. These produced dilution curves provide information about the effective residence time of the marsh, including the effect of channeling. These data provide the bulk flow or “black-box” assessment of hydrologic conditions in the wetland, and are a simple indicator of change in hydrologic regime (Richter 1996).

The time that the peak concentration arrives is an experimental/operational measure of the “actual” or observed retention time (Kadlec and Knight, 1996). This is a measure of the time a particle of water, or tracer, actually spends in the system, as opposed to the traditional HRT measurement (Equation 2) which is merely the ratio of volume in the system over flow rate (Kadlec and Knight, 1996). Conservative tracers following a single path should produce a single, clear peak, followed by an exponential decay in concentration. Multiple peaks can indicate two or more preferential flow paths by which the tracer slug arrives at different times (Kadlec and Knight 1996). The area beneath these curves, when integrated, should also measure the amount of tracer that was recovered in the experiment. A fully conservative or passive tracer (which Rhodamine WT does not appear to behave as in sediment systems) will be recovered completely, and thus the integrated area will equal the amount of tracer added. A non-conservative tracer would have an area less than the total amount of tracer added. This integration is an important check on the results of a tracer experiment (Kadlec and Knight, 1996). The integration technique I used involves the approximation of the area beneath the curve using rectangles. These rectangles have a height (h) equal to the effluent concentration at a given sampling time, and a base (b) represented by the time interval between samples (dt = 1hr). The equation A = b * h provides the area (A) for any particular rectangle. These rectangles are then summed to give the area beneath the entire curve (Fig 15a).

Curves in this experiment appear truncated (Fig. 14), meaning that data were not collected long enough for the concentration curve to return to zero (Sheppard, 1962). Sheppard (1962) suggests an exponential decay model.  However, for simplicity, I extrapolated curves to zero using a linear extension after sampling was terminated. 

Standardization of Concentration Data

The Rhodamine WT tracer did not exhibit passive characteristics, and the background fluorescence of the wetland (i.e. fluorescence at Time 0 in each experiment) increased, probably from dye retained after previous. In each experiment, the recorded spatial concentrations of dye were standardized, or relativized for spatial measurements by dividing the maximum concentration at each point by the maximum peak observed in the effluent. 

Equation 3: Standardized dye value = (sample ppm) / (max ppm in set)

 This standardization had the effect of scaling values in each experiment while retaining the character of spatial distributions. Figures labeled as “standardized” have been corrected in this way.

Spatial Data Analysis

To our knowledge, there is no direct means of inferring spatial variability in hydraulic conductivity from the shifting pattern of dye concentration over time within each of our eight hour dye studies.  Nevertheless, the changing patterns of dye concentration provide information about hydrological properties such as preferential pathways of flow.  For instance, areas of the marsh in which dye is visible earliest during a study (e.g. light regions in Fig. 12) and areas of the marsh with high dye concentrations represent regions of selective flow within the marsh (e.g. dark regions in Fig. 9).  In contrast, areas that receive low concentrations of dye throughout the experiment are clearly located in regions that receive very little flow.  Since flow rate, the amount of dye pulsed, and sampling regime were held constant between experiments, any changes in flow pattern between these studies should presumably be attributable to changes that have occurred within the marsh.

Comparing the spatial information represented in 8 time-series maps for each experiment is difficult. I used two means of condensing the eight time intervals at which dye concentration was into single maps that provide information about the behavior of the dye as it moves spatially through the wetland. These condensed maps allow the results of the experiment to be viewed in a single frame, and allows for comparison between experiments by subtraction of map layers. Maximum concentration data from each of the sampling ports in the grid allows us to assess spatial patterns in the main portion of the dye slug and track it as it moves throughout the wetland; it tells how much and where. The time of peak data shows when the peak of dye moved past a given point.

Concentration Patterns

Data from experiments conducted before and after planting were compared to attempt to identify changes in flow pattern that might be attributable to the introduction of plants. Data from dye experiments was visualized using a GIS spatial model of the wetland in the Living Machine, and flow patterns are compared to data gathered in July of 2001 (experiment conducted on 7-26-01) before planting and after planting (experiments conducted 1-28-02 and 8-6-02).  Spatial data from each sample ports was compiled using a GIS model of the wetland floor. 8 “snapshots” were constructed, each indicating where concentrations of dye were found at each points in time within each dye study (Fig 8). This allowed for visualization of flow patterns within particular experiments.

Spatial concentration data was mapped into GIS as a single, 2D layer. Spatial data in the vertical was compiled by averaging the maximum concentration value at a given reference point for all three depths. A depth profile was also compiled by averaging the values for Columns A-E for each row, while preserving the depth data. Combined, these two averaging approaches provides for both an overhead plan view (Fig. 9) and a sidelong x-sectional depth view (Fig. 11).

Time of arrival patterns

Time of peak maps were compiled by assigning an hour value to each grid point based upon the time it attained its maximum concentration (Fig. 12). Maps comparing experiments could be compiled by subtracting these values from one experiment to another, and mapping the change in time (Fig. 13). Thus, areas where dye arrived sooner or later than previously can be identified, and used to highlight changes in hydrological conditions.

Results

Bulk Flow Dye

Curve Peak

Time series of dye concentration in the effluent are generally similar in shape for all experiments though magnitudes and timing of peak differ substantially (Fig. 14). The peak concentration occurs earlier in each of the subsequent experiments (Fig. 15). This indicates that the front of dye is taking less time to reach the effluent as the wetland developed between Experiment 1 to Experiment 3 (Approx. 13 months). The magnitude of each curve also exhibits an increase. 

The curves also exhibit a very broad peak. This is in contrast to curves resolved from auto sampler data from the interior of the wetland (Fig 16). The curve developed at D7L sample port shows a very marked peak and regular decline. This port is located very close to the influent sump for the wetland (See Fig. 3), and encounters the dye pulse before it is broadly dispersed

Integration  

For a completely conservative tracer, integration of the area underneath the concentration curves in the effluent, multiplied by the flow rate, should equal the amount of dye added to the system, or a fraction thereof. The percentage of dye recovered in each experiment in this study presents a problem. The percentage of dye recovered has increased dramatically since the first experiments. (Fig. 17) The two latest experiments have resulted in integrated values of 200% and over 1000% of the amount of dye added to the wetland as a slug. In addition, the fluorescence of Time 0 samples for each experiment has also been increasing. (Fig. 18) This represents background fluorescence, and suggests that dye is being retained or is building up in the system. However, these concentrations do not appear to be great enough to interfere with integration of the response curve (Fig. 14). The problem of dye recovery represents a serious error in the experiment, but could not be traced to any systematic errors in data collection or analysis. (See Appendix II-VI) Also, during all experiments, and for at least a full month after each experiment, the Living Machine was operated in “bypass” mode, which means that effluent from the marsh was directly dumped to the city sewer line rather than being recycled through the building.  It is therefore unlikely that recycle contributed to a buildup of dye within the system.

Spatial Dye

Time Series

Concentration data for each sampling port for each sampling time during an experiment were combined using a GIS model of the greenhouse floor to create 8 frame “movies” with “snapshots” of dye concentration at wetland points during each of the 8 sampling periods during each experiment. These maps reveal the location and movement of areas of high concentration associated with the pulse of dye as it moves and disperses through the wetland (Fig. 8, see Appendix VII for complete sets).

Max Concentration

A GIS map of the max concentration at each wetland point provides useful overall indication of where dye was moving in the system by condensing the 8 snapshots into a single frame (Fig. 9) Maximum concentrations are highest on the right side of each figure where the dye was initially added, and become more diffuse as dye moves toward the effluent (on right side of frame). Areas of high concentration follow a path around the clarifier, between OA2 and OA3, and above OA1 along the north wall (Refer to Fig 3 for reference).

Fig 10 is a map of the difference in concentrations in each map, showing change in max concentration. This map is a composite of the 8-6-02 layer subtracted from the 7-26-01 layer, and shows that there is an across-the board increase in dye concentration, supporting the notion that dye is being retained in the wetland, or has been retained and has saturated the wetland (See Fig.17). The pattern of the change (Fig. 10) map is almost identical to the maximum concentration map for the 8-6-02 experiment in Fig. 9. This suggests that spatial pattern is not changing with respect to the volume of water passing through a particular point, that is, that we are witnessing an increase in dye concentration related to higher delivery of water to that area. Likely, the difference map merely reflects the fact that dye has been measured at higher concentrations in the 8-6-02 experiment, and is concentrating in the wetland.

Time of Peak

Time of peak maps record the sampling time when the peak concentration was measured at each particular point in the wetland, and provide information about when the dye slug moved through. These maps (Fig. 12) are a pseudo-representation of velocity, with earlier time peaks representing faster flow conditions. 

When the spatial time of peak data from the 7-26-01 picture is subtracted from the 8-6-02 experiment, we get a map of change in time of peak (Fig. 13). This map of difference highlights the changes in measured peak times between the two experiments. Notice areas of higher flow have appeared on the right side of the frame, near the influent and in the area of a large mass of plants (see Fig. 6). A higher area of flow is also visible beneath the OA1 tank.

Depth Profile

Spatial data was also compiled that could be used to examine patterns of flow with respect to depth. (Fig 11) Rows (A-E) have been averaged to provide a 2D sidelong view of the wetland along columns 1-10 (refer to Fig 3). This view reveals vertical stratification in flow in the wetland. Conditions in the wetland during the 8-6-02 appear to deliver dye to the lower depths, while the upper zone is less favored. On the other hand, the pattern is reversed in the 7-6-01 experiment, conducted before planting. 

Nutrients

 
Nutrients, which were expected to act as a non-conservative tracer, were also used in the flow study. The ratio of nutrients (N or P) to dye showed a decrease as the slug transited the wetland [Fig.20a]. Data from a transect of the marsh along the axis of flow showed the movement of P and N in relation to dye.(See Nutrient Data.xls in appendix X) This suggests that nutrients are being retained or converted in the wetland. 

NO3 and PO4

Effluent Curve

For the 1-29-03 experiment, NO3 appeared as a large, broad pulse in the effluent, with no clear maximum. However, concentrations of NO3 much higher than those recorded at Time 0 begin arriving between 5 and 7 hours. (Fig. 19) This is about the time that the dye front first arrived in the effluent (Fig. 14), showing that dye and nutrients moved together. PO4 showed a noticeable increase at hours 4-5, but with highly variable data showing no apparent pattern. 

D7 Port

As was the case for the dye (Fig. 16), auto sampler ports near the influent sump where the pulse of dye and nutrients were delivered showed a sharp peak and a fairly regular decline for NO3 nutrients (Fig 20). PO4 nutrients for this port are variable, although an increase in concentration does appear after time zero.

Integration

The dye tracer and nutrient tracers exhibited similar behavior in that the calculated amount of nutrients leaving the marsh was much greater than the amount of these tracers added to the system. The percent nutrients recovered was ~500 for PO4 and ~2100 for NO3  (Fig. 21).

Spatial Distribution of Nutrients

Nutrients were analyzed for a vertical transect through the wetland only. NO3 and PO4 exhibit very similar patterns  (Fig 22 and 23) for max concentration plots within experiments. There is a definite movement of sample ports exhibiting high concentrations from the area of column 8 (7-26-01 experiment) to the area of column 4 (8-6-02 experiment). Nutrients appear at highest concentrations in the upper levels of the wetland, in contradiction to dye patterns observed at depth (Fig. 11).

Discussion

Mass balance  and “extraneous matter”

The overriding factor in this experiment is the issue of the mass balance of tracer recovered and tracer input in the wetland. The integration results for both dye and nutrients calculations indicate that during the last two experiments more dye and nutrients came out in the marsh effluent than was added to the marsh. There is no mechanism of which we know or have read that could account for such a large amount of material being recovered relative to what was put in. If only nutrients had exhibited this behavior, it could be attributed to the presence of a large amount of NO3 and PO4 already being present in the wetland due to normal operating conditions. However, the background of dye (Fig. 18) is not significant compared to the amount of dye being input and is not likely to contribute to the gross mass imbalance. 

The presence of this extraneous matter being recovered calls into question the validity of the measured quantities of tracer in this experiment. Kadlec and Knight (1996) stress the importance of recovering 100% of the tracer as a check on the quality of the measured retention time. They note that recovery of less than 100% indicates a sorptive loss or reactivity, but make no mention of the recovery of more tracer.

The most obvious potential sources for this error are in data analysis and calculation. The experimental team reviewed sample handling and analysis procedures, experimental procedures, computation of concentrations from raw fluorometric data, Ion Chromatograph readings, sample storage, preparation of dye standards, and instrument calibration. No sources of error great enough to account for a x10 factor of error could be accounted for. (See Appendix II-VI, IX for calculations, procedures, and attached data files).

Despite the mass balance problem, both the dye and nutrient tracers responded in general behavior as one might expect a peak and decay period was discernable in the bulk flow curve data, above any background concentrations of the tracers (Figs. 14 and 16) Spatial data, especially time-series maps or “snapshots” resolved the movement of zones of high concentration of dye across the wetland (see Appendix VII). Main avenues of dye travel are identifiable from these figures. Thus the general method, employed in this experiment appears to be capable of assessing spatial changes in flow pattern that are reflected in properties of bulk- inflow-outflow measurements. 

Tracers

The literature surrounding Rhodamine WT as a subsurface-flow tracer is somewhat ambiguous, with some literature suggesting its use as a -sub-surface flow tracer, its conservative behavior and low sorptive losses (Turner 2000, Vasudevan, et al.) while others recommend Bromide over organic tracers because of the tendency of organic dyes to adhere to soil particles (Kadlec and Knight, 1996). In light of the results of bulk inflow-outflow curve analysis and integration for our experiment, Rhodamine WT does not appear to be the best possible tracer for this application. A suitable tracer would exhibit conservative properties. The increase in fluorescence of the wetland with the start of each experiment indicate that Rhodamine WT is not behaving conservatively, and is sticking to or being absorbed in the wetland media. Future investigations in the marsh should be done using a conservative tracer that is known to yield good results for sub-surface flow measurements, specifically I suggest the use of bromide ion, which can be detected using ion chromatography, as recommended by Kadlec and others (Kadlec and Knight, 1996). 

NO3 and PO4 were expected to act non-conservatively, and it is likely that already high concentrations of these materials in the wetland contributed to error in determining the mass-balance for this study. Both the dye and nutrient analysis reported the recovery of enormous amounts of tracer in respect to that which was added. While the presence of nutrients in the wetland, ordinarily, could account for this, there is no such explanation for the behavior of dye.

Bulk Flow

Dye

If the pattern of bulk inflow-outflow data can be considered accurate, even if the magnitude of concentration data cannot, these investigations reveal some important information about the function of the wetland. First, the arrival of peaks in effluent occurs noticeably and consistently sooner than the calculated HRT for the wetland (See Table above or Appendix VIII). Peaks arriving from 8 and 5 hours represent a retention time much lower than the 15 hours HRT calculated for the experimental flow rate. These data support the notion of a disparity between HRT and effective retention time exists and highlights the importance of internal hydrologic processes in adequate design of treatment wetlands. A shorter effective retention time indicates that water is moving through the system faster, and treatment efficiency is likely to be reduced. 
The breadth of tracer response in effluent dye curves (Fig. 14) as compared to the response at sample points nearer to the source of tracer (Fig. 16) suggests two possible behaviors for the dye slug. The broad peak in effluent could reflect either the diffusion of the slug as it moves through the wetland, or multi-pathing. The curve for 1-29-03(Fig. 14) has a clear peak at 5 hours, and what could be a smaller peak arriving near 13 hours in the experiment. Likewise, the curve for 8-6-02 has an initial peak at 6 hours, and what could be a secondary peak arriving at time 12.  Multiple flow paths are supported by the spatial data and this is discussed below..  

The dye slug splitting into two paths with differing velocities or resistance could create a situation where two concentrated packets of dye arrive in the effluent at different times. Nutrient data as compared for effluent and D7 ports shows similar evidence. There is clear definition of the peak and decay curve at D7, while farther in the system, the peak is less well-defined and suggestive of two peaks arriving in the effluent. This suggests that dye near the influent is behaving as a single discrete unit, and that this unit is divided before reaching the effluent.

Spatial Data
The spatial analyses of the wetland also reveal important aspects of the pattern of flow in the wetland.
Time series and maximum concentration maps support the hypothesis that dye is taking different paths through the wetland, and support the evidence for multi-path seen in the auto sampler data. Areas of high concentration move around tanks from two directions, for example in Fig 9, dye can be seen dividing around the OA3 and possibly OA1 tanks.The time of peak maps (Fig. 12) provide evidence that spatial conditions in the wetland are changing. In general, it appears that the east (right) end of the wetland is experiencing increased flow while the western (left) and southern (bottom) ends of the greenhouse are experiencing slower flow rates. 

Depth profile data shows that the majority of flow is moving along the bottom layer of the wetland, while nutrients were concentrated in the upper zone of the wetland. It is unclear if this difference in nutrient and dye concentration is associated with plant roots or indicates that dye is sinking in the wetland. The most likely conclusion is that water delivered to the wetland is taking a deep path through the wetland media. It is possible that the presence of plants which is most pronounced at these columns is creating a barrier to flow, as hypothesized, and forcing flow downwards, beneath the root zone where there may be less flow resistance.

Conclusions

Without more confidence in the dye data, we have difficulty to drawing conclusions about the flow patterns depicted in spatial maps and bulk flow curves. If this information is accurate, it appears that the wetland’s effective retention time is actually decreasing, and not increasing as hypothesized. This is contradictory to the hypothesis that the introduction of plants would create slow flow and increase the effective retention time. Considering the depth profile data (Fig. 11), the decrease in retention time could be due to the flow switching from its former path, which took it through the regions now most heavily planted, to deeper depths along these paths, which might have less resistance. However, if this is the case, it is curious that the water had not already been flowing through the lower path. If this deep zone had even less resistance than the path taken in the unplanted wetland, it is not clear why water would not have initially been taking a deep path. However, while certain species of plants appear to be thriving, the areas of growth are still sparse and the plants not very large. At this point, I think it quite unlikely that these plants are significantly affecting flow rates; in my estimation it will likely require several more seasons of growth for any physical effects of plant growth to be apparent on flow patterns. 

There is great potential for subsequent research that builds on the lessons of these experiments to record the regulation of water flow patterns in a wetland by a developing plant community.  I strongly suggest that a follow up study be conducted as soon as possible using bromide as a tracer before the plants exhibit significant growth.

The spatial information in these experiments should be considered an initial measurement of spatial patterns. The accuracy of these dye measurements should be confirmed or checked with a different tracer, specifically Bromide ion, and additional measurement of the flow patterns should be established. 

By measuring changes in flow regime, this experiment was intended to show the influence of plants (a biotic element of the ecosystem) on flow patterns (an abiotic element). While definite conclusions on whether we have witnessed this phenomenon are difficult to make regarding the uncertainty in the reliability of our tracer data, it does appear that actual retention time, and definitely flow pattern regarding depth have changed. The location of regions of change in the depth data strongly indicate the influence of something near the surface, which can only mean plants in this case. Cautiously, this experiment lends itself to the hypothesis that plants will alter the flow patterns, and thus regulate conditions in the system vital to nutrient retention and conversion, even if this conclusion is highly speculative.
 
The method of intense spatial sampling employed in this study appears to be unique among the study of wetland hydrology. This project has resulted in the development of a method and infrastructure (sample ports) that are capable of resolving the interior spatial patterns of flow in a sub-surface flow wetland. Once the mass balance issues can be successfully addressed, further investigations hold the promise of making a significant contribution to the study of the effect of plant community development on patterns of flow as well as providing practical information that can aid in wetland design, and the operation and maintenance of wastewater treatment wetlands.
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Figures

Legends

Figure 1 Process flow schematic. This diagram shows the complete structure of the Living Machine. Water enters from the restrooms (1) to Anaerobic Reactors (2,3) for deamination and anaerobic digestion of organic material to CO2. Nitrification begins in the Closed Aerobic Reactors (4, 5) and aerobic metabolism of organic material to CO2. Nitrification continues in the Open Aerobic Reactors (6). The Clarifier (7) removes bacterial flocs from the water before it enters the treatment wetland (8) to undergo denitrification and removal of phosphorus.

Figure 2 Hydrologic profile of the LM. The wetland is fed with water on the East side (left)  by an Influent Sump. Water flows to the west end around the Open Aerobic and Clarifier tanks before it is collected at the Effluent Sump and drained to a storage tank. Arrows show the direction of through the system.

Figure 3 LM floor plan. This plan view shows the positions of the tanks and other obstructions in the wetland. A reference grid that was used for both sampling and planting along with Row and Column labels can be seen in this view.  Circles at the grid intersection denote location of marsh water sampling ports.  The fiberglass mesh walkway is indicated with a red outline.

Figure 4 A Typical Sample Port.  Sample ports are made of ¾” (1.91 cm) interior diameter PVC pipes cut to 3 lengths. They provide access to water at three depths without requiring disturbance of the wetland surface.

Figure 5 Map of Initial Planting. This figure shows the location and distribution of plant species after the initial planting, September 2001.  Species are indicated in the legend.

Figure 6 Vegetation distribution as of 4-10-03. This map shows the current distribution of vegetation in the wetland. Three species, Juncus spp, Iris spp, and Carex Languinosa have thrived and are spreading in the wetland.

Figure 7 Linear Range of Dye. Results of an experiment to determine the linearity of fluorescence response to concentrations of Rhodamine WT dye encountered in the experiment. These results allowed the TD-700 fluorometer to be calibrated based on the concentration of a single standard.

Figure 8 Early and late T-series from 8-6-02 showing slug. Maps of dye concentration in plan view. These spatial maps of concentration show the motion of a dye pulse introduced into the influent sump through the wetland. Data are interpolated from the sampling ports over the entire marsh area using GIS.  “T1” represents the first time dye samples were collected from the sampling ports, approximately 1 hour after dye was introduced.  The pulse arrives as a very tight packet in T1 near the east edge of OA2. By Time 6, the dye has spread, and appears to follow a path moving to the area between all three tanks, and above OA1 / OA3. 

Figure 9 Max Concentration Maps for 7-26-01 and 8-6-02. GIS maps of maximum concentration suggest preferential paths for dye along the northern half of the greenhouse, and reflect the dispersion effect on dye as it moves from east to west. 

Figure 10 Difference in maximum concentration  (7-26-01 and 8-6-02). This GIS map is the result of subtracting the maps in figure 9 from each other. It shows changes in the amount of dye being delivered to each point. There is an across-the-board increase in measured dye concentration from 7-26-01 to 8-6-02.  This difference is most pronounced near the point of entry for dye.

Figure 11 Depth Profile. GIS maps showing the vertical distribution of dye in the wetland for two experiments. Flow appears to be delivered to the lower depth of the wetland. This is below the root zone for most of the plants.

Figure 12 Time of Peak Arrival. These GIS maps show the time of arrival for peak concentrations, which is an indication of when the dye slug passed a given point.

Figure 13 Difference in Time of Peak Arrival. This is the result of subtracting the two layers in Fig. 12 from each other. This map provides some indication of the variability of flow conditions in the wetland.

Figure 14 Effluent diffusion curves. Peaks arrive with the majority of the dye, and their time of arrival is used to measure retention time for the tracer.

Figure 15 Times of peak and max concentration in effluent. Time of peak arrival shows a decrease as experiments progress in time, which indicates that retention time in the wetland is becoming lower. Meanwhile, the maximum concentration of dye in the wetland is increasing. 

Figure 16 D7 Auto sampler. Dye concentration in a sample port near the influent at the long (91.1 cm) depth  (location D7, see Fig. 3). The location of this port has only one possible approach for dye, and is situated very close to the influent sump. This curve exhibits a sharper peak than that seen in the effluent, and a more regular decline.

Figure 17 Percent Dye recovered. The results of integration of the effluent dye curves. A percentage of material recovered > 100% represents a serious error in the experiment that has not yet been accounted for.

Figure 18 Initial Concentration of dye in wetland. This figure represents background fluorescence in effluent water before dye was added on each day an experiment was conducted.

Figure 19 Effluent nutrients.  Time series of nutrient concentrations in Effluent during the 1/29/03 experiment in which nutrients as well as dye were added as a single pulse to the influent. A peak in nutrients occurs around hour 5 for both NO3 and PO4.

Figure 20 Nutrients in D7 Port. As with the dye, internal wetland sample port D7 shows a cleaner tracer response curve than effluent. PO4 is still sporadic, which is likely due to difficulty in storing and transporting PO4 samples. PO4 sticks to glassware and plastic containers, lessening the accuracy of sample measurements

Figure 21 Percentage of nutrients recovered. There is much more than 100% recovery of nutrient inputs, but would include ambient concentrations of these nutrients. 

Figure 22 Depth Profile for NO3. Shows the vertical distribution of NO3 for experiments 7-26-01 and 8-6-02; maximum concentration. Notice the shift in high concentration areas from the right to the left side of the greenhouse. Nutrients are concentrated in the upper zone of the wetland

Figure 23 Depth Profile for PO4. Shows the vertical distribution of PO4  for experiments 7-26-01 and 8-6-02; maximum concentration. A similar shift to the left side as in NO3 is evident. Nutrients are concentrated in the upped zone of the wetland.

Appendix

I. Wetland Experiment Records

Index

1-15-01, 2-point experiment, Effluent and point approx. in center of wetland.

1-31-01, initial dye experiment, L and S lengths w/ nutrients

6-12-01, 3-point experiment, Effluent, C5L, D7L ports

7-26-01, wetland experiment, cross-section sampled for nutrients

12-1-01, small-scale Systems Ecology experiment

1-28-02, wetland experiment, all depths, no nutrients

8-6-02, wetland experiment, all depths, cross-section for nutrients, autosamplers E, C5L, D7L ports.

1-29-03, 3-point experiment with nutrients. Effluent, C5L, D7L ports.

2-point dye experiment, 1-15-01
Dye conc.: 25,000 ppm in 1L slug

Flow Rate: 6.29 gpm

Data Collection: Two ISCO auto samplers were collecting samples at 45 minute intervals for 23 hours (24 samples). One was located in the effluent sump and one in a wetland well (about 1.5 ft deep) located approximately at current position of well C9.  

Procedure:

1) Auto samplers were installed at sampling locations.

2) A regulator was installed on the city line located outside the rear greenhouse door. Max city pressure was estimated (regulator outflow aperture fully closed and pressure dialed all the way up) at 30 psi. City pressure reported to be 40 psi max by Leo Evans. Pressure was set to below 30 psi to ensure a constant regulated pressure. 

1) Flow rate was estimated at a constant 6.29 gpm (24.2 L/min)

2) A slug of dye (4.25mL, in 1 L H2O) was placed into the wetland influent sump at the moment water was turned on.

3) After 24 hours, the samples were removed from the auto samplers and analyzed on a Turner 112 Fluorometer.

4) Equivalent ppm of dye was calculated from the fluorescence of the unknowns (samples) and known standards. 
Winter Term Experiment1-31-01 to 2-1-01

Flow Rate: 6.29 gpm

Dye conc.: 425 uL of dye in 17 L H2O to make .025 ppm (final dispersed concentration) slug.


Procedure

1) A sampling grid was laid out in a 1m sq. pattern, based off of the western entrance to the greenhouse. 


2) The wetland was drained by pulling the standpipe in the collection sump and pumping with a small sump pump (1/2 - 1hp) and then refilled with city water. 

3) A slug of dye to make .025 ppm conc. If diffused to entire wetland was introduced as water flow began, via a regulator.

4) Samples were taken at time 0,1 hour,5, 10 and 15 hours after dye introduction, using the following method. 

5) Samples were withdrawn from only the L and S depth ports. 

Sampling Method

i. There are three types of sample ports at each site. A deep port (labeled with an “L”) which extends roughly 3 feet to the wetland floor, a middle port (labeled with an “M” which is approximately 1.5 feet down, and a surface port (labeled with an “S”) which extends 6 inches. 

ii. To sample each port, take 2 full draws on the syringe to clear the port. Then, use the third draw as a sample draw. The 3rd draw will be ejected into a labeled sample bottle. 

iii. Please mark the samples you have taken at the time interval on the check-sheet. Mark that a sample has been taken by writing in the letter of the port lengths, (L,M,S), you have sampled.

3-point wetland flow experiment (6-12-01)

This experiment is basically a repetition of a previous experiment to test the validity of the 2-point experiment from January of this year.  3 ISCO auto samplers will sample at 45 minute intervals at various sample points and depths in the greenhouse floor while a slug of dye sufficient to make a .25 ppm concentration of concentrated dye in the entire wetland is introduced and water flushed through the wetland at a constant rate of 24.3 L/min. Samples will then be inspected using fluorometry to determine relative concentrations. The objective of the experiment is to see if the pulse of dye can be visualized using these methods. The findings of this experiment will help determine if the effort for a whole-marsh experiment is appropriate using Rhodamine WT and the grid. 

Set-up 

Materials:
3x ISCO auto sampler units




Electrical equipment (charger, battery connectors)




Regulator




Nalgene calibration bucket




Stopwatch




Rhodamine WT dye slug

Preparation:

1) Assemble and clean auto sampler units and sample bottles

2) Prepare dye slug. Slug should achieve 2.5 ppm if distributed in entire wetland

a. Wetland water volume = approx. 17,000 L

b. Target is .25 ppm dye concentration if the dye were uniformly distributed in the 17,000 L of the wetland.

c. 4.25mL dye in 1L water for slug
d. ppm is 1 part of dye concentrate for every 106 part of water

Procedure

1) Bypass wetland at clarifier (screw in PVC cap on pipe on the left as you face E.) and bypass entire LM by switching knife valves at AN1.

2)  Position auto samplers. Two ISCO samplers will measure the “long” (3 ft, bottom) and “short” (6 in, surface) sample ports on grid location C9. One ISCO will be placed in wetland effluent sump, half of the way down. 

3) Program ISCO samplers to sample at 45 minute intervals.

4) Set up regulator on city water source outside greenhouse back door.

5) Dial pressure to below city pressure to ensure constant flow

6) Determine flow rate using “bucket and stopwatch technique”. A container of known volume is filled by the regulated source and timed. (Vol. / time) gives flow rate. Flow should approach 24.2 L/min. (wetland turnover of approx. 12 hours)

7) Program ISCO samplers to sample at 45 minute intervals

8) Set water and add slug to wetland influent sump

9) Optional: calculate time to sample bottle exhaustion. Return and empty samples and replace cleaned bottles to get full 24 sample set (18 hours at 45 minute sampling interval).

10) Return bypasses to normal operating states.

11) Filter samples and store in plastic sample bottles (Label with E, W(L) or W(S) 1-24)

12) Run samples on fluorometer using following procedure:

Wetland Experiment, 7-26-01

Objective:


The objective of this experiment is to determine the flow path of water through the constructed wetland of the Living Machine. This will be accomplished by adding a pulse of fluorescent dye to inflowing water and tracing the concentration of dye within a grid of sampling ports in the marsh over time.

Materials:

Rhodamine WT dye

Miracle Gro / other inorganic nutrient sources (N,P,Br,etc.)

Sample vials, 25mL, # 900

Syringe sampling apparatus

Fluorometer test tubes

Water pressure regulator

Timer / stopwatch

Calibration Nalgene

Preparation:

3) Clean (DI rinse) 25mL sample bottles. 

4) Clean (DI rinse) Fluorometer test tubes

5) Label bottles and test tubes with location and time information.  

6) Prepare dye slug. Slug should achieve 2.5 ppm if distributed in entire wetland

a. Wetland water volume = approx. 17,000 L

b. Target is 0.25-ppm dye concentration if the dye were uniformly distributed in the 17,000 L of water in the wetland. 

c. Prepare slug of 4.25mL dye in 1L water 
1)  ppm refers to 1 uL of dye concentrate per L of water. 

2) Prepare by filling a 1L volumetric flask with DI H2O and pipetting in 4.25 mL of dye concentrate 

d. Add nutrients (quantity to be determined)

Procedure:

13) Bypass wetland at clarifier (screw in PVC cap on pipe on the left as you face E. and pull knife valve in floor) and bypass entire LM by switching knife valves at AN1.

14) Set up the regulator on city water source outside greenhouse back door. Dial pressure to below city pressure to ensure constant flow. 

15) Determine flow rate using “bucket and stopwatch technique”. A Nalgene carboy, marked at the 11L point is filled from the regulated source and timed. (Vol. / time) gives flow rate. Flow should be set to 22 L/min.
16) Begin water flow and add dye slug to wetland influent sump; start clock. 
17) For the next 48 hour period, teams will take samples using sampling scheme below. 
18) Return bypasses to normal operating states.

19) Cross-section of wetland, filter samples and freeze. These will be analyzed for nutrients at a later time. 

20) Run samples on fluorometer. See procedure below.

Sampling Scheme:

Samples are taken from each from each of the 27 sample ports at each of 3 depths. To sample each port, operators will take 2 full draws on the syringe to clear the port, and then use the third draw as a sample draw. The 3rd draw will be ejected into a labeled sample bottle. Bottles are marked with the letter/number of the port and lengths (L,M,S) that have been sampled.

Samples will be taken at 1 hour intervals for 8 hours. After this period, the 3 ISCO auto samplers will be set up to sample at effluent and wetland port ___ at 1 hr intervals for 24 hours. 

Samples in the “5” column (A,B,C) and all samples in the “D” row set will be filtered for ion analysis and frozen. This applies to all hand samples for all time periods. 

	
	Time Interval (hr)
	# samples
	Time for sample set

	
	1 hour
	8
	8 hr

	
	1 hour ISCO
	72
	24 hr

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	Total sample intervals
	82
	

	
	total samples
	882
	

	
	
	
	

	
	Time (clock) 
	
	

	Day 1
	1000
	1 hr
	time 0

	
	1100
	1 hr
	T 1

	
	1200
	1 hr
	T 2

	
	1300
	1 hr
	T 3

	
	1400
	1 hr
	T 4

	
	1500
	1 hr
	T 5

	
	1600
	1 hr
	T 6 

	
	1700
	1 hr
	T 7

	
	1800
	1 hr
	T 8


Notes from Experiment 7-26-01

Time 0 = 10:20 am

Water flow at 18.85 L/min  (35.21 sec. to fill 11 L)

Auto samplers initialized at 20:30 hrs (8:30 pm), 7-26-01 at following locations: Effluent sump, D7(L) and C5 (L). 

Initial DO: 
Influent:  5.6mg/l   22.9 deg C



Effluent:  0.25mg/L   21.9 deg C

Wetland Experiment, 1-28-02

Objective: same as 7-26-01

Materials: same as 7-26-01
Procedure: same as 7-26-01, except did not sample or filter for nutrients. TD_700 Fluorometer

Sampling Scheme

	
	Time Interval (hr)
	# samples
	Time for sample set

	
	1 hour
	8
	8 hr

	
	1 hour ISCO
	72
	24 hr

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	Total sample intervals
	82
	

	
	total samples
	882
	

	
	
	
	

	
	Time (clock) 
	
	

	Day 1
	1000
	1 hr
	time 0

	
	1100
	1 hr
	T 1

	
	1200
	1 hr
	T 2

	
	1300
	1 hr
	T 3

	
	1400
	1 hr
	T 4

	
	1500
	1 hr
	T 5

	
	1600
	1 hr
	T 6 

	
	1700
	1 hr
	T 7

	
	1800
	1 hr
	T 8


Notes for 1-28-02

Flow rate: 35.21 sec to 11L (18.7 L/min)

Auto sampler locations: C5L, D7L

T0 = 0920 hrs.

T8 begin 1720 hrs. 

Wetland Experiment, 8-6-02

Objective: same as 7-26-01

Materials: same as 7-26-01
Procedure: same as 7-26-01 (including nutrients, except no addition of bromide). TD-700 fluorometer.

Sampling Scheme

	
	Time Interval (hr)
	# samples
	Time for sample set

	
	1 hour
	8
	8 hr

	
	1 hour ISCO
	72
	24 hr

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	Total sample intervals
	82
	

	
	total samples
	882
	

	
	
	
	

	
	Time (clock) 
	
	

	Day 1
	1000
	1 hr
	time 0

	
	1100
	1 hr
	T 1

	
	1200
	1 hr
	T 2

	
	1300
	1 hr
	T 3

	
	1400
	1 hr
	T 4

	
	1500
	1 hr
	T 5

	
	1600
	1 hr
	T 6 

	
	1700
	1 hr
	T 7

	
	1800
	1 hr
	T 8


Notes for 8-6-02

Flow rate: 35.22 sec to 11L (18.7 L/min)

Auto sampler locations: C5L, D7L

T0 = 1000 hrs.

T8 begin 1800 hrs. 

Wetland Experiment 1-29-03

Objective: 3-point wetland experiment, to create effluent and wetland response curves for bulk-flow data. Used as a check on methods and to expand bulk-flow data set.

Materials: Same as 7-26-01

Procedure: Same as 7-26-01 except no spatial data collection. TD-700 Fluorometer. 

Sampling Scheme: ISCO auto samplers sampling for 32 hours. (Have to empty after 24 and replace fresh bottles).

	
	Time Interval (hr)
	# samples
	Time for sample set

	
	1 hour (ISCO)
	96
	32 hr

	
	
	
	


Notes for 1-29-03

Flow rate: 35.22 sec to 11L (18.7 L/min)

Auto sampler locations: C5L, D7L

T0 = 1000 hrs, 1-29-03

T32= 1600 hrs, 1-30-03

6.17 kg KNO3 fertilizer

126.7 g Na2HPO4
II. Standards Calculation 


Began with 100 uL of Rhodamine in 1L H2O


250 mL of this solution made up to 1L to give Stock Std. 

Stock Std. 



25 uL in 1 L w/ H2O.

25 ppm


Sol. A



1/10 x dilution of stock std. 



50 mL stock made to 500 mL w/ H2O. 
2.5 ppm


Sol. B



1/10 x dilution of A



50 mL A made to 500 mL w/ H2O. 

.25 ppm


Sol. C



1/10 x dilution of B



50 mL B made to 500 mL w/ H2O.

.025 ppm  

Dye concentration and dilution 

	Solution
	Conc. (ppm)
	volume dye (uL) in 1L

	Stock
	25
	25

	A
	2.5
	2.5

	B
	0.25
	0.25

	C
	0.025
	0.025


III. Determination of “equivalent ppm of dye” 

Turner 112

Equiv. ppm is the fluorescence of an equivalent concentration of Rhodamine WT dye. In this case, the unknown fluorescence was divided by the blank value to give a percentage. I.e. the percentage of fluorescence the unknown was of the blank. This was then multiplied by a constant. This constant depended on which standard, A, B or C was used to compare the unknown. The constant is the ppm concentration of Rhodamine WT as formulated in the standard.

(unknown value / std. Value) * ppm concentration of std.

TD-700

Standards of known quantity are used to calibrate the instrument, and samples are read in units of raw fluorescence (fsu). Standards are typically calibrated to be 950 fsu, or 95% sensitivity range. To convert fsu readings for unknowns, the following equation applies:

(Unknown fsu) / (950) * ppm of standard = unknown ppm concentration

IV. Fluorometer Procedures

Turner 112 Fluorometer Procedures

The fluorometer should be used in END POINT mode, with the emission filter blind drawn open fully (all the way up). These settings should already be in place, and there is no reason they should be adjusted.

Turn the fluorometer on and allow it to warm up with a DI water blank in the sample chamber for at least 1 hour prior to operation. Turn the lamp on by depressing the LAMP button and holding it for a moment. The little blue light will come on when the lamp is started.

Running Samples

To run a sample:

Place a known standard (C or B, likely) into the sample chamber and close the door. Wait until the machine stabilizes (the red light on the display will illuminate) and use the course and fine ZERO BLANK controls to set the display to 100. 

Next, place a DI water blank into the sample chamber and WITHOUT TOUCHING THE BLANK CONTROLS, record the zero value.

Place the sample to be measured in the sample chamber, close the door, and record the value when the machine stabilizes and the red light on the display goes on.

For the next sample reset the machine to 100 using a standard and repeat.

Notes for the Fluorometer

If the sample being measured reads as HIGHER than the standard, you must change to a less dilute standard. When changing to a high standard, if the machine goes to about 109 and locks, the emission is overloading the photo multiplier.

You must change the shutter on the right side (the excitation lamp) of the chamber. The machine will normally run at 30 or 10 (max. sensitivity), but may need to be dialed to 3 if the standard or sample is very concentrated. There is also an adjustable blind that can be screwed open or closed on the left side of the chamber. This screen is usually set in the fully open position.

Rhodamine WT is very sensitive to temperature differentials. The samples and standards should be kept immersed in a water bath near room temperature to maintain as constant a temperature across samples as possible.

TD-700 Fluorometer Procedures

TD-700 fluorometer was used in Raw Fluorescence mode, calibrated to 1 point. Standard A was typically used, calibrated to 95% (950 raw fluorometry units) sensitivity. Samples were stored in a water bath at 28C.

V. Standardization Method

Concentration for Spatial Studies

To correct for the tendency for the magnitude of dye concentration to increase as time goes on, a standardization method to allow direct comparison of concentration data between experiments was used. Concentrations for each data point were adjusted to the peak concentration encountered in the effluent bulk-flow measurements. This provided a ratio of maxima to relativize the data for each experiment. The following equation was used:

Unknown ppm / ppm dye in effluent = standardized concentration (dimensionless)

Time of Peak for Spatial Studies

To correct for differences in flow rate between experiments, time of peak data for each spatial point was divided by the time of peak in the effluent. By the following equation:

Unknown time of peak / time of peak in effluent = standardized time of peak (dimensionless)

This standardization expresses time as a ratio of the observed retention time as measured in bulk-flow observations. This highlights fast and slow areas of the wetland.

VI. Integration Method

Integration was done using an area approximation. 

Height = Concentration in mg/L (ppm)

Width = dt = 1hr

∑ concentration(mg/L) * flow rate (L/min) * dt(=1 hr) *(60min/hr) = mg

From 0 to last time point

VII. Time Series for Experiment 8-6-02, 1-28-02, and 7-26-01

These images represent frames of time for the 8 hours of spatial data for each experiment.

VIII. Hydraulic Residence Times

HRT = Vol. / flow rate.

 For the wetland at experimental flow rates: 17012 L / 18.7 L/ min = 909.7 minutes = 15.16 hours.

For the wetland at operational flow rates: 6 gallons per day, or .042L/min

17012L / .042 L/min = 4.05* 10^5 minutes = 281.2 days

See attached data files for flow data and wetland volume data.

IX. Nutrient Concentration Calculations and Procedure

	NA2HPO4

	NA = 23 gfm
	95 gfm / 142 gfm * 126.7 g

	H = 1 gfm
	84.76 g PO4

	O = 16 gfm
	

	P = 31 gfm
	

	PO4 = 95 gfm
	

	NA2HPO4 = 142 gfm
	

	126.7 g added
	

	
	

	KNO3 Fertilizer

	Label reads T-N = 13.75%

	6.17 kg added
	

	.1375 * 6.17 kg =
	848.4 g NO3


Nutrient Procedure

Quantities of each chemical were weighed on an electronic balance. Both the NO3 and  PO4 sources were placed in a large mixing vessel and dissolved with warm tap water.  This solution was then added to the influent sump with the dye. 

X. Data Files

City Water Use.xls- used to determine operational HRT for wetland

Dye Dilutions Chart.xls – record of dye dilutions and recipe for mixing different standards

Fluorometer Intercalibration.xls- used to compare readings on both the Turner 112 and TD-700 fluorometers to determine experimental error from using two instruments for fluorescence determination.

Honors Figures.ppt – figures for this paper

LM Flow Meter Data.xls- minute resolution flow data fro LM hose. Used to check flow rate for experiment 8-6-02 and bucket calibration method.

Long Range Dye Standards Comparison.xls – used to determine the behavior of Rhodamine in wetland samples over time to show effects of storage and time on sample accuracy

Nutrient Data.xls- Ion Chromatograph data for nutrient experiments.

TD-700 Linear Range.xls – shows linear response for TD-700 fluorometer at experimentally encountered dye concentrations.

Wetland Experiment Documentation.doc- record of experimental procedures, materials, and notes for experiments.

Wetland Experiment Data Master List.xls- data file for all dye concentration data and calculations.

Wetland Volume Determination.xls – experimental data for the determination of the volume of pore space in the wetland.

Honors GIS.apr – GIS model for this experiment and associated data files and tables.
















