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Executive Summary 

The Clean Water Act (CWA) prohibits the discharge of toxic substances in toxic amounts 
to Waters of the U.S. Whole effluent biomonitoring tests have been developed to provide 
a relatively rapid measure of the toxicity of effluents regulated under the National 
Pollutant Discharge Elimination System (NPDES) permitting program of the CWA. Like 
many municipal wastewater treatment plants (WWTPs) across the U.S., the City of 
Phoenix 91st Avenue WWTP conducts effluent bioassays as part of their NPDES permit 
requirements. Also, like many WWTPs across the U.S., these tests sporadically detect 
varying levels of toxicity. Due to the infrequent occurrence of test failures, detection and 
elimination of toxicants in the WWTP effluent is difficult and expensive. 

The City of Phoenix is embarking on incorporation of constructed wetlands into their 
overall effluent management strategy. These proposed wetlands will have multiple 
purposes including restoration of habitat within and adjacent to the Salt River, public 
recreational use (e.g., nature study), and water quality polishing before eventual 
discharge into the Salt River channel. A constructed wetland demonstration project has 
been underway since August 1995 at the City’s 91st Avenue WWTP to investigate and 
document the effects of various designs and loading scenarios on wetland treatment and 
habitat performance. Two of the issues being investigated are the effects of the City’s 
treated effluent on the wetlands and in turn the effects of the wetlands on the effluent 
quality. This report focuses on the effects of the constructed wetlands on effluent 
toxicity. 

A review of published and unpublished biomonitoring results from treatment wetlands 
indicates that these systems typically reduce levels of acute and chronic toxicity to 
plants, invertebrates, and vertebrates in standard whole effluent toxicity (WET) tests. 
Toxicity reduction in wetlands appears to be related to hydraulic loading rates and 
design features that promote effective flow distribution and long hydraulic residence 
times, the same factors that contribute to effective wetland performance for pollutant 
reductions. In a very few cases limited to arid climates, WET has been found to increase 
in wetlands, possibly indicating an effect of salt concentration in those systems. 
Simultaneous inflow/outflow toxicity results for wetlands must also be interpreted in 
light of the transient nature of some toxic events at the inflow and the residence time 
within the wetland, leading to the possibility of comparison of WET in different masses 
of water.  

On a routine basis the acute and chronic toxicity of both the 91st Avenue WWTP final 
effluent and the wetland outflows is nearly non-existent or difficult to detect. The 
intermittent nature of toxicity in these discharges makes identification of responsible 
toxicants difficult. The purpose of this report is to assess the effects of constructed 
treatment wetlands on toxicity, not to specifically identify toxicity-causing pollutants in 
the effluent. From this review it can be concluded that the wetlands typically reduced 
low levels of toxicity when they occurred in the WWTP effluent and did not add to 
toxicity in any samples tested. High levels of toxicity, when present in the WWTP 
effluent, passed through the wetlands with minor alteration, probably due to high 
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loading rates and resulting short hydraulic residence times. Low toxicity levels were 
attenuated within the loading regimes experienced in the wetlands. It can be concluded 
from this research that use of full-scale constructed wetlands for final effluent polishing 
of the 91st Avenue WWTP final effluent will reduce the frequency and magnitude of 
WET and provide enhancement of water quality in the ultimate receiving waters in the 
Salt River. 

Since WET may be related to a vast array of chemical constituents in these complex 
effluents, identification of specific causative agents and quantification of their removal 
in wetlands has typically not been accomplished. Also, because of the significant cost of 
most WET tests, they are typically not conducted at a frequency and with sufficient 
replication that allows careful quantitative data analysis. Additional testing at a variety 
of sites under carefully controlled conditions is necessary to better understand and 
predict the effectiveness of treatment wetlands to consistently reduce WET in municipal 
and industrial effluents. Research-oriented biomonitoring and ecological risk 
assessments could be conducted at the Tres Rios Demonstration Wetlands. The Research 
Cells could provide a replicated platform for this type of research. The cells could be re-
started with a range of hydraulic loading rates and the existing internal deep zone 
configurations. WET monitoring could also be conducted along the flow path in the full-
scale treatment wetlands to demonstrate the benefits for toxicity reduction.  

For future monitoring efforts a sensitive indicator of toxicity such as Microtox™ could 
be utilized to provide rapid detection of any toxic events in the 91st Avenue WWTP 
effluent. Wetland inflow and outflow toxicity would then be monitored throughout the 
toxic event. Fathead minnow and algal tests could be used to augment the existing 
Ceriodaphnia bioassays. Screening rather than definitive tests can be used to reduce 
expenses associated with this program. Tests should probably be conducted by the 
City’s own laboratory because of their apparent ability to provide more sensitive 
detection levels. Statistical comparisons of the raw test data including neonates 
produced, weight gain of fish, and algal cell volumes or weight should be used to detect 
effects of the various wetland designs on toxicity.
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Arizona and Incline Village, Nevada), two Gulf of Mexico coastal plain wetlands  
(Collins and West Jackson County, Mississippi), and two wetlands in peninsular Florida 
(Lakeland and Orlando’s Iron Bridge).  

The Collins wetland had significant acute and chronic toxicity at the wetland inflow, 
probably due to high unionized ammonia concentrations. Both acute and chronic 
toxicity was absent in the wetland outflow samples. West Jackson County had very 
slight acute and chronic toxicity to the water flea at the wetland inflow but no toxicity 
indicated at the outflow. Both of these wetlands provide substantial reductions in 
concentrations of total ammonium nitrogen as well as biochemical oxygen demand 
(BOD) and total suspended solids (TSS). 

Both survival and reproduction of the water fleas were also increased with passage 
through the Lakeland constructed wetland. No chronic toxicity was detected at either 
the inflow or the outflow of the Iron Bridge constructed wetland. 

While no toxicity was detected at the inflow of the Incline Village wetland in Nevada, 
the outflow (collected from the terminal cell in this total evaporative wetland) was 
acutely and chronically toxic to the water flea. A similar reduction in reproduction was 
observed with passage through the Show Low constructed wetland, another zero 
discharge system.  It appears that toxicity was increased in these wetlands as a function 
of their evaporative concentration of salts and other conservative constituents. Visual 
and biological observations at both of these arid wetlands indicate that their biotic 
communities undergo similar changes from the inlet to the final evaporative cells, with 
shifts to salt-tolerant plant and animal species. 

Acute toxicity test results were reported for four treatment wetlands in the NADB v. 2.0 
(USEPA, 1999). These data include acute static results for the pilot wetland cells at Santa 
Rosa, California (US), the Minot, North Dakota (US) constructed wetland, and the 
American Crystal Sugar Company constructed wetland in Hillsboro, North Dakota (US). 
Acute renewal test data were also available for the Hillsboro wetland and for the Arcata, 
California (US) constructed treatment wetland. 

Data from five 96-hour acute static tests using rainbow trout are reported for the Santa 
Rosa wetland. This system receives nitrified reuse-quality municipal wastewater. An 
average of 9 percent mortality was observed in these samples collected at three points in 
the wetland system. No influent data were available from this site for comparison. 

Acute biomonitoring data were available for water fleas (48-hour static) and fathead 
minnows (96-hour static) at the Minot constructed wetland outlet. No significant 
mortality to either organism was recorded for test dilutions up to 87.5 percent effluent. 

Similar acute WET data are reported for the Hillsboro food processing wastewater 
treatment wetland. These data indicate that the undiluted wetland outflow was slightly 
toxic to fathead minnows (average of 15 percent mortality at 96 hours) and to water fleas 
(average of 16 percent mortality at 48 hours). No wetland influent data are available 
from this site for comparison. 

WET to rainbow trout was tested at the Arcata wetland in 1981 and 1982. These data 
indicated little change in survival between the wetland inlet and outlet (94 to 96 
percent). 
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Champion International tested 6 pilot wetlands for effluent polishing at their 
Cantonment, Florida, bleached kraft paper mill (Knight et al., 1994). Each cell had a 
different design configuration and pairs of cells received a range of hydraulic loads. 
Whole water toxicity was measured with water fleas and fathead minnows using 7-day, 
definitive renewal tests quarterly during the first year of pilot wetland operation. No 
acute toxicity to either organism was reported.  Influent samples were chronically toxic 
to the water flea in all cases and this chronic toxicity was reduced by passage through 
the wetland cells in 10 of 11 test comparisons.  Chronic toxicity measured with the water 
flea was reduced from a chronic value of less than 12.5 to 65 percent influent, to a 
chronic value between 17.8 and >100 percent in the outflow. Inflow samples were 
chronically toxic to fathead minnows in two of three samples tested. No chronic toxicity 
to fathead minnows was observed in any of the wetland outflow samples tested. It was 
concluded that reduction of chronic toxicity to the water fleas and fathead minnows was 
strongly related to hydraulic loading rate and resulting reductions in concentrations of 
unionized ammonia and a variety of unidentified chlorinated organics. 

In studies of pilot-scale subsurface flow and surface flow treatment wetlands at a U.S. 
refinery (API, 1998), reductions in chronic toxicity to fathead minnows were found to be 
positively correlated with hydraulic retention time (HRT). More than 50 percent of the 
toxicity was removed using a 12-hour HRT, with increasing but smaller incremental 
reductions using 24-, 36-, and 48-hour HRTs. Nearly all toxicity to fathead minnows was 
eliminated at the 48-hour HRT. 

At a non-U.S. oil terminal, Microtox™ (bacteria luminescence) tests using zero dilution 
indicated a reduction of EC50 values by 98 percent with passage through a treatment 
wetland (Farmer, 1996). 

A full-scale surface flow constructed wetland at the Chevron refinery at Richmond, 
California (US), has used rainbow trout to assess effluent toxicity. These tests have 
consistently shown no mortality (Duda, 1992). 

Short-term (7-day) chronic WET tests using water fleas were conducted on wetland 
mesocosms by using zinc-amended simulated wastewater from an oil refinery in St. 
Charles, Louisiana (US) by Hawkins et al., 1995. Results indicated that zinc (Zn) removal 
by the wetland (80 percent) reduced toxicity measured at the inflow and outflow of the 
wetland. Static renewal 7-day tests with Ceriodaphnia dubia indicated that at inflow Zn 
concentrations of 1.7, 0.85, and 0.43 mg/L, survival was zero (estimated LC50 of 0.16 
mg/L, while survival in the wetland outflow from these test units was approximately 
23, 38, and 88 percent respectively, increasing the apparent 7-day LC50 for Zn to 0.19 
mg/L. At an inflow Zn concentration of 0.22 mg/L, the survival rate was about 10 
percent while the survival measured in the wetland outflow was 98 percent. When the 
influent Zn concentration was 0.11 mg/L the wetland mesocosm inflow and outflow 
survival rates were 88 and 100 percent, respectively. 

A pilot-scale wetland has been used to treat wastewater from an oil sand processing 
facility at Fort MacMurray, in Alberta, Canada.  Studies indicate that the treatment 
wetlands have reduced toxicity to the cladoceran Daphnia magna, as well as in 
Microtox™ tests (Bishay et al., 1995).   



                          WETLAND SOLUTIONS, INC. 

 9 

A brackish marsh wetland treatment system for urban runoff was monitored near San 
Francisco Bay, California (US) by using 7-day water flea tests from 1991 through 1994 
(WCC, 1995). Reductions in WET were observed at various points within the stormwater 
treatment wetland. The study demonstrated that toxicity was reduced by elimination of 
short-circuiting within the wetland by use of log-baffles.  

The South Florida Water Management District (SFWMD) located in West Palm Beach, 
Florida (US) tested a variety of natural and conventional technologies to achieve very 
low total phosphorus (TP) discharge standards (<10 ppb) in agricultural and urban 
stormwaters discharged to the Everglades (SFWMD, 2001). Several of the natural and 
hybrid technologies included wetland components. Bioassay tests were required as part 
of these technology evaluations to assess the “marsh readiness” of the treated water. The 
“managed wetland” technology combined a chemical treatment system using iron (Fe) 
or aluminum (Al) salts with a cattail wetland marsh to achieve low outflow TP 
concentrations. Three different biomonitoring test organisms were used in December 
2000 (CH2M HILL, 2001) to assess the marsh readiness of the water leaving control and 
treatment wetlands at two different TP inlet loads (high = 51 ug TP/L and low = 21 ug 
TP/L). Results of these tests are summarized in Exhibit 2.  

Water flea short-term chronic tests found no effects of the outflow from any of the 
treatment or control wetlands on survival, but the high TP control wetland and two of 
the wetlands receiving Al treated effluents had slightly reduced reproduction rates. 
Survival of the test vertebrate, the bannerfin shiner (Cyprinella leedsi), was significantly 
reduced for all of the wetland cells receiving chemical pretreatments and slightly 
reduced for the low TP inlet control wetland cell. Growth of the fish was also 
significantly reduced in the high TP Al and Fe treatments and in both the control and Fe 
treatment low TP wetland outflows. Algal growth as measured by the 96-hour non-
renewal Selenastrum capricornutum test was higher in all of the wetland outflows 
compared to the laboratory control. There was negligible algal growth potential in 
wetland outflow samples from both the high and low TP research sites. 

A second system tested for Everglades TP removal combined a submerged aquatic 
vegetation (SAV) dominated wetland with a permeable limerock (LR) berm. Exhibit 2 
also summarizes results from biomonitoring tests conducted on inflows and outflows to 
the SAV and SAV+LR treatment systems at the two research sites (high and low inlet 
TP). Ceriodaphnia survival and reproduction were significantly lowered in the LR 
effluent compared to the inlet at the North research site (high inlet TP). No chemical 
factor could be discovered that explained this surprising effect. Survival and growth of 
the bannerfin shiner was not markedly affected in any of the treatments. All of the 
samples promoted algal growth compared to controls in the 96-hour Selenastrum test. As 
was observed for the managed wetland technology tests, there was basically no 
measurable response with this low TP water during the 14-day algal growth potential 
test. 

In summary, existing studies indicate that treatment wetlands generally reduce levels of 
acute and chronic toxicity if present in the inflow. The magnitude of toxicity reduction 
appears to be dependent upon wetland design and operational conditions, especially 
those that affect contact between the wastewater and the wetland plants and soils. As 
with the majority of the pollutant treatment processes acting in wetlands, the effects of 





                          WETLAND SOLUTIONS, INC. 

 11 

hydraulic loading generally outweigh hydraulic residence time, indicating that 
increasing water depth may not be as effective as increasing area to reduce WET in 
treatment wetlands. Some of the reported exceptions to the general reduction of WET by 
wetlands are located in the arid western U.S.   Such systems are exposed to high 
temperatures and low rainfall which can concentrate dissolved ions (salts) and in several 
cases have been found to have increasing toxicity between the wetland inflow and final 
cells. While this observed effect could be the result of salt buildup within these 
wetlands, it could also be in response to increasing concentrations of other conservative 
elements and compounds that are toxic at lower amounts.  Correlation between water 
quality, biomonitoring, and in situ biological data from these arid wetlands would be 
useful to further clarify the important processes affecting WET in these systems. While 
not a total evaporative wetland concept, the Tres Rios Demonstration Constructed 
Wetland Project data offer an opportunity to better understand the effects of treatment 
wetlands on WET. 
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Methods and Materials 

Study Site 
The Tres Rios Demonstration Constructed Wetland Project consists of three discrete 
constructed wetland sites, totaling about 6 ha of wetted area (Exhibit 3). These 
demonstration wetland units are adjacent to the City of Phoenix’s 91st Avenue WWTP 
west of Phoenix, on the north side of the Salt River floodway, and include: 

• Hayfield Riparian Wetlands (Exhibit 4) – two cells, each 1.3 ha built on silty soils 
on the first terrace above the Salt River floodway 

• Cobble Site (Exhibit 5) – two wetland cells with areas of 1.1 and 1.2 ha each built 
on mixed cobble (water-polished rock) within the floodway of the Salt River 

• Research site (Exhibit 6) – 12 wetland test cells, each 0.1 ha, with various 
numbers of internal transverse deep zones 

WET testing has only been conducted on the Hayfield and Cobble Site wetlands.  

The Tres Rios wetlands are surface flow systems and are planted with emergent marsh 
plant species including primarily giant bulrush (Schoenoplectus = Scirpus tabernaemontani) 
and three-square bulrush (S. americanus). Each of the four wetland cells tested has an 
inlet deep zone for initial distribution of the WWTP effluent, from one to 5 internal deep 
zones for re-distribution of flows across the width of the wetland cells, and a final, outlet 
deep zone for final collection. Treated wastewater for this research is derived from a 
combination of treatment trains at the 91st Avenue WWTP, Plant 3A, with effluent 
diverted to the wetland facilities from the chlorine contact channel. Plant 3 produces 
advanced effluent with nitrification/denitrification, but carries a free chlorine residual 
into the front end of the wetland cells (typically 2.5 to 3.5 mg/L). Internal sampling 
within the wetlands indicates that this free chlorine is quickly dissipated within all of the 
wetland cells, prior to the first deep water zone where measurements can be conducted. 

The demonstration constructed wetland cells received initial flows in the summer of 
1995 and have been operational since that time.  Several shutdowns have occurred at 
individual cells as documented in Exhibit 7 that lists the average monthly hydraulic 
loads to each cell through the period of this study. The two Cobble Cells were 
reconfigured by inclusion of additional longitudinal deep zones and islands in early 
1998. A summary of the WWTP effluent (wetland influent) data for the period-of-record 
covered in this report is provided in Exhibit 8. It should be noted that this effluent 
typically has low concentrations of biochemical oxygen demand (BOD5), total 
suspended solids (TSS), and ammonium nitrogen. 
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Sample Collection and Handling 
Biomonitoring samples were typically collected during the first week of each month. 
Four-liter samples were obtained at the combined inlets to each site (Hayfield and 
Cobble). These samples are representative of chlorinated effluent from Plant 3A. At 
roughly the same time, 4-liter samples were also collected from the outlet discharge 
structures of the four wetlands (H1, H2, C1, and C2). This report summarizes 
biomonitoring data at the Tres Rios Demonstration Constructed Wetland Project site for 
the period: January 1996 through August 2002. 

WET Test Methods and Endpoints 
Samples were analyzed either in the City of Phoenix Water Services Laboratory, by 
Aquatic Consulting and Testing, Inc. located in Tempe, Arizona, or by ENSR in Fort 
Collins, Colorado. Test methods followed EPA (1994) for the static renewal, definitive, 7-
day Ceriodaphnia dubia survival and reproduction test. End points identified in these tests 
are defined as follows: 

• LC50 or EC50 – effluent concentration as a percent of the undiluted sample that 
adversely affects 50% of the test organisms 

• No Observable Effect Concentration (NOEC) – the highest concentration as a 
percent of the undiluted sample which caused no statistically significant adverse 
effect on survival or reproduction 

• Lowest Observable Effect Concentration (LOEC) – the lowest concentration as a 
percent of the undiluted sample that caused a statistically significant adverse 
effect on survival or growth 

• Inhibition Concentration (IC25 or IC50) - an estimate of the concentration as a 
percent of the undiluted sample that causes 25 or 50 percent reduction in 
reproduction compared to the laboratory control 
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Results 

Overview 
Detailed results for Ceriodaphnia dubia reproduction and mortality for all of the tests 
conducted with the Tres Rios Demonstration Wetland influent and effluent are provided 
in Appendices A-1 and A-2. This section provides a general overview of those results 
prior to a more detailed analysis that follows. 

Exhibits 9 and 10 present summaries of the test endpoints (measured as percent of 
sample concentration) for the Hayfield and Cobble Site wetlands, respectively. Exhibit 
11 presents a summary (averages) of these endpoint data for the wetlands. Very little 
toxicity has been detected in the wetland influent or at the outlet of either wetland site. 
Of the 40 tests recorded for the influent (91st Avenue WWTP effluent), only 7 have 
shown any indication of acute toxicity and 5 have shown acute and chronic toxicity. For 
the Hayfield Wetland Cells, H1 outflow has shown no evidence of acute or chronic 
toxicity in any of the 12 tests reported while the H2 effluent has been acutely and 
chronically toxic in one out of 9 tests. For the Cobble Site Wetland Cells, C1 effluent has 
shown no acute or chronic toxicity to the water flea in 10 tests over the 7 year period of 
record, while C2 effluent was acutely and chronically toxic in 1 of 12 tests conducted. 
Details of these test results must be examined to develop an understanding of their 
patterns and significance. 

The averages in Exhibit 11 seem to indicate that the wetland effluent is slightly more 
toxic than the influent (WWTP effluent). These differences are an artifact of averaging a 
single high toxicity value for each wetland with a number of no-effect values. Additional 
data evaluation is provided below to better illustrate the subtleties of these results. 

Exhibit 12 provides a summary of all of the biomonitoring data for both the Hayfield 
and Cobble sites, averaged by effluent dilution. Water flea reproduction (average 
neonates per female) and percent mortality data are provided and results from the two 
wetland cells at each site are lumped together. Controls typically averaged between 18.4 
and 28.3 neonates per female. The influent data averaged between 19.1 and 30.2 
neonates per female, and were typically higher than the controls, especially at the low 
dilutions.  This is an indication that the relatively high-quality WWTP effluent was 
actually enhancing nutrition of the water fleas. The test reproduction results were more 
likely to be less than the control reproduction at high effluent percentages, indicating a 
subtle stress with the higher strength effluent.  This “subsidy-stress” relationship 
between effluent concentration and Ceriodaphnia reproduction is a relatively common 
occurrence in biomonitoring tests and is referred to as hormesis (Chapman, 1998; 2000). 
Hormesis has been described over a wide variety of taxa and biological endpoints, and 
can be considered to be a general principle of ecological systems (Odum et al. 1979; 
Knight 1983). 
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Ex 12
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A slight hormetic effect is also apparent for the wetland outflow water at both the 
Hayfield and Cobble sites (Exhibit 12). This effect is extended along the dilution series 
for the Hayfield site with water flea reproduction in every dilution higher than the 
control.  

Exhibit 12 presents the calculated percent change (increase) in the number of neonates 
per female for the wetland influent and effluent.  This percent change typically increases 
at increasing effluent dilutions, indicating that some of the stimulatory effects of the 
high dilution influent samples are lost with passage through the wetland, while the toxic 
effects of the influent at the low dilution end of the spectrum were reduced by passage 
through the wetlands.  

Exhibit 12 also illustrates the overall results for Ceriodaphnia mortality for both wetland 
sites with the two cells lumped at each site. Acute effects of the WWTP effluent (wetland 
influent) are clear in this table. Mortality increases in a generally consistent pattern for 
the wetland influent versus control at each of the two wetlands. Average mortality at the 
wetland outflows was reduced compared to the influent only at the lower dilutions.  

These general data summaries indicate that the Tres Rios Demonstration wetlands alter 
the biologically stimulatory and toxic effects of the WWTP effluent in subtle ways. 
Diluted WWTP effluent is likely to be beneficial to some invertebrate populations in the 
wetlands. Higher concentrations are periodically toxic, both acutely and chronically. 
With passage through the wetlands, the nutritional aspects of relatively low influent 
pollutant concentrations are diminished as are the toxic effects.  It can be cautiously 
concluded that overall, the wetland outflow provides a safe and slightly stimulatory 
source of water for invertebrates and other organisms with similar requirements. These 
subtle results are examined in more detail in the subsequent data analyses presented 
below. 

Time Series Data 
Observed toxicity at the Tres Rios 91st Avenue WWTP and in the wetland effluent was 
sporadic. Exhibits 13 through 17 illustrate the time series patterns for Ceriodaphnia 
reproduction and mortality data for the Demonstration Wetlands. 

Toxicity tests at the Cobble and Hayfield wetlands were generally run on different days. 
On each occasion the inlet water was tested as well as the outlet water from the two 
parallel wetland cells at each site. To best examine the chronic toxicity time series data 
for the wetland inlet water (91st Avenue WWTP effluent), the two inlet data sets have 
been combined in Exhibit 13. Chronic (7-day) reproduction and mortality data for 
Ceriodaphnia are summarized by reporting the difference between the test sample result 
and the control sample result for the entire range of test sample dilutions (presented as 
% effluent). For the reproduction graph in Exhibit 13 a positive number indicates an 
enhancement in neonate production. A negative response, especially one that increases 
with % effluent, indicates a chronically toxic response. Water flea reproduction was 
generally enhanced by the WWTP effluent. However, a number of apparently toxic 
events can be observed in this data set over the period-of-record. The most significant 
events occurred in February and October 1996, October 1997, December 1999, and March 
2000. These observations are reinforced by the lower graph in Exhibit 13 for percent 
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mortality. A positive response on this graph indicates chronic toxicity to the water fleas. 
Increased mortality compared to the controls was greatest on the same dates as listed 
above for reproduction.  

Exhibits 14 and 15 illustrate Ceriodaphnia reproduction and mortality time series data for 
the Cobble Site wetlands. Time series plots for the C1 outflow indicate that the wetland 
outflow was typically stimulatory for Ceriodaphnia reproduction; however three events 
of reduced reproduction compared to the controls were observed, the first in January 
1996, the second in January 2000, and the third in May 2002. C2 outflow data also 
indicate a fairly consistent stimulatory effect on reproduction. The only clear chronic 
effect in the C2 outflow was observed in October 1996 with a smaller event in May 1999. 
C2 effluent was generally healthier for water fleas than was effluent from C1. Exhibit 15 
illustrates the time series of observed mortality of the various tested effluent dilutions 
for the Cobble Site wetland cell inlet and outlets. Consistent increased mortality 
compared to the controls for the WWTP effluent was observed in October 1997, January 
1998, December 1999, March and September 2000, and November 2001. The mortality 
observed at the Cobble Site wetland inlet was substantially or completely reduced at the 
wetland outlets throughout most of the study period except in C2 in October 1996. 

Data plotted in Exhibits 16 and 17 illustrate reproduction and mortality data for the 
Hayfield Site wetlands. Data from wetland station H1 outflow were consistently 
stimulatory to the water flea reproduction. H2 outflow was severely toxic in October 
1996 at the same time the inflow was toxic. Mortality results for H2 in October 1996 
confirmed the low reproduction results for that set of samples (Exhibit 17). 

Effluent Concentration Effects 
WET dilution series data for the Cobble Site wetland inflow and each of the two wetland 
outflows are summarized in Exhibit 18. These data points include plus/minus one 
standard error to allow a visual assessment of significance of the slight differences 
observed between the wetland inflow and outflow samples. The reproduction data 
illustrate a typical hormesis curve of apparent stimulation at a low effluent 
concentration with less reproduction at the higher effluent concentrations. The 
stimulation of reproduction at an effluent concentration in the range of 10 percent 
appears to be significant compared to the control data (0 percent effluent), but the higher 
effluent concentration reproduction results are not significantly different from the 
control results. 

The trend of increasing water flea mortality with increasing effluent concentration is 
clear for the Cobble Site influent and for the C2 wetland outflow but the high variability 
in these results masks significant differences. It is also clear from this graph that the C1 
outflow samples did not create measurable mortality compared to the control (0 percent 
effluent). 
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Exhibit 19 illustrates the same data analysis for the Hayfield Site wetlands. The 
hormesis effect on Ceriodaphnia reproduction is also evident for the Hayfield inflow and 
outflows and the H1 outflow had consistently higher reproduction than the control 
regardless of sample dilution. Mortality results for the inlet and the H2 outlet also 
illustrate a relatively consistent pattern with respect to sample concentration, except for 
data from H1 where there was no observable effect.  

Toxic Events 
Detailed data from a few of the acutely and chronically toxic events are described in this 
section to provide insight into the nature of these responses. 

Measured toxicity was greater in the wetland outflow compared to the inflow during 
one event in October 1996 (Exhibit 9). The Hayfield inflow sample had a measured LC50 
of 70 percent effluent, an NOEC of 50 percent, and 1.8 toxic units. The outflows from 
both H2 and C2 were more toxic than the inflows, with LC50s of 16 and 32 percent, 
NOECs of <25 percent, and 14.5 and 6.3 toxic units, respectively. Examination of 
detailed test results indicates that mortality was occurring within the first two days of 
the test for each of three sampling locations. There was nothing detected in the routine 
test water chemistry that provides an explanation for the increasing toxicity through the 
wetland.  However, the mosquito adulticide malathion had been sprayed at both 
wetland sites and adjacent to the WWTP effluent channel on September 25 and October 
4, 1996 and was probably the causative agent for this observed toxicity. It appears that 
the most likely explanation for the observed higher outflow than inflow toxicity is the 
different timing and location of sampling. Wetland inflow samples (collected at the 
Hayfield wetland splitter inlet box) may have received less of the malathion spray than 
the wetland outflow samples.  

Exhibit 20 illustrates data for tests at the Cobble Site C2 wetland in October 1997. The 
controls failed for the influent sample test due to low reproduction (there was no 
mortality in the control populations). A slight hormesis effect on reproduction was 
observed when the number of neonates per original females was plotted. This 
reproduction occurred prior to 100 percent mortality of the female water fleas after the 
4th day of the test. This mortality only occurred at the 50 percent effluent and above 
concentrations, confirming that it was sample toxicity and not a laboratory anomaly. C2 
outflow samples collected during this same period exhibited a strong stimulatory 
response with increasing sample concentration. Neonate production was over 3 times as 
high in the 100 percent sample concentration as it was in the controls. One possible 
explanation of this difference in results is that the toxic agent in the wetland influent 
sample was not present until the renewal of the test water on Day 5. The wetland 
outflow test being conducted at the same time may not have been exposed to this 
hypothetical toxicant because the moving front sampled at the wetland inlet may not 
have reached the wetland outlet at the time of sampling due to the lag time for the water 
mass to move between the inflow and outflow wetland stations (measured hydraulic 
residence time of about 2 to 3 days based on Kadlec, 2001). A second possible 
explanation is that the wetland cell C2 was very effective at removing toxicity in the 
wetland influent during this testing period. 
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 Exhibits 21 and 22 illustrate biomonitoring data for the Hayfield Site in September and 
October 1997. Plus/minus one standard error bars for Ceriodaphnia reproduction are 
provided on these graphs to assist with interpretation of statistical significance.  Detailed 
data are provided in Appendix A-3.  

On both of these dates two different biomonitoring labs conducted identical tests. In 
general, the differences between the labs were greater than the differences observed 
between sample concentrations. In September 1997 the City of Phoenix Water Services 
Laboratory detected both chronic and acute toxicity in the wetland inlet samples. 
Reproduction results did not display a predictable curve of subsidy and stress over the 
gradient of sample concentrations tested, but the mortality data did show a predictable 
increasing mortality with concentration. The H2 wetland outflow samples tested at the 
same time were clearly stimulatory compared to the control. Data reported by ACT for 
the same samples showed no detrimental or stimulatory effect of the inlet sample 
concentration on Ceriodaphnia reproduction and a slight stimulatory effect on the H2 
reproduction at increasing sample concentrations. No mortality was observed in either 
of the definitive tests run by ACT. 

A similar comparison is shown for October 1997 for the Hayfield Site inlet and the H1 
outlet samples (Exhibit 21). Once again the City of Phoenix Water Services Laboratory 
showed both chronic and acute toxicity for the WWTP effluent while ACT did not, while 
there were only stimulatory effects shown for the H1 outlet sample.  From these results 
it appears that the City of Phoenix Water Services Laboratory has greater sensitivity at 
detecting both acute and chronic toxicity to the water fleas than ACT. This finding may 
indicate that the overall scarcity of toxicity recorded by ACT (who conducted the 
majority of the tests) does not reflect the result that would have been obtained if the 
City’s lab had conducted those same tests. Laboratory variability is a common 
occurrence in these complicated tests (Warren-Hicks, et al. 2000). Split sampling between 
multiple labs with complete audits of test results is necessary to determine if the City’s 
lab is more capable of detecting real acute and chronic effects or is more likely to record 
a false positive result. 

Possible Water Quality Effects 
Previous toxicity identification programs at the City of Phoenix 91st Avenue WWTP 
have identified diazinon as a contributor to whole effluent toxicity (Karen Barten 
[ENSR] letter to Robert Hollander [City of Phoenix] dated January 6, 1995). The report 
prepared by Wass (1997) indicated that diazinon concentration is reduced in the wetland 
influent compared to the WWTP effluent by about 50 percent from an average wetland 
inflow of 0.215 ug/L to an average outflow concentration of 0.104 ug/L and concluded 
that toxicity associated with diazinon may be reduced by passage of the effluent through 
the wetland cells. 
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 Other chemical constituents that may be associated with the observed toxicity are salts 
(as estimated by electrical conductivity), un-ionized ammonia, and trace concentrations 
of metals or organics. Due to the arid location of the Tres Rios wetlands, salt 
concentrations could reasonably be expected to increase under some conditions. On the 
other hand, concentrations of un-ionized ammonia, trace metals, and organics would be 
expected to decrease due to passage through the wetland cells. Detailed data for 
ammonia nitrogen and electrical conductivity were available for a comparison to WET 
results. Data for trace metals and organics are not sufficient to correlate to WET results. 

Conductivity and total ammonium nitrogen (roughly proportional to un-ionized 
ammonia based on temperature and pH) data were reported by the biomonitoring 
testing laboratories and are summarized in Exhibit 23. The conductivity of the WWTP 
effluent averaged about 1,538 umhos/cm over the period of record. Water quality data 
collected during the biomonitoring events indicated that there was relatively little 
increase in salt concentrations between the inlet and outlets of the wetland cells 
(typically less than 10 percent). Total ammonium nitrogen concentrations were never 
very high in the wetland inflow (average about 1.54 mg/L) and were reduced through 
the wetland cells to averages typically between 0.3 and 0.6 mg/L. A few samples had 
outflow ammonium nitrogen concentrations higher than 3 mg/L but there was no 
measurable toxicity recorded on those dates. 

Based on this review of limited water quality data collected at the time of WET testing 
from the wetland cells it appears that slight reductions in concentrations of total 
ammonium nitrogen, diazinon, or other un-recorded trace contaminants may have 
contributed to the relatively subtle decline in toxicity effects observed through the Tres 
Rios Demonstration Constructed Wetlands.  This decline in toxicity occurred in spite of 
a slight observed rise in electrical conductivity (dissolved salts).  
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Summary and Recommendations  

On a routine basis the acute and chronic toxicity of both the 91st Avenue WWTP final 
effluent and the wetland outflows is nearly non-existent or difficult to detect. The 
intermittent nature of toxicity in these discharges makes identification of responsible 
toxicants difficult. The purpose of this report is to assess the effects of constructed 
treatment wetlands on toxicity, not to specifically identify toxicity-causing pollutants in 
the effluent. From this review it can be concluded that the wetlands typically reduced 
low levels of toxicity when they occurred in the WWTP effluent and did not add to 
toxicity in any samples tested. High levels of toxicity, when present in the WWTP 
effluent, passed through the wetlands with minor alteration, probably due to high 
loading rates and resulting short hydraulic residence times. Low toxicity levels were 
attenuated within the loading regimes experienced in the wetlands. 

It can be concluded from this research that use of full-scale constructed wetlands for 
final effluent polishing of the 91st Avenue WWTP final effluent will reduce the frequency 
and magnitude of WET and provide enhancement of water quality in the ultimate 
receiving waters in the Salt River. Additional detailed quantification of those benefits 
could be accomplished by research-oriented biomonitoring and ecological risk 
assessments at the Tres Rios Demonstration Wetlands. The Research Cells could provide 
a replicated platform for this type of research. The cells could be re-started with a range 
of hydraulic loading rates and the existing internal deep zone configurations. WET 
monitoring should also be conducted along the flow path in the full-scale treatment 
wetlands.  

For future monitoring efforts a sensitive indicator of toxicity such as Microtox™ could 
be utilized to provide rapid detection of any toxic events in the 91st Avenue WWTP 
effluent. Wetland inflow and outflow toxicity would then be monitored throughout the 
toxic event. Fathead minnow and algal tests could be used to augment the existing 
Ceriodaphnia bioassays. Screening rather than definitive tests can be used to reduce 
expenses associated with this proposed WET testing program. Tests should probably be 
conducted by the City’s own laboratory because of their apparent ability to provide 
more sensitive detection levels. Statistical comparisons of the raw test data including 
neonates produced, weight gain of fish, and algal cell volumes or weight should be used 
to detect effects of the various wetland designs on toxicity.  Detailed analysis of wetland 
influent and effluent quality for major and minor constituents should be conducted at 
the time of toxicity testing. 

Important research issues related to WET and treatment wetlands in general include the 
following: 

• A demonstration of the relevance of the response of the existing standard test 
organisms as an indicator of actual response in a receiving water, whether it is a 
wetland, stream, or lake 

• The nature of differing sensitivities between standardized WET test organisms 
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• Inter- and intra-laboratory variability when conducting standardized tests 

• Analysis and reporting of the detailed WET laboratory test data to better reflect 
the full response of the test organisms to the effluents tested 

Portions of the issues listed above are addressed in the data summarized for this review 
of nearly seven years of biomonitoring at the City of Phoenix Tres Rios Demonstration 
Constructed Wetlands.  Additional focused research is needed to fully address each of 
these issues to enlighten designers and operators of the proposed full-scale Tres Rios 
Constructed Wetlands.
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Appendix A 
Detailed Biomonitoring Data from the Tres Rios Constructed 

Demonstration Wetlands, Phoenix, Arizona 


