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Abstract

Quarterly water quality data from 1998 to 2003 for eight single-family domestic systems serving 2–7 people in Ohio, USA, were

studied to determine the cell-to-cell and system wide pathogen reduction efficiency and effectiveness of these systems in meeting com-

pliance standards. Two-cell domestic wastewater treatment systems displayed significant variability in their cell-to-cell performance

that directly impacted the overall ability of systems to meet effluent compliance standards. Fecal coliform was effectively reduced

(�99%) in these systems while two-thirds of the input biochemical oxygen demand was mitigated in each of the cells of these sys-

tems. Fecal coliform and biochemical oxygen demand were typically reduced below 2000 counts per 100ml and 15mg/l (respectively)

before discharge to surface waters. Total suspended solids were reduced by �80% overall with cell one retaining the majority of the

solids (�70%). These systems discharged more than 18mg/l of suspended solids in less than 5% of the samples thus displaying a very

high compliance rate. Ammonia and total phosphorus were less effectively treated (�30–40% reductions in each cell) and exceeded

standards (1.5mg/l) more frequently. Analyses based on the number of occupants indicated that the two-cell design used here was

most effective for smaller occupancy systems. More study is required to determine the value of this design for large occupancy sys-

tems. In the future, wetlands should be evaluated based on the total loads delivered to the watershed rather than by effluent

concentrations.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of wetlands to treat domestic wastewater has

gained global attention in recent years (Bastian et al.,

1987) because they are seen as a low-maintenance man-

agement strategy that is an alternative to traditional

treatment systems (Kadlec and Knight, 1996). These

natural systems are known to effectively mitigate a vari-
ety of pollutants (Wood, 1995; Nokes et al., 1999;

Mitsch and Gosselink, 2000). The ability of wetland sys-
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tems to effectively reduce total suspended solids, bio-

chemical oxygen demand (Watson et al., 1990) and

fecal coliform (Nokes et al., 1999; Neralla et al., 2000)

are well established. Nitrogen (ammonia and total nitro-

gen) and phosphorus are processed with relatively low

efficiency by most wetland systems (Nichols, 1983;

Mann, 1990; Hammer and Knight, 1994; Urbanc-Bercic

and Bulc, 1995; Cronk and Fennessy, 2001). Wastewater
designs employing wetlands that discharge to the surface

may be well suited for areas with poor drainage or hyd-

ric soils that limit effective use of traditional leach fields.

The systems discussed in this paper discharge to the

surface and are considered non-point sources of pollu-

tion because of the small volumes of effluent and widely
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separated geographic locations involved. Surface dis-

charging domestic wastewater wetland treatment sys-

tems in the US need to meet National Pollution

Discharge Elimination Systems (NPDES) permit guide-

lines to be in compliance with pollution reduction goals

implemented under the watershed Total Maximum
Daily Loads (TMDL) program. The TMDL program

involves establishment of maximum pollution loads for

impaired river segments. The NPDES program focuses

on improving water impaired by pollution and promot-

ing wide-ranging solutions to the myriad of problems

threatening water quality (USEPA, 2001). Regulatory

guidelines in Ohio, USA that were established to comply

with NPDES�, lower several pathogen limits (OEPA,
1999: Table 1) and discourage off-lot discharge of any

kind (OEPA, 2001). The effluent limits required by the

household sewage disposal permitting system were de-

rived from EPA guidance and regulations (USEPA,

2001). Implementation of the guidelines is delegated to

local health departments under blanket authority

through memoranda of agreements with the US Envi-

ronmental Protection Agency. Since permit writers must
consider every surface water discharge in their total

management strategy, non-point source systems such

as these household treatment systems may be required

to meet more stringent effluent regulations. This study

addresses performance of domestic treatment wetlands

in meeting specific standards. Such standards are di-

rectly applicable in the US, but are relevant worldwide

where similar performance criteria may eventually be
required.

Surface discharging domestic treatment wetlands of

the future must reduce effluent loads effectively in order

to remain a viable alternative for homeowners. Numer-

ous studies in the literature have documented overall

performance and design of domestic systems (Kadlec

and Knight, 1996; Mitsch and Gosselink, 2000). The lit-

erature is also replete with US case studies (Alabama—
White and Shirk, 1998; Kentucky—Watson et al., 1990;

Thom et al., 1998; Texas—Neralla et al., 2000; Ohio—

Steer et al., 2002). Several major conclusions can be

drawn from these studies. Calculations of system effi-

ciencies using pathogen concentrations indicate that

these systems display similar load reduction ranges de-

spite widely differing climatic and geomorphologic con-

ditions. Individually the data display large variances in
the actual values while limited examples with flow meas-
Table 1

EPA surface discharge limits (maximum concentrations)

Pathogen Concentration Units

Fecal Coliform 2000 counts/100ml

BOD5 15 mg/l

TSS 18 mg/l

Ammonia 1.5 mg/l
urements reduce their utility for quantitative kinetics

modeling (see Mitchell and McNevin, 2001 for a review

of BOD kinetics).

Design improvements or modifications necessary to

meet new effluent guidelines can only be accomplished

by detailed documentation of the operational character-
istics of subsurface treatment wetland systems. Steer

et al. (2002) reported initial results for these systems

while focusing on their overall ability to reduce patho-

gens as compared to more mature wetlands. This study

uses two additional years of data to explore the cell-to-

cell performance of eight domestic treatment wetlands

(IDs 13–17, 19–21 from Steer et al., 2002). Since multi-

cell wetlands are rarely reported on a cell-by-cell basis,
these data serve as an example of system performance

during the first 5 years of wetland development. As these

systems become more widely used, compliance informa-

tion will be valuable for scientists and engineers prepar-

ing watershed management plans.
2. Methods

2.1. System description

The systems cited in this study incorporated a single

septic tank for primary treatment and two subsurface

flow wetlands cells connected in series (Fig. 1). These

wetland designs all consisted of two 25m2 treatment

cells with a depth of 0.46m that employed gravity feed
using a 1� slope. Water level was maintained �6cm be-

low the surface through manual adjustment of inlet

pipes. The substrate consisted of �3cm diameter clean

riverbed gravel. Runoff was prevented from entering

the cells by surrounding earthen berms. The same design

was used for all systems regardless of the number of

occupants. The design is consistent with a conservative

design for a four-occupant home based on the EPA de-
sign manual (USEPA, 2000). These systems also have

similar characteristics and fall within the typical 10–

100m2 size reported in a review of domestic wetland

treatment systems (Mankin and Powell, 1998).

Several physical and operational features of these sys-

tems were unique to this study. These wetlands were

constructed with the first cell sealed from the surround-

ing substrate to prevent infiltration into the soil column.
Seven of the systems were sealed with compacted clay

and one had a rubber liner. The second cells were inten-

tionally not isolated from the natural soil, as percolation

and use of the soil column was deemed as a positive ele-

ment of treatment and as a means of reducing off-lot dis-

charge. These systems are all located in the Ottawa

River watershed of western Ohio, serve from 1 to 7 peo-

ple, were constructed and began operation in 1998. Wet-
lands were planted in 1998 or 1999 using Scirpus

(bulrushes) or Sagittaria (arrowhead) in the first cell



Fig. 1. Schematic diagram of wetland systems used in this study. Quarterly water quality samples were collected at the outlet to te septic tank (water

control box 1), the distribution box between cells 1 and 2 and at the outlet box to cell 2.
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and ornamental wetland plants such as Acorus calamus,

Lobelia cardinalis, Asclepias incarnata and Pontederia

cordata in the second treatment wetland.

2.2. Sample collection and analyses

Water samples were collected quarterly from each

wetland. Sampling began in 1999 when the wetland sys-

tems were installed as part of a local watershed-monitor-

ing program and continued through summer 2003 (21

sample dates). Samples were collected from the septic
tank, distribution box between the first and second cell,

and the outlet distribution box that connects to the box

that is connected to drainage tile (see Fig. 1). Grab sam-

ples were collected and analyzed to determine concen-

trations of fecal coliform, BOD5, ammonia, NO3/NO2,

total nitrogen, total suspended solids and total phospho-

rus using standard protocols (USEPA, 1983; APHA-

AWWA-WPCF, 1998). Hydraulic loads of these systems
were not measured. See Steer et al. (2002) for a complete

description of the specific sampling procedures used to

collect data for this study.

2.3. Data reduction

Data were binned into two groups based on house-

hold occupancy (Group 1: 1–3 or Group 2: 5–7 persons)
and were edited prior to analysis. Fecal coliform counts

were underestimated in these data (particularly pertinent

for the inlet) because they were generally counted to a

maximum 20,000. BOD5 samples that unusually ex-

ceeded 300mg/l (4 of 124 samples) were removed from

analyses because such high levels likely indicated a sam-

pling error or malfunctioning septic tank. Other BOD5

samples (18/124) were removed from analyses because
of dilution-related lab errors (concentrations annotated

as ‘‘>’’). Total suspended solid samples that were two

or more orders of magnitude higher than the average

value for the grouped systems (5 of 151 samples) were

also removed as sampling errors. Data were neglected

if ‘‘no flow’’ or ‘‘no access’’ were recorded for the entire
system. In several cases, flow was conducted through

one or more cells, but not through the final cell. In these

cases (43/108), a value of zero was entered for the final
effluent concentration for the particular cell (usually

stage 3). Such cases were considered optimum perform-

ance since no effluent was released to the environment.

Average inlet, intermediate and outlet concentrations

were calculated for individual systems and for groups of

systems. Because of the large variance in these data, con-

fidence intervals were reported using the standard error

of the mean, σ
N (where N is the sample size and r is the

standard deviation). Pathogen reduction efficiencies
were determined using 1—(outlet concentration/inlet

concentration) with probabilities calculated using simple

t-tests assuming equal variance. Outlet counts or con-

centrations were compared to suggested USEPA effluent

limits for discharge to surface waters (Table 1). Per EPA

sampling guidance, a sample met compliance standards

if the effluent exceeded the limit during one period, but

was below the limit during the next consecutive sam-
pling period.
3. Results

3.1. Fecal coliform

Fecal coliform bacteria were reduced significantly
in these systems and typically met effluent standards

(Table 2). The first treatment cell reduced fecal concen-

trations by �83% for both occupancy groups

(p < 0.00001). The second cell reduced the remaining

concentration by �97% (p < 0.00001). Total system

pathogen reduction efficiencies for the systems were

99% for both groups. Average output concentrations

of 1248 ± 326 counts/100ml for Group 1 (low occu-
pancy systems) systems were below the 2000 counts

per 100ml standard. One system (ID 13) exceeded stand-

ards in �35% of the samples. Other low occupancy sys-

tems routinely met standards (in 88% or more of the

samples). The average 2494 ± 590 counts per 100ml



Table 2

Average fecal coliform count (log # per 100ml) at each sampling point, cell pathogen reduction efficiencies and system compliance rate with EPA

standards

System ID

(Occupants)

Inlet from

Septic

Outlet Cell 1 Reduction

Cell 1 (%)

Cell 2

Outlet

Reduction

Cell 2 (%)

Reduction

Aggregate (%)

Compliance

<2000 (%)

Observations N

13(2) 4.27 ± 0.049 3.59 ± 0.42 79 2.89 ± 0.93 80 96 65 21

14(1) 4.27 ± 0.02 3.53 ± 0.69 82 1.19 ± 2.08 99 99 100 21

17(2) 4.25 ± 0.02 3.47 ± 0.48 84 0.69 ± 1.86 99 99 100 18

21(3) 4.33 ± 0.01 3.26 ± 0.29 91 2.14 ± 1.05 92 99 89 19

Combined 4.28 ± 0.02 3.47 ± 0.47 84 1.71 ± 2.17 98 99 88 79

15(5) 4.24 ± 0.04 3.58 ± 0.30 78 1.91 ± 1.75 98 99 89 18

16(6) 4.21 ± 0.18 3.59 ± 0.41 76 2.41 ± 1.27 93 98 86 21

19(7) 4.28 ± 0.04 3.47 ± 0.72 85 2.01 ± 2.99 96 99 95 22

20(5) 4.17 ± 0.28 3.24 ± 0.68 88 2.02 ± 2.21 94 99 95 20

Combined 4.22 ± 0.14 3.47 ± 0.52 82 2.10 ± 2.01 96 99 91 81
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releases of Group 2 systems (higher occupancy) ex-

ceeded the 2000 counts per100ml standard. Two of these

systems (IDs 15 and 16) displayed average effluent levels

below limits but exceeded the fecal standard in approx-

imately 15% of the samples. Two (IDs 19 and 20) ex-

ceeded standards on average, but met the effluent

standard in 95% of the samples.

3.2. BOD5

Biochemical oxygen demand reduction and compli-

ance with standards varied significantly from system to

system in the wetlands (Table 3). The first wetland cell

reduced BOD5 by �66% (p < 0.00001) for both low

and high occupancy systems. The second cell reduced

the remaining concentrations by �74% (p < 0.00001)
in Group 1 systems and 59% (p < 0.0005) in the Group

2 systems. Overall these systems reduced 91% (Group 1:

p < 0.00001) and 86% (Group 2; p < 0.00001) of the

BOD5. The Group 1 average output biochemical oxygen

demand of 13.8 ± 3.2mg/l was below the 15.0mg/l rec-

ommended standard. Average BOD5 concentrations

for two of these systems (IDs 14 and 17) always met

the standards (100% compliance). Two other systems
(IDs 13 and 21) averaged well above the standard
Table 3

Average BOD5 concentrations (mg/l) at each sampling point, cell pathogen

System ID

(Occupants)

Inlet from

Septic

Outlet Cell 1 Reduction

Cell 1 (%)

Cell 2 Outle

13(2) 162.2 ± 20.8 71.3 ± 14.8 56 24.4 ± 12.2

14(1) 131.4 ± 16.4 23.7 ± 3.8 82 2.6 ± 1.1

17(2) 125.6 ± 17.6 83.4 ± 10.0 34 4.1 ± 2.3

21(3) 249.5 ± 27.1 45.2 ± 8.0 82 20.9 ± 3.0

Combined 162.1 ± 11.8 53.8 ± 5.6 67 13.8 ± 3.2

15(5) 137.9 ± 15.5 45.2 ± 5.5 67 14.0 ± 3.0

16(6) 173.9 ± 18.9 89.5 ± 10.8 49 53.3 ± 9.1

19(7) 244.2 ± 25.8 63.2 ± 7.9 74 10.3 ± 4.3

20(5) 141.6 ± 15.1 39.3 ± 8.8 72 16.7 ± 7.4

Combined 171.2 ± 10.7 58.9 ± 4.9 66 23.9 ± 3.9
(24.4 ± 12.2 and 20.9 ± 3.0 respectively) and failed to

meet standards in more than 45% of the individual sam-

ples. Average output BOD5 concentrations for the high

occupancy systems of 23.9 ± 3.9mg/l exceeded the sug-

gested limit. One system (ID 16) displayed output levels

nearly 3 times higher than all other systems.

3.3. Total suspended solids

Total suspended solids (TSS) were reduced effectively

enough to routinely meet effluent limits (Table 4). The

first cell processed �70% (p < 0.00001) of the input

TSS based on concentrations. The second cell played lit-

tle or no role in water quality improvement as it reduced

39% (low occupancy; p < 0.1) and 25% (high occupancy;

p < 0.1) of the remaining solids. In some systems, solids
appeared to be remobilized (e.g. IDs 20 and 21). Overall

these systems removed 83% (Group 1: p < 0.00001) and

77% (Group 2; p < 0.00001) of the total suspended sol-

ids. Average outlet total suspended solids (TSS) of

6.37 ± 1.42 (Group 1) and 8.83 ± 1.46 (Group 2) mg/l

met OEPA/EPA standards of 18mg/l (Table 4). With

the exception a single system (ID 21 at 78% compliance),

these wetlands met standards in almost all cases (95–
100% compliance).
reduction efficiencies and system compliance rate with EPA standards

t Reduction

Cell 2 (%)

Reduction

Aggregate (%)

Compliance

<15mg/l (%)

Observations N

52 79 55 11

89 98 100 16

95 97 100 13

54 92 36 11

74 91 76 51

69 90 73 15

40 69 29 14

84 96 83 12

58 88 79 14

59 86 65 55



Table 4

Average TSS Concentrations (mg/l) at each sampling point, cell pathogen reduction efficiencies and system compliance rate with EPA standards

System ID

(Occupants)

Inlet

from Septic

Outlet Cell 1 Reduction

Cell 1 (%)

Cell 2

Outlet

Reduction

Cell 2 (%)

Reduction

Aggregate (%)

Compliance

<18mg/l (%)

Observations N

13(2) 47.28 ± 9.63 11.86 ± 3.69 75 5.72 ± 0.97 52 88 100 20

14(1) 25.17 ± 5.84 8.14 ± 3.18 68 3.25 ± 1.81 60 87 100 18

17(2) 27.84 ± 6.82 10.15 ± 2.05 64 5.40 ± 4.61 47 81 100 17

21(3) 54.41 ± 13.65 11.17 ± 2.71 79 12.58 ± 3.60 �13 77 78 19

Combined 38.17 ± 4.67 10.36 ± 1.48 73 6.37 ± 1.42 39 83 94 74

15(5) 24.81 ± 3.09 12.75 ± 4.70 49 7.78 ± 2.69 39 69 100 18

16(6) 45.49 ± 5.33 12.73 ± 3.98 72 7.51 ± 1.85 41 83 100 19

19(7) 38.62 ± 6.49 10.95 ± 3.06 72 9.01 ± 4.07 18 77 100 20

20(5) 42.13 ± 4.35 10.60 ± 1.80 75 10.98 ± 3.02 �4 74 95 20

Combined 37.92 ± 2.59 11.76 ± 1.76 69 8.83 ± 1.46 25 77 99 77

Table 5

Average ammonia concentrations (mg/l) at each sampling point, cell pathogen reduction efficiencies and system compliance rate with EPA standards

System ID

(Occupants)

Inlet from

Septic

Outlet Cell 1 Reduction

Cell 1 (%)

Cell 2 Outlet Reduction

Cell 2

Reduction

Aggregate (%)

Compliance

<1.5mg/l (%)

Observations N

13(2) 36.84 ± 3.95 28.94 ± 2.70 21 18.41 ± 2.21 36 50 12 17

14(1) 31.86 ± 2.21 17.29 ± 2.03 46 1.96 ± 1.17 89 94 88 17

17(2) 23.32 ± 2.34 26.09 ± 2.15 �12 3.42 ± 1.90 87 85 93 15

21(3) 43.67 ± 3.08 29.61 ± 6.73 32 12.47 ± 1.78 58 71 13 15

Combined 33.95 ± 1.73 25.33 ± 1.94 25 9.14 ± 1.23 64 73 52 64

15(5) 29.52 ± 2.80 21.36 ± 2.17 28 8.81 ± 1.95 59 70 41 17

16(6) 40.85 ± 2.68 33.16 ± 2.30 19 23.38 ± 1.98 29 43 0 17

19(7) 42.01 ± 4.64 21.79 ± 2.23 48 9.13 ± 2.22 58 78 50 16

20(5) 102.01 ± 10.54 64.93 ± 7.64 36 33.50 ± 7.48 48 67 50 16

Combined 53.04 ± 4.53 35.07 ± 2.99 34 18.63 ± 2.35 47 65 35 66
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3.4. Ammonia

Ammonia reduction efficiencies varied greatly from

wetland to wetland and none of the systems routinely

met standards (Table 5). Both cells appeared to contrib-

ute to ammonia reduction with �25–34% (p < 0.001) re-

duced in the first cell and 47–64% (p < 0.00001) of the

remaining amount mitigated in the second cell. Overall

these systems reduced�70% of the ammonia that entered

the systems from the septic tanks. The average ammonia
effluent discharged by Group 1 systems (9.14 ± 1.23mg/l)

was over six times the 1.5mg/l ammonia standard. Sys-

tems serving larger numbers of occupants (Group 2)

had average ammonia discharge concentrations double

those of Group 1 systems. Both groups of systems rou-

tinely exceeded the 1.5mg/l ammonia standard and all

but two systems (IDs 14 and 17) even exceeded the total

nitrogen limit of 4.5mg/l (OEPA, 1999) allowed for these
systems. The highest performing system (ID 17) met the

standard in 94% of the cases while the worst performing

system (ID 16) never met the standard.

3.5. Total phosphorus

Total phosphorus reduction efficiencies and compli-

ance with suggested standards varied extensively one
wetland to another (Table 6). Both cells appeared to

contribute to phosphorus reduction with �32–38% re-
duced in the first (p < 0.000001) and second (p < 0.001)

cell. Overall these systems reduced �55% of the total

phosphorus that entered the systems from the septic

tanks. The average total phosphorus discharged by

Group 1 systems (2.79 ± 0.40mg/l) was �70% of that

discharged by the systems serving larger numbers of

occupants of systems. Both groups of systems routinely

exceeded the 1.5mg/l standard. The highest performing
system (ID 17) met the standard in 94% of the cases

while the worst performing system met the standard in

only 10% of the samples (ID 16).
4. Discussion

4.1. Fecal coliform

Wastewater treatment data indicated the number of

residents did not impact pathogen reduction efficiency

or compliance rates in these systems. The higher cell 2

processing efficiency (�97%) compared to cell 1 (�83%)

was not significant because cell 1 inlet concentrations

were under-reported (counts terminated at 20,000). Cell

2 outlet concentrations from low occupancy systems were



Table 6

Average total phosphorus concentrations (mg/l) at each sampling point, cell pathogen reduction efficiencies and system compliance rate with EPA

standards

System ID

(Occupants)

Inlet from

Septic

Outlet Cell 1 Reduction

Cell 1 (%)

Cell 2 Outlet Reduction

Cell 2

Reduction

Aggregate (%)

Compliance

<1.5mg/l (%)

Observations N

13(2) 9.96 ± 0.69 6.94 ± 0.40 30 6.09 ± 0.87 12 39 19 21

14(1) 5.02 ± 0.39 2.70 ± 0.39 46 1.61 ± 0.57 40 68 81 21

17(2) 5.80 ± 0.57 4.94 ± 0.37 15 0.79 ± 0.42 84 86 94 16

21(3) 7.80 ± 0.60 3.36 ± 0.46 57 2.11 ± 0.54 37 73 79 19

Combined 7.22 ± 0.36 4.49 ± 0.29 38 2.79 ± 0.40 38 61 66 77

15(5) 5.08 ± 0.52 3.45 ± 0.49 32 1.58 ± 0.37 54 69 78 18

16(6) 8.02 ± 0.62 6.32 ± 0.56 21 6.02 ± 0.60 5 25 10 21

19(7) 6.84 ± 0.68 3.42 ± 0.51 50 2.89 ± 0.82 15 58 55 20

20(5) 15.41 ± 1.1 11.30 ± 1.67 27 5.47 ± 1.26 52 65 60 20

Combined 8.92 ± 0.58 6.08 ± 0.59 32 4.08 ± 0.46 33 54 49 79
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slightly lower than those observed from the higher occu-

pancy systems (p < 0.05) despite having nearly identical

(p = 0.5) cell 2 inlet concentrations. Closer examination

of the data (Table 2) indicated that these differences were

minimal and had little impact on the compliance rate.

Any differences in output loads are likely attributed to
changes in total hydraulic loads due to evaporation and

transpiration that occurred as effluentmoved through cell

2. Approximately 70% of the low occupancy samples re-

corded no off-lot discharge from cell 2 compared to 10%

of those from Group 2 systems. Evapotranspiration is a

mechanism that is known to be a factor in other wetlands

(Kadlec and Knight, 1996; Mitsch and Gosselink, 2000)

andmay have hadmore impact on the systems with smal-
ler hydraulic loads (Group 1 systems). Compliance with

the 2000 counts per 100ml standard did not appear to

be related to occupancy since all systems generally met

the 2000 counts per 100ml fecal standard. Options such

as aeration in cell 2 or chlorination at the end of the cell

might serve to improve system performance to the levels

required to meet fecal coliform effluent standards in all

cases albeit at higher cost (Steer et al., 2003).

4.2. BOD5

Treatment efficiency and compliance with BOD5

standards did not appear to be related to input cell con-

centrations or household size. The actual average BOD5

loads delivered to the two groups of wetlands were 160–

170mg/l (Table 3). The input BOD5 concentrations to
cell 1 reported here are well above the 100mg/l upper

limit for effective removal based on EPA sizing criteria

(USEPA, 2000). Curiously, the percentage reduction of

BOD5 from the septic tank to the outlet of cell 1 and

the outlet of cell 1 to the outlet of cell 2 were similar de-

spite much lower concentrations entering the second

cells (Table 3). The similar treatment efficiencies in both

cells may indicate that cell one did not reach the maxi-
mum capacity to effectively treat BOD5 even when well

above the design threshold. Low occupancy system
BOD5 final effluent levels were much lower than those

observed for the higher occupancy systems (p < 0.05).

However, one system (Group 2: ID 16) had significantly

higher cell 2 concentrations than any of the other sys-

tems. When that system was removed from the analyses,

there were no significant differences between the groups
(p = 0.5) for outlet BOD5. System 21 (Group 1) and sys-

tem 16 (Group 2) routinely exceeded standards. System

21 had some of the highest BOD5 inlet concentrations

while ID 16 had some of the highest cell 2 inlet concen-

trations. With these systems removed from analyses, the

remaining systems complied with the 15mg/l BOD5 limit

in �80% of the cases. These low effluent concentrations

and high compliance rates were expected based on stud-
ies from other regions (Bhamidimarri et al., 1991; Maeh-

lum et al., 1995; Neralla et al., 2000).

4.3. Total suspended solids

These systems significantly reduced TSS in the waste-

water and effectively met compliance standards for both

groups of systems. There were no significant differences
in input loads or individual cell treatment efficiencies be-

tween groups of systems. Inlet concentrations of TSS

were approximately 1/3 the suggested maximum design

concentration of 100mg/l (USEPA, 2000). Cell 2 effi-

ciencies were influenced by remobilization of solids that

occurred in two systems (Group 1: ID 21; Group 2: ID

20). For the remaining systems, cell 2 suspended solid

outlet concentrations were statistically indistinguishable
between the two groups (p > 0.05). On average, solids

were reduced below the 18mg/l limit by the time the

effluent exited the first cell (Table 4). As such, systems

met compliance standards in a very high percentage of

the samples.

4.4. Ammonia

Ammonia mitigation efficiencies did not appear to be

related to the number of occupants and the systems were
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not able to consistently meet standards. Two of the sys-

tems (ID 17: low occupancy; ID 20: high occupancy) dis-

proportionately influenced average cell 1 reduction rates

for these systems. System ID 17 had the lowest average in-

let ammonia concentrations and actually appeared to

show an increase in ammonia through cell 1. Further
analysis indicated that there was no statistically signifi-

cant difference between cell 1 inlet and outlet ammonia

concentrations for system ID 17 (p = 0.2). Group 2 sys-

tem ID 20 displayed inlet ammonia concentrations that

were 2–3 times larger than observed for any other systems

(Table 6). When these two systems were removed from

the analyses, there was no difference in ammonia concen-

trations between systems at the various sample points.
The reduced data for all systems combined indicated that

cell 1 reduced 32% (p < 0.00001) and cell 2 reduced 51%

(p < 0.00001) of the remaining ammonia for an overall

ammonia reduction of 67% (p < 0.00001). These results

were not unexpected based on values reported in other

studies (Gersberg et al., 1986; Koottatep and Polprasert,

1997) and because subsurface treatment wetlands

are known to exhibit low ammonia removal efficien-
cies (Hammer and Knight, 1994; Koottatep and

Polprasert, 1997;Weaver et al., 2001). The low efficiencies

contributed to the inability of these systems to meet the

1.5mg/l standard. A design change that includes aeration

could improve performance.

4.5. Total phosphorus

Total phosphorus reductions were not linked to the

number of occupants and the systems were able to meet

standards in the majority of the samples. One of the sys-

tems (ID 20: Group 2) displayed input phosphorus con-

centrations that were nearly double that of other

systems. For the remaining systems, there was no differ-

ence in total phosphorus concentrations between sys-

tems at the various sample points. The reduced data
for all systems combined indicated that cell 1 reduced

phosphorus 36% (p < 0.00001) and cell 2 reduced 30%

(p < 0.0005) of the remaining amount for an overall

phosphorus reduction of 55% (p < 0.00001). The poor

performance of these systems compared to the 80–97%

efficiency of similar systems in other studies (Maehlum

et al., 1995; Urbanc-Bercic and Bulc, 1995) is difficult

to explain. System efficiency at removing P is related
to the type of substrate (Richter and Weaver, 2003)

and has been shown to decrease over time, occasionally

with remobilization (Mann, 1990). Despite the low total

phosphorus removal rate, systems were able to meet the

1.5mg/l standard in over 50% of the samples.

4.6. Compliance with standards

There is a discrepancy between current US Environ-

mental Protection Agency compliance standards and
the USEPA National Pollution Discharge Elimination

Systems Total Maximum Daily Load policy. Compli-

ance concentration standards (Table 1) that were devel-

oped to conform to USEPA (2001) guidelines can be

monitored quickly, at relatively low cost and rapidly

evaluated as pass or fail. However, monitoring concen-
trations has limited usefulness for water resource

managers because total loads delivered are of key

importance to the overall health of the watershed

(USEPA, 2001). Flows were not measured in these sys-

tems, but larger occupancy systems more frequently dis-

charged to surface waters than small occupancy systems.

The true influence of these systems on water quality can

only be fully addressed if hydraulic loading rates are
determined and used in concert with effluent concentra-

tions. A more effective method for evaluating the utility

of using these systems could be developed by compar-

ing output loads of various wastewater treatment

options rather than by simply monitoring output

concentrations.
5. Conclusions

Analyses of effluent concentrations and standards

compliance from eight two-cell treatment wetlands indi-

cated these systems effectively reduced pathogens and

their discharged effluent generally met EPA suggested

standards (Table 1). Fecal coliform concentrations were

reduced �83% in cell one and 97% in cell 2 with high
compliance rates (�90%). BOD5 concentrations were re-

duced with lower efficiencies than those found for fecal

coliform (�65% for cell 1 and 70% for cell 2). These sys-

tems met the 15mg/l standard in �2/3 of the samples.

Solids were reduced �70% in cell one with cell two pro-

viding much less additional water quality improvement

(�30% reduction). The two-cell design effectively met

18mg/l standards showing higher than 90% compliance.
Ammonia reduction was actually higher in cell 2 (�55%)

than it was in cell 1 (�30%) for overall reductions of

�70%. The low performance of these systems in process-

ing ammonia resulted in frequent failures to meet the

1.5mg/l standard (>50%). Total phosphorus was also

not well processed in these systems on a cell-to-cell basis

(�35% for both cells 1 and 2) or overall (�60%) with a

correspondingly low compliance level (�55%). Addi-
tional research is needed to determine effective methods

for improving ammonia and total phosphorus process-

ing of these systems. The performance documented here

suggests that trends in cell-to-cell pathogen reduction

are important to understanding system performance.

Additional study is needed to determine if systems with

a larger surface area would be more efficient (as sug-

gested by Stecher and Weaver (2003)) or if other design
changes are required for large (5+) occupancy house-

holds. Monitoring-based regulations should be guided
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by total loads delivered to the watershed rather than by

effluent concentrations.
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