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The research objective was to investigate the effect of intermittent wetland drainage on

swine wastewater treatment by marsh–pond–marsh (m–p–m) constructed wetlands. For

16 weeks beginning in June 2002, each of four m–p–m wetlands in Greensboro, NC, USA,

received a different application of swine wastewater. The four application schemes were as

follows: (1) continuous application; (2) 1 week of no application for every 4 weeks of appli-

cation; (3) 1 week of no application for every 3 weeks of application; and (4) 1 week of no

application for every 2 weeks of application. The effect of intermittent wetland drainage was

determined by comparing each system’s soil oxidation, wastewater constituent removal,

and ammonia volatilization. Soil oxidation was increased during drainage periods of the

systems with four and five drainage periods. While the removal of total suspended solids,

chemical oxygen demand, and total phosphorus were not affected by the incorporation
arsh–pond–marsh design of drainage periods, the efficiency of total nitrogen removal significantly increased with

increased number of drainage periods. For treatment wetlands that incorporated zero, three,

four, and five drainage periods, the total nitrogen removal efficiencies were 57, 64, 70, and

67%, respectively. An increase in the number of drainage periods did not reduce ammonia

volatilization from either marsh or pond sections.

demanding substances. Oxygen-enhancing modifications
. Introduction

ven though constructed wetlands have been used for decades
o treat municipal and industrial wastewater, the ability of this
echnology to treat animal wastewater has only recently been
xamined by significant research efforts (Hunt and Poach,
001; Knight et al., 2000; Cronk, 1996). This research veri-
ed that constructed wetlands used in conjunction with land

pplication were effective for treating animal wastewater,
specially the removal of nitrogen and oxygen-demanding
ubstances. Despite this effective treatment, the capacity of

∗ Corresponding author at. Massachusetts Department of Environmen
tates. Tel.: +1 413 755 2128; fax: +1 413 784 1149.

E-mail address: matthew.poach@state.ma.us (M.E. Poach).
925-8574/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.ecoleng.2007.01.003
© 2007 Elsevier B.V. All rights reserved.

the constructed wetlands to remove wastewater nitrogen and
oxygen-demanding substances was limited by the oxygen
availability in the wastewater and wetland soil (Hunt et al.,
2003).

Modifications of wetland operation can enhance the oxy-
gen content of the wastewater and wetland soil; thereby,
improving the removal of wastewater nitrogen and oxygen-
tal Protection, 436 Dwight Street, Springfield, MA 01103, United

include intermittent wetland drainage (alternating fill and
drain cycle). Intermittent drainage of wetland mesocosms
treating dairy wastewater enhanced the removal of chemical

mailto:matthew.poach@state.ma.us
dx.doi.org/10.1016/j.ecoleng.2007.01.003
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Fig. 1 – Schematic of the marsh–pond–marsh constructed
wetland design showing the sources and flow paths for
swine wastewater. Only wetland systems (WS) 1–4 were
44 e c o l o g i c a l e n g i n e

oxygen demand (COD) and nitrogen as compared to contin-
uous application (Tanner et al., 1999). Although intermittent
wetland drainage did not increase wetland removal of dairy
wastewater phosphorus (Tanner et al., 1999), it did increase the
removal of phosphorus in simulated wastewater (Busnardo
et al., 1992). Therefore, phosphorus removal by constructed
wetlands under intermittent drainage needs further study.

While oxygen input to wetland soil can be enhanced by
the modification of wetland operation, oxygen input to the
wastewater can be enhanced by the modification of wetland
design. One of these design modifications, referred to as a
marsh–pond–marsh (m–p–m) design, consists of a traditional
continuous-marsh design bisected by a deeper, open-water or
pond section. The pond section has been shown to increase
the dissolved oxygen concentration and oxidation status
of animal wastewater (Cathcart et al., 1994; Reddy et al.,
2001). Although increased oxygen concentration was expected
to promote nitrification in the pond section, m–p–m sys-
tems did not exhibit increased wastewater nitrogen removal
when compared to continuous marsh systems (Poach et al.,
2004b; Moore et al., 1995). This discrepancy suggests that the
increased oxygen concentration did not support an increased
rate of nitrification. The restriction on nitrification likely
resulted from the application of wastewater biochemical oxy-
gen demand (BOD) in excess of the first marsh’s removal
capacity (Poach et al., 2004b).

While the BOD treatment capacity of the first marsh in
a m–p–m system can be increased by increasing the size of
the first marsh, this modification may not be feasible for
pre-existing systems. This modification is also not desirable
for areas where animal wastewater treatment is land lim-
ited, especially when a goal of maximum nitrogen removal
also maximizes BOD loading. One possible alternative for
enhancing the treatment capacity of m–p–m systems is to
apply wastewater on an alternating fill and drain cycle. If
intermittent wetland drainage improves the BOD treatment
capacity of the first marsh then the pond section should
promote nitrification. Enhanced nitrification in the pond sec-
tion should reduce ammonia (NH3) volatilization generated
by the pond (Poach et al., 2004a). Partial nitrification of
swine wastewater before wetland application reduced NH3

volatilization from continuous marsh wetlands (Poach et al.,
2003).

The objective of this research was to evaluate how intermit-
tent wetland drainage affects the ability of m–p–m constructed
wetlands to treat wastewater from a confined swine opera-
tion. To meet this objective, different wastewater application
schemes were used to load swine wastewater to four m–p–m
wetland systems.

2. Materials and methods

2.1. Site description

The experiment was conducted at the swine research facility

of the North Carolina A&T State University farm in Greens-
boro, NC, USA, using four surface-flow wetlands in a m–p–m
design. The wetlands (11 m × 40 m) were constructed in 1995
(Reddy et al., 2001). Each wetland system (WS) consisted of
used in this experiment.

an 11 m × 10 m marsh at both the influent and effluent ends
and an 11 m × 20 m pond section separating the marshes
(Fig. 1). The marsh sections were planted with Typha latifo-
lia L. (broadleaf cattail) and Schoenoplectus americanus (Pers.)
Volkart ex Schinz & R. Keller (American bulrush) in March 1996.
The wetlands have been treating swine wastewater every year
since the first application in 1997.

2.2. Experimental design

The study was conducted for 16 weeks from June to October
2002. During the study, each WS received a different swine
wastewater application scheme. The four application schemes
were as follows: (1) continuous application (no drain periods);
(2) 1 week of no application for every 4 weeks of application
(three drain periods); (3) 1 week of no application for every
3 weeks of application (four drain periods); and (4) 1 week

of no application for every 2 weeks of application (five drain
periods). These application schemes resulted in drainage fre-
quencies that were 0, 19, 25, and 31% of the total study period,
respectively.
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Wastewater applied to each WS was obtained from the pri-
ary lagoon (L1) of a two-stage anaerobic lagoon that received
anure flushed from the swine house (Fig. 1). Wastewater

rom L1 was transferred by a submersible pump to an 8000 L
torage tank, where it was discharged by gravity to all wet-
ands. Wastewater flows to each WS were controlled by ball
alves. Effluent was discharged to an outlet basin located at
he distal end of each WS before flowing to a storage pond.
he wastewater inflows and outflows were measured with tip-
ing buckets wired to an electronic totalizer (cycle counter).
eriodically, mechanical flow measurements were verified
anually.
While hydraulic loads to each system varied on a weekly

asis due to the method of application, average loads for the
tudy period were 8.5, 9.7, 9.0, and 8.3 m3 day−1 for wetlands
ith 0, 3, 4, and 5 drainage periods, respectively. Based on the

olume of wastewater in each system, these loads should have
esulted in retention times between 13 and 15 days.

Depth of water in each WS was controlled by the position-
ng of a vertical extension of the outflow pipe in the outlet
asin. When a wetland was receiving wastewater, the oper-
ting heights of wastewater above the sediment surface were
5 cm in the marsh sections and 75 cm in the pond sections.
uring drain periods, the wastewater inflow was stopped and

he pipe in the outlet basin was lowered to drop the water
elow the organic soil layer in the marsh sections. The max-

mal depth to which the wastewater could be drained was
ontrolled by the depth of the drainage catchment basin in
he second marsh of each system. The catchment basin, to
hich the outflow pipe was attached, was installed just below

he mineral soil surface in each marsh to ensure the complete
rainage of the organic layer.

The oxidation status of each marsh section was deter-
ined by measuring the soil oxidation–reduction potential

ORP). Soil ORP was measured using permanently installed
lectrodes. In 1997, after wetland construction, platinum (Pt)
ipped electrodes and one reference electrode with a salt
ridge assembly were inserted into the mineral sediment of
ach marsh section to depths of 5 and 15 cm. The Pt-tipped
lectrodes were constructed with 12-gauge copper (Cu) wire
nd 18-guage Pt wire. Construction was similar to the welded
onstruction of Patrick et al. (1996) except that the Pt wire was
ot welded to the Cu wire but was instead inserted into a
mall hole drilled into the end of the Cu wire and held in place
y crimping the end of the Cu wire around it. The reference
lectrode-salt bridge assembly was constructed according to
zogi et al. (2004). Prior to installation, electrodes were cleaned
nd tested according to Szogi et al. (2004).

A CR7X Campbell Scientific Datalogger (Logan, UT)1 was
sed to record ORP readings in millivolts every 5 min and to

verage those readings on an hourly basis. The datalogger also
ecorded tipping bucket data and data collected by an onsite
eather station.

1 Mention of trade name, proprietary product, or vendor is for
nformation only and does not constitute a guarantee or warranty
f the product by U.S. Department of Agriculture and does not

mply its approval to the exclusion of other products or vendors
hat may also be suitable.
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Discrete wastewater samples were collected from the inlet
storage tank and from the outlet of each WS using autosam-
plers (ISCO 3700, Lincoln, NE). For each location, the samplers
combined daily samples into weekly composites. Concen-
trated sulfuric acid was added to sampling bottles prior to
sample collection to lower the pH below 2. At the end of each
weekly sampling period, samples were transferred to the lab-
oratory for analysis and stored at 4 ◦C.

During a 2-week period in September, NH3 emitted from
each marsh and pond section was sampled using a special
open-ended enclosure. Plots for sampling NH3 volatilization
were located near the middle of each section. Poach et al.
(2004a) give a detailed description of the enclosure design and
the method used to sample NH3. Two sampling runs were con-
ducted on each plot except for the plots located in the second
marsh sections of the first and fourth WS. For these plots, only
one sampling run was conducted. Sampling runs were con-
ducted for a 2-h period on marsh plots and for a 1-h period on
pond plots.

2.3. Data analyses

Hourly ORP, tipping bucket, temperature, and rainfall records
were downloaded from the datalogger and averaged on a
24-h basis. Daily ORP values were transformed to standard
hydrogen electrode readings (Eh) by adding a +200-mv cor-
rection value associated with using a Ag/AgCl reference
electrode. No further corrections to the Eh values were
made as explained by Szogi et al. (2004). For each tip-
ping bucket, daily values were multiplied by the volume of
wastewater applied per tip cycle to obtain daily wastewater
flow.

Weekly composite wastewater samples were analyzed for
nitrate/nitrite-N (353.1), total Kjeldahl-N (351.2), and total P
(365.4) using EPA methods (Kopp and McKee, 1983). These
analyses were performed with a Technicon AAII analyzer
(Technicon Instruments Corp., Tarrytown, NY). Total N was
the sum of total Kjeldahl-N and nitrate/nitrite-N. Total sus-
pended solids (TSS) of wastewater samples were determined
as follows: a 20-mL aliquot of wastewater from each sam-
ple was filtered through a pre-dried glass fiber filter that was
subsequently dried at 105 ◦C to constant weight. Chemical
oxygen demand (COD) of wastewater samples was determined
using the closed reflux, colorimetric method (5220; APHA,
1998).

For each wastewater constituent, total mass loaded to
and discharged from each WS were calculated to deter-
mine mass removal. For these systems, mass removal is a
more informative parameter than concentration reduction
because regulations prevent the direct discharge of wastew-
ater from confined animal operations. The mass of each
wastewater constituent loaded to and discharged from each
WS on a weekly basis was determined using the following
equation:

(
C

)

ML = I

106
× QI (1)

MD =
(

CO

106

)
× QO (2)
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Fig. 2 – Wastewater levels in reference to the level of zero
discharge for (a) the WS that had three drainage periods, (b)
the WS that had four drainage periods, and (c) the WS that
46 e c o l o g i c a l e n g i n e

where ML/D is the constituent mass loaded to or discharged
from a WS (kg), CI/O the constituent concentration in waste
lagoon or at WS outlet (mg L−1) and QI/O is the weekly total
wastewater inflow or outflow (L).

For each wastewater constituent, total mass loaded to and
discharged from each WS was calculated by summing the
16 weekly values obtained during the experimental period.
Constituent mass removal efficiencies for each WS were deter-
mined using the following equation:

Eff =
[

TML − TMD

TML
× 100

]
(3)

where Eff is the mass removal efficiency (%), TML the total
constituent mass loaded to a WS (kg), and TMD is the total
constituent mass discharged from a WS (kg).

Ammoniacal N in NH3 volatilization samples was deter-
mined with a Bran + Luebbe Autoanalyzer III (Bran + Luebbe
Analyzing Inc., Roselle, IL) using EPA method 351.2 (Kopp and
McKee, 1983). Rates of NH3 volatilization in mg NH3-N m−2 h−1

were determined from the difference in NH3-N collected by the
inlet and outlet gas-washing bottles after adjusting for the air
sampling ratio (Eq. (2); Poach et al., 2002).

2.4. Statistical analysis

The affect of drainage on mass removal of each wastewater
constituent (TSS, COD, TP, and TN) was investigated with the
regression procedure of the SAS system (SAS, 1990).

3. Results

3.1. Water level

For the WS with three drainage periods, the water level
dropped 3.5 and 1.7 cm below the level of zero discharge dur-
ing the first two drainage periods, respectively (Fig. 2a). The
water level remained above the level of zero discharge during
the final drainage period when a 29.4 mm rain event occurred.
For the WS with four drainage periods, the water level dropped
4.9, 6.1, 1.9, and 1.6 cm below the level of zero discharge during
the four drainage periods, respectively (Fig. 2b). During the first
drainage period, a temporary increase in water level above the
level of zero discharge occurred and coincided with a 9.9 mm
rain event. For the WS with five drainage periods, the water
level dropped 4.0, 2.7, 2.1, and 0.9 cm below the level of zero
discharge during the first four drainage periods, respectively
(Fig. 2c). Temporary increases in water level occurred during
the second and third drainage periods and coincided with a
30.5 and a 19.6 mm rain event, respectively. The water level
remained above the level of zero discharge during the final
drainage period when a 29.4 mm rain event occurred.

3.2. Soil oxidation

For the WS with continuous wastewater application, Eh of the

first marsh generally remained below zero (Fig. 3a). Increases
in Eh occurred during rain events. While the Eh of the second
marsh was around +100 mV at the start of the experiment, it
slowly decreased to below zero during the next 4 weeks and
had five drainage periods. Grey bars indicate drainage
periods.

tended to remain below zero. Increases in the Eh of the sec-
ond marsh also occurred during rain events. The Eh’s of both
marshes remained below +190 mV.

For the WS with three drainage periods, the oxidation sta-
tus the first marsh could not be assessed because of faulty ORP
electrodes. The Eh of the second marsh started below zero
and tended below zero throughout the experiment (Fig. 3b).
Increases in Eh of this marsh occurred during rain events with
two such events coinciding with the last two drainage periods.
The Eh never increased above +16 mV.

For the WS with four drainage periods, the Eh of the first
marsh increased from +30 to +302 mV during the first drainage
period and from −50 to +319 mV during the second drainage
period (Fig. 3c). The Eh did not increase during the last two
drainage periods. The Eh of the second marsh was approxi-
mately 100 mV at the start of the experiment and fluctuated
between −40 and +165 mV throughout the experiment. Posi-
tive spikes in Eh occurred during rain events. An increase in Eh

from −5 to +130 mV occurred during the first drainage period
and coincided with a rain event. During the second drainage
period, Eh increased only slightly from +1 to +52 mV. The Eh
decreased from +103 to +17 then increased to +63 mV during
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Fig. 3 – Soil electrical potential (standard hydrogen
reference) for the first and second marshes of (a) the WS
that had continuous wastewater application, (b) the WS
that had three drainage periods, (c) the WS that had four
drainage periods, and (d) the WS that had five drainage
p
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eriods. Grey bars indicate drainage periods.

he third drainage period. The largest rain event during the
xperiment (65.5 mm) occurred a day before the third drainage
eriod. No increase in Eh occurred during the last drainage
eriod.

For the WS with five drainage periods, the Eh of both marsh
ections increased during all but the last drainage period when
h increased in the first marsh only (Fig. 3d). Both marsh sec-
ions exhibited the greatest increase in Eh during the first
rainage period reaching +304 in the first marsh and +544 mV
n the second marsh. From lows of around −90 mV, the Eh
f the first marsh increased to maximums of +15, −6, +62,
nd +1 mV during drainage periods 2–5, respectively. The Eh
f the second marsh increased to maximums of +228, +268,
3 0 ( 2 0 0 7 ) 43–50 47

and +169 mV during drainage periods 2–4, respectively. The
Eh of both marshes peaked twice during each of the second
and third drainage periods. The decrease in Eh during those
drainage periods coincided with rain events. The largest rain
event during the experiment (65.5 mm) occurred a day before
the fourth drainage period. A rain event also occurred during
the final drainage period.

3.3. TSS and COD

During the study, the average concentration of TSS applied
to the wetlands was 160 mg L−1 (Table 1), which resulted in
2899, 3111, 2674, and 2457 kg ha−1 of TSS being applied to
the wetlands with zero, three, four, and five drainage periods,
respectively (Table 2). The wetlands with zero, three, four, and
five drainage periods had average outlet TSS concentrations
of 81, 118, 105, and 105 mg L−1, respectively.

The average concentration of COD applied to the wet-
lands was 445 mg L−1 (Table 1), which resulted in 8002, 8763,
7393, and 6604 kg ha−1 of TSS being applied to the wetlands
with zero, three, four, and five drainage periods, respectively
(Table 2). The wetlands with zero, three, four, and five drainage
periods had average outlet COD concentrations of 246, 321,
285, and 287 mg L−1, respectively.

When incorporating zero, three, four, and five drainage
periods during the experimental period, the wetland systems
removed 62, 51, 63, and 62% of mass TSS and 59, 51, 61, and
56% of mass COD, respectively (Table 2). Regression analysis
indicated that intermittent wetland drainage did not have a
significant effect on wetland removal of either TSS (p = 0.977)
or COD (p = 0.859).

3.4. Phosphorus and nitrogen

During the study, the average concentration of total P applied
to the wetlands was 71 mg L−1 (Table 1), which resulted in
1231, 1378, 1207, and 1049 kg ha−1 of total P being applied to
the wetlands with zero, three, four, and five drainage periods,
respectively (Table 2). The wetlands with zero, three, four, and
five drainage periods had average outlet total P concentrations
of 66, 68, 62, and 68 mg L−1, respectively.

The average concentration of total N applied to the wet-
lands was 66 mg L−1 (Table 1), which resulted in 1374, 1424,
1198, and 1086 kg ha−1 of total N being applied to the wetlands
with zero, three, four, and five drainage periods, respectively
(Table 2). The wetlands with zero, three, four, and five drainage
periods had average outlet total N concentrations of 30, 32, 27,
and 30 mg L−1, respectively.

When incorporating zero, three, four, and five drainage
periods during the experimental period, the wetland systems
removed 29, 33, 46, and 34% of total P mass and 57, 64, 70, and
67% of total N mass, respectively (Table 2). While regression
analysis did not indicate a significant effect of intermittent
wetland drainage on the wetland removal of total P mass
(p = 0.442), it did show a significant trend of increased effi-
ciency of total N mass removal with an increased number of

drainage periods (p = 0.098).

Rates of NH3 volatilization ranged from 0.7 to
20 mg N m−2 h−1 for marsh sections and ranged from 10
to 92 mg N m−2 h−1 for pond sections (Fig. 4). For marsh
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Table 1 – Mean (±1S.D.) concentrations for total suspended solids (TSS), chemical oxygen demand (COD), total
phosphorus (P), and total nitrogen (N) in the influent to and effluent from marsh–pond–marsh treatment wetlands to
which swine wastewater was applied continuously and with incorporated drain periodsa

Wastewater
constituent

Influent concentration
(mg L−1)

Effluent concentration (mg L−1)

Continuous Three drain periods Four drain periods Five drain periods

TSS 160 ± 28 81 ± 16 118 ± 77 105 ± 33 105 ± 28
COD 445 ± 70 246 ± 35 321 ± 118 285 ± 43 287 ± 52
Total P 71 ± 10 66 ± 8 68 ± 6 62 ± 11 68 ± 12
Total N 66 ± 13 30 ± 12

aOne-week drain periods incorporated on a consistent basis over a 16-wee

Fig. 4 – Regression of ammonia volatilization vs. number of
drainage periods for marsh and pond sections of wetlands

that received four different wastewater application
schemes.

and pond sections, regression analysis indicated that NH3

volatilization was not effected by intermittent wetland
drainage (p = 0.72 and p = 0.72 for marsh and pond sections,
respectively).

4. Discussion

While intermittent wetland drainage was expected to promote
aerobic soil conditions (Eh ≥ +200 mV) during the drainage
periods, these conditions were not detected during every
drainage period. For the WS that had five drainage periods aer-
obic soil conditions were only detected during three drainage
periods, with soil Eh of both marshes reaching a maximum
during the first drainage period. Despite soil Eh increasing
during each drainage period, the Eh levels exhibited during
the first drainage period were not replicated during subse-
quent drainage periods as a result of incomplete soil drainage.
Complete soil drainage was prevented due to rain events that
occurred either immediately prior to or during the final four
drainage periods.

Aerobic soil conditions were also not detected during all

drainage periods of the WS that had four drainage periods.
Aerobic soil conditions were only detected during the first two
drainage periods and then only in the first marsh. Aerobic soil
conditions were not detected in the first marsh during the last
32 ± 11 27 ± 6 30 ± 16

k experimental period.

two drainage periods because the water level did not drop as
far as it dropped during the first two drainage periods (Fig. 2b).
The depth of water drainage could also explain why aerobic
soil conditions were not detected in the second marsh if the
ORP electrodes were located below that depth. It is also pos-
sible that the sediment of the second marsh retained enough
moisture after drainage to inhibit aerobic conditions. The fact
that aerobic soil conditions were not detected in the second
marsh of the WS that had three drainage periods could also
be explained by remnant soil saturation or the water level
not dropping below the depth of the ORP electrodes during
drainage periods.

Due to ORP electrode placement, the inability to detect aer-
obic soil conditions during drainage periods does not preclude
the existence of aerobic soil conditions during those periods.
The ORP electrodes were originally placed in the mineral soil of
the wetlands around the time of wetland construction. Since
that time, the mineral sediments had been overlain by an 8- to
10-cm layer of organic material. It is possible that the waste-
water level only dropped to a depth where the organic layer
was drained while the mineral layer was not.

Despite the production of aerobic soil conditions by inter-
mittent wetland drainage, an increase in the number of
drainage periods did not effect wetland treatment of TSS.
The lack of an effect on TSS treatment was not unexpected
because wetlands remove wastewater TSS by mainly physical
processes independent of soil oxidation status.

An increase in the number of drainage periods also showed
no effect on wetland treatment of COD, even though it was
expected to improve COD removal. In a previous study of
treatment wetlands, intermittent wetland drainage improved
treatment wetland removal of COD (Tanner et al., 1999). While
treatment wetlands remove wastewater COD through a com-
bination of biochemical and physical conversions of organic
compounds and ammonia (Kadlec and Knight, 1996), COD can
also increase in treatment wetlands that contain open water
through the growth of floating plants and algae (Poach et al.,
2004b; Cathcart et al., 1994). In the present study, it is pos-
sible that any reduction in COD as a result of intermittent
wetland drainage was offset by increased COD production in
the wetlands’ pond sections.

An increase in the number of drainage periods had no effect
on wetland treatment of total P, even though intermittent

wetland drainage did improve the removal of P in a previous
treatment wetland study (Busnardo et al., 1992). In that previ-
ous study, the increased removal of P was supposed to occur
as a result of increased formation of iron oxyhydroxides in
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the mineral sediment. Because the treatment wetlands were
surface flow, most of the wastewater treatment occurred in
the organic soil layer, which would have precluded increased
P removal by increased iron oxyhydroxide formation.

An increase in the number of drainage periods improved
m–p–m wetland removal of total N. This improvement
was expected because increased soil oxidation would have
increased the nitrification of wastewater ammonia, which is
the process that limits the removal of total N in m–p–m wet-
lands that treat swine wastewater (Hunt et al., 2003). While
nitrification limits the removal of total N, denitrification is
also necessary for N removal and requires anaerobic soil
conditions. Because anaerobic conditions are also required
for N treatment, N removal efficiency cannot be expected to
continue to increase with drainage frequencies greater than
investigated in this study.

Because both aerobic and anaerobic soil conditions are
necessary for N removal from wastewater, intermittent wet-
land drainage was performed in this study to create temporal
variations in soil oxidation status. Soil oxidation status can
also be varied spatially by discontinuous wastewater appli-
cation (intermittent cessation of wastewater application).
Spatial variation in soil oxidation status requires a wetland
with a sloped grade. On a wetland with a sloped grade,
discontinuous wastewater application can be used to cre-
ate aerated conditions in the upper section of the wetland
while the lower section remains flooded and thereby reduced.
With such a design, aerobic soil conditions may not be
impacted as greatly by rain events as systems with a level
grade.

Despite an increase in nitrification as indicated by the
increased total N treatment, an increase in the number
of drainage periods had no effect on NH3 volatilization.
The reduction of NH3 volatilization from the pond sec-
tions of m–p–m wetlands treating swine wastewater required
an improvement of BOD removal by the first marsh. The
lack of an effect of drainage on COD treatment indicated
that drainage also did not improve BOD removal. Because
intermittent wetland drainage did not alleviate NH3 volatiliza-
tion from the pond sections and because drainage can
likely be better controlled on sloped systems, continuous
marsh wetlands should be preferred over m–p–m wetlands
when using intermittent wetland drainage to treatment
wastewater.

5. Conclusions

Results indicated that intermittent wetland drainage in the
summer and early fall has the potential to promote aerobic soil
conditions during periods when the wetlands are completely
drained. Incomplete soil drainage inhibited aerobic soil condi-
tions at the mineral soil level, but such conditions could have
been produced in the organic soil layer above that level. Incom-
plete soil drainage resulted from rain events that occurred
during drainage periods.
Despite the production of aerobic soil conditions by inter-
mittent wetland drainage, an increase in the number of
drainage periods had no effect on wetland removal of TSS,
COD, and total P. Wetland removal of total N tended to increase
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with increased number of drainage periods. This increase in
total N removal likely resulted from increased nitrification
of wastewater ammonia. Despite the increased total N treat-
ment, an increase in the number of drainage periods had no
effect on NH3 volatilization from either the marsh or pond
sections of the wetlands.
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