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A constructed wetland system for treating agricultural waste

Charles M. Cooper, Scott S. Knight and Samuel Testa, 111

Introduction

The beneticial role of aquatic plants for improving
water quality has been evaluated for decades (Boyp
197C, SHEFFIELD 1967). Re-establishment of wetlands
1s often recommended (KLoETzLI 1981, JoNgs & LEE
1980) where water quality has deteriorated since
their removal Wetlands can remove nutrients, or-
game chemicals, heavy metals, and sediments from
mflow. Simpson ct al (1983) and Lax et al (1992)
demonstrated the effective role that wetlands play 1n
trapping heavy metals. Research on natural wetlands
indicates that physical, chemucal, and biologscal pro-
cesses that occur 1n wetlands are similar to those oc-
curring 1 sewage treatment plants Thus, many re-
cent nutrient uptake and cycling studies conducted
on natural and constructed wetlands have been con-
cerned with their potential use for natural sewage
treatment (SIMPSON et al. 1983, Dovan et al. 1981) or
as water purtfiers (N1cHOLS 1983). Over 150 con-
structed wetland systems are currently mn use within
the United States for treatment of mumcipal and 1n-
dustrial wastewater (RFED & Brown 1992)

The focus on applied uses of natural and con-
structed wetlands (Reep 1991) has intensified with
little consensus on design Small municipalities have
found constructed wetlands an alternative to conven-
tional waste treatment plants (GEARHEART et al.
1989). Several projects for evaluating the ability of
constructed wetlands to process animal cffluent, a
major source of rural water quality deteriorauon,
have been intrated across the United States (Hormes
et al. 1992, ULMER et al. 1992, PaynE et al. 1992). The
Natural Resources Conservation Service (INRCS-
Mississippt) and the Agricultural Research Service
(ARS) National Sedimentation Laboratory in Ox-
ford, Mississippi, USA, cooperated in constructing
and cvaluating an on-farm dairy waste trcatment
project which uses a constructed wetland for pro-
cessing. The purpose of this paper 1s to assess the 1m-
pact of wetland cells as treatment systems for cattle
waste.

Study area and methods

A constructed wetland for treatment of dairy waste-
water was implemented 1 DeSoto County, Missis-

s1ppy, during 1990 on a 10C cow dairy operation The
NRCS designed and constructed a 40 mx 52 m pri-
mary lagoon and three 6 m ¥ 24 m wetland cells 1n
Aprid, 199C (Fig 1) All cells were immediately
planted with bulrush (Scopus validus) rhizome
cuttings at C 3 m ntervals. Standing water (5—10cm)
was maintained 1n the cells for the remainder of the
year. The anaerobic lagoon received direct mputs
from mlking equipment and tank cleamngs, milking
barn washings, loafing area runoff, and ramnfall
Waste production was 10cu m/day

Plant growth n the cells was rapid By September,
199¢C, the cells were covered by a uniformly dense
monoculture with the majority of culms supporting
flowering/seeding heads. Natural senescence occur-
red 1n November and December. Re-emergence of
bulrushes from rhizomes occurred in Februarv, 1991,
through the litter created by the previous year’s
growth. As the study progressed, the mat of dead
plant material restricted plant emergence, and bio-
mass removal was necessary. Duckweed (Sprrodela
polyrbiza) spread to cover nearly all available water
surface by May, 1991 In April, gravity flow from the
lagoon to the wetland cells began functioning via
7.6cm diameter PVC pipe to the 3 wetland cells Dis-
charges to each cell were imnally calibrated to yield
3.0L/min

Since both gate and ball valves used for flow regu-
lation caused setthng of solids in feeder pipes,
threaded end caps with onfices sized to achieve de-
sircd flow rates were attached at the end of cell
standpipes Using this methed, a cell inflow rate of
1.0 L/min was implemented. During summer, 1991,
another cell, Cell 4, was constructed 1 series with
Cell 1 to allow greater loading capacity and assess-
ment of further treatment (Fig 1)

A constant head tank was placed on the lagoon levee
and attached to the cell effluent pipe cells A timer-
controlled electric pump maintained water in the tank,
allowing the cells to recewve consistent mflow Walk
ways were constructed over Cell 2 for sampling in-
cell processes with mimumum disturbance Lagoon
samples were taken from the end of the cutflow con-
trol platform at a depth of 0.3 m (level of effluent
pipe to cells) Water quality parameters were meas-
ured according to APHA (1989) guidelines (for fur-
ther details, sce Cooprrr et al 1993).
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Fig 1 Drawing of lagoon/wetland cell construction at Hernando Wetland on Alan Scott Farm, DeSoto
County, Mississippt, USA.

Results and discussion

Measured parameters varied with scason and as
the system matured. Overall differences in n-
dividual parameters were calculated from mean
inflow and outflow measurements over the du-
ravon of the cxperiment. Eighteen environ-
mental parameters were momtored at biweekly
intervals from May, 1991, to April, 1994 Phys-
ical and chemical variables were measured at
cell inflow and outflow. Trapping Efficrency
(TE) inflow does not attempt to differentiate
cell-specific processes. In addition, 3 walkways
were constructed equal distances apart in Cell 2
for measurement of in-cell processes. Average
rainfall for the study area 1s 127 cm/yr. Precipi-
tation was 101 cm, 132 cm, and 162 cm for the
tirst, second and third years, respectively. In-
creasing rainfall amounts through the study
pertod could effect wterpretations of seasonal
and long-term wetland functioning. Individual
rainfall events resulted in temporarily increased
discharge from the cells, turbulence, and dilu-
tion. Fluctuations in rainfall, variability in

waste production, and weather conditions al<o
influenced water depth in the anaerobic lagoon.

Inflow rates to the cells for most of the study
period were targeted at 1.0 L/mun. Actual in-
flows fell between 075 and 1.25 L/mun at 84 %
of sampling wisits. The wetland cells did not
discharge continually. Outflow was observed at
103 out of 181 sampling visits (57 % frequency).
Of these 103 observations, 57 (55 %) were at a
rate of less than 0.75 L/mm, and 83 (81%) at
less than 1.25 L/min. Discharges in excess of
1.0 L/oun were always associated with rainfall
events. When no outflow occurred, measure-
ments were taken atter tilting the outtlow
standpipe until discharge resulted, and the pipe
was flushed. This allowed within-cell reduction
efficiencies to be calculated wnthout the ncces-
sity of outflow. Parameters which showed little
change as waste processing occurred are sumply
listed 1n Table 1.

Temperatures (Temp) at outflows from the
constructed wetland were 10.9 % lower than at
inflow stations because of shading by wetland
plants and the shallower mass of water within
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Table 1 Suminary values for inflow and outflow stations.

ALL INFLOWS

"TEMF COND DO PH__RED TS DS

Mean 178 343 37 70 48 484 364
MIn 54 28 00 57 -259 176 72
Max 303 773 142 85 31 749 573

S5 FOP_ TP NH3 NO3 CHL BOD COLIF _

122 96 159 70 01 306 351 14526
¢ 09 13 01 00 O 97 40

466 240 690 308 09 4505 800 101000

TEMP _COND DO PH RED 78 DS

Mean 159 245 19 63 18 331 285

ALL OUTFLOWS
88 FOP TP _NH3 NO3 CHL BOD COLIF _
49 556 74 13 01 65 8.9 1586
] 01 03 00 00 1 03 20

Min 15 103 00 57 -270 148 60
Max 273 785 73 T4 395 605 5854

332 156 228 108 33 759 480 19700

OVERALL REDUCTION

TEMP COND DO PH RED 7S D§

85 FOP TP NH3 NO3 CHL BOD COLIF

T11% 28%  48% 10% -1 32% 22%

60% 42% 53% 82% -14% 79% 75% 89%

TEMF COND DO PH RED 7S DS

Mean 151 174 31 67 115 239 182

CELL 4 OUTFLOW
38 FDP TP__NH3 NO3 CHL BOD _COLIF
29 24 45 04 01 45 59 2534
0 01 04 00 00 0 20 0

Min 46 77 63 60 -197 124 87
Max 260 356 125 78 340 506 357

308 g0 160 12 06 729 1472 19700

11- 40 REDUCTION

1%  52%  28% 5% -2058% 51% 49%

1% 28%  -21% 5% -1921% 20% 2/%

the wetland cells (Table 1). In winter, outflow
water temperatures averaged 21 % lower than
inflow temperatures.

Conducuvity (Cond) decreased 28.5 % with
passage through the constructed wetland cells.
Greatest reductions occurred during the winter
and spring seasons. Reductions increased each
year of the study to a peak during spring of
1994 at 44 %. Conductivity declined from an
inflow mean of 343 pmhos/cm to an outflow
mean of 245 pmhos/cm.

Dissolved oxygen (DO) concentrations de-
creased by nearly half (49 %) when passed
through the wetland cells. Increases were meas-
ured only during the imtial three months of op-
eration. Reduced oxygen levels were attribut-
able to biochemical oxygen demand and duck-
weed which quickly colonized open water sur-
face. Measurcments during the study period
declined from a mean of 3.7 mg/L for inflows
to 1.9mg/1. at outflows.

Redox potennial (Red) in the wetland cells -
creased an average of 137 %. Inflow measure-
ments ranged from (-)259 to (+)311 with a
mean value of (-)48.39. Outflow measure-
meuts ranged from (~)270 to (+)395 with a
mean of (+)18. Research by RoGers et al.
(1991) suggested that increased redox potential
in wetland waste treatment systems 1s due to

DIFFERENCE

62% 80% 76% 94% 52% 88% 83%  79%

2% 37% 23% 13% 66% 10% 9%  10%

plant presence, while a decrease 1n redox occurs
mn unplanted systems.

Dissolved solids (DS) removal was low
(21.8 %), while suspended solids (8S) removal
was relatively high at 60.5 %. Total solids (TS)
were reduced by 31.6 % (Table 1) during the
three year evaluation. Suspended solids reduc-
tion in the wetland cells exhibited distinct sea-
sonal changes linked to plant growth/sencs-
cence and plant biomass accumulation/decay.
Smce much of the suspended solbds contained
in the waste scttled in the lagoon, dissolved so-
lids were the major component entering the
wetland. Dissolved solids during the study had
a mean of 364 mg/L at inflow and 285 mg/L at
outtlows.

Total phosphorus (TP) removal averaged
53.2 % for the three year study period. TE
climbed trom shightly above 50 % during the
init1al season of operation to near 85 % after 9
months of system operation TE declined dur-
ing the next 6 months to 44 % removal (sum-
mer, 1992). Inflow TP concentrations ranged
from a munimum of 1.32 mg/L to a maximum
of 69.04 mg/I. (mcan = 15.86). Principal phos-
phorus removal mechamsms were probably
precipitation and adsorption to sediments al-
though plant uptake accounted for some re-
moval. SPANGLER et al. (1976) found 30 to 66 %




TR

v

.

i
R R T e

T

R N
) M

L rn, sy s

1324 Wetlands

TEMP FEEEEES

-20% 0% 20% 40%

kg 2 Overall reduction cthiciencies tor each parameter

of the total phosphorus in bulrush wetland
cells was associated with substrate. Phosphorus
1s immobilized in organic materials and satura-
ton is reached rapidly (Hamver & Kaprec
1983). Filterable ortho-phosphorus (I‘OP) re-
moval effictency averaged 42 4 % (Fig 2). FOP
trapping by the system was near 70 % during
the 1nminial season of operation and pcaked at
85 % during the second season. TE declined
nearly linearly from that point during the next
12 months to 31 % 1n fall 1992, and averaged
37% afterward.

TE for ammonia nitrogen (NH;) averaged
81.6 % overall. Reductions exceeded 90 % dur
ing the first year of operation, then declined to
an average of 81% for the next 5 seasons of the
study (summer 1992 through summer 1993).
TE exceeded 90 % again in fall 1993. Reduction
dechined to 57 % (winter 1993) and was 65 %
during the final season of the study period
(spring 1994). Ammoma nitrogen concentra-
tions entering the cells varied from a low of
0.14 mg/L to a high of 30.8 mg/L (mean = 6.95).
Minimum outflow concentrations reached un-
detectable levels (<0.01 mg/L) while the max-
imum outflow concentration measured was
10.78 mg/L (mean=1.3).

60% 80% 100%

Nitrate mitrogen concentrations entering and
leaving the wetland treatment system were low
(means = 0.09 and 0.10 mg/L, respecuvely).
Concentrations indicated a net export of nitrate
14.4 % higher than inflow, though actual con-
centrations were nearly negligible. Seasonal ni-
trate-N processing began with a 28 % reduc-
tion for the first two seasons of treatment, fol-
lowed by two seasons of 270 % export. The
system then thictuated between net reduction
and net export during the following 15 months
(summer 1992 through summer 1993, averaging
5% reduction overall), before exhibiting >50 %
reduction 1n nitrate-N for the last three seasons
of the study (fall 1993 through spring 1994). In-
flow nitrate mitrogen ranged from undetectable
(<0.01mg/L) to 0.87mg/L. Qutflow concentra-
tions also ranged from undetectable levels to
3.31mg/L. Nitrate concentrations decreased an
average of 27.7% in cells 1 and 2 but showed an
mcrease of 211 % 1n cell 3. Inflow concentra
tions exhibited occasional spikes but generally
were lowest durning summer. An expected sea-
sonal release of nitrate from senescent and de-
caying plants occurred most noticeably m cell 3
during the fall and winter, 1991, and spring,
1992, resulting i large negative TE during win-
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ter and spring months. Nitrate concentrations
also rose within cell 2 during the same periods
but decreased to below inflow levels before dis-
charge from the cell.

Five-day oxygen demand (BOD)s) was re-
duced consistently by about 80 % following
the first season of operation, 10 which there
was only a 42 % reduction (overall 74.6 % re-
duction).

Although scasonal fluctuation was gieater
than for BOD;, total chlorophyll (CHL) was
reduced by 78.8 %. Mean inflow concentration
was 306 mg/L with a mimmum of <C.01 and a
maximum of 1505 mg/IL. total chlorophyll. In-
cell productuon was minimal because of plant
shading.

Coliform bacteria (COLIF) were abundant
in pre-treatment lagoon wastewater; yet our
data showed there was an 89 % reduction 1n to-
tal coliforms with passage through the wetland
cells. Inflow concentrations had a mean of
14,525 colony forming units (CFU)/100 ml,
with a mmmmum of 40 and a maximum of
101,000 CFU/100 ml. Qutflow mean concentra-
tion was 1585 CFU/100 ml, with a mimimum
observed of 20 and a maximum of 19,700 FU/
100 ml. Maximum scasonal inflow occurred
during wintér while maximum outflows occur-
red during the fall.

Use of catwalks in Cell 2 (Fig. 1; e.g. Stations
2a, 2b, and 2¢) allowed assessment of in-cell
processing. Because of the length: width ratio,
our constructed wetland cells were assumed to
have plug flow (Reep 1988). A dye study con-
firmed this to be true. Several parameters
showed sharp declines 1n the first portion of
the cell. Values for BODs decreased more
than one half in the first half of cell 2. Litte
change was measured from 2b to 2¢, but a fur-
ther reduction occurred from 2 ¢ to outflow
that resulted 1n a 76 % reduction overall. Mean
chlorophyll concentrations entering cell 2 de-
creased sharply near inflow and then decreased
gradually until export for a 75 % TE. Shading
from bulrushes and duckweed reduced photo-
synthesis while physical and biological trap-
ping reduced inflowing concentrations. Coli-
form bacteria concentrations declined abruptly
from inflow levels to 2 a near the front of the
cell. After this reducuion, however, concentra-
tions remained nearly uniform unul outflow,
but at a level less than one seventh that of in-
flow concentrations Fecal coliforms exhibited
a decline from inflow to 2 a and reached out-

tlow levels by 2b. BODjs and chlorophyll ex-
hibited similar longitudinal patterns in the cell,
decreasing distinctly by 2 a, declining further
by 2b, and slightly increasing at 2 ¢ before
reaching lowest levels at outflow.

Dissolved oxygen concentrations did not dis-
play lincar decreases, but declined abruptly af-
ter water entered the cell. The mean decrease
trom cell inflow to the nearest sampling site,
2a, was 23 mg/l, and to cell outflow was
1.9mg/L, showing that a shght increase in oxy-
gen concentration 10 the outflow region after
the initial oxygen depleton.

Total solids (15} were reduced 32 % overall
during passage through the cell. Overall reduc-
non of suspended solids (ss) was 56 %. Sea-
sonal trends along the cell length indicated that
sedimentation was augmented by adsorpton-
driven particle building/flocculation.

Filterable ortho-phospliorus and total phos-
phorus decreased similarly through the cell in a
nearly linear manner, but with a greater pro-
portion of ortho-phosphorus leaving the cell
(only 44 % TE versus 55 % trapping for total
phosphorus). The greater retention measured
for total phosphorus was because of “non-
bioavailable” phosphorus which may be
trapped in sediment and soils, while ortho-
phosphorus 15 cycled biologically in the cell.
Ammonia decreased nearly linearly to mud-cell
(2b), then reduction slowed to outflow. Nitrate
nitrogen was present in inflowing water in low
concentranons  (<0.1 mg/L) but icreased
sharply in the first portion of the cell to a con-
centration nearly 2.5 umes that of inflow as
ammonia was converted to nitrate. Concentra-
ton dechned steadily as wastewater passed
through the cell unul discharge, at which point
the concentration was generally below inflow
level; there was significant cell to cell varation
in nitrate uptake, depending on conversion
rates. Most 1n-cell processes were explained by
the physical processes of sedimentation, ad-
sorption (electrostatic attraction, Van der Waals
forces), or filtration, and the chemical mecha-
nisms of chemical adsorption (covalent bond-
ing, hydrogen bond formation), decomposi-
tion, and chelation.

Doubling the length of cell treatment by add-
ing an identical companion cell for assessment
(Fig. 1) during 1992 and 1993 showed the fol-
lowing improvements in water quality as com-
pared to original cell results: an added 23 %
drop n conductivity; a 20 % ncrease 1 dis-
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solved oxygen; 2 20 % added TE 1n total sohds;
and a 27 % additional decrease in dissolved so-
lids Nutrients were also positively affected:
37 % more filterable ortho-phosphorus reduc-
uon and 23 % addinonal reduction of total
phosphorus concentrations, 13 % greater re-
duction of ammoma-nitrogen; and nitrate-ni-
trogen concentrations decreased 52 % as op-
posed to a 14 % increase in onginal cells.
BODs and total chlorophyll concentrations
decreased by over 9 %; while total coliforms
were only shghtly changed. Greatest reductions
in the three ongimal treatment cells were seen
for coliform bacteria (86 %), ammonia (82 %),
chlorophyll concentrations (76 %), and, to a
lesser degree, tor biochemical and chemical
oxygen demand (76 and 64 % respectively),
suspended solids (58 %), and total and filterable
ortho-phosphorus (53 and 42 % respectively).
The system functioned adequately during all
scasons. Bromass buildup from decaving bul-
rushes was the major problem encountered
during the study. In view of the refauvely small
size of the treatment cells involved (6 x 4 x
24 m), the measured reduction in pollutants 1n-
dhcated a successtul point source management
plan

As researchers continue to search for meth-
ods of treating agricultural and other contam-
inants using wetlands, more efficient and cco-
logically sound designs and maintenance pro-
grams will certainly be forthcoming. Long term
effects on surface and ground water, adjacent
land, wildlife, and humans have yet to be ex-
plored. Our system has proven to be effective
for the trcatment of concentrated on-farm
ammal waste, and following subscquent evalua-
von and modification, may provide further
useful information for a varicty of applications.
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