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Abstract

In the Chesapeake Bay drainage basin, wastewater from animal operations laden with nutrients, sediment, and
biochemical oxygen demand (BOD) contributes to the degradation of surface water quality. A constructed wetland
system was built to treat wastewater from a dairy farm in Frederick County, Maryland to evaluate the use of wetland
technology as a best management practice for dairy waste. To assess treatment effects, we sampled water once a
month at several sites through the system, which consists of two settling basins, two cells, and a vegetated filter strip.
Samples were analyzed for total nitrogen, ammonia, nitrate/nitrite, total phosphorus, ortho-phosphate, total
suspended solids, biochemical oxygen demand, dissolved oxygen, temperature, conductivity, and pH. Flow through
the wetland system resulted in significant reductions in concentrations of all analytes except nitrate/nitrite. Relative
to initial concentrations, total nitrogen was reduced 98%, ammonia 56%, total phosphorus 96%, ortho-phosphate
84%, suspended solids 96%, and biochemical oxygen demand 97%. Nitrate/nitrite increase by 82%, although mean
concentrations were much lower than concentrations of ammonia or total nitrogen. The increase in nitrate/nitrite is
probably due to the oxidation of ammonia via nitrification in the vegetated filter strip. Our results suggest that while
reductions are large, further removal is necessary to meet design requirements. This may be possible through the
addition of another anaerobic wetland cell downstream of the system or recirculation of wastewater through the
wetland cells to promote denitrification and uptake of nutrients by plants. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Wastewater from animal operations and run-
off from agricultural lands contributes large quan-

tities of nutrients, sediment, and biochemical
oxygen demand (BOD) to the Chesapeake Bay
through its network of tributaries. The Maryland
Department of the Environment (1993) has iden-
tified 134 non-point source (NPS) priority water-
sheds of which the first and third most important
are the Lower Monocacy and Upper Monocacy
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watersheds, respectively. Designated as a Mary-
land Scenic River, the Monocacy watershed con-
tains the greatest percentage of dairy cows (32%)
and the highest animal manure production (11%)
in the state (Brodie, 1988). In the Upper Potomac
River Basin, which receives flow from the Mono-
cacy, a study reported 43% of the nitrogen and
60% of the phosphorus that enter the basin come
from animals. Animal waste and fertilizer provide
twice the nitrogen and phosphorus as is required
by the agricultural crops in the watershed (Ja-
worski et al., 1992). These nutrients feed algal
blooms that deplete dissolved oxygen, damage
habitat for fish nurseries and threaten recreation
(Dunne and Leopold, 1978). Within these priority
watersheds, emphasis is being placed on develop-
ing low cost solutions to abate the nutrient prob-
lem at its source.

One solution is to employ wetlands, which
provide a chemical and biological environment
suitable for improving water quality (Mitsch and
Gosselink, 1993; Reddy and D’Angelo, 1994). The
growing recognition of their attributes has
spurred the legal protection of natural wetlands
and the construction of wetlands for water quality
improvement and wastewater treatment. Con-
structed wetlands have been used to improve the
quality of river water (Mitsch et al., 1995),
stormwater (Johengen and LaRock, 1993), coal
mine drainage (Hedin and Nairn, 1993), and mu-
nicipal sewage (Brix, 1994). Using wetlands for
treating dairy and swine wastewaters, which are
higher in nutrients, solids, and BOD than the
above examples, is a relatively recent application
of constructed wetland technology (Hammer et
al., 1993; Cronk, 1996). In our study we wanted
to evaluate the effectiveness of a constructed wet-
land system in treating water from a dairy opera-
tion in the Upper Monocacy watershed.

2. Methods

2.1. Site description

The constructed wetland system is located at a
privately owned dairy farm in Frederick County,
Maryland, (39°32%30¦ N, 77°23%00¦W). It was built

in 1993 by the U.S. Natural Resources Conserva-
tion Service (NRCS, formerly Soil Conservation
Service) according to NRCS technical guidelines
(SCS, 1991). The NRCS is studying the system for
the potential application of constructed wetlands
as a best management practice (BMP) for reduc-
ing nutrient and sediment pollution.

The system was designed to provide treatment
for 170 cows (455 kg each), to result in a 6-week
hydraulic residence time in wetland cells, and to
have no outflow except from storm events greater
than a 25-year 24-h storm. It includes two settling
basins (SB1 and SB2), two wetland cells (Cell 1
and Cell 2, each 0.055 ha in area and designed to
maintain 0.15 m water depth), and a vegetated
filter strip (VFS) 0.06 ha in area to catch any
overflow (Fig. 1). During the majority of our
study, standing water and saturated soils were
observed in the VFS, suggesting that it is func-
tioning as a third wetland. Originally, the cells
were planted with Typha latifolia L. and
Schoenoplectus tabernaemontani (K.C. Gmel.)
Palla (most of plantings subsequently died, and
the cells have been colonized by Lemna minor L.,
and Echinochloa crus-galli (L.) Beauv). One of the
settling basins (SB1) collects water that drains
from a 120-day capacity manure pit and flush
water from the milking parlor (Fig. 1). The other
settling basin (SB2) receives stormwater run-off
from the barnyard (about 0.25 ha area), silo
effluent, and occasional overflow from SB1. The
stormwater that runs off the roofs and paved
areas around the barns and outbuildings is di-

Fig. 1. Schematic of the constructed wetland system for treat-
ing dairy waste, Frederick, MD, USA.



J.A. Schaafsma et al. / Ecological Engineering 14 (2000) 199–206 201

Table 1
Change in concentration of wastewater constituents across the constructed wetlands system from settling basin 1 to the vegetated
filter strip outflowa

Concentration in settlingParameter Concentration change at vegetated
filter strip outflow (%)basin 1 (mg/l)

−55.73% (P=0.0914)Ammonia 71.71913.28
+81.82% (P=0.0122)5.5191.57Nitrate/nitrite

Total Kjeldahl nitrogen 164.23974.64 −98.07% (P=0.0457)
−84.33% (P=0.0009)56.65910.70ortho-phosphate
−95.86% (P=0.0022)Total phosphorus 52.59913.81
−96.89% (PB0.0001)1913.99291.5Biochemical oxygen demand

1644.79533.7Total suspended solids −96.07% (P=0.0147)

a Concentration values for constituents in the settling basin are mean9SE. Concentration change values are the percentage
change in concentration between settling basin 1 and the outflow of the vegetated filter strip. P-values of two-tailed t-tests of settling
basin versus filter strip outflow concentrations are given in parentheses.

verted around the cells to minimize the quantity
of water treated. This diverted water normally
percolates into the soil before it reaches the filter
strip. The effluent from SB1 is split and flows
equally into Cells 1 and 2 through underground
pipes, while the effluent from SB2 flows into Cell
2 only.

The vegetated filter strip receives outflow from
both cells (Fig. 1). The diverted stormwater, if
any, also rejoins the flow in the filter strip. The
VFS was not specifically planted but has been
colonized by wetland plants such as Typha latifo-
lia and Polygonum punctatum E11.

2.2. Field and lab methods

Between September 1995 and May 1997, water
samples were collected monthly from the settling
basins, cell inflow and outflow pipes, and the VFS
outflow (Fig. 1). Dissolved oxygen, pH, conduc-
tivity, and temperature were measured in the field
with portable meters. The samples were trans-
ported on ice to the lab where they were analyzed
for total suspended solids (TSS), 5-day biochemi-
cal oxygen demand (BOD), total Kjeldahl nitro-
gen, ammonia, nitrate/nitrite (i.e. nitrate plus
nitrite), total phosphorus, and ortho-phosphate
according to APHA (1992).

To evaluate treatment effects, the percent
change in year-round average concentrations of

the analytes across the system and its components
was calculated. Student’s t-tests were performed
to determine if the differences between influent
and effluent concentrations were statistically
significant.

3. Results

The system significantly reduced the levels of
most wastewater constituents (Table 1). Nitrate/
nitrite levels, however, increased significantly
across the system. Levels of nutrients, BOD, and
TSS generally decreased across the wetland cells
(Figs. 2 and 3), although the reduction was statis-
tically significant for only nitrate/nitrite, BOD,
and TSS in Cell 1 (Table 2). The effluent of Cell
1 had higher mean concentrations of all con-
stituents than that of Cell 2 except nitrate/nitrite
(Figs. 2 and 3). In contrast with the wetland cells,
there was a significant reduction in levels of most
analytes across the VFS (Figs. 2 and 3; Table 2).
Mean levels of ammonia decreased between the
Cell 2 outflow and the VFS outflow, but not
significantly so. Nitrate/nitrite increased signifi-
cantly between the outflows of both Cells 1 and 2
and the VFS outflow. Ortho-phosphate was a
large percentage of total phosphorus and appears
to exceed total phosphorus at the VFS effluent
when concentrations are very low. This may be
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because samples for ortho-phosphate analysis
were frozen and homogenized before analysis but
samples for total phosphorus analysis were stored
liquid; particulate phosphorus may have settled
out before analysis.

Dissolved oxygen levels generally increased
across the system, with the highest readings usu-
ally measured at the effluent from the VFS (Table
3). Conductivity generally decreased across the
system, indicating a decrease in the concentrations
of ions such as ammonium and phosphate. Mean
pH and temperature varied little across the sys-
tem, although both fluctuated considerably during
the study.

Fig. 3. Mean concentrations of total suspended solids (TSS)
and biochemical oxygen demand (BOD) entering and leaving
the wetland cells and leaving the vegetated filter strip. Error
bars indicate+1 SE. Statistical comparisons of influent and
effluent concentrations are presented in Table 2.

Fig. 2. Mean concentrations of nutrients entering and leaving
the wetland cells and leaving the vegetated filter strip. Error
bars indicate+1 SE. Statistical comparisons of influent and
effluent concentrations are presented in Table 2.

4. Discussion

We observed significant reductions in concen-
trations of most wastewater constituents across
the wetland treatment system. Average effluent
concentrations from the vegetated filter strip
were only slightly above the design requirements
of B30 mg/l BOD, B30 mg/l suspended solids
and B10 mg/l ammonia (SCS, 1991). Of
the various components of the system, the VFS
appeared to be the most important contributor
to the changes in analyte concentrations ob-
served.
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Our results differ from those of a similar
study conducted by Cronk (1995) at the same
site between August 1994 and April 1995. This
earlier study showed removal of wastewater con-
stituents in the wetland cells, but their effluent
concentrations nonetheless greatly exceeded the
design requirements listed above; dilution was
suggested as a means of improving treatment
(Cronk, 1995). The VFS outflow was not sam-
pled during Cronk’s study, but was probably
flowing infrequently; effluent was flowing from
Cell 1 or Cell 2 on only a minority of their
sample events. Rainfall during the Cronk study
was average for the area (CMREC, 1995, 1996).
The majority of our study, in contrast, was con-
ducted during 1996, the wettest of the previous
eleven water years (CMREC, 1997). We ob-
served that the percent change in concentration
in the cells was similar or lower for most ana-
lytes than occurred in Cronk’s study. However,
because we usually observed and sampled water
flowing from the VFS, our overall reduction in
concentrations was higher.

Comparisons to studies at other locations are
difficult because of differences in climate, lati-
tude, altitude, and design and scale of opera-
tion. A study in Ireland (Costello, 1989)
investigated a dairy farm with almost as many
animals, but having a larger area of vegetated
wetland (12 ha vs. 0.11 ha at our site). They
found reductions in concentrations of BOD to
be 99%, ammonia and nitrate 95%, and ortho-

phosphate 91%. Levels of analytes in effluent
were lower than was achieved in our study site,
possibly because of the greater extent of vege-
tated wetland or because the effluent was more
thoroughly cleaned of solids before it entered
the wetland. A system in Oregon (Skarda et al.,
1994) separated solids and then diluted the
effluent with treated wastewater to maintain a
recommended maximum of 100 mg NH3/l. They
found reductions of total phosphorus and total
Kjeldahl nitrogen to be 50–55%, and ortho-
phosphate, BOD, suspended solids, and ammo-
nia to be 40–50%. Our data show greater
removal percentages but recirculation of treated
water in their system eliminates discharge of nu-
trients into surface waters. A study in New
Zealand (Tanner et al., 1995a,b) varied plantings
and loading rates and used shorter retention
times (2–7 days) than our system. They found
BOD was reduced by 80%, suspended solids
75–80%, total nitrogen 75%, and total phospho-
rus 74% in planted wetlands. These studies are
indicative of the wide range of treatment effec-
tiveness observed for constructed wetlands re-
ceiving dairy waste.

The changes in concentrations of nutrients and
solids across the wetland system are attributable
to a number of removal mechanisms. Plant up-
take has been found to be an important contribu-
tor to nutrient removal in other wetlands
(Peterson and Teal, 1996; Tanner, 1996). Ammo-

Table 2
Results of t-tests of concentrations of water quality parameters in influent and effluent wastewater for components of the
constructed wetlands systema

Cell 1 inflow vs. cell Cell 2 inflow vs.Parameter Cell 1 outflow vs. Cell 2 outflow vs.
cell 2 outflow1 outflow filter strip outflowfilter strip outflow

Ammonia 0.5229 (−) 0.0013 (−) 0.3092 (−) 0.1612 (−)
0.0034 (+) 0.0089 (+)0.0088 (−)Nitrate/nitrite 0.1619 (+)

0.4055 (−) 0.0001 (−)Total Kjeldahl nitrogen 0.5316 (−) 0.0016 (−)
ortho-phosphate 0.0794 (−) 0.0004 (−) 0.5479 (+) 0.0031 (−)
Total phosphorus 0.0576 (−) 0.0002 (−) 0.9802 (−) 0.0080 (−)

0.0015 (−) 0.0034 (−)Biochemical oxygen demand 0.3920 (−) 0.0131 (−)
0.0094 (−) 0.2394 (−)Total suspended solids 0.0145 (−)0.0092 (−)

a Values are P-levels from two-tailed t-tests. Direction of change indicated as positive (+) or negative (−).
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Table 3
Summary of field parameters measured at various locations in the constructed wetland system for treating dairy wastea

Location Parameter

Conductivity (mS/cm)Dissolved oxygen (mg/l) pH Temperature (°C)

2.5490.32Settling basin 1 6.990.282.0890.47 15.191.6
(0.35–6.35) (0.3–5.58) (5.5–10.05) (4.2–25.2)

1.9490.22 6.7790.07Settling basin 2 13.991.61.2290.28
(0.76–3.56) (6.32–7.28)(0.25–5.14) (2.3–25.2)

3.7590.5 6.8790.17Cell 1 inflow 14.591.63.2390.53
(1.22–8.53) (5.36–8.23)(0.35–7.21) (4.6–24.6)

Cell 1 outflow 2.2590.51 2.6890.23 7.5190.09 14.191.7
(1.38–4.68) (6.98–8.37)(0.28–9.76) (3.1–27.8)

Cell 2 inflow 2.8990.42 2.3690.33 7.1390.12 13.891.5
(0.81–7.1) (6.38–8.2)(0.32–6.79) (2.3–24.4)

1.9990.17Cell 2 outflow 7.3590.08390.38 13.891.6
(0.89–3.29) (6.45–7.81) (3.4–26.5)(0.038–7.32)

1.2990.34Filter strip outflow 6.7990.13.9790.43 15.291.6
(2.08–6.25) (0.71–4.3) (6.3–7.44) (8.4–21.6)

a Values are mean9SE of monthly measurements between October 1995 and May 1997; range given in parentheses.

nia reduction is also achieved by volatilization
at the surface and, in aerobic zones, oxidation
to nitrate via nitrification (Brix, 1993; Mitsch
and Gosselink, 1993). Oxidation is probably lim-
ited in the wetland cells based on the low dis-
solved oxygen concentrations we observed, but
the increase in nitrate/nitrite we observed in the
filter strip parallels an increase in dissolved oxy-
gen levels there. Sediment, BOD, and nutrients
are removed more completely in the VFS than
in the cells, possibly due to greater density of
vegetation in the VFS. Stems interrupt the flow
diffusing the kinetic energy required to carry
solids and prevent the resuspension of solids by
wind (Dunne and Leopold, 1978). Particulate ni-
trogen, phosphorus, and BOD are also reduced
as solids settle. Phosphorus compounds are fur-
ther removed by sorption to soils and by plant
uptake (Brix, 1993).

A limitation of our study is that the design of
the system resulted in complex hydrologic condi-
tions that prevented us from quantifying mass
removal rates. The system was originally de-
signed such that flow rates into the cells would

be equal, creating two replicate wetland cells.
During our study, the higher-than-normal pre-
cipitation overloaded SB1 and flowed into SB2,
resulting in different flow rates into Cell 1 and
Cell 2. Also, dilution from ground water seep-
age or stormwater diverted to the VFS may ac-
count for some of the analyte reduction we
observed. However, we were unable to detect
any ground or surface water inputs based on
measurements of inflow rates to the VFS from
Cells 1 and 2 and outflow rates from the VFS.
In fact, our measurements indicated that more
water was entering the VFS from the cells than
was leaving via surface flow, suggesting a mini-
mal input of water from groundwater or
stormwater and a high evapotranspiration rate.
Finally, the hydrology of the system currently
appears to differ substantially from that for
which it was initially designed. The original de-
sign was supposed to result in a hydraulic resi-
dence time of 47 days, the length of time
estimated to achieve the design requirement for
BOD of 30 mg/l (field test method; SCS, 1991;
Kodmur et al., 1994). Using the actual BOD
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values measured at inflow and outflow locations
for this period yields a calculated residence time
of only 7 days. Factors that may have reduced
residence time include siltation by excessive
solids input from the settling basins and devel-
opment of channelized flow patterns through the
wetland cells.

Possible changes to improve the treatment ca-
pacity of the system include increasing the den-
sity of vegetation in the cells and modifying the
design of the system. Recent plantings of Typha
latifolia and Phragmites australis (Cav.) Trin. Ex
Steud are currently being evaluated and show
promise of establishing a greater density of veg-
etation in the wetland cells. Possible design
modifications include recirculation during peri-
ods of elevated precipitation and increasing resi-
dence time (e.g. by reducing channelization
through the use of influent dispersal units or
adding cells). Recirculation or adding an anaer-
obic cell downstream of the filter strip would
provide an anaerobic environment promoting
denitrification of nitrate and nitrite generated in
the filter strip. Finally, a roof over the manure
pit, the largest source of wastewater, would de-
crease the hydraulic and waste loading rates to
the wetland cells and filter strip, probably in-
creasing the effectiveness of the system.

5. Conclusions

The constructed wetland system reduced con-
centrations of most constituents present in dairy
farm wastewater. An exception is nitrate/nitrite,
which increased in concentration as water
flowed through the vegetated filter strip, pre-
sumably due to oxidation of ammonia. The
filter strip, which is essentially a third wetland,
appears to be more effective in treating wastew-
ater than the wetland cells, possibly because it is
more densely vegetated. Addition of an anaero-
bic cell after the filter strip or recirculation of
filter strip effluent through the wetland cells
would promote nitrogen removal via denitrifica-
tion. Our research underscores the need for un-
derstanding the hydrology of constructed
wetlands, especially the responses of wetland-

based systems to above-normal precipitation
events.
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