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SUMMARY. Substantial quantities of water and nutrients are required for the
production of high value nursery and greenhouse crops. As water quality criteria
are strengthened locally and nationally, horticultural enterprises will have to
meet stricter limits on nutrients in discharge water. This study examined the
efficiency of an established vegetated surface-flow constructed wetland to mediate
nitrogen (N) and phosphorus (P) in runoff water from a commercial nursery
over a period of 38 months. Maximum oxidized nitrogen [nitrate-N (NO3-N)

nitrite-N (NO,-N)] inputs occurred during the spring fertilization period of
March through May (11.1 to 29.9 mg-L—l N) and minimum inputs occurred
durin% winter plant dormancy between December and February (2.8 to 5.2
mgeL-" N). Nitrogen remediation efficiency averaged 94.7% for March through
November sampling dates but declined to a mean of 70.7% between December
and February when mean wetland water temperature dropped below 15 °C. Or-
thophosphate phosphorus (PO4-P)concentrations in nursery runoff showed no
dramatic changes over months, seasons, or years. Mean wetland influent ortho-
phosphate concentration ranged from 0.7 to 2.2 PO4-P with an overall
mean of 1.41 mg-L—1 PO,-P for all months sampled. Mean discharge orthophos-
phate concentration ranged from 0.5 to 2.1 mg°L-1 PO4-P with a mean of 1.45
mgeL-' PO4-P. Phosphorus remediation efficiency varied widely and there was
no correlation with water temperature. This 9.31-acre surface-flow constructed
wetland was highly efficient at removing N from nursery runoff from a 120-acre
catchment (large container production area), although it failed to consistently
lower orthophosphate levels in runoff. This type of constructed wetland is suit-
able for removing oxidized N forms from nursery runoff and, depending on size,
is capable of handling the large volumes of runoff generated by medium to large
nursery and greenhouse operations.

Nursery greenhouse production
techniquest rely on adequate
supplies of water nutrients, pesti-
cides, and growth regulators to
achieve profitable plant
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growth rates. Currently, only pesti-
cides and some growth regulators are
under U.S. Environmental Protection
Agency (USEPA) directed use and dis-
posal guidelines, although some state
and local water quality standards and
discharge effluent guidelines apply to
nursery discharges (Alexander, 1993).
However, federal, state, and local envi-
ronmental agencies are coming under
increased pressure from legislative
bodies, special interest groups, and
the public to further improve water

quality and thiswill likely include new
limits on nutrient discharges. Pollut-

ants originating from horticultural

practices include not only pesticides
and growth regulators but the N and
P components of fertilizers. Currently,

horticultural enterprises are considered
non-point sources of pollutants unless
an obvious discharge ditch flows from
their property into aregulatory agency
monitored stream. Therefore, they
have fewer regulatory requirements to
meet compared to point source pol-
luters (e.g., sewage treatment plants).
However, this status will likely change
as water quality criteria are tightened
either locally or nationally. The exact
approach regulatory agencies will take
to achieve future improvementsin
water quality is not known. The total

maximum daily load (TMDL) process,
which sets a daily maximum quantity
of apollutant that can be discharged
into offsite receiving waters, isthe
anticipated approach. The TMDL
process will have a dramatic impact on
how nurseries and greenhouses manage
irrigation and runoff.

The mgjor impact of nutrientsin
runoff water from nursery and green-
house operationsisits potential to
cause eutrophication of streams, lakes,
and estuaries downstream. Although
anatural process in water body aging,
eutrophication of aguatic ecosystems
can be greatly accelerated by increased
inputs of nutrients and organic com-
pounds. This can over stimulate phy-
toplankton growth, which can cloud
water and block sunlight and, during
alga decomposition, drop dissolved
oxygen to levels potentially harmful
to fish and aquatic invertebrates. Two
of the major nutrients in fertilizers can
lead to phytoplankton blooms, N and
P. Excess N (>0.4 mgeL-') can cause
accelerated eutrophication (Vitousek
et al., 1997; Wetzel, 1983), harmful
phytoplankton blooms (Rabalais et al.,
1996), and eelgrass (Zostera marina)




decline (Burkholder et al., 1992).
Phosphorus has also been implicated
in eutrophication of freshwater systems
and the USEPA recommends total P
for surface waters entering lakes and
reservoirs should not exceed 0.1 mgeL-1
(USEPA, 1986). However, Daniel et
al. (1998) suggested that levels of P
between 0.01 and 0.02 mgeL-* ac-
celerated eutrophication. Nitrate-N
in nursery runoff has been reported
as between 1.6 and 55.0 mgeL-1 (Al-
exander, 1993; James, 1995; Y eager et
al., 1993) and P between 0.01 and 20
mgeL-* (Alexander, 1993; Headley et
a., 2001; James, 1995). One means of
removing these nutrients from runoff
water before it reaches nearby surface
or groundwater is through the use of
vegetated surface-flow constructed
wetlands (CW). Consequently, the
objective of this study wasto collect
data on the efficacy of an established
CW system over 3 yearsto evaluate
its sustained nutrient removal rate
over arange of climatic conditions,
and identify key factors regulating its
performance for nutrient management
of nursery runoff water.

Materials and methods

SITE DESCRIPTION. The 9.31-acre

wetland remediation system was con-
structed in 1997 by Wight Nurseries
of Monrovia Growers, Cairo, Ga
Data collection for this study began
Apr. 2002. The CW system treated
runoff water from an approximately
120-acre catchment with atwo-stage
surface-flow vegetated wetland design.
A wetland stage was defined by the
depth of the water within its banks with
the first stage having an average depth
of 30 inches and the second stage hav-

ing an average depth of 8 inches. The
catchment was used for growing large
container trees and shrubs (primarily
50-L containers) that were microirri-

gated threeto five times daily for 3to 5
min each cycle as needed. Fertilization
was accomplished with a combination
of controlled-release fertilizer (CRF)
incorporated into the potting substrate
and liquid fertilizer injection into irri-

gation water. Production beds drained
into a 1500-ft collection channel that
flowed into a 1.0-acre retention pond.

Thefirst 5 inch of arainfall event was
captured in the retention pond (6 ft
of pond headspace was required) and
excess rainfall was routed over adiver-

sion dam into a storm water retention
basin. Water from the retention pond

was pumped into two first-stage wet-
lands that were each divided into three
sections by earthen dikes that extended

to within 30 to 40 ft of the end of the
wetland. At this point water flow from
each section rejoined and was allowed
to mix before discharge from the first
stage. Water inflow was accomplished
through three 2-5-inch i.d. polyvinyl

chloride (PVC) pipes (two pipes only
for the final section) at arate of 250
to 350 L min-* per section, depend-
ing on daily pump run time. The two
first-stage wetlands gravity fed two
second-stage wetlands, which were also
divided into three sections. Discharge
from second-stage wetlands flowed
by gravity via a discharge collection
channel through two stilling ponds
(for suspended sediment finishing)
prior to discharge into a nearby stream.

Flow through the wetlands averaged
2.1 x 10° L+d-' but exceeded 3.1 x 106
Led-' during periods of excess rainfall

(e.g., tropical cyclone systems). Plant
cover within the CW was extensive
and multistoried with little open wa-
ter even during winter months. Plant
cover in the first-stage wetlands was
dominated by giant bulrush (Schoeno-
plectus californicus), maidencane grass
(Panicum hemitomon), pickerelweed
(Pontederia cordata), common cat-
tail (Typhalatifolia), floating pen-
nywort (Hydrocotyle ranuncul oides),
duckweed (Lemna valdiviana), water
meal ( Wolffiabrasiliensis), and alligator
weed (Alternanthera philoxeroides). In
the second-stage wetlands, dominant
plant species included common cat-

tail, pickerelweed, water pennywort
(Hydrocotyle umbellata), maidencane
grass, floating pennywort, common
duckweed, and broadleaf arrowhead
(Sagittarialatifolia).

SAMPLE COLLECTION AND ANALY-
sis. Beginning in Apr. 2002, water
samples were collected monthly at
approximately 50 locations throughout
the wetland and its receiving stream.
Our sampling points in the CW treat-
ment system consisted of: 1) six influent
samples from the center inflow pipe
water fall for each first-stage section;
2) six first-stage effluent samples; 3)
six second-stage inflow samples from
just outside the water fall from the
first-stage effluent pipe; 4) six second-
stage outflow samples from beside the
effluent pipe; 5) six discharge channel
samples from 3 to 5 m downstream
of the second-stage effluent pipe and
one sample from 30 m upstream of
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the first second-stage effluent pipe;

6) single samples of each stilling pond
effluent, the discharge channel just
before entering an adjacent woodlot,
upstream of the mixing point in the
receiving stream, and downstream of
the mixing point with the receiving
stream, including multiple channels
when present; 7) seepage within
the storm water retention basin that
enters the receiving stream; 8) the
receiving stream approximately 1 km
downstream and after merging with
the creek's main branch; 9) a second
retention pond that periodically dis-

chargesinto the runoff collection chan-

nel; and 10) three bed drain channels
that merge with the runoff collection
channel. All water samples were grab
samples representing a particular time
and location within the treatment
system. Water samples were filtered
through 0.2-pm polytetrafluoroeth-
ylene (PTFE) membrane filtersinto
1.5-mL ion chromatography (IC) vials
and stored at 4 °C until anion analysis
with a Dionex AS50 IC -with AS50 au-
tosampler (Dionex Corp., Sunnyvale,
Calif.). After Sept. 2002, concurrent
water samples were taken from key
sample sites and analyzed for total ni-
trogen (TN) and nonpurgable organic
carbon (NPOC) using a Shimadzu total

organic carbon analyzer TO C-V cpH
with TNM-1 total nitrogen measuring
unit (Shimadzu Scientific Instruments,
Kyoto, Japan).

Seasonal inflow oxidized nitrogen
(defined asNO=-N + NO3-N (NOx-N))
or PO,-P concentration was calculated
as the mean of the monthly means.
Monthly means were calculated as the
mean NO,.-N or PO,-P concentration
of six samplestaken within1to2m
of the center inflow pipe from each
first-stage wetland section. Seasonal
discharge NOy-N or PO,4-P concentra-
tion was also calculated as the mean of
monthly means. These monthly means
were calculated as the mean NO,.-N or
PO ,4-P concentration of three samples
taken at the end of the discharge chan-
nel and from the outflow of each still-
ing pond. Both wetlands were isolated
from groundwater inflow and infiltra-
tion by excavation into the Btv horizon,
asandy clay loam with moderate to low
permeability. Seasonal water tempera-
tures were calculated as the mean ofthe
monthly water temperatures. Monthly
means were cal cul ated as the mean of
24 to 35 water temperature measure-
ments taken concurrently with water
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samples throughout the CW system
from inflow through discharge.
STATISTICAL ANALYSIS. Data
analysis consisted of mean and standard
deviation calculations for the months
and seasons. Seasons were defined as
the months of December through
February for winter, March through
May for spring, June through August
for summer, and September through
November for fall. Variables analyzed
were N inflow concentration, N out-
flow concentration, P inflow concen-
tration, P outflow concentration, and
water temperature. All calculations
were performed using Excel (Microsoft
Corp., Redmond, Wash.) spreadsheet
program and data analysis tools.

Results and discussion

Oxidized nitrogen detected in
nursery runoff varied seasonally with
nursery production practices but both
forms were highly manageable using
constructed wetland remediation. The
mean seasonal inflow and discharge
concentration of NOy-N (mgeL-1)

and the mean seasonal wetland water
temperature (°C) beginning Fall 2002
for the wetland remediation system are
shownin Fig. 1. Total N inputsinto
the wetland were predominantly from
NOxN forms. Ammoniacal N level

in the inflow was rarely above 0.25
mgeL-*. Nitrogen inputs varied sub-
stantially and seasonally due to changes
in nursery fertilization practices and
the quantity of mature plants being
sold and replaced with freshly potted
plant material on the growing beds but
were well within the range reported by
Y eager et al. (1993) for eastern U.S.
nurseries. Our overall average input of
8 mg-L-' NO,-N was identical to the
mean for production bed runoff of
CREF container nurseries as found by
Y eager et al. (1993). Highest average
input occurred during spring (11.1
t0 29.9 mgeL-' NOy-N) when fertiga-
tion was applied and large numbers
of newly potted plants were placed in
the growing area. During fall growing
periods, mean NOy-N concentrations
were slightly higher than summer

concentrations and ranged from 6.1
to0 9.7 NON-N. This occurred
because irrigation water fertilization
rates were increased to maximize fall
growth flushes by plants.

Minimum N input occurred dur-
ing winter (2.8 to 5.2 NON-N)
when most plants in the nursery were
dormant. Although liquid-feeding,
applications through nursery irriga-
tion water were reduced during sum-
mer due to periods of high ambient
temperature, which caused some
plant species to stop growing, NOx -N
levelsremained at 6.6t0 7.1 mg-L-1
N because of the CRF incorporated
into plant potting substrate. Mean
annual NO -N concentration in runoff
water was 9.0 mgeL-1, identical to that
reported by Huett (1999) for NO3-N
and dlightly below the 10.4 mgeL-1
NO;-N reported by Cresswell (1995)
from a survey of 13 New South Wales,
Australia, production nurseries.

Several researchers have noted
a seasonal pattern of N removal
in constructed wetlands and have

Fig. 1. Water temperature (data points) and mean concentration of oxidized nitrogen [nitrate-N (NO;-N) + nitrite-N (NO2-
N)] in inflow and outflow water (bars) grouped by months to correspond with seasons (spring, summer, fall, and winter)

for a 9.31-acre (3.768 ha) constructed wetland remediation system located in Cairo, Ga. Water temperature data collection
did not begin until Sept. 2002. Error bars represent SD about the mean for the period [1 mgeL-' = 1 ppm; (1.8 x °C) + 32

F.
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recognized water temperature as an
important cyclic stimulus (Dahab and
Surampalli, 2001; Kadlec and Reddy,
2001; Kuschk et al., 2003; Taylor et
al., 2003). A similar pattern was found
during this study. Nitrogen discharge
from the wetland remediation system
was greatest and removal efficiency
lowest during winter when mean water
temperatures were low (10.4 to 15.1
°C) and average daily temperatures for
the month were below 15 °C (Georgia
Automated Environmental Monitor-
ing Network, 2005). Lowest discharge
concentrations and highest removal
efficiencies occurred during summer
when mean water temperatures were
above 25 °C. The highest observed
discharge concentration (4.28 mgeL-1
NO:+-N) occurred in May 2002 when
N loading was the second highest
recorded (31.22 mg-L-' NO,-N); how-
ever, remediation efficiency was 86.3%.
Compared to prior years, unusually
low remediation efficiencies occurred

during Mar. and Apr. 2005 (81.2% and
79.1%, respectively). We attribute this
to high hydraulic loading rates (910
and 1073 m°- ha-* per day, respectively)
following 2 -week periods ofno loading
due to pump problems at the nursery
combined with unusually cold and
wet weather for the 2 weeks prior to
sampling. Over the entire sampling
period, remediation efficiency averaged
94.7% for spring through fall samples,
and 70.7% for winter samples.
Phosphorus is the most recal -

citrant pollutant the horticulture
industry must address because thereis
no significant gaseous loss mechanism
(Kadlec and Reddy, 2001). Thisisa
consequence of its geochemical cycle.
The only long-term unavailable form of
phosphorus is deeply buried phosphate
bearing rock. Significant portions of
organic phosphorus may betied up as
part of peat buildup in CWs (Kadlec
and Reddy, 2001). PO4-P Concentra-
tionsin nursery runoff showed no

ramatic changes over seasons and
earsas shown in Fig. 2. We found
hat mean seasonal PO,-P influent
oncentration ranged from 0.7 to 2.2
mgeL-' with an overall mean of 1.41
mgeL-' for all sample periods. Thisis
well below the 5 mgeL-! P reported
or 13 Australian production nurser-
es by Cresswell (1995) but similar
o the 2 mgeL-! PO,-P reported by
Huett (1999) for another Australian
ursery. However, it iswell above the
ange of total P reported by Headley
t al. (2001) for four Australian nurs-
ries (0.05 to 1.5 mgeL-') sampled in
ummer and fall.
In this study, mean seasonal PO4-
P effluent concentration ranged from
0.5t0 2.1 mgeL-! P with an overall
mean of 1.45 mgeL-' PO,-P for all
ample periods, indicating that net P
export likely occurred throughout the
wetland system. Mean seasonal PO4-P
emediation efficiency ranged from an
assimilation of 30.4% (Spring 2002) to

Fig. 2. Water temperature (data points) and mean concentration of orthophosphate phosphorus (PO4-P) in inflow and out-
flow water (bars) grouped by months to correspond with seasons (spring, summer, fall, and winter) for a 9.31-acre (3.768
ha) constructed wetland remediation system located in Cairo, Ga. Water temperature data collection did not begin until

Sept. 2002. Error bars represent standard deviation about the mean for the period [1

°F]
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an export of 39.8% (Winter 2004-05)
but varied widely for months, seasons,
and years. Assimilation occurred in
three of the four spring seasons and
two of threefall periods while export
occurred during all summer and win-

ter seasons. Rapid plant growth in
the CWs seemed to correspond with
periods of PO,-P sequestration. This
generally corresponded to periods of
high orthophosphate levels in runoff,
but on a month-by-month basis there
was no consistent pattern of removal.
Unlike N, there was no correlation of
remediation efficiency with the water
temperature cycle, although positive
remediation occurred during periods
of either rapid plant growth (spring)

or during late season growth flushes.

Kadlec and Reddy (2001) noted an
increase in soluble P at higher water
temperatures, suggesting that the
mechanisms of P release are regulated
by biological activity. This may account
for the consistent export of P we ob-

served during summer months. Overall

PO,-P wetland remediation efficiency
was -2.4% for all sample periods, which
spanned the fifth through the eighth
years after wetland establishment.
Therefore, this monitoring study sug-
gests that over the long term, vegetated
surface-flow CWs of this design and
loading rate are generally ineffective
at removing orthophosphate from
runoff and may in fact contribute to
stream loading of this nutrient, at least
under the conditions encountered at
this nursery.

Nurseries have several options for
limiting nutrients in nursery discharge
water to meet current and future water
quality standards. The approach taken
depends on several factors, includ-
ing state water quality standards and
discharge effluent guidelines or limits
(Alexander, 1993), rainfall pattern
and intensity, catchment topography
and nursery layout, and the volume of
discharge. With proper management
of soluble fertilizers, water quality
parameters, water-borne disease organ-
isms, and N and P levels, recapture and
holding ponds can be used to retain
potential discharge on-site. The least
expensive alternative is to reduce the
use of N and P to the minimum levels
required to achieve profitable plant
growth rates and plant quality, asthis
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achieves the goal of cleaner water at
both the beginning and the end of
production. For horticultural opera-
tions that generate large quantities of
runoff that require remediation before
discharge, surface-flow CWs may offer
an attractive alternative. While they do
require sufficient land for their con-
struction and are moderately expensive
to build and plant initially, surface-flow
CWs can be placed on low, unsuitable
land and require little maintenance
thereafter. This 9.31-acre surface-
flow CW monitored for 38 months
was highly efficient at removing N
from nursery runoff from a 120-acre
catchment, although it failed to con-
sistently lower orthophosphate levels
in effluent. Thistype of CW is suitable
for removing oxidized N forms from
nursery runoff and, depending on size,
is capable ofhandling the large volumes
of runoff generated by medium to
large nursery and greenhouse growers.
Thus, it isaviable option for meeting
regulatory limitson N in nursery runoff
when other alternatives do not achieve
the desired goals.
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