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Abstract In the greenhouse and container nursery
production industry there is potential for runoff of
nitrogen (N) and phosphorus (P), which may contam-
inate surface and groundwater. Since the 1950s
constructed wetlands (CWs), as a simple, low-
technology method, have been shown to effectively
treat agricultural, industrial, and municipal wastewa-
ter. We investigated the N and P attenuating potential
of three floating hydrophytes planted in a laboratory-
scale subsurface flow (SSF) CW system. Over an
8-week period plants were supplied with N and P
(0.39 to 36.81 mg'L' N and 0.07 to 6.77 mg:L™"' P)
that spanned the rates detected in nursery runoff
between the discharge and inflow locations of a
commercial nursery currently employing CWs. Whole
plant dry weight was positively correlated with N and
P supplied. Highest N recovery rates were exhibited
by water hyacinth (Eichhornia crassipes [Mart.]
Solms.) and water lettuce (Pistia stratiotes L.). P
recovery rates were similar for water hyacinth,
water lettuce, and dwarf redstemmed parrotfeather
(Myriophyllum aquaticum [Vell.] Verdc.). These float-
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ing hydrophytes can be cultivated in a SSF CW to
remediate runoff losses of N and P. The possibility exists
for integrating them into a polycultural remediation
system that includes emergent aquatic macrophytes for
processing and polishing nursery/greenhouse wastewater.
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1 Introduction

Irrigation of nursery and greenhouse container crops
may lead to leaching and loss of fertilizers and other
agricultural chemicals. This can pose a threat to
groundwater and result in surface water contamination.
Runoff containing nitrate—nitrogen (NO; —N) and
soluble reactive phosphate (H,PO, , HPO,*", and
PO,>") may lead to excessive algal and aquatic plant
growth in surface waters, resulting in accelerated
eutrophication, primarily in freshwater streams, rivers,
lakes, and reservoirs (Carpenter et al. 1998).

The US Environmental Protection Agency (US
EPA) has established the maximum contaminant level
for NO; —N in drinking water to be 10 mg-L™" (US
EPA 1986). No federal limits on P contaminant levels
in freshwater exist; however, the US EPA recommends
that total P not exceed 0.10 mg'L ™" in streams or other
flowing waters and 0.05 mg-L ™' in any streams that
enter lakes or reservoirs (US EPA 1986).
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Greenhouse crop production may result in NO3—N
runoff levels of 100 mg-L™' NO;-N (Wood et al.
1999). Nitrate—nitrogen concentrations in nursery
crop runoff can range from 0.1 to 135 mgL '
(Alexander 1993; Yeager et al. 1993; Taylor et al.
2006) and P concentrations from 0.01 to 20 mg-L™' P
(Alexander 1993; James 1995; Taylor et al. 2006). To
reduce the discharge levels of these nonpoint source
pollutants and to comply with increasingly stringent
environmental regulations at state and federal levels,
CWs have been promoted as inexpensive, low-
technology alternatives to conventional water treat-
ment systems. Similar to natural wetlands, CWs treat
wastewater with physicochemical and biological
processes that involve vegetation, soils, and associated
microbial populations in a controlled environment.
These engineered wetlands are defined by their
vegetation: free-floating, floating-leaved, emergent,
and submerged plants (Vymazal 2007). In temperate
regions emergent macrophytes are commonly used in
surface-flow (SF) and SSF CWs to treat agricultural
wastewater (Armold et al. 1999; Berghage et al. 1999;
Taylor et al. 2006). Due to the large land area required
by typical SF CWs and the concomitant loss of
production area, SSF CWs have been recommended
as a viable alternative for greenhouse and nursery water
treatment (Arnold et al. 1999; Berghage et al. 1999).

In tropical and subtropical regions free-floating
hydrophytes are the dominant vegetation in CWs
because of their ability to overwinter (Nahlik and
Mitsch 2006). Details of floating aquatic plant CWs
are described by DeBusk and Reddy (1987) and
Vymazal et al. (1998). Many studies have documented
their ability to remediate various anthropogenic
pollutants that include nutrients (Gopal 1987; Vymazal
2007), herbicides (Wilson et al. 2001; Knuteson
et al. 2002), heavy metals (Odjegba and Fasidi 2004;
Liao and Chang 2004; Padmavathiamma and Li
2007) and antibiotics (Gujarathi et al. 2005). The
high rates of biomass production by floating hydro-
phytes necessitates periodic harvesting to prevent the
export of nutrients, particularly P, via vegetative
decomposition and to maintain open water areas to
permit increased oxygen exchange (Masifwa et al. 2004;
Kadlec 2005).

Recently, Polomski et al. (2007) proposed a
sustainable nutrient remediation strategy that involves
the production of economically important emergent
macrophytes in a SSF CW that remediates wastewater
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runoff. The objective of this study was to take an
unconventional approach and determine the ability of
water hyacinth, water lettuce, and parrotfeather, to
thrive and recover nursery runoff levels of N and P in
a similarly constructed laboratory-scale subsurface
CW system.

2 Methods

Experimental procedures were similar to those
described by Polomski et al. (2007). However, a brief
description follows with an emphasis on the experi-
mental setup and nutrient solution treatments.

2.1 Plant Characterization and Culture

This greenhouse study was conducted from 2003—
2004 at Clemson University’s Biosystems Research
Complex (Clemson, SC, USA; latitude 34°40'8";
longitude 82°50'40"). Water hyacinth, water lettuce,
and parrotfeather were selected for their remediating
ability and their commercial importance as biological
filters in water gardens (Speichert and Speichert
2004). Water hyacinth is a free-floating plant com-
prised of a rosette of petiolate leaves, an attractive
purple inflorescence, and extensive submerged roots
(Gopal 1987). Despite its free-floating habit, water
hyacinth can also root in substrate, which has been
postulated as an ancestral trait (Gopal 1987). Water
hyacinth rapidly propagates vegetatively and sexually,
although vegetative propagation via fragmentation is
the primary form of reproduction. The free-floating,
stoloniferous water lettuce produces a rosette of light
to lime-green velvety leaves; it can reach a mature
height of 30.5 cm (Speichert and Speichert 2004). It
reproduces by offsets that grow from the base of the
mature plant. Dwarf redstemmed parrotfeather is a
compact selection with bright red prostrate or ascending
stems bearing whorls of gray-green feathery leaves
(Speichert and Speichert 2004). This creeping emergent
roots freely in floating mats or anchored in substrate
where it reproduces primarily by stem fragmentation
(Sytsma 1989).

Water lettuce and dwarf red-stemmed parrotfeather
(Charleston Aquatic Nursery, Johns Island, SC) were
floated in tapwater-filled 3.8 L aquatic pots, fertigated
with 20-20-20 (Peter’s Professional®) water-soluble
fertilizer as needed, and maintained in the greenhouse.
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Water hyacinth stock plants were collected from
drainage canals near Cape Coral, Florida, USA,
transferred to 60 L containers and fertigated as needed
with 20-20-20 water soluble fertilizer.

Two to 4 weeks prior to the start of an experiment,
40 to 50 plants were removed from their containers,
their roots washed in running tapwater to remove
microalgae, and weighed. They were transplanted into
the simulated laboratory subsurface CW comprised of
two polyethylene pots: a 16.5-cm diameter “azalea”
pot filled with pea gravel and placed inside a 16.7-cm
diameter aquatic pot (3.8 L pot with no drainage
holes) so their rims were even. Single ramets
(vegetatively produced plants) of water hyacinth,
individual plantlets of water lettuce, and five 14 cm
long rooted stem fragments of parrotfeather were
planted in each pot. After fitting the azalea pot into
the aquatic pot, ~1.350 L of a 10% modified Hoag-
land’s solution (21.57 mg'L™' N and 3.63 mg-L™' P;
Hoagland and Arnon 1950) was added to each pot
until water appeared at the gravel surface. During the
acclimation period, plants were watered every 2 or
3 days to maintain the water level just below the gravel
surface. The average daily temperatures, relative
humidity, and daily light integral are listed in Table 1.
A 16:8 h light/dark photoperiod was maintained during
the winter months with 1,000 W metal halide lights.

2.2 Nitrogen and Phosphorus Treatment Solutions

Five treatment levels of 0.1%, 1%, 5%, 10% and 20%
modified Hoagland’s solution (“Solution 17 using

NO;—N) were prepared and contained the following
mean concentrations of N and P (mg-L™"): (1) 0.39 N;
0.07 P; (2) 1.75 N; 0.18 P; (3) 10.44; 1.86 P; (4)
21.57 N; 3.63 P; and (5) 36.81 N; 6.77 P. These
concentrations encompassed the typical range of
nutrients found in nursery CW discharge and nursery
runoff, and used in nursery irrigation. The initial pH
of the nutrient solution was adjusted to 6.2 with 6 N
H,SO;,.

At the start of the experiment, 30 acclimatized
plants and six gravel-only pots were removed from
their aquatic containers, flushed with deionized water,
and then returned to the aquatic pots that had been
emptied and rinsed with deionized water. The
appropriate treatment solution was batch-loaded into
the pots with plants until it was visible at the gravel
surface. Gravel-only pots received 10.44 and 1.86 mg
L' N and P, respectively. Thereafter, nutrient solution
was supplied every 2 days to maintain the water level
at the gravel surface. Containers were arranged in a
randomized complete block design with six replicates.
Experiments were replicated twice for each species
during the time periods listed in Table 1.

2.3 Plant and Water Analysis

Over the course of each experiment the volume of
nutrient solution supplied to each wetland unit was
recorded over the 8-week period. When the experiment
was terminated, each plant was severed at the gravel
surface and the above- and below-ground portions were
weighed. The below-ground portions, which included

Table 1 Experiment dates and selected environmental variables (mean + SE) for the two replicates of each species conducted in the
Biosystems Research Complex greenhouses, Clemson University, Clemson, SC

Experiment 1

Experiment 2

Species Temperature  Relative Daily light integral ~Temperature Relative Daily light integral
(°C) humidity (%) (molm2d™") (°C) humidity (%) (mol m2d™")
Eichhornia crassipes 27.3£0.07*  723+03% 25+1° 24.5+0.2° 61.5+1.1° 19+1°
Myriophyllum aquaticum — 27.3+0.07°  74.5+0.3° 22+1° 22.240.2¢ 48.0+1.3¢ 12414
Pistia stratiotes 24.6£0.2° 61.0+1.1° 15£1° 24.3+0.2° 61.0+1.2° 16+1f

425-Jun-2003 to 20-Aug-2003
©9-Sept-2003 to 3-Nov-2003

€26-Jun-2003 to 21-Aug-2003
420-Jan-2004 to 15-Mar-2004
€ 17-July-2003 to 11-Sep-2003
24-0ct-2003 to 18-Dec-2003
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roots that had grown through the drainage holes of the
gravel-filled azalea pots, were placed over a screen and
washed with tapwater, rinsed with distilled water, and
then weighed. Dried roots and shoots (80°C to constant
dry weight) were ground separately in a Wiley Mill®
(Thomas Scientific, Swedesboro, NJ) to pass through a
40-mesh (0.425-mm screen). N and P tissue concen-
trations were determined as described by Polomski et al.
(2007). N and P content was calculated by multiplying
plant part dry weight by nutrient concentration. Whole
plant N and P content was derived from combining
above- and below-ground mineral content.

The water that remained in the aquatic pots was
sampled and stored at 4°C prior to anion analysis with
a Dionex AS50 IC with AS50 autosampler (Dionex
Corp., Sunnyvale, CA). Percentage of recovered
nutrient was determined with the following equation:
(mg N or P supplied — mg nutrient remaining in
solution + mg N or P supplied)x100.

2.4 Statistical Analysis

Data from both replicated experiments were pooled
because analysis of variance indicated no significant
treatment interactions with rep and block. Changes in
biomass and nutrient recovery relative to N or P
supplied for each species was determined by regression
analyses. For each species the analyses indicated
significant slope for biomass and nutrient uptake
efficiency (i.e., amount of nutrient supplied that is
assimilated by the plant). Linear contrasts and F tests
compared slopes among the species. Differences
between shoot and root concentration means and
content means of each species were determined by
Student’s ¢ tests. All analyses were performed with
SAS (version 9.1 for Windows; SAS Institute, Cary,
NC), and all tests were conducted with av=0.05.

3 Results and Discussion
3.1 Biomass Accumulation

Over the 8-week period the growth rates of the three
species increased linearly and were highly correlated
with increasing levels of nitrogen and phosphorus
(Fig. 1a,b). Due to its higher evapotranspiration rate
(Gopal 1987), water hyacinth was supplied with
greater amounts of N and P than the other two
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species, which yielded the highest rate of dry weight
accumulation. Water lettuce received the least amount
of N and P over the 8-week period but had a similar
growth rate to water hyacinth (Fig. la,b). Parrot-
feather had the lowest growth rate compared to water
hyacinth and water lettuce. Gravel-only pots receiving
10.44 and 1.86 mg L' N and P, respectively, were
supplied with 62% to 86% of N and 52% to 86% of P
than planted pots receiving the same level of N and P
(data not presented).

At the lowest treatment level, all species exhibited
visual nutrient deficiency symptoms that included
marginal to complete foliar necrosis, chlorotic, senes-
cent leaves, and spindly growth. Some water hyacinths
produced inflorescences, which was not unexpected
since water hyacinth has been reported to survive and
grow under a wide range of water nutrient concen-
trations as low as 0.05 mg L™ nitrogen supplied either
as nitrate (Shiralipour et al. 1981) or ammonia (Tucker
1981) and 0.1 mg L' P, which Haller et al. (1970)
determined as the lower critical level for growth of
water hyacinth in a hydroponic environment.

3.2 N and P Recovery

Nitrogen and phosphorus recovery rates of the three
species were evaluated by comparing the amount of N
or P supplied and assimilated in whole plant tissues to
an optimal recovery rate where the amount of N or P
supplied equaled the amount of N or P recovered in
the tissues. Nitrogen and P content of whole plant
tissues for all three species increased linearly with
increasing concentrations of N and P and was highly
correlated with the amount supplied to each species
(Fig. 2a,b). The N recovery rate of water hyacinth and
water lettuce was similar to the optimal recovery rate
of N (mg N supplied = mg N in tissues) and higher
than the N assimilation rate of dwarf red-stemmed
parrotfeather (Fig. 2a). Since nutrient recovery is a
product of biomass and tissue nutrient concentration,
the low biomass productivity of parrotfeather contrib-
uted to its lower N assimilative rate. Compared to
similar studies with herbaceous emergent aquatic
plants, water hyacinth and water lettuce had N uptake
efficiencies similar to Louisiana iris hybrid ‘Full
Eclipse,” Pontederia cordata ‘Singapore Pink,” Thalia
geniculata f. rheumoides Shuey, Rhyncospora colorata
(L.) H. Pfeiffer, and Oenenathe javanica (Blume) DC.
‘Flamingo’ (Polomski et al. 2007, 2008).
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®  Eichhornia crassipes a y=13.85+0.0450x r?=0.98
O Myriophyllum aquaticum by =9.03 +0.0338x r2=0.89

A Pistia stratiotes a y=319+0.0435x r2=0.99
100 200 300 400 500

Total N supplied (mg)
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®  Eichhornia crassipes a y=14.11+0.244x r2=0.98
O Myriophyllum aquaticum b y=9.24+0.175x r?=0.86

None of the three species had P assimilation rates
that were similar to the optimal P recovery rate
(Fig. 2b). The P recovery rates were similar for water
hyacinth, parrotfeather, and water lettuce. Their P
recovery rates were similar to Canna x generalis
Bailey (pro sp.) ‘Bengal Tiger,” Peltandra virginica
(L.) Schott, Pontederia cordata L. ‘Singapore Pink,’
and Thalia geniculata f. rheumoides (Polomski et al.
2007, 2008). Phosphorus uptake by these floating
macrophytes may have been affected by the N/P ratio
of treatment solutions (Reddy et al. 1989, 1990;
Jayaweera and Kasturiarachchi 2004) or the pea
gravel medium, which may have altered root archi-
tecture and P acquisition.

A Pistia stratiotes a y =3.33+0.234x r?=0.98
T T T
20 40 60 80 100

Total P supplied (mg)

An analysis of the water that remained in the pots
after 8 weeks revealed no significant differences
between species and treatment levels in the concen-
tration of leftover N and P. Less than 4% and 7% of
the original amount of N and P supplied to the plants,
respectively, was detected in the remaining solution
(data not shown). Of the original amount of N and P
supplied to gravel-only pots, 38% to 48% N and 22%
to 58% P remained (data not shown). Depletion of P
in the gravel-only pots could have resulted from
assimilation by the thin film of algae present near the
gravel surface and from microorganisms in biofilm. N
depletion may have occurred via denitrification
processes. It is unlikely that P precipitation occurred
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Fig. 2 Nitrogen (a) and
phosphorus (b) recovered in
whole plant tissues of three
greenhouse-grown floating
hydrophytes

growing in a laboratory
scale subsurface flow
constructed wetland over an
8-week period. Five
concentrations of modified
Hoagland’s solution [N and
P (mg'L"): (1) 0.39 N; 0.07
P; (2) 1.75 N; 0.18 P; (3)
10.44; 1.86 P; (4) 21.57 N;
3.63 P; and (5) 36.81 N;
6.77 P] were initially batch-
loaded and then supplied
every 2 days to maintain the
water level at the gravel
surface. Vertical bars
represent standard error of
N or P content. Data points
are means of 12 plants.
Dashed line represents
hypothetical 100% recovery
rate. Slopes of regression
lines were compared using
linear contrasts and F tests;
species with different letters
have significantly different
slopes (P<0.05)
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in the gravel-only pots because the pH was not
alkaline enough (mean pH of 7.1) to promote
precipitation of insoluble tricalcium-phosphate [Ca;
(POy),] complexes (Richardson 1985). Using Visual
Minteq 2.52, a chemical equilibrium computer program
that calculates the speciation, solubility, and equilibrium
of solid and dissolved phases of minerals in aqueous
systems, further confirmed that P precipitation was an
unlikely transformation pathway for P removal from the
nutrient solution (Gustafsson 2008).

3.3 Nitrogen and Phosphorus Tissue Concentration

Mineral concentrations are typically reported in
wetland plant nutrient recovery research, although

@ Springer

Total P supplied (mg)

the contents or the weights of nutrients reflect differ-
ences in nutrient accumulation by plants. As
expected, the differences in allocation of the nutrients
to shoot and roots within species varied by the
method in which the results were expressed, i.e.,
concentration vs. content. N concentration of water
hyacinth shoots was greater than roots at the two
highest N treatment levels (Table 2). A similar trend
was observed with P as water hyacinth shoots
exhibited a higher sink strength with increasing P
treatment levels. Allocation of N and P to above-
rather than below-ground water hyacinth parts with
increasing N and P levels has been observed by other
researchers in free-floating hydroponic experiments
(Shiralipour et al. 1981; Reddy and Tucker 1983; Xie



Water Air Soil Pollut (2009) 197:223-232

229

Table 2 Mean (n=12) nitrogen (N) and phosphorus (P)
concentration and content of shoots and roots of three floating
hydrophytes grown for 8 weeks in a laboratory-scale subsurface
constructed wetland and receiving five treatment levels of N or

P incorporated in a modified Hoagland’s nutrient solution
containing all other nutrients at levels to support normal plant
growth

Treatment level (mg L") Concentration (mg g~ )

Content (mg)

N P N P
N P Shoot Root Shoot Root Shoot Root Shoot Root
Eichhornia crassipes
0.39 0.07 11.51 10.70 1.54%* 1.29 134.400** 19.144 17.954** 2.287
1.75 0.18 10.16 10.19 1.30 1.18 143.480** 22.865 18.804** 2.708
10.44 1.86 11.29 10.38 1.45%* 1.26 158.060** 22.749 20.647%* 2.763
21.57 3.63 13.042* 11.55 1.78 1.67 284.000%** 23.470 38.617** 3.429
36.81 6.77 17.78%* 13.08 2.53%%* 1.71 559.790*%* 26.784 80.134%** 3.502
Myriophyllum aquaticum
0.39 0.07 8.45 7.39 1.19 1.31 48.538** 15.935 7.304 3.865
1.75 0.18 7.59 7.48 1.23 1.33 43.174%* 20.568 6.968 4.775
10.44 1.86 9.28** 7.52 1.45 1.26 84.083** 27.607 13.323%%* 5.505
21.57 3.63 11.30%* 9.28 1.81% 1.41 130.990** 32.313 21.189%* 6.211
36.81 6.77 18.15 16.76 2.73% 2.18 257.480%** 46.522 38.721%%* 8.397
Pistia stratiotes
0.39 0.07 13.93 16.46 2.20 2.66 33.011%* 7.472 5.401%* 1.097
1.75 0.18 13.19 15.97%* 1.88 2.04 34.102%* 9.263 5.053%* 1.137
10.44 1.86 14.14 16.78%* 1.96 2.33% 68.688%* 14.718 9.843%% 2.039
21.57 3.63 15.75 16.36 2.18 2.22 107.720** 15.392 14.927%* 2.111
36.81 6.77 21.08 19.08 3.07** 2.35 217.790%** 21.090 31.736%* 2.624

Treatments were initially batch-loaded and then supplied every 2 days to maintain the water level at the gravel surface.

*P<0.05, **P<0.01, mean separation by ¢ test comparing N and P in shoots and roots within species at each treatment level with

significant differences

et al. 2004). Agami and Reddy (1990) also found N
concentration of water hyacinth shoots was ~2-fold
higher than roots, but P accumulation was evenly
distributed between roots and shoots. Our water
hyacinth total N and P concentrations were comparable
to values reported in dairy lagoon wastewater (DeBusk
et al. 1995; Tripathi and Upadhyay 2003) and free-
floating hydroponic studies (Boyd 1976; Tucker and
DeBusk 1981).

Parrotfeather shoot N was higher than root N at
10.44 and 1.86 mg L' N and P, respectively, and
21.57 and 3.63 mgL™' N and P, respectively,
suggesting N partitioning to shoots with increasing
N treatment levels. N concentration of dwarf red-
stemmed parrotfeather at the highest treatment level
was comparable to the N concentration of field-
collected parrotfeather sampled from natural stands
growing in agricultural drainage canals or from creeks
and pools receiving agricultural runoff in central

California (Rejmankova 1992). Phosphorus concen-
tration in parrotfeather was higher in shoots rather
than roots at the two highest treatment levels, which
indicated an increasing allocation of P to shoots than
to roots with increasing P levels.

No N concentration trend was evident with water
lettuce, but P concentration indicated a greater
allocation of P to shoots with increasing P treatment
levels. Shoot P was greater in shoots than roots at
10.44 and 1.86 mg-L™" N and P, respectively, and at
the highest treatment level. Our N and P concen-
trations in water lettuce were similar to other studies
(Tucker and DeBusk 1981; Agami and Reddy 1990)
and in CWs (Greenway and Woolley 1999).

N concentration was greater in water lettuce than
water hyacinth (data not presented), which was
similar to other studies (Tucker 1981; Reddy and
DeBusk 1985). We attribute the difference to N
dilution caused by water hyacinth’s growth rate—
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among the highest of any plant known (Gopal 1987);
its greater biomass production diluted N assimilated
by water hyacinth. Contrary to these findings, Aoi
and Hayashi (1996) reported greater (~1.5 times) N
and P concentrations in water hyacinth than water
lettuce in an outdoor study in Japan involving a
continuous flow and batch culture system. Upadhyay
et al. (2007) reported “initial” P concentrations of
water hyacinth and water lettuce that were 1.3- and
2-fold greater in leaves and roots, respectively,
and 1.8- and 3.5-fold higher in water lettuce leaves
and roots, respectively, compared to our highest
treatment level, but “initial” N concentrations were
comparable to ours. The discrepancies in N and P
concentration could have resulted from variations in
experimental design that includes plant density,
temperature, duration of the experiment, solar radiation,
and the concentration and ratio of nutrients. The effect
of mechanical impedance by the pea gravel substrate on
root architecture and nutrient absorption warrants
further investigation.

3.4 Nitrogen and Phosphorus Tissue Content

Nitrogen content (plant dry weight x tissue N
concentration) of the three species was higher in
shoots than roots at every treatment level. Water
hyacinth allocated >86% N to shoots compared to
roots (Table 2). Greatest amount of assimilated N was
in water lettuce and parrotfeather shoots (>78% and
>59%, respectively) than roots. This dominant sink
strength of shoots at every N treatment level was
observed in the marginal aquatic garden plants
Louisiana iris hybrid ‘Full Eclipse,” Pontederia
cordata L. ‘Singapore Pink,” Oenenathe javanica
(Blume) DC. ‘Flamingo,” Phyla lanceolata (Michx.)
Greene, Rhyncospora colorata (L.) H. Pfeiffer, and
Thalia geniculata f. rheumoides Shuey (Polomski
et al. 2007, 2008).

Phosphorus content was also greatest in above-
ground organs at every treatment level for the three
species. Water hyacinth, water lettuce, and parrot-
feather shoots contained >87%, 79%, and 59% P,
respectively, compared to roots. Also, we observed
this partitioning of P to shoots instead of roots with
increasing levels of P in Canna x generalis Bailey
(pro sp.) ‘Bengal Tiger’ and Colocasia esculenta (L.)
Schott var. antiquorum (Schott) Hubbard and Rehd.
‘Ilustris (Polomski et al. 2007).
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The potential application of water hyacinth, par-
rotfeather, and water lettuce for nutrient attenuation of
nursery/greenhouse wastewater must be tempered by
their well-documented reputations as noxious weeds
in certain regions and ecosystems. Water hyacinth, in
particular, possesses a dichotomous nature: one of the
world’s worst weeds that devastates environmental
systems, but demonstrates substantive phytoremediating
ability (Holm et al. 1997; Mehra et al. 1999).

4 Conclusions

Over an 8-week period water hyacinth, water lettuce,
and parrotfeather thrived in a gravel-based, laboratory-
scale subsurface CW receiving nursery runoff levels of
N and P. Nitrogen uptake efficiency was highest in water
hyacinth, and N content was greatest in above-ground
tissues at every treatment level. Phosphorus recovery
rates were similar for the three species and P was
preferentially stored in shoots.

Similar to the recommendations of Hadad and
Maine (2007), our study supports the possibility of
integrating floating aquatic macrophytes with emergent
macrophytes in a self-contained polycultural SSF CW
system that can be used to remediate runoff from
nursery and greenhouse operations. Floating macro-
phytes may have an important role in greenhouse
production in temperate areas where they can be
cultivated indoors in SSF CWs to assimilate NO5,
and soluble PO,*", and heavy metal trace elements,
which are often applied year-round (Biernbaum 1992).
In addition, their ability to process high volumes of
nutrient-rich water reduces the amount of effluent that
has to be discarded.
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