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Abstract 

A microcosm study was conducted in Okeechobee, County, Florida, to evaluate the P 
removal potential of several aquatic macrophytes and "unconventional" terrestrial crops 
cultured on dairy lagoon wastewaters. Existing conventional spray field crops in this region 
that are irrigated with dairy wastewaters are estimated to remove 23 mgP/m-'-day. 

Effects of season and hydraulic retention time (HRT) on P uptake by the floating 
macrophytes water hyacinth (Eichhornia crassipes) and duckweed (Lemna obscura) were 
evaluated using half-strength primary lagoon effluent as a growth medium. Maximum P 
uptake rates by water hyacinths in February and July were 59 and 200 mgP/m2-day, 
respectively, whereas P uptake by duckweed was identical (20 mgP/m2-day) during both 
periods. During July, wastewater total P concentrations were reduced from 7.3 mgP/ l  to 0.2 
m g P / l  by water hyacinth and to 2.4 m g P / l  by duckweed at a 7-day HRT. Wastewater P and 
N removal in excess of that accounted for by plant uptake was observed in both water 
hyacinth and duckweed microcosms. 

Ten emergent macrophytes were screened in secondary lagoon effluent for their P 
uptake potential, including cattail (Typha domingensis); pickerelweed (Pontederia cordata); 
canna lily (Canna flaccida ); buUtongue ( Sagittaria lancifolia ); arrowhead ( Sagittaria latifolia ); 
lizard's tail (Saururus cernuus); green arum (Peltandra virginica); giant reed (Phragmites 
australis); soft rush (Juncus effusus); and bulrush (Scirpus validus). Most species exhibited 
increased tissue N and P contents and greater biomass yields when supplemental N and P 
fertilization was provided. Canna lily and pickerelweed were the two species that provided 
highest rates of foliage P uptake from the enriched wastewater (uptake rates of 173 and 66 
mgP/m2-day, respectively). Shoot:root biomass ratios for canna lily and pickerelweed were 
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1.2 and 0.7, respectively, so "whole-plant" P uptake rates were likely t',ice the values shown 
above. 

Several studies were conducted with the terrestrial crops alemangrass (Echinochloa 
polystachia), paragrass (Brachiaria mutica), floralta limprograss (Hemarthria altissima) and 
bermudagrass (Cynodon daco'lon). Effects of primary lagoon effluent application rates (4.5 
vs. 8.9 cm/week) and water depth on biomass production and P uptake were evaluated. 
From February to May, P uptake by bermudagrass, paragrass, alemangrass and floralta 
limpograss cultured at a 4.5 cm/wk application rate (with drainage of the [eachate 24 h 
after effluent application) was 34, 29, 28 and 16 mgP/m2-day, respectively. Phosphorus 
uptake by alemangrass (22 mgP/m2-day) and paragrass (18 mgP/m2-day)was reduced by 
cultivation in 9 cm of standing water. Phosphorus uptake (based on foliage harvests) by 
floralta limpograss (41 mgP/m2-day) and alemangrass (49 mgP/m2-day) was enhanced by 
cultivation at a 8.9 cm/week application rate, due both to increased biomass production 
and increased tissue P concentrations. 

I. Introduction 

Studies conducted within the past decade have implicated dairy farms as the 
dominant  source of the phosphorus (P) that enters Lake Okeechobee through the 
Taylor Creek-Nubbin Slough and Kissimmee River watersheds. Approximately 
38000 dairy cows are maintained in a 100 × 115 km area north of the lake. One 
study estimated the annual P loading (from manure,  rainfall and fertilizers) for a 
dairy watershed to be 264 k g P / h a  (Goldstein, 1986). Due to poor P retention by 
sandy pasture soils, much of this P ultimately is exported downstream. 

Cultivation of a feed crop using dairy wastewater as a nutrient source is a sound 
approach to reducing dairy P runoff, because it reduces the import of P to the 
dairies in the form of feed. Currently, spray fields planted with crops such as 
sorghum are utilized in the Okeechobee region to assimilate P from dairy lagoon 
wastewaters. The lagoons contain runoff from animal containment areas and 
milking barns. Vegetated spray fields are sized based on the total mass of P in the 
reservoirs, with a typical P uptake rate of from 17-23 mgP/m2-day  assumed for 
the spray field crops (Kirby and Albers, 1993). Several problems are associated 
with the application of lagoon effluent to spray fields in the Okeechobee region. 
Because of the possibility of  lateral subsurface transport  of P, lagoon effluent may 
not be applied to the fields when the water  table is closer than 45 cm to the 
surface. Unfortunately, it is often during these wet periods that it is most desirable 
to lower the reservoir water  levels through irrigation. Because the spray fields are 
operated in a manner  to minimize P runoff, the land requirements for the 
reservoir and spray fields are high (e.g. a 60 ha reservoir and 135 ha of spray fields 
may be required for a 1000 cow dairy) (Kirby and Albers, 1993). 

Other  types of vegetated systems, such as aquatic macrophyte ponds or moisture 
tolerant pasture grasses, may offer a supplemental  or alternative means of reduc- 
ing dairy wastewater P levels. The limited data available for moisture tolerant 
terrestrial and aquatic macrophytes in Florida demonstrate  that high biomass 



7".4. DeBusk et al. / Ecological Engineering 5 (1995) 371-390 373 

yields and P uptake rates are attainable, at least on a short-term basis. Of the 
floating aquatics, water hyacinth (Eichhornia crassipes) and duckweeds (e.g. Lemna 
spp. ) have been studied most extensively. In central Florida, maximum summer P 
uptake rates for these species cultured on municipal wastewaters were 243 and 87 
mgP/m2-day, respectively (Reddy and DeBusk, 1985; DeBusk and Reddy, 1987). 
Emergent aquatic macrophytes also are capable of rapid, warm season uptake of 
phosphorus. Phosphorus removal in small gravel bed wetlands in southern Missis- 
sippi stocked with cattail (Typha latifolia), giant reed (Phragmites communis) and 
soft rush (Juncus effusus) averaged 290, 250 and 104 mgP/m-'-day, respectively 
(Wolverton et al., 1983). Several moisture-tolerant pasture grasses have been found 
to be quite productive: biomass yields of 22.2 Mg/ha-yr and 36.5 Mg/ha-yr were 
reported for floralta limpograss (Hemarthria ahissima) and paragrass (Brachiaria 
mutica) in Florida (Quesenberry et al., 1984; Prine, 1987). However, the productiv- 
ity, tissue P content and P uptake rates of these species cultured on dairy 
wastewaters are unknown. 

The present study was designed to evaluate the P uptake potential from dairy 
wastewater for a spectrum of aquatic and moisture-tolerant terrestrial plants. 
Observations were made as to the suitability of the plants for cultivation in a 
large-scale, vegetation-based phosphorus removal system. Studies also were con- 
ducted to optimize the design and operating characteristics of the systems in which 
the plants are cultivated. 

2. Methods 

Experiments for evaluating and optimizing P uptake by aquatic and terrestrial 
vegetation were conducted on a small (0.12 ha) parcel adjacent to a secondary 
lagoon that received wastewater from McArthur Farms, Inc. dairy barns #1 and 2. 
An experimental facility was constructed, which consisted of 132 small (70 l) tanks. 
All tanks were plumbed to receive a continuous flow of secondary dairy lagoon 
wastewater. An on-site storage tank containing primary lagoon effluent was uti- 
lized for batch experiments with this wastewater type. 

2. l. Floating macrophyte studies 

Batch experiments were conducted during February and July 1989 to evaluate 
the effects of hydraulic retention time and season on nutrient uptake rates of 
water hyacinth (Eichhornia crassipes) and common duckweed (Lemna obscura). A 
one:one dilution of primary lagoon effluent and well water was used as the plant 
culture medium. A diluted effluent was provided to the macrophytes, since a 
previous study at this facility demonstrated that neither water hyacinth nor 
duckweed thrived in the concentrated primary lagoon wastewater. Typical chemi- 
cal characteristics of the primary lagoon wastewater are provided in Table 1. 

The following protocol was used for the batch incubations. Water hyacinth and 
duckweed each were stocked into three tanks at standing crops of 10 and 0.6 kg 
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Table 1 
Some chemical characteristics of primary and secondary dairy lagoon wastewaters at McArthur Farms, 
Inc. dairy. 

Constituent Primary Secondary 

Total P (mg/I) 13.7 3.0 
SRP (rag/l) 4.02 1.62 
Total N (mg/l) 62.9 11.4 
NH4-N (mg/l) 53.8 1.8 
NO3-N (mg/I) 1.04 0.35 
BOD 5 (mg/I) 176 18 
TSS (rag/I) 206 67 
Conductivity (~mhos/cm) 1630 990 
Alkalinity (mg/I as CaCO 3) 572 349 
Hardness (mg/l  as CaCO 3) 492 335 

Primary lagoon (barn #1) analyses were conducted during the period February to May 1989. Secondary 
lagoon analyses were conducted from June to October, 1988. 
For secondary lagoon, values represent means of 20 (for nutrients, TSS and BOD) and 5 (hardness, 
alkalinity) analyses. For primary lagoon, values represent means of 3 analyses. 

wet wt /m 2, respectively. After a 1 or 2 week acclimation period, the plants were 
harvested back to the original standing crops and fresh wastewater was provided. 
In order to evaluate the effects of hydraulic retention time on nutrient removal by 
the plants, wastewater samples were collected from each tank at various intervals 
(typically 0, 3, 7, 14 and 21 days). Aliquots of each sample were filtered, and both 
filtered and unfiltered (10 ml) portions immediately were frozen. Unfiltered 
samples were analyzed for TKN and TP, and filtered samples for NH 4, NO3, NO 2 
and soluble reactive P (SRP) (APHA, 1985). Water levels in each tank were 
measured at each sample collection date. 

The plants were weighed and restocked to initial standing crops on days 7, 14, 
and 21. Plant samples from each tank also were collected for the determination of 
dry weight to wet or "fresh" weight ratios, and elemental composition. The plants 
were dried (72 h at 70°C) and ground in a Wiley Mill to pass a 40 mesh screen. The 
plant samples were digested, filtered, and the filtrate analyzed for N and P 
content. 

2.2. Emergent macrophyte studies 

Sixty tanks were used to evaluate growth rates and N and P content of several 
emergent macrophytes cultured on secondary dairy wastewater. Soil from an 
adjacent pasture was placed in each tank to a depth of 10 cm. Soil pH was 6.1, with 
total N, total P, KCl-extractable NHg-N and water extractable NO3-N concentra- 
tions of 555, 260, 81 and 11/.tg/g, respectively. During the period May 18 through 
June 1, 1988, 10 emergent species each were stocked into six tanks: cattail (Typha 
domingensis ); pickerelweed ( Pontederia cordata); canna lily (Canna flaccida); bull- 
tongue (Sagittaria lancifolia ); arrowhead ( Sagittaria latifolia ); lizard"s tail (Saururus 
cernuus); green arum (Peltandra virginica); giant reed (Phragmites australis); soft 
rush (Juncus effusus); and bulrush (Scirpus validus ). 
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Table 2 
Nitrogen and P influent wastewater concentrations and mass loadings in emergent macrophyte culture 
tanks with and without supplemental nutrient additions 

Nitrogen Concentration (rag/l) Loading (g/mZ-day) 

Lagoon wastewater 9.7 4.11 
Lagoon wastewater (amended) 75.7 10.47 

Phosphorus 
Lagoon wastewater 1.7 0.72 
Lagoon wastewater (amended) 29.2 3.36 

All emergent plants were stocked as rhizome cuttings collected from natural 
stands. Cuttings were planted at densities ranging from 8 to 48 cuttings per m 2 

(depending on plant growth characteristics). On August 3, half of the plants from 
each tank were harvested and weighed to provide a measurement of shoot yield. 
On September 10, 1988, the standing crop of the remaining (section not previously 
harvested) biomass was measured. During the study period, several subsamples of 
shoot tissues from each species were weighed, dried (72 h at 70"C) and reweighed 
to provide a dry weight to wet weight ratio. Nitrogen and P contents of the plant 
tissues collected on August 3 and September 10 were measured using techniques 
described above. 

During the experiment, secondary lagoon wastewater (Table 1) was fed to the 
tanks semicontinuously (an on:off flow cycle of 5 min:25 rain) through a manifold 
equipped with an electronically-controlled ball valve. An overflow standpipe was 
used to maintain tank water depths of 9 cm and volumes of 24 I. Hydraulic loading 
to the tanks was 424 l/m2-day (4240 m3/ha-day). Tank water temperatures 
(maximum/minimum) and pH were measured routinely in selected treatments. 

During July 1988, a "high nutrient" treatment was established using three of 
the six tanks for each species. Lagoon wastewater concentrations and loading rates 
for the control and high nutrient treatments are described in Table 2. 

2.3. Terrestrial crop studies 

Three experiments with "moisture tolerant" terrestrial crops were initiated 
between December 1 and December 12, 1988. The first study was designed to 
evaluate the effect of hydraulic application rate and season on the uptake of P by 
two terrestrial grasses. Eighteen tanks equipped with an underdrain system were 
filled with soil (obtained from an adjacent pasture) to a depth of 24 cm. Six tanks 
each were planted with "floralta" limpograss (Hemarthria altissima) and aleman- 
grass (Echinochloa polystachia). The plants were stocked as small sod clumps 
(floralta) and rhizome cuttings (alemangrass). An additional six tanks were estab- 
lished as controls (soil only). Initially, primary lagoon effluent was batch-fed twice 
weekly to the tanks at application rates of 4.4 and 13.3 cm/week. Because the 
higher hydraulic application rate resulted in standing water above the soil surface, 
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this rate was reduced to 8.9 cm/week after the first 2 weeks of the study. The 
underdrain system for each tank, which was sealed during normal operation, was 
opened twice/week. At this time, water which had accumulated within the soil was 
withdrawn by gravity, measured (quantity) and a subsample was collected for later 
total P and TKN analyses. Once per month, separate water samples collected from 
each tank were filtered, and later analyzed for NO3-N, NH~-N and SRP. Rainfall 
was measured daily during the study. The study encompassed a 6-month period 
(1.12.'88 to 26.5.'89). 

For the second study, alemangrass, paragrass (Brachiaria mutica), floralta 
limpograss and bermudagrass (Cynodon dactylon) each were stocked into three 
tanks filled with soil and equipped with an underdrain system. The tanks were 
provided primary lagoon wastewater at a rate of 4.4 cm/week. The wastewater was 
held in the tanks for 24 h (after application) prior to draining. The goal of this 
study is to measure seasonal growth and composition (from December through 
May) of each species. 

Effects of water depth were investigated using alemangrass and paragrass, two 
species which reportedly can be cultured in standing water (Pate and Snyder, 
1978). Each species was stocked into three tanks equipped with a standpipe, 
providing a standing water depth of ca. 9 cm. These tanks were provided primary 
lagoon effluent at an application rate of 4.5 cm/week. 

For each of the above experiments, plants were harvested back to a "stubble" 
height on February 21, April 6, May 4 and May 25, 1989. The harvested material 
was weighed, dried and analyzed for tissue N and P content. 

3. Results and discussion 

3.1. Floating macrophyte studies 

During the batch incubations, dry matter productivity of both water hyacinth 
and duckweed varied with season. Although the water hyacinth standing crop 
declined during the winter incubation (January-February), growth for this species 
was high during July. Unlike water hyacinth, the duckweed standing crop was not 
reduced during the winter incubation (Table 3). However, maximum duckweed 
yields were much lower than those observed for water hyacinth, particularly during 
July (Table 3). Mean maximum and minimum air temperatures at the study site 
during February and July were 27/13°C and 35/21°C, respectively. 

Tissue N and P content of duckweed was substantially higher than that of 
waterhyacinth (Table 3). Seasonal differences in duckweed N and P content were 
slight, whereas water hyacinth exhibited highest tissue N and P content in the 
winter. Because of the water hyacinth's rapid growth rate, calculated nutrient 
uptake (the product of growth rate and elemental composition) by this specie.s was 
higher than that of duckweed during all seasons (Table 3). 

Changes in N and P concentrations of the dairy wastewaters as a function of 
season, plant species and hydraulic retention time (HRT) are depicted in Figs. 1 
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Table 3 
Productivity, elemental  composition, and calculated N and P uptake by water hyacinth (WH) and 
duckweed (DW) cultured on a 1:1 dilution of primary lagoon effluent and well water 

Trea tment  Productivity (g /m2-day)  Composit ion Uptake 

N P N P 
- -  m g / g - -  -- m g / m  2 day--  

January - February 1989 
WIT (wk I) a 8.6 26.1 6.9 224 59 

(wk 2) 5.7 29.7 8.3 169 47 
(wk 3) 4.0 22.1 6.9 88 28 

DW (wk 1) 2.0 44.1 10.0 88 20 
(wk 2) 2.1 35.5 9.4 75 20 
(wk 3) 0.7 26.7 7.6 L9 5 

July 1989 
WH (wk I.) 36.3 21.4 5.5 777 200 

(wk 2) 30.0 15.1 3.8 453 l 14 
DW (wk L) 1.8 43.7 10.7 79 L9 

(wk 2) 2.1 26.5 6.2 56 13 

wk 1 = week one of study. 

and 2. During the summer, water hyacinth removed all of the inorganic N from the 
medium within three days. Duckweed required 7 to 14 days to remove the bulk of 
the inorganic N (Fig. 1). For both species, residual amounts of wastewater organic 
N were present through day 14 of the July incubation. During the winter, water 
hyacinth and duckweed systems removed all of the inorganic N from the primary. 
lagoon wastewaters within 14 days (Fig. 1). 

During the July incubation, wastewater total P concentrations of less than 1.0 
mg/ l  were achieved at a HRT of 7 days by water hyacinth systems (Fig. 2). During 
winter, a HRT of 7-14 days was required for duckweed and water hyacinth 
systems to reduce total P concentrations to less than 2.0 mg/l. Note that because 
the tanks used for the three batch experiments were shallow (ca. 16-20 cm), longer 
HRTs likely would be required to attain these same concentration reductions in 
deeper systems, for which there is a greater volume of water per unit surface area 
of macrophytes. 

The rapid reduction in inorganic N concentrations in the media suggests that 
for many incubations, the macrophytes became N limited within the first 1 or 2 
weeks (e.g. Fig. 1). The possibility of N-limited growth is further supported by the 
decline in tissue N concentrations and productivity with increasing HRT in both 
the February and July experiments (Table 3). Because N-depletion may have had a 
pronounced effect on plant growth and P uptake, only water quality data from the 
first week of each incubation (prior to the onset of N limitation) were used for 
calculating N and P removal rates. Maximum P removal rates for both species (166 
mg/m2-day for water hyacinth and 109 mg/m2-day for duckweed) were observed 
during July. During both winter and summer, water hyacinth removed wastewater 
N at a higher rate than did duckweed (Table 4). 
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Fig. 1. Effect of hydraulic retention time on nitrogen species concentrations in batch-fed tanks 
containing a 1:I primary lagoon medium (see text). WH and DW denote tanks containing water 
hyacinth and duckweed, respectively. 

It is interesting to compare calculated plant N and P uptake (based on 
productivity and elemental composition) and the observed reduction in wastewater 
N and P for the July and February incubations (Table 4). During the winter, the 
observed rates of N and P removal in the macrophyte tanks were more rapid than 
could be accounted for by plant uptake alone• In contrast, for water hyacinth in 
the July incubation, estimates of N and P removed based on plant uptake were 
within 20-30% of the observed wastewater nutrient removal rates• For duckweed, 
plant uptake during both July and February accounted for only a small fraction of 
the observed N and P removal from the wastewaters. Sequential nitrification-de- 
nitirifiation reactions may have been responsible for some of the observed N 
removal in the floating macrophyte systems (Reddy and DeBusk, 1985). The 
mechanism by which wastewater P was removed in these macrophyte systems 
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Fig. 2. Effect of hydraulic retention time on phosphorus species concentrations in batch-fed tanks 
containing a 1:1 primary lagoon medium (see text). WH and DW denote tanks containing water 
hyacinth and duckweed, respectively. 

(exceeding that accountable for by plant uptake) is unknown, but it may be an 
ephemeral sink (e.g. particle settling) that would not provide consistent P removal 
in studies of longer duration. 

3.2. Emergent macrophyte studies 

For most of the 10 emergent macrophytes, nutrient additions to the lagoon 
wastewater had a marked effect on standing crop. Between-treatment differences 
(control vs. high nutrient) in shoot standing crop were slight on August 3, 1988, 
approximately 18 days after implementation of the nutrient enrichment. However, 
upon termination of the study on September 10, shoot standing crops in the high 
nutrient tanks typically were twice as high as those in the control tanks (Fig. 3). 
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Table 4 
Comparison of calculated (plant uptake) vs. observed (all nutrient sinks) N and P removal by water 
hyacinth (WH) and duckweed (DW) cultured on a 1:1 dilution of primary, lagoon effluent and well 
water 

Treatment Calc. uptake Observed removal Calc./observed (%) 

Nitrogen 
WH (W) __4 564 40 
WH (S) 777 603 129 
DW (W) 88 395 22 
DW (S) 79 509 16 

Phosphorus 
WH (W) 59 100 59 
WH (S) 200 166 120 
DW (W) 20 82 24 
DW (S) 19 109 17 

Comparisons were made 
incubation was conducted 
July 1989. 

using "week 1" water quality and plant standing crop data. Winter (W) 
in January and February 1989 and summer (S) incubation was conducted in 

Soft rush and giant reed were the only species which failed to display a sharp 
increase in shoot standing crop in response to the nutrient additions. Root 
standing crop of most species also was affected by nutrient availability, with plants 
cultured in the high nutrient tanks typically possessing a greater root biomass than 
those in the controls. Pickerelweed and canna lily attained the highest root 
standing crop of the emergent species under both control and high nutrient 
regimes (Fig. 3). 

Eight of the emergent species exhibited a higher shoot:root ratio under high 
nutrient than under control conditions (Table 5). Shoot biomass generally was 
lower than root biomass in the control tanks, but this ratio often increased above 
1.0 in the high nutrient tanks. Giant reed and canna lily were the most productive 
species cultured in the "unenriched" secondary dairy wastewater, whereas canna 
lily and pickerelweed were the most productive species under the enriched 
conditions (Table 6). Giant reed was the only species which exhibited higher shoot 
yields in control tanks than in the high nutrient tanks. 

Wastewater nutrient availability had a slight effect on the dry matter content of 
the emergent species, with plants cultured under high nutrient conditions exhibit- 
ing a lower dry matter (higher moisture) content than those cultured on the 
unenriched lagoon wastewater. The phosphorus content of all macrophytes was 
increased by cultivation in the enriched medium. Arrowhead and canna lily 
displayed the highest tissue P content, whereas soft rush had the lowest P content 
(Table 7). The N content of the emergent species also increased in response to 
medium enrichment. Arrowhead and arum had the highest tissue N concentra- 
tions, and soft rush had the lowest (Table 8). The N content of many species 
declined as the standing crop biomass increased (note the change from August to 
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Fig. 3. Shoot and root standing crop of 10 emergent macrophytes cultured on enriched and unenriched 
secondary dairy lagoon wastewater. Values represent biomass harvested on September 10, 1989, ca. 100 
days after planting. 

September, Table 8). Only canna lily and giant reed exhibited a similar decline in P 
content with increasing biomass (Table 7). 

Nutrient uptake rates for the period June-September,  1988, were calculated 
from productivity and composition data. Phosphorus uptake rates by the emergent 
macrophytes (shoot tissues only) cultured in enriched wastewater were: canna lily 
(173 mg/m2-day); pickerelweed (66 mg/mZ-day); bulltongue (59 mg/m2-day); 
arrowhead (52 mg/m2-day); bulrush (52 mg/m2-day); cattail (47 mg/m2-day); 
giant reed (31 mg/mZ-day); lizard's tail (13 mg/m2-day); arum (5 mg/m2-day); and 
soft rush (5 mg/m2-day). It should be noted that "entire-plant" assimilation rates 
may have been twice those calculated for shoots, because the root standing crop 
for many of the macrophytes was comparable in magnitude to that of shoots 
(Fig. 3). 
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Table 5 
Shoot / roo t  ratios of some emergent macrophytes cultured on enriched and unenriched secondary 
lagoon effluent 

Species Control ~ Enriched 
shoot: root 

Arrowhead 0.51 1.08 
Arum 0.20 0.58 
Bulltongue 0.12 1.28 
Bulrush 1.61 1.51 
Canna lily 0.80 1.16 
Cattail 0.86 1.00 
Lizards tail 1.13 2.88 
Pickerelweed 0.45 0.67 
Reed 1.98 2.47 
Soft rush 0.44 0.41 

Values calculated from standing crop data collected on September 10, 1988 (ca. 100 days after 
planting). 
a Control = lagoon wastewater only. 
Enriched = wastewater + supplemental nutrients. 

3.3. Terrestrial crop studies 

Floralta limpograss and alemangrass displayed lowest growth rates from De- 
cember to February, and highest productivity during May (Fig. 4). Grass productiv- 
ity during December-February was low because of the initial low density of 
rhizomes and sod clumps stocked in the tanks, as well as the unfavorable light and 
temperature regime during this period. 

Table 6 
Shoot productivity of some emergent macrophytes cultured on enriched and unenriched secondary 
lagoon effluent 

Species Control a.b Enriched b 

(g/mZ-day) 

Arrowhead 2.6 (1.4) 8.6 (1.8) 
Arum 0.6 (0.1) 1.4 (0.6) 
Bulltongue 1.3 (0.3) 14.4 (1.7) 
Bulrush 5.1 (1.6) 13.6 (I.0) 
Canna lily 13.2 (2.5) 39.3 (1.8) 
Cattail 9.1 (3.7) 15.0 (4.4) 
Lizard"s tail 1.3 (0.5) 2.9 (0.9) 
Pickerelweed 8.6 (2.1) 17.4 (2.1) 
Giant reed 21.5 (2.8) 16.5 (12.7) 
Soft rush 2.7 (0.6) 3.1 (0.2) 

Values represent mean yields for the period June 4 to September 10, 
a Control = lagoon wastewater only. 
Enriched = wastewater + supplemental nutrients. 
b Average (SD), n = 3. 

1988. 
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Table 7 
Phosphorus content of some emergent macrophytes cultured in tanks that received enriched and 
unenriched (control) secondary lagoon wastewater 

Control a Enriched b 

3 August 10 Sept. 3 August I0 Sept. 
P content(rag/g) 

Arrowhead 3.3 (0.1) 4.4 (0.7) 5.6 (0.7) 6.1 (0.5) 
Arum 2.3 (0.2) 2.9 (0.4) 3.5 (0.7) 3.5 (0.3) 
Bulltongue 3.0 (0.5) 3.2 (0.6) 3.6 (0.1) 4.1 (0.9) 
Bulrush 2.7 (0.5) 2.9 (0.9) 3.6 (0.8) 3.8 (0.5) 
Canna lily 3.7 (0.5) 3.6 (0.2) 5.0 (0.4) 4.4 (0.4) 
Cattail 1.8 (0.2) 1.9 (0.9) 3.2 (0.6) 3.1 (0.7) 
Lizard's tail 2.2 (0.2) 2.9 (0.1) 2.9 (0.7) 4.4 (0.4) 
Pickerelweed 2.5 (0.3) 2.8 (0.1) 3.2 (0.5) 3.8 (0.4) 
Giant reed 1.7 (0.1) 1.7 (0.2) 2.2 (0.3) 1.9 (0.1) 
Soft rush 1.3 (0.1) 1.3 (0.4) 1.6 (0.1) 1.7 (0.1) 

a Values represent mean (SD), n = 3. 

The grasses that were irrigated with primary lagoon effluent at a rate of 8.9 
cm/wk provided higher yields than those irrigated at the lower application rate of 
4.5 cm/wk (Fig. 4). Productivity of floralta cultured under high and low irrigation 
rates during the period 1.12.'88 to 26.5.'89 averaged 12.4 and 8.9 g(dry wt.)/m2-day, 
respectively. Respective yields of alemangrass under these irrigation regimes were 
12.5 and 6.5 g/m2-day. Grasses cultured at the 8.9 cm/week loading had higher 
moisture, N and P contents (Table 9). 

The retention of wastewater in the soil column had a marked effect on floralta 
limpograss yields. In tanks for which wastewater was retained in the soil column 

Table 8 
Nitrogen content of some emergent macrophytes cultured in tanks 
unenriched (control) secondary lagoon wastewater 

that received enriched and 

Control a Enriched a 

3 August 10 Sept. 3 August 10 Sept. 
N content(mg/g)  

Arrowhead 
Arum 
Bulltongue 
Bulrush 
Canna lily 
Cattail 
Lizard"s tail 
Pickerelweed 
Giant reed 
Soft rush 

24.1 (1.7) 26.6 (2.7) 39.3 (3.3) 30.1 (0.9) 
25.5 (1.6) 32.4 (1.8) 35.6 (4.3) 39.0 (0.8) 
19.2 (2.4) 19.4 (3.6) 28.8 (0.6) 25.4 (2.2) 
17.7 (3.2) 16.3 (2.9) 18.8 (3.1) 18.4 (2.1) 
16.0 (1.8) 15.3 (0.5) 29.2 (1.2) 19.7 (3.0) 
15.5 (1.9) 16.8 (5.6) 22.7 (3.6) 19.1 (4.4) 
23.8 (2.1) 26.8 (2.6) 29.8 (5.8) 31.5 (2.7) 
16.9 (1.5) 20.2 (2.7) 25.7 (1.7) 23.2 (0.5) 
20.6 (1.0) 16.3 (0.8) 26.6 (2.8) 21.3 (1.1) 
10.2 (0.7) 13.9 (0.4) 13.4 (1.4) 14.3 (0.7) 

a Values represent mean (SD), n = 3. 
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Fig. 4. Productivity of floralta limpograss and alemangrass in microcosms that received high (8.9 
cm/week) and low (4.5 cm/week) loadings of primary lagoon effluent. Bar heights represent shoot 
yields from the previous weighing. The initial stocking date was l December 1988. 

for 3-4 days, floralta productivity (from February through May) averaged 14.3 
g/m:-day, whereas yields in tanks from which the wastewater was allowed to drain 
after 24 h averaged only 5.0 g/mZ-day. Alemangrass was less affected by wastewa- 
ter retention, with yields (February-May) averaging 10.7 and 9.2 g/m:-day in 
non-drained and drained tanks. Higher moisture and tissue N concentrations were 
observed for plants cultured under the "drained" conditions. Floralta limpograss 
displayed a higher tissue P content in the drained tanks (3.2 vs 2.7 mgP/g in 
drained vs. "retained"), whereas the tissue P content for alemangrass was higher 
in the tanks in which wastewater was retained (3.0 vs 3.8 mgP/g in drained vs. 
"retained"). 

In "drained" tanks that received wastewater at the low loading rate (4.5 
cm/wk), paragrass was the most productive terrestrial crop during the February- 
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Table 9 
Nitrogen and P content of floralta limpograss and alemangrass in microcosms that received wastewater 
(primary lagoon effluent) at high (8.9 cm/week) and low (4.4 cm/week) application rates 

Floralta ~ Alemangrass a 

Low High Low High 

N content (mg/g)  
23 Feb. 20.9 (2.0) 25.4 (0.6) 21.1 (1.2) 20.4 (4.4) 
6 April 18.l (1.6) 22.4 (1.7) 17.7 (0.8) 22.1 (2.3) 
4 May t3.0 (0.3) 19.2 (1.7) 14.7 (3.9) 16.8 (0.4) 
25 May 18.6 (0.9) 22.4 (1.9) 18.6 (1.2) 17.8 (0.9) 

Mean 17.7 22.4 18.0 19.3 
P content (mg/g) 

23 Feb. 3.4 (0.3) 4.0 (0.1) 4.5 (0.4) 4.4 (0.3) 
6 April 2.5 (0.1) 3.1 (0.1) 3.6 (0.2) 3.4 (0.3) 
4 May 2.3 (0.2) 3.2 (0.2) 3.7 (0.1) 3.8 (0.6) 
25 May 2.6 (0.2) 3.0 (0.4) 3.3 (0.0) 4.0 (0.2) 

Mean 2.7 3.3 3.8 3.9 

Values represent mean (SD), n = 3. 

May study (10.3 g/m2-day), followed by bermudagrass (9.4 g/m2-day), alemangrass 
(9.2 g/m2-day) and floralta limpograss (5.0 g/m2-day). Bermudagrass and para- 
grass had the lowest moisture content of the four species evaluated. Floralta 
limpograss and bermudagrass contained highest tissue N and P levels, respectively. 
Phosphorus uptake by bermudagrass, paragrass, alemangrass and floralta lim- 
pograss during this period averaged 34, 29, 28, and 16 mg/m2-day, respectively. 

Both alemangrass and paragrass cultured at a wastewater irrigation rate of 4.5 
cm/wk displayed reduced yields when wastewater was allowed to accumulate on 
the soil surface to a depth of 9 cm (Fig. 5). Yields (February-May) of alemangrass 
and paragrass in the standing water averaged 4.5 and 5.9 g/m2-day during the 
study, whereas respective yields for these species in drained tanks averaged 9.2 and 
10.3 g/m2-day. Paragrass cultured in the standing water had a lower moisture 
content than plants maintained under drained conditions. Both paragrass and 
alemangrass exhibited higher P contents (4.8 vs. 3.0 mgP/g for alemangrass, and 
3.0 vs. 2.8 mgP/g for paragrass), but lower tissue N contents, in the standing water 
treatment. 

Leachate P concentrations from all tanks were sharply reduced from the 
influent primary lagoon P levels. From February 3 through May 19, 1988, influent 
total P concentrations averaged 14.1 mg/l ,  whereas leachate concentrations aver- 
aged 1.19, 0.75, 0.73, 0.56, 1.81 and 0.28 mgP/l  in the L-(low loading) control, 
H-(high loading) control, L-aleman, H-aleman, L-floralta, and H-floralta treat- 
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Fig. 5. Productivity of alemangrass and paragrass in microcosms that received a tow (4.5 cm/week) 
loading of primary lagoon effluent. "Drained" denotes tanks from which wastewater was allowed to 
drain after 24-h retention. "Flooded" denotes tanks in which water was allowed to accumulate at the 
sediment surface (depth of 9 cm). Bar heights represent shoot yields from the previous weighing. The 
initial stocking date was 1 December 1988. 

merits, respectively. Respective leachate TKN concentrations averaged 8.6, 9.6, 7.4, 
7.3, 8.2, and 5.8 mg/ l  during the study. Although these N concentrations were high 
relative to leachate P concentrations, leachate TKN concentrations were reduced 
considerably from influent levels (62.8 mg/l) .  It is notable that leachate nutrient 
concentrations generally were inversely related to the wastewater application rate. 
Foliage harvesting did not appear to affect leachate TKN or TP concentrations 
(data not shown). 

Evapotranspiration from the tanks was affected both by the wastewater irriga- 
tion rate and the presence of grasses. Water losses from the aleman and floralta 
tanks were greater than those from the control tanks. Moreover, the tanks that 
received wastewater at the highest application rate lost more water via evapotran- 
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Table 10 
Effects of crop species and hydraulic loading rate on evapotranspiration, leachate volume, nutrient 
removal and nutrient export (in leachate) from microcosms that received dairy lagoon (primary) effluent 

CL CH FL FH AL AH 

(mg/m2-day) 

TP export 5.0 7.3 2.0 1.6 1.3 2.9 
TKN export 47.7 103.9 16.4 32.1 19.1 33.1 
TP removal 81.3 171.8 87.5 177.5 88.1 176.2 
TKN removal 351.1 693.2 382.4 766.4 379.7 765.6 

Volume (l/mZ-day) 
L/Lc  a 

Leachate 

5.1 10.3 2.7 5.6 3.2 5.8 
0.54 0.54 0.62 0.56 

Evapotranspiration 

3.6 4.4 5.4 9.7 5.3 9.0 
1.64 2.00 1.53 1.9 

Water loss (ram/day) 
E /Ec  b 

Data collected from 3.2.'89 to 19.5.'89. 
Values represent mean from three replicate tanks per treatment. 
Treatments are as follows: CL, control (soil without plants), low irrigation rate (4.5 cm/wk); CH, 
control, high irrigation rate (8.9 cm/wk); AL, alemangrass, low irrigation rate; AH, alemangrass, high 
rate: FL. floralta limpograss, low rate; FH, floralta limpograss, high rate. 
a Ratio of leachate volume from vegetated tanks to that from control tanks. 
b Ratio of evapotranspiration from vegetated tanks to evaporation from control tanks. 

spiration than those cultured under a low hydraulic loading (Table 10). Mean 
evapotranspiration to control tank evaporation ( E / E  c) ratios for floralta and 
alemangrass ranged from 1.5 to 2.0 among the high and low loading treatments 
(Table 10). The E / E  c ratios (difference between plant water loss and control 
water loss curves) were sharply reduced (approached 1.0) during rainfall events, as 
well as immediately following foliage harvest dates (data not shown). 

The high rates of evapotranspiration from the vegetated tanks served to reduce 
the volume of leachate exported from the tanks. Leachate volumes from the 
floralta and alemangrass tanks were only 0 .5X-0 .6X of the volumes from the soil 
controls (Table 10). Although the leachate nutrient concentrations for most 
treatments were inversely related to the irrigation rate, the tanks irrigated at the 
high rate (8.9 cm/wk) produced much more leachate, and consequently exported 
more TKN and TP than the low loading tanks (Table 10). Leachate TKN and TP 
export also increased with large rainfall events in March, April and May (data not 
shown). 

It should be noted that for the control tanks, the total N export for most dates 
probably was 20-25% higher than the values depicted by TKN export data. 
Filtered leachate samples collected on three dates revealed that NO3-N comprised 
about 22% of the N exported from the control tanks, but only about 1% of the N 
exported from vegetated tanks (Table 11). Of the N in the influent primary lagoon 
wastewater, 84% was NH4-N, 14% was organic-N, and only 2% w a s  N O 3 - N  (Table 
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Table l l 
Nitrogen and P species of leachate from microcosms that received primary, lagoon wastewater at two 
application rates 

IN CL CH FL FH AL AH 

Concentration(mg/l) 

org-N 9.18 5.32 5.46 6.02 5.06 6.54 4.90 
NH4-N 53.8 1.39 1.53 0.01 0.13 0.18 0.30 
NO3-N 1.04 1.98 1.78 0.05 0.12 0.11 0.12 
org-P 9.72 0.60 0.57 0.43 0.28 1.34 0.13 
S RP 4.02 0.04 0.05 0.01 0.03 0.21 0.02 

Values represent means from samples collected on three dates (March 14, April 14 and May 19, 1989). 
Treatments are as follows: IN, influent wastewater; CL, control (soil without plants), low irrigation rate 
(4.5 cm/wk); CH, control, high irrigation rate (8.9 cm/wk); AL, alemangrass, low irrigation rate; AH, 
alemangrass, high rate: FL, floralta limpograss, low rate; FH, floralta limpograss, high rate. 

I1). The bulk of the P exported in the leachate from all treatments was of an 
Organic form (Table 11). 

Highest areal removal rates for N and P occurred in the vegetated tanks, 
although little difference in removal rates was observed between aleman and 
floralta treatments (Table 10). All treatments displayed a general increase in TKN 
and TP removal rates during the study. It should be noted that if total N 
(NO3-N + TKN), rather than TKN, is used as a removal parameter, the N removal 
rates for the control tanks would be 20-25% lower than those depicted for TKN. 
Because the vegetated tanks did not export appreciable amounts of NO3-N, their 
total N removal rates would be similar to TKN removal values. Control tanks were 
only slightly less efficient at removing TP than those containing grasses. The low 
leachate P concentrations attained in the "control" tanks in the present study 
were likely a result of soil P adsorption (to A1 or Fe compounds), a removal 
mechanism that can be exhausted with long-term wastewater application (Richard- 
son, 1985). 

Table 12 
Calculated N and P shoot uptake by floralta limpograss and alemangrass cultured in tanks that received 
wastewater at two irrigation rates 

FL FH AL AH 

uptake (mg/mZ-day) 

Nitrogen 253 423 193 386 
Phosphorus 39 62 41 78 

Uptake calculations were conducted for the period 21.2.'89 to 19.5.'89. 
Treatments are as follows: AL, alemangrass, low irrigation rate (4.5 cm/wk); AH, alemangrass, high 
irrigation rate (8.9 cm/wk); FL, floralta limpograss, low rate; FH, floralta limpograss, high rate. 
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Plant productivity and composition data were utilized to calculate foliage N and 
P uptake rates for floralta and alemangrass from February 21 through May 26, 
1989. For all treatments, calculated foliage N and P uptake rates underestimated 
the observed removal rates from the wastewater (Tables 10 and 12). Nutrient 
storage in belowground plant tissues probably accounts for some of the observed N 
and P removal from the wastewater applied to the vegetated systems. 

3.4. Potential treatment system configurations 

Dairies in the Okeechobee region currently are attempting to reduce runoff P 
concentrations to below 1.2 mg/l.  The existing spray fields in the region are being 
operated to minimize P in runoff, rather than to maximize vegetative P uptake per 
unit area. The "unconventional" vegetation types evaluated in the present study 
may play a useful role as a component for reducing treatment system land 
requirements, since spray field acreage is based on the mass of P in the storage 
reservoir. The floating macrophytes, for example, could be cultured directly in (or 
on a sidestream of) the reservoirs, near the influent region where wastewater N 
and P concentrations are highest. Emergent macrophytes or terrestrial grasses 
could be cultivated in shallow ponds or "wet" fields equipped with underdrains for 
transporting the leachate to a pump station. The leachate or pond effluent 
subsequently would be pumped back into the reservoir or to a downgradient 
treatment system (e.g. a spray field). Data from this study show that maximum 
vegetative P uptake can be realized by applying a high strength wastewater to the 
macrophytes at a moderate to high hydraulic loading rate, to ensure that neither 
water nor nutrients limit plant growth. 

Many design and operational hurdles remain before a treatment system utilizing 
unconventional plants can be implemented. For the terrestrial and emergent plant 
systems, the wet fields or shallow ponds would have to be configured and operated 
to minimize leachate P losses. Harvesting techniques for floating macrophytes or 
"wet" field grasses would have to be refined, and plant utilization schemes would 
have to be developed. Several of the moisture-tolerant terrestrial grasses evaluated 
in this study have proven valuable as forage crops (Quesenberry et al., 1984; 
Kalmbacher et al., 1987), and floating macrophytes can be converted to animal 
feeds, although energy costs (for drying) are high due to their high moisture 
contents (90-95%). Emergent macrophytes have little value as animal feeds, 
although they could be cultivated in a nursery configuration, for later removal and 
replanting in mitigation wetlands. 
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