
J. Aquat. Plant Manage. 53: 44–53

Effect of water lettuce and filamentous algae on
phosphorus loads in farm canals in the
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ABSTRACT

Farm canals in the Everglades Agricultural Area (EAA)
often contain an abundance of floating aquatic vegetation
which assimilates P through thalli, shoots, and leaves and
prevents the co-precipitation of P with calcium carbonate
within the calcium-saturated canal water column. To test the
effects of two prevalent aquatic weed species, water lettuce
(Pistia stratiotes L.) and filamentous algae (Lyngbya Agardh. Ex
Gomont. spp.) on water quality, a lysimeter experiment was
conducted over a 28 d period to quantify P-uptake and
detrital accumulation. The experiment consisted of four
treatments, and four water exchanges. The water column P
concentration in all treatments was reduced significantly
after each water exchange. Treatments without sediments
showed highest efficiency for P removal from the water
column. Up to 93% reduction in soluble reactive P was
observed in treatments containing water lettuce and fila-
mentous algae in the presence of limerock. The removal of P
by plant uptake will only serve as a short-term sink because of
accumulating P in the plant detritus and its high turn-over
rate. Results from the experiment were up-scaled to field
conditions, where eight farms were monitored and sampled
over a 2-yr period. Percent plant coverage varied with season,
and had a direct effect on the P uptake and accumulation of
organic biomass and P accumulated in canal sediment.
Within the EAA, an estimated 5.5 to 26 mt P is sequestered
by water lettuce, and 1.8 to 8.4 mt P is being sequestered by
filamentous algae annually. In comparison, 7 to 26 mt of
detrital P is being accumulated in organic sediments. The
reduction of P in the water column through uptake by water
lettuce and filamentous algae is offset by the deposition of
detrital plant material that will release P back to the water
column. A better approach is likely through the suppressing
of growth of floating aquatic vegetation that could poten-
tially increase the co-precipitation P by Ca to form less labile
dense sediments. Further reduction in P loads may be
achieved by implementing economic and effective manage-
ment practices to control floating aquatic vegetation.

Key words: agricultural drainage, filamentous algae, float-
ing aquatic vegetation, loads, submerged aquatic vegetation,
water lettuce.

INTRODUCTION

The Florida Everglades is the largest subtropical wetland
in the United States covering nearly two million acres. Over
the past five decades the ecological integrity of the
Everglades has been affected by hydrologic and nutrient
imbalances caused by urban and agricultural development.
Reducing the phosphorus (P) load from the Everglades
Agricultural Area (EAA) basin is one of the prerequisites for
restoring the Everglades ecosystem. The canal system of the
EAA, which supplies farms with irrigation water from Lake
Okeechobee and conveys runoff southward to the Water
Conservation Areas, contains an abundance of both
filamentous algae (Lyngbya Agardh. Ex Gomont. spp.) and
water lettuce (Pistia stratiotes L.), and other floating and
submerged aquatic vegetation (Daroub et al. 2011). The role
of aquatic vegetation in the removal of P from agricultural
runoff has been investigated in the past (Gu et al. 2001,
Dierberg et al. 2002, Knight et al. 2003). In addition to
uptake by aquatic vegetation, P removal in the EAA canal
waters may result via P co-precipitation with calcium
carbonate; Dierberg et al. (2002) observed similar P removal
mechanism in the Stormwater Treatment Areas (STAs) of
south Florida. The presence of limerock beneath EAA
canals provides Ca-saturated water that can precipitate P
from the water column during photosynthesis-induced
increases in pH (Murphy et al. 1983). This chemical removal
of phosphate from water precipitates out as calcium
phosphate as observed in the STAs of South Florida.

Two of the most troublesome types of aquatic vegetation
in tropical waters are water lettuce and filamentous algae.
Both are a nuisance because of their ability to multiply and
spread rapidly in open waters (Mehra et al. 1999), but they
also have been utilized as sinks for nutrients such as P
(Carignan 1982, Gu et al. 2001). Non-rooted submerged
aquatic vegetation such as coontail (Ceratophyllum demersum
L.) and filamentous algae appear to rely exclusively on
dissolved nutrients from the water column (Barko and
James 1997). The roots of floating aquatic vegetation
species, such as water lettuce and water hyacinth [Eichhornia
crassipes (Mart.) Solms], play an important role in nutrient
uptake from the water column. Floating aquatic vegetation
has also been shown to reduce suspended solids and
turbidity, and improve overall water quality (Lu et al.
2010). Compared to native plants, these invasive species
show a higher nutrient removal efficiency because of their
high nutrient uptake capacity, fast growth rate, and high
biomass production (Reddy and Sutton 1984). Water lettuce
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has successfully been demonstrated to remove P, although it
may not be as effective as a long-term sink because of the
high turnover rate which can generate organic labile floc,
which accumulates at the sediment-water interface, and is
susceptible to transport (Stuck et al. 2001).

Lu et al. (2010) reported a 22 to 31% reduction in total
phosphorus (TP) concentration within two detention ponds
in the St. Lucie estuary watershed using water lettuce
phytoremediation. They found that TP showed a higher
reduction than inorganic soluble reactive P (SRP) suggesting
that the role aquatic plants play in remediation systems is
far more complex than simple plant-uptake. There is
extensive information on the use of emergent macrophytes
for point and nonpoint nutrient control (Kadlec and
Wallace 2008). Mitsch (1992) reported that wetlands
typically remove P at rates ranging from 0.4 to 4.0 g m�2

yr�1 with more eutrophic systems achieving higher removal
rates, while Richardson and Craft (1993) found maximum
and average P removal rates of 0.6 and 0.4 g m�2 yr�1,
respectively in the oligotrophic Everglades. Aoi and Hayashi
(1992) showed that nutrient removal by water lettuce can
vary because of initial nutrient SRP concentration and
weather (wet and dry season), but found over 50% reduction
in SRP concentrations and over 100% increase in plant
biomass. Water lettuce can be considered as a good
candidate to reduce P from the water column but requires
frequent harvesting to avoid build-up of detritus material.
In the EAA, limiting the growth of water lettuce in farm
canals has the known benefit of improvement in the
conveyance of drainage and irrigation water throughout
the farm. Suppressing the growth of water lettuce can
impact the plant community in the canal and likely result in
increased predominance of algae, phytoplankton, and
possibly submerged aquatic vegetation. The change in the
canal aquatic plant community should increase the levels of
dissolved oxygen in the canal water column, resulting in
altered P species of the composition of the EAA farm
drainage water. It has been hypothesized that a reduction in
the presence of extensive mats of water lettuce will increase
sunlight penetration into canal waters favoring P co-
precipitation with Ca and Mg carbonates forming cohesive
sediments that are less likely to be resuspended and
transported off the farm during drainage events (Daroub
et al. 2011).

The purpose of this study was to evaluate the role of
water lettuce and filamentous algae on P loads in canals in
the EAA. These species were chosen because they are the
most prevalent species. A lysimeter experiment was con-
ducted to evaluate the effect these two plant species had on
the quality of farm canal water. Results from the experiment
were compared with field observations from eight farm
canals within the EAA. Combining the two approaches
helped create a realistic understanding of the role of
aquatic vegetation in P cycling within the EAA canals. The
main objectives of the lysimeter experiment were to: (i)
evaluate the effect water lettuce and filamentous algae on
the P concentrations in the water column after multiple
water exchanges, (ii) monitor the change in water quality
and sediment composition over time, and (iii) estimate P-
uptake rates and detrital accumulation for water lettuce and

filamentous algae. The objective of the field study was to
determine the coverage of water lettuce and filamentous
algae within farm canals so that results from the experi-
mental study can be extrapolated to estimate the basin-wide
effect of these two prevalent species on P loads.

MATERIALS AND METHODS

Lysimeter experiment

Sixteen lysimeter buckets were set up containing 4
different treatments and 4 replicates each. The four
treatments consisted of:

1) limerock þ sediment þ water lettuce
2) limerock þ sediment þ filamentous algae
3) limerock þ water lettuce
4) limerock þ filamentous algae

The buckets were 140 L in volume, 0.6 m tall with top
open surface area of 0.24 m2. Empty containers were first
filled with limerock (CaCO) (10 cm), followed by sediments
(10 cm) for treatments 1 and 2. The limerock and sediments
were collected from local farm canals and added to the
buckets. Fine nylon meshes were placed on top of the
limerock or sediment to collect any detrital material settled
at the end of the experiment. Solid tubing was introduced 5
cm from the top of the bucket to about 20 cm from the
bottom of the bucket. This set-up allowed water from the
bottom of the buckets to be drained out during each
exchange. The buckets were filled with farm canal water
using a slow drip technique. Approximately 1 kg of water
lettuce or 0.3 kg of filamentous algae was introduced in
respective containers. The entire system was let to equili-
brate for 7 d prior to starting the first exchange. Four water
exchanges using farm canal water were conducted during
the 28 d experiment; one exchange was conducted at the
end of a 7-d equilibrium period. The P concentration of
farm canal water used for the exchanges ranged from 0.11
to 0.18 mg L�1, and water samples were collected from each
bucket at time 0, 0.25, 1, 3, and 7 d (over the 28-d
experimental duration). The purpose of conducting four
exchanges was to provide the plants with sufficient time and
nutrients to grow and senesce and form organic floc at the
sediment-water interface. The exchanges also provided a
scenario similar to drainage events that occur regularly in
the field.

The sampled water was analyzed for TP, total dissolved P
(TDP), SRP, dissolved organic P (DOP), Ca, and total organic
carbon (TOC). The purpose of analyzing the different P
fractions is because typically plant P-uptake from soil or
water is a function of the dissolved or the reactive fraction,
and not necessarily associated with the total P. Water
samples were filtered (0.45 lm) and the filtrates were
analyzed for TDP and SRP. For TP and TDP analysis water
samples were digested with concentrated sulfuric acid,
ammonium persulfate using method 365.1 (USEPA 2003).
Particulate P (PP) was calculated as the difference between
TP and TDP. Dissolved organic P (DOP) was estimated as
the difference between TDP and SRP. All samples were
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analyzed for ortho-P using ascorbic acid method (Murphy
and Riley 1962) on an automated air segmented continuous
flow analyzer, Auto Analyzer 3 (AA3, Seal). The Ca
concentrations were analyzed using method 200.7 (USEPA
2003) on an Inductively Coupled Plasma Mass Spectroscope
(ICP-MS). At the end of four exchanges the buckets were
drained and any detrital matter collected off the nylon
mesh.

Subsamples of limerock, sediment, and plant species were
collected pre- and post-experiment and analyzed for
physical-chemical properties. The limerock and sediment
samples were air-dried and analyzed for P concentration
using Mehlich-3 extraction. The plant species and detrital
matter were air-dried, ground, and analyzed for P using
method 200.7 (USEPA 2003) on an ICP-MS.

Field study

In conjunction with the lysimeter experiment eight farm
canals were also surveyed and monitored for aquatic
vegetation cover for 2 yr between January 2011 to
December 2012. Within the approximately 2,200 km2 of
the EAA, nearly 25 km2 is covered by farm canals (estimated
using Google Earth map coverage tool). An assessment of
aquatic vegetation was conducted every 2 mo, with the
intention of identifying the species composition, spatial
coverage, plant biomass, and TP content within eight farm
canals in the EAA. The farms are not treated as replicates
because they differ in size, crops grown, and land-
management practices, representing two out of the four
sub-basins within the EAA. Two representative samples
were collected from each farm. Sampling locations were
selected at each farm based on spatial coverage of
vegetation.

A 1 m2 floating PVC retainer was placed on the aquatic
vegetation biomass to be sampled. All biomass within the
square was collected and placed in mesh bags to drain.
Filamentous algae was sometimes collected using a long-
handle scoop since it does not always float up to the surface,
so as to get an accurate mass representation of the algae
contained within 1 m2. Total fresh weight was recorded
after draining. The entire sample mass was air dried to
constant weight with forced air at 50 C. The weight of the
dry sample mass was recorded, and the mass was ground to
less than 1 mm in a cyclone mill. The ground material was
blended and stored in an airtight container until analysis.
Samples were analyzed for water content and TP. Percent
moisture content was calculated based on difference
between wet mass of vegetation versus oven dry mass, while
the dry grounded biomass was analyzed for TP using
method 200.7 (USEPA 2003) on an ICP-MS. The mass of
TP for individual farm canal biomass was calculated as the
product of the dry vegetation biomass TP concentration
(mg kg�1) times the mass of vegetation (kg) present in the
canals based on the percent coverage. Percent plant
coverage for the entire canal was visually estimated by
driving along the canal banks and estimating the coverage
based on observation. To ensure consistency, the canal
length was sectioned into 3 to 4 sections and the percent

plant coverage was averaged over the entire length of the
canal.

Statistical analyses

Summary statistics, such as sample means and sample
standard deviations were calculated for water quality,
sediment, and aquatic vegetation variables using SAS
statistical program (SAS Institute, 2011). Goodness of fit
tests, such as Kolmogorov-Smirnov and Cramer-von Mises
tests were carried out to test the normality assumption of
the response variables. If the data were not normally
distributed, log transformation was used to stabilize the
variance and to make the residuals more normally distrib-
uted for statistical analysis of linear models. Analysis of
variance (ANOVA) methodology was used to compare
sediment physicochemical properties pre/post experiment
and P species between different treatments and exchanges.
Tukey’s multiple comparison procedure was carried out to
assess significant differences between the means of the
treatments, exchanges, and time within the experimental
setup. Spearman correlations were calculated for the
various P species and associated variables. Nonlinear
(exponential) regression analysis was performed to estimate
plant P uptake coefficients over time.

RESULTS AND DISCUSSION

Lysimeter experiment: trends in water quality and
overall P reduction

At the end of all four exchanges there were significant (P
, 0.05) decreases in TP, TDP, SRP, and PP concentrations
in all four treatments (Figure 1a). A high of 93% SRP
reduction was observed in treatments 3 (LRþWL) and 4 (LR
þFA) during exchange 1, while the least reduction in SRP of
34% was observed in treatment 2 during exchange 3 (Table
1). Highest PP reduction of 93% was observed in treatments
3 and 4 during exchange 1, while the least reduction in PP
was observed in treatment 2 (LR þ SED þ FA) during
exchange 2. Calcium did not show any significant correla-
tion with TP, TDP, and SRP, but was negatively correlated to
DOP (r ¼ �0.18) and positively correlated with TOC (r ¼
0.46) (Table 2). The presence of Ca in the water is a result of
dissolution of underlying limerock within the canals.
Generally, treatments 3 and 4 which contained LR þ WL
and LRþ FA did a better job of reducing P concentrations
compared to treatments that contained sediments (treat-
ments 1 and 2). Overall, the presence of sediments had a
significant effect on TP, TDP, SRP, and TOC concentrations
in the water column (Table 3). This corroborates previous
studies that showed increased P reduction when water was
exposed to limerock and filamentous algae (Knight et al.
2003, Gu et al. 2001). Howard-Williams and Allansson (1981)
also showed that algae absorbed twice as much of added P as
macrophytes on a per unit area basis, though the macro-
phyte biomass per unit area was 30 times greater than algal
biomass. The application of water lettuce for phytoreme-
diation within the EAA may not be considered desirable
because it is difficult to manage in the farm canals. If not
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Figure 1. (a) Overall trends in TP, TDP, PP, and SRP concentration for all four treatments and four exchanges. LR (limerock); SED (sediment); WL (water
lettuce); FA (filamentous algae). (b) Overall trends in Ca and TOC concentration for all four treatments and four exchanges. LR (limerock), SED (sediment),
WL (water lettuce), FA (filamentous algae).
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properly controlled, water lettuce can clog up canals and
culverts during drainage pumping. Water lettuce also
generates greater biomass than filamentous algae, which
ultimately settles at the canal bottom as a form of labile,
organic, particulate P. Positive correlation between TP and
the various other P fractions would suggest that while the
source of P in the water column was primarily from the
incoming exchange water, small amounts of it may have
been internally cycled from the sediments; this was
particularly true in the treatment containing LR þ SED þ
FA where the mean extractable P concentrations were 11%
lower in the sediments post-experiment (Figure 3a). The
TOC concentrations in exchanges 1 and 4 were similar in
lysimeters with water lettuce. The TOC in treatments 1 and
2 were significantly different from treatments 3 and 4,
suggesting that the presence of sediment had an effect on
the TOC concentrations, and was probably affected by the
type of vegetation present (i.e., water lettuce or filamentous
algae).

Vegetation type had a significant (P , 0.05) effect on all
measured constituents in the water column (Table 3). The
presence of sediment and vegetation combined had a
significant effect on TDP and SRP concentrations. All

parameters except Ca showed a significant P , 0.001)
change in the water concentration over time. While there
was no significant interaction between sediment and day, we
observed significant interactions between vegetation and
day for TP, TDP, and SRP. The three way interactions
between sediment, vegetation, and day were insignificant
for all responses (Table 3). Only vegetation (i.e., water
lettuce and filamentous algae) had a significant effect on Ca
(Table 3), possibly because of precipitation of P with
calcium carbonate. The presence of PP organically derived
from vegetation can decompose over time (mineralization)
forming phosphate ions (PO4

3�) in solution forming DOP or
SRP, and both DOP and SRP can ultimately precipitate with
limerock (CaCO3) (Stuck et al. 2001).

When data of all four exchanges were combined, there
were significant differences in TP concentrations between
water lettuce and filamentous algae during 1 and 3 d.
Similar significant differences in TDP and SRP concentra-
tions were observed between water lettuce and filamentous
algae during 0.25, 1, 3, and 7 d (Figure 2). This would
indicate that the type of vegetation growing in the farm
canals could have a significant effect on the P concentra-
tions of the canal waters. In this case, water lettuce takes up
greater P from the canal water than filamentous algae.

Changes in sediment and vegetation characteristics

The sediments showed variable changes in extractable P
(Mehlich-3) at the end of the four exchanges (Figure 3a).
There was no significant change in Mehlich-P concentra-
tions of the sediments containing water lettuce or filamen-
tous algae. The pre-study sediment mean Mehlich-P
concentration from lysimeters containing water lettuce
was 46 6 10 mg kg�1, while the post-study sediment mean
Mehlich P concentration was 58 6 51 mg kg�1 at the end of
the four exchanges (28 d). The pre-study sediment mean
Mehlich-P concentration of sediments in the buckets
containing filamentous algae had an initial P concentration
of 47 6 4 mg kg�1, compared to to 42 6 18 mg kg�1 at the
end of the four exchanges. There was no significant
differences in the P concentration of the limerock between
pre- and post-experimental conditions (range 0–8 mg P
kg�1). This suggests that the limerock did not lead to the co-

TABLE 1. PERCENT P REDUCTION IN P SPECIES IN WATER COLUMN (TP, TDP, SRP, PP)
OBSERVED IN ALL FOUR TREATMENTS DURING THE FOUR EXCHANGES. LR (LIMEROCK),

SED (SEDIMENT), WL (WATER LETTUCE), FA (FILAMENTOUS ALGAE).

TP TDP SRP PP

% P reduction – LR þ SED þ WL
exchange 1 86.9 85.4 92.6 89.0
exchange 2 72.9 72.6 86.7 72.0
exchange 3 64.4 76.1 59.9 58.7
exchange 4 76.9 84.0 88.4 64.2

% P reduction – LR þ SED þ FA
exchange 1 64.8 43.2 47.3 87.5
exchange 2 28.0 34.8 40.3 9.5
exchange 3 55.0 49.1 34.0 62.1
exchange 4 51.7 61.7 53.0 37.3

% P reduction – LR þ WL
exchange 1 89.9 84.2 93.3 92.7
exchange 2 72.5 77.9 89.8 64.0
exchange 3 30.0 71.3 57.4 10.3
exchange 4 81.8 85.6 87.4 76.4

% P reduction – LR þ FA
exchange 1 87.5 84.2 93.3 92.7
exchange 2 64.1 68.6 87.7 54.1
exchange 3 69.3 77.9 53.1 61.3
exchange 4 69.0 55.5 83.0 56.3

TABLE 2. SPEARMAN CORRELATION COEFFICIENTS FOR THE VARIABLES ANALYZED IN THE

WATER COLUMN: TP, TDP, SRP, PP, AND CA.

Variable TP TDP SRP PP DOP Ca

TDP 0.84***

SRP 0.83*** 0.93***

PP 0.74*** 0.34*** 0.36***

DOP 0.50*** 0.64*** 0.40*** 0.17**

Ca �0.06ns �0.10ns �0.04ns �0.04ns �0.18**
TOC 0.37*** 0.34*** 0.39*** 0.18** 0.06ns 0.46***

***P , 0.0001
**P , 0.01
ns ¼ nonsignificant

TABLE 3. ANALYSIS OF VARIANCE F-TESTS OF SIGNIFICANCE OF THE MAIN EFFECTS, TWO-
WAY AND THREE-WAY INTERACTIONS FOR SEDIMENT, VEGETATION, AND DAY ON TP,
TDP, SRP, PP, DOP, CA, AND TOC FOR THE LYSIMETER WATER COLUMN DATA.

Source1 Df2 TP TDP SRP PP DOP Ca TOC

Sed 1 ** *** *** ns ns ns *
Veg 1 ** *** *** ** ** * ***
Sed 3 Veg 1 ns *** ** ns ns ns ns
Day 4 *** *** *** *** *** ns ***
Sed 3 Day 4 ns ns ns ns ns ns ns
Veg 3 Day 4 *** ** * ns ns ns ns
Sed 3 Veg 3 Day 4 ns ns ns ns ns ns ns
1Sed ¼ sediment level, Veg ¼ water lettuce or filamentous algae, Day ¼ day after
exchange.
2degrees of freedom for numerator.
*P , 0.05
**P , 0.01
***P , 0.001
ns ¼ nonsignificant
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precipitation of calcium phosphate over the 28 d experi-
ment.

There was a significant decrease in P content of the plant
biomass pre- and post-study (Figure 3b) and a significant
increase in the mass of plant biomass of water lettuce and
filamentous algae between pre- and post-experiment (Fig-
ure 3c). The lysimeters containing LRþ SEDþWL showed a
significant decrease in TP concentration of the water lettuce
biomass from 2,548 6 62 mg kg�1 to 1,609 6 161 mg kg�1

whereas treatments containing LR þ SED þ FA showed a
decrease in the TP concentration of the filamentous algae
biomass from 2,864 6 122 mg kg�1 to 2,566 6 359 mg kg�1.
Lysimeters void of sediment also showed a significant
reduction in TP concentration of the plant biomass.
Lysimeters containing LR þ WL showed a significant
decrease from 2,505 6 131 mg kg�1 to 1,342 6 151 mg
kg�1 þ whereas LR þ FA treatments showed a significant
decrease from 2,914 6 109 mg kg�1 to 2,280 6 109 mg kg�1

between pre- and post-study.
There was an 84% increase in the mass of water lettuce

(LR þ SED þWL), whereas a 27% increase was observed in
the filamentous algae (LR þ SED þ FA). There was a 63%
increase in the mass of water lettuce contained in lysimeters
with no sediments (LR þ WL) ,whereas a 40% increase in
mass was observed in filamentous algae contained in
lysimeters with no sediments (LR þ FA). These results were
similar to findings from Aoi and Hayashi (1992) and indicate
that the P content gets ‘‘watered down’’ resulting in a
decrease in overall plant biomass P concentrations. This
pattern can cause a peak above-ground standing stock of P
which is usually reached before above-ground biomass is
achieved. Lindsey and Hirt (1999) showed that during an
active growth season aquatic vegetation can double in
number and size within 6 to 15 d.

At the end of the four exchanges, lysimeters containing
LRþWL produced detrital matter which had settled on the
mesh at the limerock-water interface. Approximately 0.066
6 0.02 kg was produced containing 2026 6 709 mg P kg�1.
Based on this observation, we estimated a detritus matter
accumulation rate of 0.23 g d�1 (dry weight basis) caused by
water lettuce senescing in the system.

Field study assessment

Except for one farm canal which had no growth of
aquatic vegetation, we observed four types of aquatic
vegetation growing in the canals: water lettuce (Pistia
stratiotes), filamentous algae (Lyngbya spp.), duck weed
[Spirodela polyrhiza (L.) Schleid.], and torpedo grass (Panicum
repens L.), with water lettuce and filamentous algae being the
predominant species consisting over 80% of the total
vegetation cover. Overall the vegetation cover in the farm
canals ranged from 10 to 48% (Figure 4), corresponding to
1,641 to 8,010 m2 depending on the canal size. The mass of P
(dry mass basis) contained by the vegetation within canals
varied between 1.2 to 6.0 kg. This indicates that temporal
variability has an effect on the overall vegetation coverage,
and ultimately on the amount of P contained by the
vegetation. We observed high correlation between percent
vegetation cover and mass of P contained by the vegetation
in the canals (r ¼ 0.84). Past research has indicated that
nearly 54 6 20% of TP leaving the farm during a drainage
event is particulate P (PP) derived from plant material (Diaz
et al. 2006). Particulate P sources range from soil surface
erosion, mobilization of bed-load sediment, to bank rooted
aquatic macrophytes (Stuck et al. 2001). Stuck et al. (2001)
asserted that PP and TP concentrations in the drainage
water was greatly influenced by a ‘‘biological control
mechanism’’ (BCM), which was from the detrital aquatic

Figure 2. Means and standard deviations of TP, TDP, and SRP
concentrations over time across the water lettuce (WL) and filamentous
algae (FA) groups for the water column data.
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Figure 3. Means and standard deviations of pre- and post-study changes in (a) sediment extractable P, (b) aquatic vegetation P content, and (c) plant
biomass. LR (limerock), SED (sediment), WL (water lettuce), FA (filamentous algae).

Figure 4. Percent coverage of vegetation and mass (kg) of P sequestered by the vegetation over a 2-yr period. The bars represent % vegetation coverage,
black circles represent mass of P, and grey area represents summer season.
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vegetation which settled and accumulated at the canal
bottom, and is dislodged during flow induced agitation. If
this BCM is the source of elevated PP (and TP) concentra-
tions and loads during the 20–30 major pumping events that
occur on farms during the course of a year, it is
hypothesized that significant reductions in TP loads could
be achieved if the aquatic vegetation growth and senescence
cycle could be managed or eliminated. This is because under
anaerobic conditions sediment P-fluxes to the water column
are typically higher than under aerobic condition (Moore et
al. 1998). The P associated with Fe would be released upon
Fe reduction under anaerobic condition resulting in higher
solution P concentrations at the surface (Sah et al. 1989).
The presence of dense floating aquatic vegetation for
prolonged duration prevents the penetration of sunlight
limiting the precipitation of calcium phosphate from the
water column forming denser, cohesive sediments that are
less likely to get resuspended and transported off the farm
during drainage pumping events. It should be pointed out
that the aquatic plants are simply part of the P cycling that
occurs in the farm canals. These plants work towards
removing dissolved P from the water column and concen-
trate it in their tissues.

Plant P-uptake rate

Plant P-uptake was estimated as the change in mass of
SRP per unit area over time in the water column (Figure 5).
Floating aquatic vegetation (water lettuce) showed signifi-
cantly higher SRP uptake than submerged vegetation
(filamentous algae) in both sediment and nonsediment
conditions. The highest SRP uptake was observed in
treatments with no sediments. Treatments containing just
LR þWL had the highest mean SRP-uptake during all four
exchanges, while the lowest SRP-uptake was seen in LR þ
SED þ FA. Increase in plant P-uptake with time does not
necessarily correspond to an increase in the plant biomass P
concentration during short-term growing cycles, this is
because the C:P ratio also increases as the plant grows

resulting in net reduction of P concentration in the plant
biomass (Lindsey and Hirt 1999). At the end of all four
exchanges, the cumulative SRP-uptake corresponded to 0.18
6 0.02 mg m�2 d�1 in LR þ SED þWL; 0.10 6 0.01 mg m�2

d�1 in LRþ SEDþ FA; 0.19 6 0.05 mg m�2 d�1 in LRþWL;
and 0.16 6 0.03 mg m�2 d�1 in LW þ FA. Overall we
observed a 45 6 5% higher SRP-uptake in treatments
containing LR þ SED þ WL compared to LR þ SED þ FA,
and a 20 6 8% higher P-uptake in treatments containing
LR þWL compared to LR þ FA. The lysimeter experiment
was conducted during May-June when primary productivity
is at its highest in tropical areas because of maximum solar
radiation, and precipitation. This would suggest that the
plant P uptake rates are probably at their highest during
this time of the year. During the growth period (summer),
the concentration of dissolved P in the water column is
generally low compared to the sediment pore water.
Phosphorus removal in a water lettuce dominant system
occurs through immobilization in the detritus plant tissue
and adsorption by the underlying sediments; however,
detritus of water lettuce tend to release P back into the
water column during decomposition, thus decreasing the
overall P removal efficiency of the plant. Haller et al. (1970)
reported that greater amounts of P were absorbed by water
hyacinth plants from solutions containing higher P concen-
trations, and that nearly 50% of the absorbed P leached out
from the stem and root tissues within 6 d. Plant P-uptake
from the water column is also dependent on the hydraulic
retention time (HRT). With filamentous algae, Gu et al.
(2001) showed that by increasing the HRT from 1.5 to 3.5 d
markedly improved the P removal performance; however,
doubling the HRT from 3.5 to 7 d had little additional
effect. Similar results from this study were observed for
both water lettuce and filamentous algae, where . 70% of
the plant P uptake occurred within the first 24 h, while the
rest continued over the next 6 d.

Based on the P uptake rates from the lysimeter
experiment, we estimated that canals predominantly con-
taining water lettuce would take up 148 kg P d�1 from the

Figure 5. Means and standard deviations of cumulative plant SRP uptake (mg m�2 d�1) over the four 7-d exchanges, and four treatments. LR (limerock),
SED (sediment), WL (water lettuce), FA (filamentous algae).
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water column compared to 48 kg P d�1 if the canals
contained only filamentous algae. Extrapolating these values
to represent net P uptake from the water column by the
plant within the EAA corresponds to 5.5 to 26 mt P yr�1 for
water lettuce, and 1.8 to 8.4 mt P yr�1 for filamentous algae,
depending on the time of year and percent plant coverage.
However, based on the detrital matter accumulation rate of
0.23 g d�1 (dry mass basis) from the lysimeter experiment,
nearly 24 mt d�1 detrital matter generated from water
lettuce would settle at the bottom of the canals in the EAA.
This is a high-end estimation during summer, since the
coverage of aquatic vegetation in the farms canals is
significantly less during the rest of the year. Clearly, there
is a P tradeoff with aquatic vegetation being present in the
farm canals. They assimilate dissolved P from the water
column to facilitate plant growth, but they can generate
detrital biomass that ultimately increases the particulate P
pool, and potentially clog-up the culverts. Depending on the
P concentration of the detrital matter and time of year, we
estimate approximately 26 mt P from water lettuce and
filamentous algae is being accumulated within the farm
canals during summer when primary productivity is at its
peak, whereas only about 7 mt P is being accumulated
throughout the EAA during the rest of the year. Mechanical
harvesting of aquatic vegetation could potentially break the
BCM-cycle, thereby reducing P loads exiting the farm
canals; however, this is not a feasible practice because of
the high cost associated with harvesting and subsequent
disposal or processing (e.g., composting and using it as an
amendment). Alternatively, long-term management plans to
control FAV (water lettuce or hyacinth) in farm canals, and
possibly transform them to SAV dominant systems maybe a
more effective way of reducing P concentration and loads.
Change in canal aquatic plant community from FAV
dominated to SAV dominated systems should increase
dissolved oxygen resulting in lower P-fluxes from sediments,
and altered P species composition of the EAA farm drainage
water. Compared to FAV, an SAV dominated system will
allow greater light penetration, and subsequent P co-
precipitation with Ca and Mg carbonates, producing
significantly lesser detrital biomass.

In summary, both water lettuce and filamentous algae
displayed high P removal rates from the water column
during the 28-d incubation period. Water lettuce showed
significantly higher SRP uptake than filamentous algae
under both sediment and nonsediment conditions, sug-
gesting that water lettuce requires more P in facilitating
plant growth than filamentous algae. The highest TP
reduction was also observed in treatments containing no
sediment, as sediment can provide an internal source of P.
Future field-scale studies should focus on measuring P
species as it would help in identifying the source of water
in the farm canals, whether it is surface runoff from
farmlands, subsurface groundwater flow or irrigation
water from District canals. The effectiveness of water
lettuce and filamentous algae to reduce P concentrations
in farm canals within the EAA is offset by the quantity of
labile plant biomass that can negatively impact the farm
canals. Although aquatic vegetation may serve as a
substantial reservoir for agricultural P, it is still unclear

how to manage the weeds so as to reduce the detritus which
contributes to the PP load. Herbicide application in the
canals can reduce the density of vegetation but not
necessarily the potential for contribution of PP to the
drainage stream. Long-term Best Management Practices
that involve suppressing the growth of FAV and trans-
forming canals to a more SAV dominant aquatic systems
has the potential to reduce the generation of organic PP,
and P loads in the future.
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