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Abstract: The floating treatment wetland (FTW) is an innovative hydroponic device which can be installed on the surface of a stormwater
retention pond to improve its pollutant removal efficiency. Limited full-scale experiments have been published, and no design or maintenance guidelines have been developed to date to promote their use. This paper presents implementation and maintenance considerations
developed based on the monitoring of three full-scale ponds retrofitted with FTWs. Results suggest that the size and relative surface cover
of the FTW, the relative root depth, and the capability of the plants to tolerate periodic anaerobic conditions are crucial factors to promote
good removal across a spectrum of pollutants. Special attention to the location and anchorage of the FTW are thought to promote good
performance and facilitate FTW maintenance. While zinc and copper sediment concentrations were unlikely to cause undue aquatic impacts
after 2 years of operation, more frequent sediment removal will be needed than in conventional retention ponds to maintain adequate
storage capacity in the permanent pool because of enhanced sedimentation. Given proper installation and maintenance, FTWs can enhance
aesthetic and water quality benefits of stormwater ponds. DOI: 10.1061/(ASCE)EE.1943-7870.0000959. © 2015 American Society of
Civil Engineers.
Author keywords: Floating treatment wetland; Maintenance; Implementation; Design; Sediment; Plant; Constructed wetland; Retention
pond; Stormwater.

Introduction
The floating treatment wetland (FTW) is an innovative device
which can be installed on the surface of a stormwater retention
pond to improve pollutant removal efficiency. It is composed of
a porous floating mat planted with emergent macrophytes. Plant
roots grow through the mat and are suspended in the water column
underneath. Floating treatment wetlands are suitable for new construction or retrofit installation in existing stormwater ponds.
Several studies, summarized in Headley and Tanner (2012), have
shown that these systems can enhance removal of pollutants from
the water column. Limited full-scale experiments have been published (De Stefani et al. 2011; Borne 2014; Borne et al. 2013a, b,
2014; Winston et al. 2013; Chang et al. 2013) but no design and
maintenance guidelines have been developed thus far for FTWs.
Providing such recommendations would help practitioners and decision makers to successfully implement these devices.
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This paper presents some implementation and maintenance considerations developed based on the monitoring of three sites, one
in Silverdale, New Zealand, and two in Durham, North Carolina,
United States, where ponds have been retrofitted with FTWs. Previous papers have reported detailed quantitative analyses of the
water quality benefits after these ponds had been retrofitted with
FTWs (Borne et al. 2013a, b, 2014; Winston et al. 2013; Borne
2014). Water quality improvement induced by FTWs was quantified for metals (copper and zinc) and nutrients (nitrogen and phosphorus) as well as the fate of pollutants (accumulation in plants’
tissues, particulate pollutants entrapment in roots, sedimentation,
and physicochemical transformation) was identified. These papers
focused on the extent that FTWs improve the performance of
retention ponds and the main pollutant removal mechanisms involved, at each respective site. By combining data from the subset
of parameters in common to New Zealand and North Carolina sites,
recommendations emerge for design factors that can influence previously identified pollutant removal pathways and enhance FTW
performance.
The field trial undertaken in New Zealand suggested that the
main factors contributing to the overall increased pond performance in presence of an FTW are as follows (Fig. 1):
1. Dense root network and attached biofilms acting as a
physical filter for particulate pollutant removal, possibly increasing hydraulic efficiency of the pond and thus particle
settlement;
2. Release of root organics and detritus:
• Acting as a biosorbent for dissolved metals and phosphorus
under neutral pH induced by the FTW;
• Promoting floc formation thereby increasing particulate
pollutant settlement;
• Promoting the development of bacteria responsible for
mineralization/nitrification/denitrification and sulfate
reduction;
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Fig. 1. Primary processes thought to be involved in pollutant removal by the FTW in Silverdale, New Zealand (data from Borne et al. 2013a, b, 2014;
Borne 2014)

3. Neutral pH, reduced sediment (i.e., low redox potential), and
anoxic water column increasing metal and phosphorus sequestration in the sediments and augmenting denitrification.
The FTW size, the ratio of the area covered by the FTW(s) to the
pond surface area, the location of the FTW(s) in the pond (Khan
et al. 2013), and the plant type can affect all of these pathways.
The main impact of an FTW size and coverage ratio is the degree
to which dissolved oxygen (DO) will be depleted below and surrounding the FTW. The FTW shades the water column, which
reduces photosynthetic organism activity and production of DO.
Organic carbon released by the plant roots enables microbial development, which enhances consumption of DO. The physical barrier
provided by the FTW reduces water aeration, limiting DO introduction into the water column. Understanding the impact of an FTW
design on pH and DO is thus a key step to promote an effective
design.
Bacteria developing in the rhizosphere cause the release of Hþ
during growth (Hietala and Roane 2009), thus lowering the pH and
impacting pH-dependent removal processes. Roots can also alter
local pH due to cation or anion exchange (Nye 1981) or the release
of acidic substances (Marschner 1995). Limited algal photosynthesis below the FTW reduces the consumption of carbon dioxide,
which in conventional retention ponds causes diurnal elevation of
pH (Zang et al. 2011).
Inflow volume during a storm event has been identified as
a factor influencing FTW performance for total suspended solids
(TSSs) and particulate zinc (PZn) as evidenced by increasing outlet
event mean concentrations (EMCs) with increasing runoff volume
(Borne et al. 2013a). The removal efficiency of particulate pollutants may also be impacted by the velocity of the water moving
through the system and by the root depth, which can influence
© ASCE

particle settlement and entrapment within the root biofilm (Headley
and Tanner 2006). Particle entrapment within the root biofilm is
influenced by contact time between incoming pollutants and root
biofilms. High water level during peak flow will reduce the rooting
depth ratio (R ratio), which is defined as the 90th percentile root
depth relative to the pond water depth, and thus reduce the degree
of root contact with runoff.
Some limitation on rooting depth relative to pond depth also
appears necessary to avoid the roots attaching to the pond bottom.
Such anchorage may prevent the FTW from responding to increases in water level. Sediment resuspension could also potentially
occur if the cross-sectional area between the pond sediments and
the roots is too small, resulting in increased velocity of the flow
short-circuiting underneath the roots of the FTW.
The present paper aims to define implementation considerations that can optimize the key removal processes identified in
previous studies. To develop design recommendations, the FTW
sites in North Carolina and New Zealand were investigated for
relationships between the following: (1) size of the FTW(s), resultant extent of surface area coverage and inducement of anaerobic conditions; (2) storm peak flow, rooting depth ratio, and water
quality performance; and (3) presence of an FTW and water column pH. Experience acquired through field monitoring studies
also contributes important considerations regarding maintenance
and sediment management. Guidelines for operation and maintenance are proposed through the following: (1) measurement
of contaminants in bottom sediments, (2) FTW configuration to
maximize hydraulic efficiency and flow contact with plant
roots, (3) observations of anchoring or tethering, (4) beneficial
characteristics for plant selection, and (5) periodic tasks for
maintenance.
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Site Description
Two retention ponds retrofitted with FTWs were monitored, as follows: (1) one located at the North Carolina Museum of Life and
Science, United States, and referred to as North Carolina FTW
pond (Winston et al. 2013), and (2) one located near a highway
interchange in Silverdale, New Zealand, and referred as New
Zealand FTW pond (Borne et al. 2013a). Both ponds are offline
retention ponds (no baseflow during dry weather) with relatively
small contributing drainage areas (0.85 and 2.37 ha for the New
Zealand and North Carolina FTW ponds, respectively). The ponds’
permanent pool water depths are comparable; 0.75 and 0.93 m,
respectively.
The North Carolina FTW pond and its monitoring are described
in detail in Winston et al. (2013). The retention pond is 500 m2 ,
with 30% of the pond shaded by overhanging trees at solar noon
(when the sun is at the highest point in the sky). This pond was
retrofitted with four FTWs (FTW 1–FTW 4, 23 m2 each) representing 18% of the total surface area of the pond (Fig. 2). The FTWs
were anchored to the bottom of the pond using four cinder blocks
attached to each corner of the mat with metal chains, allowing
the FTWs to move 1–3 m laterally depending on the water level.
The FTWs were planted at ∼10 plants=m2 with wetland plants
commonly used in constructed stormwater wetlands in North
Carolina; Carex stricta, Juncus effusus, Spartina pectinata, Acorus
gramineus, Pontederia cordata, Peltandra virginica, Andropogon
gerardii, and Hibiscus moscheutos.
In New Zealand, an existing stormwater pond was partitioned
into two parallel straight-walled sections (each ∼100 m2 in area
and 0.75 m deep) to allow a side by side performance comparison.
The pond was not shaded by overhanging trees at solar noon.
An approximately 50 m2 FTW, representing 50% of the partitioned
section surface area, was installed in one side (New Zealand FTW
pond), while the other partition was free of vegetation and served as
a control (New Zealand control pond). The FTW was planted with
Carex virgata at a density of 17 plants=m2 .
Rainfall, DO, and pH Monitoring
As noted in the Introduction, anoxic conditions and neutral pH have
been identified as key factors promoting nitrogen removal, as well
as metals and phosphorus sorption. In order to assess the impact of

Fig. 2. North Carolina and New Zealand ponds schematics; North
Caeolina FTW pond drawing shows the location of the FTWs during
the spot measurement mission
© ASCE

FTW size on DO and pH, field sampling was performed below
FTWs and in open water areas of the North Carolina FTW,
New Zealand FTW, and New Zealand control ponds.
In North Carolina, continuous temperature and DO monitoring
in the water column was carried out over about 4 months during
summer and autumn 2012, after an approximately 2-year period
of plant establishment. Monitoring was performed at a 40-cm depth
below the center of FTW 1 and in open water in the North Carolina
FTW pond (in the deepest part of the pond at about 4 m from the
edge of FTW 4).
Similarly, temperature and DO were monitored at 40-cm depth
in the New Zealand control pond and at 10 and 40-cm depths below
the center of the FTW of the New Zealand FTW pond. Monitoring
commenced in winter 2011, after ∼7 months of plant establishment
and continued for about 1 year. Measurements at 10 and 40-cm
depths below the New Zealand FTW were similar (Borne et al.
2014), therefore for the purpose of this paper only the measurements at 10 cm (presenting the greatest amount of recorded data in
the New Zealand FTW pond) were utilized. At each site, continuous monitoring was performed at 15-min intervals using a D-Opto
logger (Zebra-Tech, Nelson, New Zealand) mounted on the floating
mats or on a float (in open water) to guarantee DO was always
measured at the same depth below the surface of the water (even
during storm events).
In New Zealand, periodic DO and pH measurements were also
taken every 3 months over a 2-year period (December 2010 through
November 2012). Measurements were made both below the FTW
and in open water areas of the New Zealand FTW pond (1.5 m
upstream and 4 m downstream of the FTW) and New Zealand Control pond as described in Borne et al. (2013a). In the New Zealand
FTW pond, two measurements were taken upstream of the FTW,
10 below, and two downstream of the FTW. Six measurements
were made in open-water areas of New Zealand Control pond. The
number of measurements differed slightly in the New Zealand FTW
pond during the last sampling mission (November 2012) with only
one measurement taken upstream, five below, and one downstream
of the FTW.
Spot measurements of pH and DO were performed in 13 locations on one occasion in the North Carolina FTW pond (in August
2012) in order to investigate the spatial extent of the FTW’s impact
on these parameters. Two 9.5-mm internal diameter PVC tubes
inserted in the middle of FTW 1 and FTW 4 enabled the sampling
of water at 40-cm depth using a peristaltic pump. The tubes were
purged before each measurement. The pH and DO were measured
while pumping the water using an Aqua Troll 400 multiparameter
instrument (In-Situ Inc). Measurements in open water were performed by placing the multiparameter probe directly into the pond
to a 40-cm depth. The spot DO measurements below the FTWs
were not accurate due to aeration introduced by the peristaltic pump
and thus were discarded. As all FTWs in the North Carolina FTW
pond were assumed identical for the purpose of spatial analysis;
DO below FTWs 2–4 was considered to be equal to that measured
below FTW 1 by the permanently installed D-Opto logger. As low
variation of pH was observed underneath the FTWs (relative percent difference of only 0.2% between FTW 1 and FTW 4), pH
below FTW 2 and 3 was considered to be equal to the mean pH
measured below FTW 1 and 4 for the purpose of spatial analysis.
Contour maps were created with the software Grapher 8.
Rainfall data were provided by the locally available rainfall
networks using the Orewa rain gage located 3.5 km northeast of
the New Zealand site (Auckland 2012) and the West Murray
Avenue rain gauge located about 300 m from the North Carolina
site (USGS 2014).
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Peak Flow Impact
In order to appreciate the impact of the flow velocity on particle
removal, the peak flow, reflecting the maximum water velocity during a storm event, was used in a correlation analysis with TSS, PZn,
and particulate copper (PCu) water quality data presented in Borne
et al. (2013a). The latest guidelines for performance assessment of
best management practices [BMPs; Wright Water Engineers
(WRE) and Geosyntec Consultants (GC) 2007; GC and WRE
2009] recommend investigating outlet event mean concentrations
(EMCs), rather than the mass removal efficiency (MRE), as EMCs
provide greater insight into discharged water quality and its potential impact on the receiving environment. Nevertheless the use of
MREs (representing reduction of the pollutant mass between the
inlet and outlet) is often of interest to regulatory agencies. The
MREs are acceptable performance metrics if the outlets EMCs
are correlated with the inlet EMCs; this was the case for PCu only
(Borne et al. 2013a). Therefore PCu MREs were used in the correlation analysis with the peak flow (in order to account for the
variability of the inlet EMCs) while correlation with the outlet
EMCs were investigated for TSS and PZn.
Data were tested for normality using the Shapiro–Wilk test. In
urban stormwater best management practices studies, the Shapiro–
Wilk test is commonly used to verify that data fit a normal distribution as it is highly powerful compared to other normality tests
(GC and WRE 2009; Noughabi and Arghami 2011; Razali and
Wah 2011; Yap and Sim 2011). A Pearson test was performed for
normally or log-normally distributed data. All tests were performed
with the software SPSS Statistics 19 (IBM).
Root Depth Impact
In New Zealand, root length was measured each 3 months as per
Borne et al. (2013a). Water quality data for TSS, PZn, and PCu
presented in Borne et al. (2013a) have been used in correlation
analysis with the root depth conditions during a storm event to
identify potential relationships. The root length was relatively consistent over the monitoring period, corresponding to an R ratio during permanent pool condition of ∼0.67 (i.e., 40-cm-long roots).
For each monitored storm event, R ratio during peak flow as well
as time durations over which R ratio was <0.67, <0.6, <0.55, and
<0.5 were investigated. For the same reasons as presented in the
Peak Flow Impact section, PCu MREs were used for the correlation
analysis with the R ratio while outlet EMCs were used for TSS and
PZn. Results were tested for normality and analyzed with the software SPSS Statistics 19 (IBM) as outlined in the previous section.
Pond Bottom Sediments
The inclusion of an FTW is known to enhance sedimentation. After
a 2-year operation period, mean total Zinc (TZn) and total copper
(TCu) sediment concentrations in the New Zealand FTW pond
(270 and 76 mg=kg dry weight (DW), respectively) exceeded
the low interim sediment quality guidelines {ISQGs; 200 and
65 mg=kg DW, respectively [Australian and New Zealand Environment and Conservation Council (ANZECC) and Agriculture and
Resource Management Council of Australia and New Zealand
(ARMCANZ) 2000; Borne et al. 2014]}. The ISQG trigger values
represent a statistical probability of adverse effects (low, 10%; and
high, 50%) on biological species. Eighty percent of TCu and TZn
were bound to organics and/or sulfides which are stable under
reducing conditions. The concentrations of bioavailable Cu and
Zn were below the ISQG low trigger value (Borne et al. 2014).
The sediments are thus likely to have little adverse effect on biota.
While the associated pollutant concentrations in the sediment are
© ASCE

unlikely to trigger remediation actions, the accelerated accumulation of sediment compared to a conventional retention pond will
more rapidly deplete the storage capacity of the permanent pool
and affect pond performance. Dredging operations will thus be
needed, requiring the identification of appropriate disposal options.
The Federal Code of Regulations 40 CFR 503 (United States
Government 1993), which is intended for the land application of
biosolids and sewage sludge, has been adopted for stormwater
BMP sediment disposal (McNett and Hunt 2011). Therefore this
regulation was used to assess the suitability of the sediments for
land application as a disposal option.
Recommendations Based on Experience Acquired
through Field Trials
The New Zealand FTW and North Carolina FTW ponds were
monitored over a period of 2 and 1.5 years, respectively, revealing
maintenance and operational implications related to the plants used
on the FTWs, the location and anchoring of the FTWs in the
pond, cleaning operations, and invasive plant removal. A third
pond retrofitted with FTWs in North Carolina (the DOT pond), of
which a detailed performance assessment is presented in Winston
et al. (2013), also highlighted useful maintenance and operational
considerations.

Results and Discussions
Floating Treatment Wetland Size, Coverage Ratio, and
Anaerobic Conditions
It is thought that two FTW design factors likely impact water
column DO, as follows: (1) surface area of the FTW, and (2) ratio
of the FTW to the pond surface area (i.e., the coverage ratio). The
surface area of the FTW, the associated amounts of organic matter
(OM) and bacteria consuming DO, the extent of the shaded zone
impeding photosynthesis, and the physical barrier provided to
atmospheric gas exchange likely impact the intensity of DO depletion directly below the FTW. However, the extent to which DO
is depleted beyond the footprint of the FTW is more likely linked
to the percent coverage ratio and how so-called confined the
FTW is.
Fig. 3 shows the continuous DO and temperature measurements
obtained in the ponds in North Carolina and New Zealand. In order
to compare data between the sites and account for the different
seasons in the northern and southern hemisphere, the respective
abscissas were aligned according to meteorological seasons. Both
sites exhibited relatively similar cumulative rainfall depth over this
period (402 and 438 mm for the North Carolina and New Zealand
sites, respectively) and similar daily rainfall frequency plots
(Fig. S1, Supplemental Data), suggesting comparable precipitation
patterns. Over similar meteorological seasons (end summer–
autumn), water temperature varied over a range of approximately
5–32 °C in North Carolina and approximately 11–24°C in New
Zealand (Fig. 3).
The 1-year continuous measurements reveal that DO was markedly reduced in the presence of an FTW, with the mean difference
between simultaneous measurements in the New Zealand control
pond and below the FTW of the New Zealand FTW pond at
9.15 mg=L DO (SD 4.20 mg=L; Fig. 3). Periodic supersaturated
DO was observed in the New Zealand control pond. The reliability
of the DO measurements was verified (details provided in Supplemental Data). The occasional supersaturated DO was measured in
association with abundant algae growth (qualitative visual assessment only). A DO exceeding 200% saturation during daytime was
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Fig. 3. Dissolved oxygen and temperature in the North Carolina FTW, New Zealand FTW, and New Zealand control ponds

reported in dairy farm ponds and was attributed to photosynthesis
by algae (Sukias et al. 2001). Dissolved oxygen supersaturation
(>340%) was also observed in aquaculture ponds and attributed
to phytoplankton photosynthesis (Boyd et al. 1994). Others found
that intense photosynthesis by submerged macrophytes induced
supersaturated DO in conjunction with pH values above 9 in stormwater wetlands (Chimney et al. 2006).
Dissolved oxygen depletion was greater in the water column
underneath the 50 m2 FTW of the New Zealand FTW pond than
the 23 m2 FTW 1 of the North Carolina FTW pond, suggesting that
FTW surface area affects DO concentration. Over equivalent seasonal periods or temperature range (11–24°C), the overall mean DO
below the 50 m2 New Zealand FTW was 1.0 or 4.3 mg=L, respectively, lower than the overall mean DO below the 23 m2 North
Carolina FTW.
The nonexceedance probability for DO was computed for the
North Carolina and New Zealand sites over equivalent meteorological seasons [summer–autumn; Fig. 4(a)] and also over the period
presenting exclusively the same temperature range [11–24°C;
Fig. 4(b)]. The aim was to confirm the trend of the probability plots
under the different temperature ranges observed at both sites. From
the third month of summer to end autumn, 36% of the 15-min interval measurements showed that the 50 m2 New Zealand FTW
induced a DO less than 0.5 mg=L [Fig. 4(a)]. This value is the
threshold above which the rate of denitrification reduces significantly (Van Haandel and Van der Lubbe 2012). Over equivalent
seasonal period or temperature range, the 23 m2 North Carolina
FTW was able to maintain DO below the 0.5 mg=L threshold only
5 or 7%, respectively, of the time. This threshold was always
exceeded in the open water of the North Carolina FTW pond
and New Zealand control pond (Fig. 4). The 50 m2 FTW induced
favorable conditions for denitrification primarily in summer, exhibiting the lowest recorded DO concentrations (Fig. 3).
The size of the FTW thus appears to be an important factor in
promoting nitrate removal through denitrification. While a 23 m2
FTW provided limited periods optimal for denitrification, a 50 m2
FTW provided extended periods optimal for denitrification, particularly over the warmest month(s) of the year.
Floating treatment wetlands were shown to significantly reduce
the DO beneath their physical footprint, and also promote anoxic
conditions in adjacent open water areas, increasing the extent of
favorable conditions for denitrification within a pond. Periodic
measurements in New Zealand FTW pond revealed that DO was
© ASCE

only an average of 0.5 mg=L (SD 0.9) greater 4 m downstream of
the FTW (in open water) when compared to beneath the FTW
[Fig. 5(a)]. A greater difference was measured in the North Carolina
FTW pond where DO measured 4 m away from the closest FTW
was on average 3.3 mg=L (SD 1.7) higher than below FTW 1, over
the same temperature range as the periodic measurements in New
Zealand FTW pond (12–24°C; Fig. 3). This suggests that FTWs
covering 18% of the pond surface area were less effective at reducing DO beyond their physical footprint than 50% surface area
coverage. A greater percentage of open water would enable DO
production by photosynthesis in the adjacent water column and
water aeration over a greater surface area through wind and wave
action.
Inflow and/or volume temporarily impact DO, when sufficient
stormwater runoff enters the pond. When low DO conditions prevail in the water column in the New Zealand FTW pond [Fig. S2(b)
in Supplemental Data], the inflow brings some aeration through
mixing of the water, and induces an increase of DO below the
FTW. It has the opposite effect when high DO prevails in the control pond water column [Figs. S2(a and b) in Supplemental Data],
where a decrease in DO occurred due to mixing of the previously
(super)saturated stagnant water. While the inflow rate and/or volume can thus impact DO, it is mainly observed during the dynamic
flow conditions associated with a rainfall event. The DO returns to
the pre-rainfall conditions within ∼1 day (Fig. S2 in Supplemental
Data). While DO in the North Carolina and New Zealand FTW
ponds was most certainly impacted during storm events due to
inflow, this occurred relatively few times and was most likely temporary [only 28 and 31 days, respectively, exhibited significant
rainfall (>2 mm=24 h) over the 126 days of common DO monitoring]. Taken together, the data collected at the North Carolina FTW
and New Zealand FTW ponds under similar rainfall patterns, temperature, and seasons suggest that the FTW size and coverage ratio
affects DO conditions.
The location of the FTWs in the pond and their contact time
with influent stormwater are also likely to affect the extent of
DO depletion. Spreading out FTWs over the surface of the North
Carolina FTW pond appeared to moderately lower DO in most
parts of the pond as shown in Fig. 5(b), but larger FTWs would
have promoted greater DO depletion and denitrification.
As anaerobic water can have adverse effects on freshwater
organisms, especially fish, installation of a reaeration system
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Fig. 4. Nonexceedance probability for DO in the North Carolina FTW, New Zealand FTW, and New Zealand control ponds for the following data:
(a) from the third month of summer to the end of autumn; (b) over the temperature range 11–24°C; optimal denitrification threshold (0.5 mg=L) is
shown as a vertical line

(e.g., cascade structure) at the pond outlet may be beneficial to
reduce potential toxicity downstream.
The main purpose of deploying FTWs should be clearly defined
prior to installation. If the main purpose is to provide habitat
for freshwater species and enhance biodiversity, small FTWs
(e.g., 1–3 m2 ) should be used to avoid DO depletion. Conversely,
if the main purpose is to provide additional water quality treatment
to improve nitrate or metals removal, large FTWs (at least 50 m2 )
should be utilized.

Fig. 5. (a) Dissolved oxygen measured in New Zealand FTW and control ponds (data points represent the mean values of the measurements
taken in different locations in each pond, including 10 and 40-cm
depth, and bars represent +/− SD); (b) spatial representation of DO
in North Carolina FTW pond on August 3, 2012
© ASCE

Peak Flow and Root Depth Impact
In order to assess the impact of peak flow and root depth on
TSS, PZn, and PCu outlet EMCs or MREs, these parameters were
plotted against one another in scatter plots. Only combinations resulting in statistically significant correlations are presented in Fig. 6.
The TSS and PZn outlet EMCs were positively correlated with
peak flow, exhibiting Pearson correlation coefficients of r ¼ 0.626
(p ¼ 0.005) and r ¼ 0.533 (p ¼ 0.027), respectively (Fig. 6). The
relatively low r2 values (0.392 and 0.284, for TSS and PZn, respectively) suggest that the variation of outlet EMCs cannot be totally
explained by the inlet peak flow and that other factors may intervene such as the flow ratio (inflow volume/permanent pool volume)
as reported in Borne et al. (2013a). A correlation was not found
between PCu MRE and the peak flow. If the aim is to provide water
quality control rather than peak flow control, installing a high flow
bypass could be considered. This would focus treatment on the
water quality volume or first-flush flows and allow the diversion
of flows in excess of the water quality design storm, promoting
maximum TSS and PZn treatment performance. The duration during which a low R ratio was maintained only impacted PCu MRE,
as evidenced by decreasing PCu MRE with increasing time duration exhibiting an R ratio <0.55, (r ¼ −0.887, p ¼ 0.019; Fig. 6).
No statistically significant influence of R ratio reached during peak
flow was observed. The PZn and TSS outlet EMCs were not significantly correlated with the R ratio.
Unlike TSS and PZn, it is thought that PCu was mainly associated with colloidal particles which were not easily settleable
(Borne et al. 2013a). It is thus not surprising to see that the removal
of bigger particles like TSS and PZn were more impacted by the
inflow volume (Borne et al. 2013a) and peak flow (Fig. 6) as these
hydrological parameters affect settlement processes. Greater flow
volume and/or peak flow also likely provided greater potential for
particle washoff from the roots or reduced the capability of roots to
efficiently trap incoming so-called big particles. Particulate copper,
thought to be predominantly removed by entrapment in the sticky
root biofilm, was impacted neither by the flow volume (Borne et al.
2013a) nor the peak flow (Fig. 6), but by R ratio. This suggests
that once colloidal particles are trapped in the root biofilm they are
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Fig. 6. Total dissolved solids and PZn outlet EMCs and PCu MREs versus the inlet peak flow, the rooting depth ratio during peak flow, and time
duration exhibiting rooting depth ratio < 0.55; one outlier for time duration of rooting depth ratio < 0.55 discarded for analysis

not easily detached by the flow when compared to larger particles
(e.g., included within the TSS fraction; >1.2 μm) which are likely
to be less strongly attached and more easily settleable. The percentage of water depth occupied by the roots, and thus the degree of
contact of incoming runoff with the physical filter provided by the
roots, appears of more importance for the removal of the colloidal
particles suspended in the water column. Extended contact time
would also enable a greater quantity of fine suspended particles to
be trapped.
For a given site, it is thus important to limit the maximum water
depth of the pond during a water quality design event and/or select
deep-rooting plants which can provide an R ratio greater than 0.55
during peak flow. A critical maximum R ratio promoting resuspension has not been identified, but resuspension was not observed in
Borne et al. (2013a) using an R ratio of 0.67 during permanent pool
condition, which is thus considered a safe upper limit.
Runoff Alkalinity
The pH of pond water should range between 6 and 8 to allow sorption of positively charged metals on particles and organic matter
(Lead et al. 1999; Rijkenberg and Depree 2010), and between 7
and 8.5 for nitrification and denitrification processes to operate
effectively (Van Haandel and Van der Lubbe 2012). Alkaline pH
should be avoided to promote phosphorus sorption onto Al-OH and

particles (Reddy and Delaune 2008). Maintenance of pH between 7
and 8 would thus be favorable to the simultaneous removal of nitrogen, phosphorus, copper, and zinc.
Inclusion of an FTW in a conventional retention pond induced
a reduction of pH throughout the pond. Significantly higher pH,
sometimes approaching alkaline, was measured in the New Zealand
control pond which exhibited a mean difference of 0.91 (SD 0.58)
when compared to the pH below the FTW of the New Zealand FTW
pond [Fig. 7(a)]. The pH showed a modest difference below the
FTW and in open water of the New Zealand FTW pond with an
absolute difference range of 0–0.32 (mean of 0.08, SD 0.11).
The one-off measurements of pH in different locations of the North
Carolina pond suggest that pH can be relatively homogeneous even
in a bigger pond, with the greatest recorded difference between two
locations being 0.14 [Fig. 7(b)].
While wetlands usually provide buffering capacity and maintain
pH just above neutrality (Kadlec and Wallace 2009), the North
Carolina FTW pond produced slightly acidic pH (pH < 7). This
may be due to the prevalence of acid rain in the eastern United
States (National 2012). Runoff alkalinity could help predict the pH
level that will prevail in the pond. Management of alkalinity is commonly used in wastewater treatment to ensure adequate treatment
is maintained. For wastewater-treatment systems, a concentration
above 35 mg=L CaCO3 has been recommended in order to maintain pH between 7 and 8 (Van Haandel and Van der Lubbe 2012).

Fig. 7. (a) pH measured in New Zealand FTW pond (below the FTW and in open water areas) and in the New Zealand control pond (open water;
data points represent the mean values of the measurements taken in different locations in each pond, including 10 and 40-cm depth, and bars represent
+/− standard deviation); (b) spatial variation of pH in North Carolina FTW pond on August 3, 2012
© ASCE
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Assessing the catchment’s runoff alkalinity could thus identify sensitivity to pH change, and whether a watershed neutralizing strategy
[e.g., CaCO3 application to the watershed (Porcella et al. 1995)] or
a pond dosing regimen should be undertaken. Additional research
is needed in order to assess the impact of alkalinity on prevailing
water column pH in ponds with FTWs and to determine the adequate alkalinity to buffer pH.

Downloaded from ascelibrary.org by North Carolina State University on 10/22/15. Copyright ASCE. For personal use only; all rights reserved.

Pond Bottom Sediment Management
Stormwater ponds usually require cleanout every 15–25 years
(USEPA 1999). Dredging brings sediments into contact with the
air. Oxidation may release sulfide-bound metals. It has been reported that dredged sediments left draining and drying over a
period of 3 months can release Cu and Zn due to sulfide oxidation
(Tack et al. 1996). In the New Zealand FTW pond sediments, the
mean concentration of Zn bound to organics/sulfides (207 mg=kg
DW) actually exceeded the ISQG low trigger value (200 mg=kg)
and could therefore have an effect on the receiving environment if
stored improperly. It is thus essential to identify an adequate disposal solution for the dredged sediment. One of the commonly used
solutions is stabilization and dewatering of the sediment in a treatment facility before being sent to a landfill. Several states in the
United States are beginning to adopt land application according
to 40 CFR 503 thresholds (McNett and Hunt 2011). Neither Cu
nor Zn, either in bioavailable form or as total concentration, exceeded the 40 CFR 503 limits (2,800 and 1,500 mg=kg DW for
TZn and TCu, respectively). Among the eight samples collected
in the New Zealand FTW pond, TCu and TZn concentrations were
at least approximately 15 times and 7 times, respectively, lower
than the maximum concentration allowed for sewage sludge and
biosolids land application. Other contaminants are addressed by
40 CFR 503 (arsenic, mercury, selenium, polycyclic aromatic hydrocarbons, and so on) and should thus also be analyzed to confirm
compliance with this standard.
While it is anticipated that more frequent sediment removal
operations will be needed in systems equipped with FTWs due

to greater volume of accumulated sediment, a longer period of
monitoring would be required to define an adequate dredging
frequency.
General Installation, Plant, and Maintenance
Recommendations
Installation Recommendations
If a forebay is present, it is preferable to install the FTW immediately downstream, in the main body of the pond. This would allow
the forebay to trap the coarse particles avoiding saturating the roots
of the FTW and maximizing the entrapment of the remaining fine
particles by the FTW.
In order to limit short-circuiting, which can occur around the
FTW (Headley and Tanner 2006), and force the incoming flow
through the roots to increase particle entrapment, it is recommended to design an FTW extending over the width of the retention
pond perpendicular to the incoming flow. Khan et al. (2013) found
that FTWs can improve the hydraulic efficiency of a retention pond,
and thus particle settlement, if special attention is paid to the arrangement of the FTWs. For a rectangular shaped pond with an
inlet centrally located relative to the width of the pond, the best
hydraulic performance was found when the FTW was located at
a distance of 0.25 times the length of the pond. This increases the
distribution of the inflow, the hydraulic efficiency, and thus, the
treatment performance of the system.
In the New Zealand FTW pond, greater TZn, TCu, and TN sediment concentrations were generally measured below the upstream
end of the FTW (Fig. 8). This is likely due to accumulation of
particles in the roots which are first in contact with the flow, where
sorption of incoming dissolved pollutants onto particles or rhizodeposits occurs, followed by settlement. Total phosphorus (TP) was
not in accordance with the same spatial distribution. Different pollutants are bound to the sediments by different mechanisms (Reddy
and Delaune 2008). Metals, for instance, are often associated with
sulfides in the sediments (under anaerobic conditions) while phosphorus is mainly associated with Fe, Al, or Ca. The presence of

Fig. 8. Distribution of sediment bound pollutant concentrations in New Zealand FTW pond after 2 years of operation
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organic matter, acting as a sorbent, can also impact the pollutant
speciation. The different spatial distribution of metals, nitrogen,
and phosphorus accumulation likely reflects their different retention mechanisms in the sediments. These latter were likely impacted by the presence or absence of the respective pollutant
bounding elements and physicochemical conditions. Further study
of phosphorus speciation in the sediment would help identify the
mechanisms involved; however it was not the focus of the research
reported in this paper. If minimal short-circuiting happens in the
pond, it is expected that most of the accumulated sediment will be
located below the FTW. For maintenance purposes and to facilitate
the removal of the most polluted sediment, it is thus recommended
to install the FTW in a location easy to dredge.
In order to maintain the FTW at the desired location and promote pollutant removal, it is recommended to anchor the FTW.
This would also prevent the FTW from moving violently around
the pond during extreme weather, potentially leading to partial/
complete clogging of the emergency overflow device. Anchoring
can be achieved by tethering each corner of the FTW to posts on the
pond edge, cinder blocks or boat anchors sunk into the pond sediment, or helical anchors screwed into the pond bottom. It is preferable to use strong tethers like stainless steel cables. Galvanized
metal cables or materials should not be used due to potential for
leaching heavy metals into the water column. The cables should be
long enough to allow the FTW to move from normal pool to the
brink-of-overflow elevation before full tension of the cable is
reached but not so long as to allow the FTW to float around to a
great extent. Exact cable length will depend on the design of the
pond. Swivel eye bolt snaps should be used to connect the cable to
the FTW, so that the FTW can be easily removed from the anchors
if needed for maintenance.
If FTWs are to be installed as retrofits to an existing retention
pond, inspect the pond for invasive aquatic weeds. At the second
pond in North Carolina retrofitted with FTWs [DOT pond in
Winston et al. (2013)], the pond had approximately 20% coverage
(prior to FTW installation) of creeping water primrose (Ludwigia
hexapetala) during the summer months. Eighteen months after the
installation of FTWs, this had increased to approximately 70% of
the pond surface area; the FTWs acted as new footholds for the
invasive plant, allowing it to further proliferate. Aquatic weeds can
cause undesirable consequences, such as the clogging of the drawdown orifice, requiring expensive removal and cleanup. For these
reasons, all invasive aquatic weeds should be removed prior to
installation of FTWs.
Plants
It is preferable to avoid tall plants which could act as a sail under
high wind conditions and cause the floating mat to drift or tip over.
Plants presenting large above ground biomass loss during senescence should also be avoided to limit the release of the accumulated
pollutants in the plant shoots to the water column. However, accumulation of plant material forming a thin litter layer on the surface
of the mat can be beneficial to denitrifying bacteria as this would
provide a source of organic carbon (Van de Moortel et al. 2012).
Particle entrapment in the root biofilm has been identified as a significant removal pathway (Borne et al. 2013a). In order to ensure
efficient particulate pollutant treatment, an FTW that develops
and maintains a dense root network is essential. Plants presenting
fibrous fine roots with numerous secondary lateral roots are likely
to provide higher surface area to trap incoming particles than nonfibrous roots (Cheng et al. 2009).
Plants must tolerate potentially high incoming pollutant loads;
in particular, the selected plants should be tolerant to sulfide and
anoxic conditions. Severe deoxygenation can occur during the
© ASCE

warmest months of the year below the FTW. Some species, like
Carex nigra, Carex disticha, and Carex extensa, are known to show
signs of toxicity and biomass reduction under flooding or anoxic
conditions (Lamers et al. 1998; Moog 1998). Species presenting
high radial oxygen loss (ROL) or physiological tolerance of hypoxic conditions are potentially more apt to survive long periods
of anaerobic conditions (Cronk and Fennessy 2001). Further studies are thus needed to identify plant species with suitable rootgrowth characteristics and tolerance of anoxic conditions, whilst
maintaining low DO conditions to promote denitrification and
metal sulfide sequestration.
The plant morphological and tolerance criteria presented in this
section and in the Peak Flow and Root Depth Impact section are
thought to promote the performance of an FTW. Some information
is available in the literature in order to assist with selecting plants
to fulfill these recommendations (Barclay and Crawford 1982; Lai
et al. 2011; Yao et al. 2011). Headley and Tanner (2012) also provide a list of wetland plants which have shown good performance
for several FTW applications. Nevertheless it is recommended to
assess the ability of local wetland plants to fulfill the recommendations presented in this paper, as they will often be best adapted to
the climate conditions where the FTW will be deployed. Selecting
several plant species meeting the previous criteria would limit the
risk of loss of the plants due to disease or pest outbreak, as different
species usually show different tolerances.
When planting the FTWs, it is paramount that the roots of the
plants are able to reach the surface of the water or that the planting
medium is able to wick up water by capillary action in order to
sustain their growth. At the North Carolina FTW pond, 25% of
the plants died prior to initial establishment because the planting
holes in the FTW mat were not deep enough, resulting in plant
desiccation.
In the eastern United States, Canada geese (Branta canadensis)
have become nearly ubiquitous around retention ponds. When
planting the FTWs, netting or twine/plastic grids can be utilized
to prevent Canada geese and turtles from feeding on the juvenile
plants. In New Zealand, native purple swamp hens (Porphyrio
porphyrio) also cause significant damage to new FTW plantings.
Once the plants are established (after 6 months), the netting can be
removed to allow animals and birds access to the FTWs, which
provide benefits as refuges and nesting locations for wildlife.
Maintenance
Although minimal maintenance was needed over the monitoring
periods, it may be necessary if plants have some difficulties adapting to the site conditions. Borne et al. (2013a) noticed dieback over
the second summer–autumn partly due to severe deoxygenation below the FTW. Shoots were trimmed and removed from the FTW
and a few areas that were free of vegetation were replanted. Good
regrowth was observed during the subsequent spring and surprisingly plants did not die the next summer, despite a few months’
drought, which meant no replacement of water and low DO over
this period. The plants, which were in their third summer, were
probably stronger and more able to endure anaerobic conditions.
At other locations and depending on species, periodic (e.g., annual)
harvesting and removal of above-ground shoots in early summer
(allowing for regrowth before winter) may prove beneficial for
maintaining active growth and avoiding excessive buildup of plant
detritus on the mats.
Some invasive species, whose seeds could easily be transported
by the wind onto the FTW, may be a potential issue. Plants exhibiting dense fibrous roots are essential to the good functioning of
the FTW. It is thus important to maintain the predominance of the
selected species over the FTW by regularly checking and pulling
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If a forebay is present, it is preferable to install the FTW immediately downstream,
in the main body of the pond
Design an FTW extending over the width of the retention pond perpendicular to the
incoming flow
Install the FTW close to the inlet and in a location easy to dredge. Khan et al. (2013)
recommend a distance of 0.25 times the length of the pond for a rectangular-shaped
pond with an inlet centrally located over the width of the pond
Anchor the FTW and avoid the use of galvanized materials which can leach heavy
metals into the water column. Allow for some movement from normal pool to the
brink-of-overflow elevation

All invasive aquatic weeds should be removed prior to installation of FTWs

Maintenance recommendations
Install a netting or twine/plastic grids over the vegetation during the first six months

Anchorage/location

Retention pond

Plants

Verify the healthy and perennial development of the plants and initiate remedial
actions if needed, e.g., pulling out weeds, check location and anchorage of the
FTWs, remove potential floating detritus, e.g., plastic bottles, branches and so
on, trapped upstream of the FTW

Maintain good water storage capacity

Prevent birds or turtles from feeding on the juvenile plants

Prevent the FTWs from acting as new footholds for the invasive aquatic weeds,
which would promote their proliferation

Avoid saturating the roots of the FTW with coarse particles and maximize the
entrapment of the remaining fine particles by the FTW
Limit short-circuiting around the FTW and force the incoming flow through the
roots to increase particles entrapment
Increase the distribution of the inflow and thus the hydraulic efficiency and
treatment performance. Facilitate removal of the most polluted sediments
which accumulate below the FTW
Maintain the FTW at the desired location and prevent the FTW to move
violently around the pond during extreme weather, potentially leading to
partial/complete clogging of the emergency overflow device

Sustain the plants’ growth

Prevent the plants from acting as a sail under high wind conditions which
would allow the floating mat to drift or tip over. Limit the release of the
accumulated pollutant in the plant shoots to the water column

Promote perennial development of the plants
Promote particle entrapment

Allow the diversion of flows in excess of the water quality design storm and
promote maximum TSS and PZn treatment performance

Promote greater DO depletion in adjacent open water areas, increasing the
extent of ponds’ favorable conditions for denitrification/storage of metals

Anoxic conditions will promote nitrate removal by denitrification and stable
storage of metals bound to organics/sulfides

Purpose

a

Note: Based on coupled New Zealand and North Carolina field observations. Parameters list is not all-inclusive, but from the combined observations from New Zealand and North Carolina, where feasible.
Installing a mixing system like a cascade structure at the system outlet should be considered to promote reaeration during discharge and reduce potential toxicity downstream.
b
Selecting several plant species meeting the mentioned criteria would limit the risk of loss of the plants due to disease or pest outbreak, as different species usually show different tolerances.

Regular monitoring of the site, e.g., at least quarterly, especially during the initial plant
establishment period

Mat should allow the roots to reach the surface of the water or the media should be able
to wick up water by capillary action

Floating mat

General

Tolerant to periodic anoxic conditions and potentially high incoming pollutant loads
New Zealand site showed that dense fibrous root network occupying no more than
67% of permanent pool water depth, i.e., R ratio < 0.67, and more than 55% of peak
flow water depth, i.e., R ratio > 0.55, was beneficial
Avoid tall plants and plants presenting large above ground biomass loss during
senescence

Plants’ characteristicsb

Identify an adequate disposal solution for the sediments before dredging; sediments
could potentially be suitable for land application check with 40 CFR 503 thresholds

If the aim is to provide water quality control rather than peak flow control, installing a
high flow bypass could be considered

Inlet structure

Sediment

When feasible, promote large coverage ratio; ∼50% of pond surface area

Design recommendations
>50 m2 to promote anoxic conditions underneath the FTW during the warmest
months of the year

Recommendations

Floating treatment wetland
coverage ratioa

Floating treatment
wetland sizea

Parameter

Table 1. Floating Treatment Wetland Design and Maintenance Recommendations
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weeds as necessary. In North Carolina, small trees have been observed as volunteers; these should be removed as their long roots
could reach the pond sediment and their height could cause instability of the FTW.
Regular monitoring (e.g., at least quarterly) is thus important
especially during the initial plant establishment period to check
the health and development of the plants and initiate remedial
actions if needed.
In order to avoid short-circuiting and promote flow distribution,
the New Zealand FTW was designed to extend over the width of
the retention pond creating a closed area between the inlet and the
FTW. Floating detritus (plastic bottles, branches, and so on) got
trapped and accumulated in this area. If aesthetics are important
due to the location of the site, it is recommended to plan maintenance visits at regular intervals, or provide gross solids filters in the
catchment basins draining to the pond.
Appropriate placement of the FTWs within the pond is important to promote pollutant removal and prevent any blockage of the
outlet structure; therefore the anchorage of the FTWs should also
be checked approximately quarterly.

Summary and Conclusions
Given proper installation and maintenance, FTWs can enhance the
aesthetics and water quality benefits of stormwater ponds. The size,
coverage ratio, and location of the FTWs as well as plant characteristics need particular attention. Table 1 presents a summary of main
design and maintenance considerations presented in this paper.

Future Research
The recommendations presented in this paper are considered a first
step for users implementing this novel technology to enhance runoff water quality treatment. They are based on the understanding of
the removal processes provided by one FTW installed in Silverdale,
New Zealand, and the monitoring of physicochemical conditions
prevailing in only two ponds equipped with FTWs. Thorough comprehension of an FTW and how its design affects performance is
thus still in its infancy. The runoff pollutant removal enhancement
studies undertaken so far have provided enough encouraging results to warrant more field-scale experiments which would further
refine design considerations presented in this paper. It is crucial that
other full-scale monitoring studies be conducted in order to assess
FTWs in diverse conditions (different input load, climatic conditions, sizes and coverage ratio, and so on) and over a long-term
period. A better understanding of long-term maintenance needs and
successful macrophytes for use on FTWs in various climates is also
needed.
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