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While the positive role of macrophytes on removal efficiency in constructed wetlands has
been well established, possible differences in performance between plants species of
comparable life forms and sizes are much harder to demonstrate. We reviewed 35
experimental studies published in peer-reviewed journals and proceedings on the effect
of macrophyte species selection on pollutant removal in SSFCW. The studies cover a wide
range of macrophyte species, experimental approaches (from well-replicated microcosm
experiments to comparison between full full-size constructed wetlands), climatic
conditions (from tropical to cold-temperate) and types of effluent (domestic, industrial,
etc.). Frequent methodological limitations in these studies compel caution in the
interpretation of their results. Yet, the fact that the majority found some (occasionally
large) differences in efficiency between plant species for one or more type of pollutant
suggests that macrophyte species selection does matter. However, there is little
generalization to be made that could help guide species selection for SSFCW, except for
the exact conditions in which the experiments were done. For example, the same pair of
species that was tested in different studies occasionally gave opposite results in terms of
which one performs best. Also, most studies provided few insights on the mechanisms or
plant properties that could explain the observed differences in plant species efficiency.
Finally, we discuss other relevant research questions and approaches that could help better
guide macrophyte species selection for CW.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Most studies comparing planted versus unplanted subsurface
flow flow-constructed wetland system for wastewater treat-
ment (SSFCW) show a significant and positive effect of
macrophytes on pollutant removal (Tanner, 2001). Indeed, the
role of macrophytes as an essential component of constructed
wetland is well established (Brix, 1997; Stottmeister et al., 2003).
For example, macrophytes provide a large surface area for
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attached microbial growth and supply reduced carbon and
oxygen in the rhizosphere. They decrease current velocity,
stabilize the surface of the bed, and insulate the surface against
frost in winter.

If the benefits of the presence of macrophytes have been
repeatedly demonstrated, it remains unclear whether there
are significant differences in removal efficiency among plant
species of comparable life forms and sizes. At present,
macrophyte species selection for a specific CW is based
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more on established practices than on rigorous comparative
assessment of efficiency among different species. Species are
assumed to be adequate as long as they have fast growth rate,
rapid establishment usually by clonal propagation, large
biomass with a well developed belowground system, and
good tolerance to CW conditions. There is nevertheless a
growing number of published scientific papers that aim to
compare the effect of two or more plant species on pollutant
removal, but to our knowledge, there is no comprehensive
assessment or generalization of their findings. Overall, do they
commonly find differences between species in removal
efficiency? If so, are these differences worth considering
when weighted against other criteria for plant selection ?
Are there plant species that perform consistently better than
the others ? In summary, should we pay more attention to
species selection in subsurface constructed wetland?

Here we review the published evidence on the effect of
macrophyte species selection on pollutant removal in con-
structedwetland.We focus on published experimental studies
comparing pollutant removal efficiency for two ormore rooted
macrophyte species, each growing in monocultures under the
same exact CW experimental conditions. There are other
approaches that guide species selection and provide indirect
measures of removal efficiency. One of these approaches is to
measure plant growth and pollutant-nutrient stored in plant
tissue under CW conditions as an estimate of potential
removal, without measures of influent-effluent removal
(DeBusk et al., 1995). However, since plant accumulation is
only one mechanism — often considered minor in SSCW —
responsible for pollutant removal (Mander et al., 2003), we
considered only studies measuring wastewater influent-
effluent because they provide the most convincing evidence
of species differences in removal efficiency.
2. Studies selection
The studies were selected first using the search engine of ISI
Web of Knowledge with “constructed wetland” or “treatment
wetland” and “plant” as keywords. We also examined
thoroughly all specialized edited books and international
conference proceedings on the subject, starting with the
First International Conference on Constructed wetlands for
Wastewater Treatment held in Chattanooga, Tennessee, in
1988 (Hammer, 1989). The studies were selected according to
the following criteria: 1) a comparison was made between two
or more species of rooted, emergent macrophytes, each grown
in monocultures in side-by-side identical units (microcosm to
full-size CW), with or without replicates or control (unplanted
units); 2) our emphasis was on SSCW, but we did include
studies using surface CWas long as the plants were rooted in a
substrate that may contribute to removal. The only difference
is that, in the latter case, the water is above rather than below
ground level. Several of these studies use the same plant
species as the one in strict SSCW. We did not consider studies
comparing floating macrophytes in surface (free-water) con-
structed wetland, or with macrophytes growing under hydro-
ponics conditions; 3) each unit had to receive the exact same
treatment (type of wastewater, loading, etc.). Several studies
examined one other variable, such as loading rates, in addition
to species effect in a factorial design. Occasionally, units with
different treatments (other than species) were pooled if that
treatment had no measurable effect; 4) species efficiency had
to be measured in terms of their effect on pollutant removal,
either in terms of mass or concentration, based on inlet vs
outlet characterization of each planted monoculture unit; 5)
finally, we excluded studies that considered exclusively heavy
metal removal because of the distinction between the
mechanisms involved (bioaccumulation, precipitation) and
management strategy for removal (plant harvesting) com-
pared to the removal of other, more common types of
pollutants involved in wastewater treatment.

We found 35 experimental studiesmatching our criteria,most
ofwhich published in the 2000s (Table 1). In two cases, we treated
as separate studies two experiments that were presented in the
same paper (# 14, # 15; and # 21, # 22: see Table 1 for study
identification numbers), while in another case, we combined two
papers thatpresenteddifferent aspects of the sameexperiment (#
13, 26). Also, we kept as separate, studies using the same
experimental units with the same plants, but performed at
different timesunderdifferentexperimental conditions (#13,#30;
# 17, # 24, # 25; and # 26, # 27, # 28).
3. Experimental settings

From 2 to 8 species were tested in each study (Table 1). More
than 70% of the studies also included unplanted, control units.
The total number of macrophyte species covered is 48,
although it may have been slightly more since in two cases
(studies # 3 and # 31), the species were only identified to genus
level. The most common species studied are Typha latifolia in
14 studies, followed by Phragmites australis in 13 studies, and
Schoenoplectus validus (syn. Scirpus validus) and Typha angusti-
folia, each in 6 studies (Table 2). More than half of the
macrophytes species were tested in only one study. While
several of the studies dealt with tropical macrophytes, most
covered species found under temperate climates.

Nearly half of the studieswere performed inmicrocosms—
buckets or columns — with at most a few plants per unit
(Table 1). A majority of these microcosms were operated as
batch reactor. Using microcosms is cheaper and allows both a
larger number of species to be tested and/or adequate
replication. However, results from microcosm experiments
must be interpreted with care due to edge and container
effects (Fraser and Keddy, 1997). For example, plants in
microcosms do not experience the effect of neighboring plants
on light interception and growth allometry. More importantly,
root dispersion is often strongly affected, with proportionally
more roots crowded along the inner surface of the recipient.
For these reasons, microcosms are especially useful in
determining broad patterns and investigating mechanisms.
For application purposes, the value of the parameters
measured in microcosm experiments should be validated
under more realistic conditions. Only 7 studies were realized
in large, full-scale or pilot-scale CW, 5 of which used a surface-
flow design. They provide the most realistic conditions and,
consequently, themost reliable results in terms of application,



Table 1 – Some methodological details of the experiments selected.

Study
#

Authors Location Types of
CWa

Sizeb Nb of
species

Other treatments c Replic-
ationd

Control e

1 Abira et al. (2003) Africa BR Micro 4 HRT (2), Wastewater (2) 2 Y
2 Akratos and Tsihrintzis (2007) Europe HSSF Meso 2 Loading rate (2) (T) 1 Y
3 Bachand and Horne (2000) N. Amer. SF Large 2 Mixed-species (1) 2 N
4 Bojcevska and Tonderski (2007) Africa SF Large 2 Loading rate (2) 2 N
5 Calheiros et al. (2007) Europe HSSF Meso 5 Loading rate (2) (T) 1 Y
6 Coleman et al. (2001) N. Amer. SSF Meso 3 Depth (2) 2 Y
7 da Motta Marques et al. (2000) S. Amer. HSSF Meso 2 Loading rate (2) 3 Y
8 DeBusk et al. (1992) N. Amer. HSSF Large 2 Wastewater (2) 2 Y
9 Fraser et al. (2004) N. Amer. BR Micro 4 Nutrient load (2) 6 Y
10 Gersberg et al. (1986) N. Amer. SF? Large 3 N 1 Y
11 Haule et al. (2002) Africa HSSF Meso 6 N 1 Y
12 Heritage et al. (1995) Oceania VSSF Meso 4 N 1 Y
13 Hook et al. (2002); Allen et al. (2002);

Stein et al. (2006)
N. Amer. BR Micro 3 N 8 Y

14 Huang et al. (2000a) N. Amer. HSSF Micro 2 Loading rate (3) 2 N
15 Huang et al. (2000b) N. Amer. SF Large 2 N 2 N
16 Inamori et al. (2007) Asia BR Micro 2 Loading rate (3) 2 N
17 Jing et al. (2002) Asia SF Micro 3 Loading rate (4) 1 Y
18 Juwarkar et al. (1995) Asia VSSF Micro 2 N ? Y
19 Kantawanichkul et al. (2005) Asia Dual HSSF

and VSSF
Meso 2 N 1 N

20 Kim and Geary (2001) Oceania BR Micro 2 Substrate (2) 5 N
21 Klomjek and Nitisoravut (2005) Asia SF Meso 8 N 3 Y
22 Klomjek and Nitisoravut (2005) Asia SF Meso 2 Loading rate (2) ? N
23 Kuehn and Moore (1995) N. Amer. SF Large 2 N 2 Y
24 Lin et al. (2002) Asia SF Micro 3 N 1 Y
25 Lin et al. (2007) Asia SF Micro 3 N 1 Y
26 Maltais-Landry et al. (2007) N. Amer. HSSF Meso 2 Loading rate (3) Forced

aeration (y/n)
1 Y

Chazarenc et al. (2007)
27 Naylor et al. (2003) N. Amer. HSSF Meso 2 N 4 Y
28 Ouellet-Plamondon et al. (2006) N. Amer. HSSF Meso 2 Forced aeration (y/n) 2 Y
29 Picard et al. (2005) N. Amer. BR Micro 4 Insolation level (2) 6 Y
30 Riley et al. (2005) N. Amer. BR Micro 2 N 4 Y
31 Solano et al. (2004) Europe SSF Large 2 Loading rate (2) 1 N
32 Tanner (1996) Oceania BR Micro 8 N 3 N
33 Ujang et al. (2005) Asia SSF Micro 2 Heavy metal load (2) 1 Y
34 Yang et al. (2007) Asia SF Meso 5 N 3 Y
35 Zhu and Sikora (1995) N. Amer. BR Micro 4 Nutrient load (2) 3 Y

a Type of CW. VSSF: vertical subsurface flow; HSSF: horizontal subsurface flow; SSF: subsurface flow; SF: free-water, surface flow; BR: batch
reactor.
b Size of experimental units (surface area). Micro: microcosms (columns, buckets) b 0.5 m2; Meso: mesocosm, from 0.51 to 5m2, large: pilot-scale
and full-size CWN5 m2.
c Other treatment, simultaneously in a different set of experimental units, or in the same units but at different times (T).
d Replication: number of units per species per treatment. One (1) means no replication.
e Control: presence of unplanted control (yes/no).
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but their cost rarely allows sufficient replication or a large
number of plant species to be tested. The remaining experi-
ments were done in mesocosms (medium size units), which
provides a compromise between the realism of full-scale
experiments and the flexibility and low costs of microcosms.
Most mesocosms were designed as subsurface, either vertical
or horizontal flow, constructed wetlands (Table 1).

Because ecological systems are inherently variable, repli-
cating the experimental units allows statistical testing and
increases confidence that the differences detected in pollutant
removal are systematic and due to the treatment (plant
species). Most studies had little or no replication, and only a
few were well-replicated experiments (from 5 to 8 replicates),
all using microcosms (# 9, # 13, # 20, # 29). In several studies,
the statistical comparisons of removal efficiencies among
plant species were based on repeated measures within the
same units rather than between sets of units with the same
plant species. While significant differences between units
solely based on repeated measures are often interpreted as
being caused by the different plant species, this is not as
strong as evidence as significant differences based on
replicated units in an appropriate experimental design.

The effect of loading rates was the most common factor
evaluated along plant species. Two or more loading rates were
either evaluated simultaneously with plant species in a
factorial experimental design (with or without replicates) or
by modifying loading rates over time in the same units and
comparing the different time series.



Table 2 –Macrophyte species studied.

Species name Common name Code Study # (see Table 1)

Baumea articulata Jointed rush Baa 12,20,32
Bolboschoenus fluviatilis River bulrush Bof 32
Canna indica Indian shot Cai 5,34
Carex lacustris Hairy sedge Cal 9,29
Carex rostrata Beaked sedge Car 13,30
Commelina communis Asiatic dayflower Coc 17,24
Cyperus corymbosus Jointed flat sedge Cyc 21
Cyperus dubius No common name Cyd 11
Cyperus grandis No common name Cyg 11
Cyperus immensus No common name Cym 1
Cyperus involucratus Umbrella plant Cyn 12,32
Cyperus papyrus Papyrus Cyp 1,4
Digitaria bicornis Asian crabgrass Dib 21,22
Echinochloa pyramidalis Antelope grass Ecp 4
Echinodorus cordifolius Creeping burhead Ecc 21
Eriocaulon sexangulare No common name Ers 33
Glyceria maxima Reed mannagrass Glm 32
Iris pseudacorus Paleyellow iris Irp 5
Juncus effusus Common rush Jue 6,32
Kyllinga erectus Greater kyllinga Kye 11
Leptochloa fusca Malabar sprangletop Lef 21
Ludwigia octovalvis Mexican primrose-willow Luo 17
Pennisetum purpureum Elephant grass Pep 24,25,34
Phalaris arundinacea Reed canarygrass Pha 9,29,35
Phragmites sp. Reed Phs 31
Phragmites australis Common reed Phr 2,5,10,16,17,24,25,26,27,28, 32,34,35
Phragmites mauritianus No common name Phm 1,11
Phragmites vallatoria Tropical reed Phv 18
Sagittaria latifolia Broadleaf arrowhead Sal 8
Schoenoplectus acutus (Syn. Scirpus acutus) Hardstem bulrush Sha 13,23
Schoenoplectus mucronatus (Syn. Scirpus mucronatus) Bog bulrush Shm 20
Schoenoplectus pungens (Syn. Scirpus pungens) Common threesquare Shp 8
Schoenoplectus validus (Syn. Scirpus validus) Softstem bulrush Shv 6,9,10,12,29,32
Scirpus sp. or Schoenoplectus sp. Bulrush Scs 3
Scirpus atrovirens Green bulrush Sca 35
Scirpus cyperinus Woolgrass Scc 14,15
Scirpus globulosus No common name Scl 33
Scirpus grossus Greater club rush Scr 19
Spartina patens Saltmeadow cordgrass Spp 21
Stenotaphrum secundatum St. Augustine grass Sts 5
Typha sp. Cattail Tys 3,31
Typha angustifolia Narrowleaf cattail Tya 19,21,22,26,27,28
Typha capensis No common name Tyc 11
Typha domingensis Southern cattail Tyd 1,11
Typha latifolia Broadleaf cattail Tyl 2,5,6,9,10,13,14,15,18,23,29,30,34,35
Typha orientalis Broadleaf cumbungi Tyo 12,25
Typha subulata No common name Tyu 7
Urochloa mutica Para grass Urm 21
Vetiveria zizanoides Vetiver Vez 21,34
Zizania latifolia Manchurian wildrice Zil 16,32
Zizaniopsis bonariensis No common name Zib 7

Common names were searched from different web plant databases, consulted in April 2008, especially USDA plant database (http://plants.usda.
gov/), Florabase (http://florabase.calm.wa.gov.au/); Germplasm Resources Information Network Taxonomy for Plants (www.ars-grin.gov/cgi-
bin/npgs/html/queries.pl).
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Althoughmost studies used real or synthetic domestic and
municipal wastewater, other sources of wastewater were also
tested: paper-mill (# 1, # 23), tannery (# 5), fish-farm (# 26, # 27,
# 28), and pig-farm (# 19). Other experimental conditions that
varied among experiments and that may influence results are
the length and season of the experimental survey and the age
of thewetland at the time of the experiment (froma fewweeks
after seedling establishment to several years). It is important
to verify these conditions when looking for insights from a
particular study for species selection for a real application.

The most common pollutant types used to evaluate the
efficiency in removal were total suspended solids (TSS),

http://plants.usda.gov/
http://plants.usda.gov/
http://florabase.calm.wa.gov.au/
http://www.ars-grin.gov/cgi-bin/npgs/html/queries.pl
http://www.ars-grin.gov/cgi-bin/npgs/html/queries.pl


Table 3 – Relative difference in removal efficiency for
different plant species, according to type of pollutant.

Study # Species differences
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organic matter (COD or BOD), total nitrogen (TN), ammonium
(NH3) and nitrate (NO3), total phosphorus (TP) and phosphate
(PO4).
(see Table 1) (see Table 2 for species code)

1 SS: TydNCym=Cyp=Phm
COD: depend on HRT and type of wastewater

2 BOD, COD: no differencea

TKN, NH4, TP, PO4: TylNPhr
3 NO3: TysNScs
4 SS, TP, PO4: no difference

NH4: CypNEcp
5 For 7 pollutant parameters: no difference
6 BOD: TylN Jue=Shv

TKN, NO3: TylN JueNShv
SS: no difference

7 NO3: TyuNZil
COD, NH4, TN, TP, PO4, SS: no sign. diff.

8 TP, TN: SalNShp
BOD, TSS: no diff.
At low nutrient level:TP, TN: ShvNTyl=CalNPha
At high nutrient level: depend on date

10 NO3, NH4, BOD: ShvNPhrNTyl
TSS: no diff.

11 TKN, NH4⁎: Kye=Tyd=Tyc=PhmNCyd=Cyg
NO3⁎: no diff.

12 TKN, NH4, TP⁎: BaaNCynNTyoNShv
BOD, SS⁎: no difference

13 COD: CarNShaNTyl
14 NO3, TKN, NH4: no difference
15 NO3: TylNScc

TKN, NH4: no difference
16 BOD, COD: no difference

TN, NH4, TP: ZilNPhr at high load only
17 PO4, COD: no difference
18 TN, TP, DBO⁎: PhvNTyl
19 For 8 pollutant parameters: no difference
20 TP: ShmNBaa
21 BOD, SS, TP, NO3,NH4: no differencea

22 BOD, sBOD, SS: DibNTya
23 TSS: TylNSha

BOD: no sign. difference
24 NO3: PepNPhr=Coc
25 NO3: Pep=TyoNPhr
26 COD, SS, TKN, TP: no difference
27 BOD, COD, SS, TKN, TP, PO4: no difference
28 COD, SS, TKN: no difference
29 TDN: Shv=Pha=TylNCal
30 NH4:CarNTyl (summer only)

TN: TylNCar (winter only)
31 BOD, COD, SS: no significant difference
32 SS, BOD, TP: no significant difference

TN: sign. differences, species not specified
33 BOD, COD: ErsNScg

SS: ScgNErs
34 BOD, COD, TP: no difference

TN (summer): PepNCai=Phr=Tyl=Vez
TN (winter): CaiNPep=Phr=Tyl=Vez

35 NH4: PhrNPha=ScaNTyl
NO3: Phr=PhaNSca=Tyl

a Our own interpretation of the results presented in the paper.
4. Species comparisons

The large majority of the studies found a difference in
efficiency between macrophyte species, for one or more
pollutants (Table 3). In a few cases, these differences (or lack
of difference) should be interpreted with care since the
authors reported problems in macrophyte growth or health,
either due to wastewater toxicity (# 9, # 10, # 16, # 21), matrix
pH (# 5, # 27), unpredictable events such as exceptional
freezing (# 8) or herbivory (# 23), or other unspecified reasons
(# 9, # 11, # 31). While these results may provide valuable
information on plant species tolerance to specific constructed
wetland conditions, reported differences in removal efficiency
for species of low health or insufficient growth give an unfair
assessment on the real relative species contribution in
removal. Besides health, the time since establishment is also
a factor that may influence removal. A fair comparison should
involve mature plants, but in a few cases, the experiments
were realized while the macrophyte cover was probably still
immature, at least for one or more species. For example, it is
reported that P. australis may take up to 3 years before
reaching maturity (Vymazal and Krőpfelová, 2005), so that
using a younger plant cover may underestimate the real
efficiency of this species in a constructed wetland meant to
last several decades. Yet, even when only considering studies
involving mature, healthy macrophyte species of comparable
growth form, differences in removal efficiency are frequent
(Table 3), and these differences are anything from small to
large, up to double in removal in certain circumstances.

When there was a difference in removal between plant
species, this difference appears to involvemore often nitrogen
removal (especially nitrate) and less so suspended solids and
organic matter, with no clear trends for phosphorus (for
example, see Table 3: # 2, # 4, # 12, # 16, # 32, # 34). This is not
surprising since the same trend has been repeatedly observed
in planted–unplanted experiments (Tanner, 2001). For exam-
ple, nitrogen removal is known to be influenced by the
presence of plants, either directly through assimilation or
indirectly through the influence of plants on oxygen and
microbial activity in the matrix. On the other hand, plants
contribute little to suspended solid removal in subsurface
constructedwetlands since the primarymechanisms involved
are filtration and sedimentation (IWA, 2000). Macrophytes
may play a role in free-water surface wetland by dampening
current velocities and wave energy, thus allowing suspended
sediments to settle out. However, there were few free-water
surface systems in our review and most were probably too
small for this process to occur.

Few species were tested in a number of studies sufficient
enough to warrant an overall ranking in relative species
efficiency. Even for the most tested species, the relative
performance varied according to the pollutant considered,
experimental design, type of wastewater, climate, etc. There-
fore, different conclusions were sometimes drawn for studies
comparing the same pair of species. Themost common pair of
species examined for their relative efficiency is P. australis and
T. latifolia (# 2, # 5, # 10, # 34, # 35). Phragmites appeared more
efficient in pollutant removal in # 10 and # 35; Typhawasmore
efficient in # 2, and the remaining two studies found no
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differences between these species (Table 3). The pair T. latifolia
and S. validuswas examined in four studies (# 6, # 9, # 10, # 29),
one of them finding Typha to be more efficient than Schoeno-
plectus (# 6), two of them finding the opposite (# 9, # 10) and the
last one (# 28) failing to find a difference (Table 3). For a pair of
species, relative efficiency may vary according to pollutant or
some other factor such as loading rate or seasons. For
example, Carex rostrata was better than T. latifolia for ammo-
nium removal in summer, but Typha was better at total
nitrogen removal in winter (# 30). Canna indicawas better than
Pennisetum purpureum at total nitrogen removal in summer but
the inverse was true in winter (# 34).

While the goal of this review was not to look at simple
differences in efficiency between planted–unplanted con-
structed wetlands, the fact that 25 studies we considered
also included unplanted units allowed us to do so. The
advantage of planted over unplanted units for removal was
unequivocal: all but one experiment found unplanted units to
be less efficient than planted units, at least for one pollutant.
The only study where removal was similar in planted and
unplanted had very little healthy plants in the “planted” units
because of severe growth problems and mortality due to the
very high pH of the matrix (# 5).
5. Discussion

The scientific evidence for differences in removal efficiency
between macrophyte species of comparable life forms varies
from strong statistical inferences based on well-replicated
controlled experiments to simple comparison of non-repli-
cated units. The results may not always reflect exactly what
would occur under real constructed wetland conditions since
part of the differences reported could be due to the unavoid-
able shortcomings of experimental conditions (smaller unit
size, reconstructed wastewater, immature macrophytes, etc.).
Yet, while the results from several studies should be
interpreted with care, the fact that the majority found a
difference (occasionally large) in removal efficiency suggests
that macrophyte species selection does matter.

In designing a specific constructed wetland, one can refer
to experiments under comparable conditions and the results
reported in Table 3 to select a plant species. Beyond that, our
review failed to reveal any generalization that could guide
species selection under any circumstances. Most species were
tested only once or twice, precluding overall assessment of
their relative efficiency. As for those tested more often,
comparing the same pair of species lead to different results
in terms of ranking depending on the experimental condi-
tions, so that there is no one species coming undeniably as the
best one in most circumstances.

There are obvious limitations in an approach based on
experimental comparisons of pollutant removal for selecting
the best plant species to use in a constructed wetland. The
time required to achieve a complete experiment is substantial,
and so is the cost, in particular if one has to start from plant
establishment and grow mature colonies before starting
measuring removal efficiencies over a certain period. Also,
the number of species to be tested is necessarily limited,
especially if one wants to use larger (and more costly)
experimental units than microcosms. The ranking in species
efficiency may not necessarily apply for other types of
wastewater or conditions than the one tested. Even when
applied within the same conditions, the ranking revealed
under experimental units is likely to remain under full-size
constructed wetland but the magnitude of this differencemay
not be the same. Finally, because of the empirical nature of the
studies, the mechanisms explaining differences in removal
between species remain mostly unknown.

Despite these limitations, we believe that experimental
species comparisons such as those reviewed here are important
in screening for new species or guiding species selection for a
specific application.More rigorous experiments of this type, done
under a variety of conditions, are still needed. Because of the
inherent variation in complex ecological systems such as
constructed wetlands, we recommend that replication in experi-
mental units should be considered when possible, even at the
expense of the number of species to be tested. Statistical
differences based on well-replicated units in an appropriate
experimental design increase confidence that they are due to
differences in plant species and not by chance alone or some
confounding factor (Quinn and Keough, 2002). Also, plant health
should alwaysbemonitored and reported since a fair comparison
between plant species should involve healthy, mature indivi-
duals. Plant size at a specific time is an obviousmeasure of plant
health because it integrates plant performance over a long period
of time. Other instantaneous parameters, such as leaf irradiance
or gas exchange, if repeated in time, may suggest more specific
physiological problems not revealed by size alone. Low growth or
poor health may indicate that the species simply does not
withstand well the specific conditions under which it was tested
(type of wastewater, matrix, climate, etc.) in which case it is
unsuitable for such constructed wetland. It can also stems from
conditionsunrelated to the operating conditions themselves or to
inadvertent problems, such as diseases. In several studies
reviewed here, it was not possible to determine if a plant species
was intrinsically less efficient than the others or if its low
efficiencywasdue to poorhealth sinceplant growthor vigorwere
rarely reported.

We suggest that future research incorporates the search for
plant attributes that are good predictor of relative removal
efficiency for significant progress to bemade in selecting plant
species and understanding the causes for the differences
observed. For example, if plant size ranking was found to be
highly correlated to removal efficiency ranking in most
experiments, then one could eventually simply choose the
plant that reaches the largest size under a specific wastewater
application and climate. A simple test for plant selection
would thus be to grow several species under the wastewater
conditions and evaluate, after sufficient time, the predictor
parameters, with no need to measure and compare pollutant
removal. One of the goals we were pursuing while realizing
this review was to examine if such attributes would emerge
from the published literature. Unfortunately, even simple
plant measures such as aboveground biomass are very rarely
reported in comparison experiments, so that no such assess-
ment was possible. One notable exception is # 32 (Tanner,
1996), where removal efficiency of eight species ofmacrophyte
treating dairy farmwastewaterswas compared in amicrocosm
experiment. Several parameters of shoot and root growth were
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monitored during the experimental period. At the end of the
experiment, belowground and aboveground plant material was
sampledandsorted into itsdifferent constituentparts (e.g. leaves,
stems, rhizomes and roots) for biomass measurements. In this
experiment, mean removal of total nitrogen was found to be
linearly correlated to plant total biomass (Tanner, 1996). We
strongly suggest that future comparison studies always include
such plant measurements. Aboveground biomass, based on a
sample of plantmaterial collected at the endof the experiment, is
simple to realize, does not require excavation andmay serve as a
basis for comparison between species. Somemeasures of below-
ground biomass should also be consideredwhen possible since it
may more likely reflect removal efficiency (however, in Tanner
(1996), aboveground biomass was more strongly correlated to
total nitrogen removal than belowground biomass). Other para-
meters thatmaybeconsideredare root surface, because it ismore
directly related to the surface available formicrobial colonization
than biomass alone (Gagnon et al., 2007), and leaf surface area,
because it may better reflect oxygen transport to the roots than
plant biomass (Tanaka et al., 2007). Several physiological,
morphological or biochemical factors play a role in a plant overall
contribution to pollutant removal so it is unlikely that only one
parameter would fully explain removal efficiency of a species in
all circumstances. Yet, the inclusion of such types of measure-
ments and search for patterns in comparison experimentswould
not only guide better future plant species selection, but it would
alsogive insights into themechanisms thatmakeaplantbetter in
contributing to water treatment.

As improvements in CW design reach a plateau, species
selection may be the final best way to further maximize
pollutant removal. In this review, we showed that plant
species selection deserves better attention. We suggest that
future research should go beyond the only empirical compar-
ison in removal efficiency and aim at looking at patterns and
mechanisms. In the future, it is conceivable that super-species
or genotypes will be specifically selected for CW, as they are
now in the related field of phytoremediation for heavy metal
removal in contaminated soils.
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