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Abstract: The impact of small-stature alkali bulrush (Bolboschoenus maritimus) and two hydroperiod
treatments (early season raised water level or ambient water level) on mosquito production
and water quality was studied in replicate 0.09 ha free water surface (FWS) treatment wetlands.
Following reconfiguration of a 1-ha constructed wetland into a system with six replicate wetlands,
bulrush was planted on 0.5-m centers in three 5-m wide bands in each wetland in summer, 2012.
Open water and the low density of emergent vegetation effectively limited mosquito production
from the bands of B. maritimus in each wetland during summer and autumn of year one. After the
autumnal senescence of the bulrush culms, water levels were raised in half of the wetlands during
winter and early spring to enhance sinking of dead bulrush biomass to reduce harborage for
mosquitoes. Macrophyte coverage continued to increase in both hydroperiod treatments during
year two, but non-bulrush species proliferated and eventually overgrew B. maritimus. Immature
mosquito abundance in dipper samples from wetlands in the raised water level treatment was greater
than from wetlands in the constant water level treatment. During spring of year two, adult mosquito
production was associated with volunteer vegetation in the center of the test cells and averaged
6–18 mosquitoes m−2·day−1, approximately twice that of the other treatment. Hydrological regime
did not significantly affect water quality performance (removal of nitrogen, phosphorus and chemical
oxygen demand) in the wetlands. Alkali bulrush can persist in shallow water (depth < 0.2 m), but did
not persist in deeper zones (mean depth > 0.4 m) of the wetlands and after comparatively large
stature grasses and cattails colonized the wetlands. Raised planting beds interspersed with zones of
deeper water are recommended to facilitate persistence of alkali bulrush and to limit proliferation of
superior competitors.
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1. Introduction

Emergent vegetation in free water surface constructed wetlands fulfills important functions that
enhance nutrient removal for wastewater treatment. Emergent vegetation can (i) create slack flow
and reduce wind-driven mixing which enhance sedimentation; (ii) adsorb particulates; (iii) reduce
variation in environmental conditions to promote nutrient removal; (iv) provide physical structure for
the attachment of microbes and periphyton important for wastewater treatment; (v) store nutrients;
(vi) oxygenate sediments surrounding roots; and (vii) create conditions (i.e., low dissolved oxygen
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concentration in the water column, provide organic carbon) that promote denitrification [1–3].
Emergent vegetation can also provide food and cover for wildlife. However, large (>2.5 m in height)
emergent macrophytes planted commonly in constructed treatment wetlands can support large
numbers of pestiferous and pathogen-transmitting mosquitoes, especially when the water undergoing
treatment carries high concentrations of nutrients and organic matter [4–6]. Large-stature emergent
macrophytes used frequently in treatment wetlands include bulrushes [Schoenoplectus acutus (G.H.E.
Muhlenberg ex J. Bigelow), S. americanus (Persoon) Volkart ex Schinz and R. Keller, S. californicus
(C.A. Meyer) Palla], cattail (Typha spp.) and common reed (Phragmites australis (Cav.) Trin. ex Steud.).

Dense stands of live plants, as well as dead plant biomass, can hinder mosquito control efforts by
limiting the contact of current formulations of mosquito-specific biorational control agents with the
water surface and the target immature mosquitoes [7,8]. Mats of decaying matter protect mosquito
larvae from predators and also increase food resources for larval mosquitoes [9,10]. Failure to control
mosquitoes in the aquatic stages often necessitates the use of chemical pesticides against the adult
stage typically over a geographic area that is much larger than that circumscribed by the wetlands.
When human development encroaches on wetlands with environmental conditions conducive for high
mosquito production, weekly or semi-weekly applications of adulticides may be required to control
mosquito populations [4,8]. If mosquito production cannot be controlled sufficiently by the application
of mosquito control agents, then these large macrophytes require often expensive, time-consuming
management protocols. In addition to lower management costs, species of emergent vegetation that can
be managed by environmental manipulations will reduce the use and impact on non-target organisms
of insecticides for mosquito control.

Bolboschoenus (= Schoenoplectus) maritimus (L.) Palla (Cyperaceae), alkali (or cosmopolitan) bulrush,
is a widely distributed wetland species [11,12] that may be more amenable than large macrophytes for
integrated mosquito management (IMM) strategies for some constructed wetlands. Alkali bulrush is
a relatively short (<1.5 m high) bulrush and has been recommended for use in treatment wetlands [13].
A natural senescence in autumn and winter dormancy thin stands of alkali bulrush to create conditions
less favorable for mosquito production during the spring when mosquito activity increases annually.
Bolboschoenus maritimus is an important waterfowl food that produces large protein-rich achenes and
carbohydrate-rich corms [14,15].

We examined the effects of the two hydrological regimens on the sustainability of the emergent
plants, water quality performance, and reduction of mosquito populations in experimental wetlands
planted with B. maritimus during a two-year study. During the winter between years one and two,
water levels were increased in half of the replicate wetlands to enhance the sinking of decaying bulrush
biomass. Ambient water levels for river water moving through wetland complex were maintained in
the other replicate wetlands. The two hydrological regimes were predicted to differ in the potential to
reduce the biomass of the natural annual dieback of B. maritimus and faster sinking of decaying bulrush
biomass could result in significantly smaller mosquito populations during the period when arboviruses
increase naturally in the bird reservoirs and vector mosquito populations. Fluctuating water levels to
enhance removal of decaying bulrush also could eliminate the need to dry the wetlands and reduce
costly vegetation management.

2. Materials and Methods

2.1. Study Site

A 1-ha wetland at the Prado Constructed Wetlands (33.9◦ N, 117.9◦ W) was reconfigured into
six replicate wetland test cells (test cell length × width: 93 m × 9.8 m), an equalization wetland that
supplied water to the six test cells and a receiving wetland (Figure 1a). The Prado Constructed Wetlands
receive approximately 50% of the Santa Ana River flow and the primary functions of the wetlands
are to reduce nitrate levels in river water destined for groundwater storage basins in Orange County,
CA, USA [16], as well as to provide riparian and wetland habitats for wildlife. Each 0.09 m2 test cell
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had a 0.91-m wide cement weir box at the inflow and outflow. V-notched weir boards were placed
into each inflow weir box. Discharge from the equalization wetland through the v-notched weirs was
estimated using established relationships between the height of the hydraulic head and flow rate [17].
Weir boards were set so that hydraulic residence time in the test cells was 2–4 days for ambient summer
flows in the Santa Ana River.

Approximately 3800 B. maritimus culms were transplanted on 0.5-m centers into the wetlands
in late July and August 2012. Bolboschoenus maritimus was derived from seeds collected from
three populations in Riverside County and grown at the UC Riverside Aquatic and Vector Control
Facility [18]. Three 5-m wide bands of B. maritimus were planted, approximately equidistantly between
the inflow and outflow of each test cell.

Two hydroperiod treatments were applied to the wetlands. Water levels in half of the test
cells were either maintained by ambient flows of the Santa Ana River through the Prado Wetlands
(test cells 2, 4 and 6) or were increased during winter and early spring and then maintained by ambient
river flow (test cells 1, 3 and 5). On average, mean water depth increased from 0.2 m in the vegetation
zone nearest the inflow to 0.36 m in the vegetation zone nearest the outflow.
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Figure 1. (a) Aerial view of the test cells in January 2013; (b) a test cell wetland in October with bands of
B. maritimus; (c) following the autumnal dieback of B. maritimus in November; and (d) after sinking of
dead bulrush biomass in January 2013. The yellow arrows indicate flow into the equalization wetland
and out of the receiving wetland.

Senescence of the above-ground growth of B. maritimus established in the wetlands during
year one began in late autumn. In December 2012, water levels in half of the test cells were increased
to about 0.5 m depth in the vegetation zone nearest the outlet weir to promote the degradation of
senescent S. maritimus. Water flow was decreased in January to accommodate renovation of wetlands
upstream of the test cells; however, elevated water levels were maintained in half of the test cells.
Water levels were lowered in late February to pre-December levels. The effects of the two hydrological
regimens on the sustainability of the emergent plants, water quality performance and reduction of
mosquito populations were assessed.
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2.2. Vegetation

Plant species, stem density and height were assessed in November 2012 and July 2013 in
thirty 0.09-m2 quadrats in each test cell. Ten locations in each band of vegetation were chosen
using a random number generator. The height of up to five plants in each quadrat was measured from
the substrate surface to the top of the plant.

During 2013, percent cover of each test cell by emergent vegetation was estimated monthly by
two persons (W.W. and D.D.) and from photographs. A mean value for percent cover was calculated
for each test cell. The estimates of percent cover for a particular test cell by the two investigators on
each sampling date did not differ by >5%.

2.3. Water Quality Monitoring

Grab samples from the water column were taken monthly (November and December 2012;
February, April through August 2013) at the inflow and near the outflow of each test cell, placed into
500 mL dark plastic bottles and transported to the laboratory on ice. Nitrogen (total, ammonium-,
nitrate- and nitrite-nitrogen) and phosphorus (total) concentrations and chemical oxygen demand
were analyzed colorimetrically using APHA protocols [19] with a Hach DR™ 2800 spectrophotometer
(TNT Plus tests, Hach Chemical Co., Loveland, CO, USA). Water samples were analyzed within 3 h of
collection. Total Kjeldahl nitrogen concentration was determined during June through August 2013.

Inflow rates, estimated from flow through the v-notched weirs, were combined with the
temporally corresponding water quality constituent concentration data to calculate mass loading
for the various water quality constituents, in kg·ha−1·day−1. Removal efficiencies (RE) for the various
constituents were calculated as percent of inflow water quality constituent removed.

Multi-parameter water quality sensor arrays (ICM Water Analyzer, Perstorp Analytical,
Wilsonville, OR, USA) were used monthly to measure temperature (◦C), dissolved oxygen
(DO, mg·L−1), pH and specific conductance (µS·cm−1) at a representative location in the center
of a test cell in each of the two hydrological treatments during summer 2013. The sensors were
positioned approximately 15 cm below the water surface. Physicochemical variables were recorded
every 0.5 h and were measured for 3–4 days.

2.4. Mosquitoes and Invertebrates

Immature mosquitoes and other invertebrates were sampled by taking five 350-mL dipper samples
within a 2-m radius at 12 locations (4 locations in each band of emergent vegetation) within each
test cell. The composite samples from each location were concentrated using a concentrator cup
(mesh opening = 148 µm), transferred into 50-mL plastic vials, preserved with 95% ethanol and
transported to the laboratory for enumeration. Mosquitoes were identified using Meyer and Durso [20]
and other invertebrates were identified using Merritt et al. [21].

Adult mosquito production was measured monthly from May through August 2013 using
ten pyramidal emergence traps per test cell deployed for a four-day period. The pyramidal emergence
traps sampled an area equal to 0.25 m2 and emerging insects were collected in a jar at the top of the
trap [22]. Chironomid midges and other insects in the samples also were quantified. Mosquito, as well
as other invertebrate, production was not assessed in 2012 because immature mosquitoes were not
collected in surveys.

ANOVA or repeated-measures ANOVA was carried out using SYSTAT (Ver. 9) to discern the
effects of hydroperiod regime on water quality performance, plant characteristics and invertebrate
abundance in the test cells. Wilk’s lambda, a multivariate test, was computed when the number
of within subject levels (date and date × treatment effects) was >2. Numbers of mosquitoes were
ln (x + 1) transformed before analysis. Chironomid midge production was ln (x + 1) transformed
prior to analysis. The statistical significance of differences of mosquito abundance or production on
a particular date was analyzed using one-way ANOVA.
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3. Results

3.1. Vegetation

Bolboschoenus maritimus culms expanded across the 5-m planting zones within the three months
after planting, increasing from 4 culms m−2 to approximately 47 culms m−2 in November (Table 1;
Figure S1). The large variation relative to the mean of culm density indicates that there were places
in the planting zones that were not colonized or supported low densities of bulrush; nevertheless,
three robust stands of bulrush were evident in each test cell (Figure 1b). The density and mean height of
B. maritimus (weighted mean: 81.7 cm) did not differ significantly between the hydroperiod treatments
or among the test cells (F tests, P > 0.05; Table S1). The height of bulrush plants tended to decrease
towards the outflow of the test cells and differed significantly among the vegetation bands within test
cells (Table S1).

Table 1. Height and density of Bolboschoenus maritimus culms and Echinocloa crus-galli in 0.09-ha test
cells subjected to two hydroperiod treatments.

Height and Density
November 2012 July 2013

Mean ± SD N Mean ± SD N

B. maritimus height (cm)
Raised 79.8 ± 13.0 142 122.1 ± 16.5 107
Ambient 83.7 ± 15.4 128 118.0 ± 17.3 91

B. maritimus density (number m−2) *
Raised 56.3 ± 46.2 90 16.4 ± 39.1 90
Ambient 37.0 ± 47.0 90 14.4 ± 40.6 90

E. crus-galli height (cm) _ _
Raised 192.9 ± 71.1 371
Ambient 167.9 ± 45.3 128

E. crus-galli density (number m−2)
Raised 103.6 ± 99.4 90
Ambient 49.3 ± 94.5 90

Note: * live + dead standing culms.

A natural senescence and dieback of the bulrush biomass above the substrate began in late October
and by November dead culms were present in the test cells (Figure 1c). Duckweed (Lemna minor L.)
was present in the test cells during this period. By February, most of the dead bulrush sunk below
the water surface, the duckweed disappeared and extensive open water was present in the test cells
(Figure 1d). Test cells in both hydroperiod treatments were nearly devoid of emergent vegetation
(Figure 2).

Emergent vegetation increased markedly during spring. Even though the mean height of
B. maritimus culms in both hydroperiod treatments continued to increase to about 122 cm, the density of
B. maritimus declined by more than two-thirds to about 15 culms m−2 in July (Table 1). Barnyardgrass
(Echinochloa crus-galli (L.) P. Beauv.) was dominant in four of the test cells. The percent of test cell
surface area covered by emergent vegetation increased during year two in four of the test cells and
either fluctuated or declined in the remaining two test cells (Figure 2). Barnyardgrass in the test cells
in the raised water-level treatment was slightly taller than and, on average, twice as dense as in the
ambient water-level treatment (Table 1). Grasses overgrew and replaced B. maritimus in many of the
planting zones (Figures S2 and S3).

Other plants found in the test cells in July include Polygonum lapathifolium (L.) Gray (curlytop
knotweed), Typha latifolia L. (cattail), Schoenolplectus americanus (Pers.) Volk. ex. Schinz and R. Keller
(American three square), and S. californicus (C.A. Mey.) Palla (California bulrush). The abundance of
curlytop knotweed was intermediate to the grass and the other plants and was present in 8% of the
quadrats. Cattail and other large bulrush species were rare (≤2% of the quadrats) in July, but increased
over time. Duckweed reappeared in May and completely covered the test cells by July.
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Figure 2. Percent cover of the water surface by emergent vegetation in six 0.09 m2 test cell
wetlands subjected to two hydroperiod treatments (blue histograms: early season water level increase;
orange histograms: ambient water level in flow from the Santa Ana River) from January through
September 2013.

3.2. Water Quality

Hydrological treatment did not significantly affect the removal efficiency of the test cells for any
of the water quality constituents during the summer (Table S2). Tertiary-treated municipal effluent
is the primary source of water in the Santa Ana River during the summer. Loading rates ranged
seasonally between 3.5 to 10.2 kg N ha−1·day−1 and 0.8–2.4 kg P ha−1·day−1; the upper end of the
range characterized the late spring and early summer loading rates into the test cells. Nitrate-nitrogen
was the predominant form of nitrogen entering the test cells (Table 2). Nitrate-nitrogen removal
efficiency ranged between 36% and 44% during late spring and summer. Whereas, the RE for various
forms of nitrogen differed between the treatments, RE for total nitrogen was similar for test cells in
both hydroperiod treatments during spring.

Phosphorus (P) removal declined in the test cells with raised water levels as compared to the other
treatment during spring (Table 2). Removal efficiency for P was ≤6% in test cells in both hydrological
treatments during the summer.

Table 2. Comparison of water quality parameters (mg·L−1) in the inflow and outflow, and removal
efficiencies (RE), of 0.09-ha test cells before, during and after hydroperiod treatments.

Total N NH4-N NO2-N NO3-N TKN Total P COD

Before manipulation: November 2012

Inflow 8.56 0.27 0.17 5.52 1.21 90.0
Outflow 6.26 0.09 0.18 4.63 0.94 101.0

RE 27% 68% –7% 16% 19% –13%

During manipulation: December 2012–February 2013

Inflow 5.61 0.28 0.15 3.05 1.20 117.7
Raised 5.19 0.75 0.22 2.25 0.84 153.1

RE 8% –166% –43% 26% 30% –30%
Ambient 4.47 0.29 0.13 2.22 0.84 106.6

RE 20% –3% 13% 27% 30% 9%

After manipulation: April–May 2013

Inflow 5.97 0.33 0.16 3.67 1.31 131.2
Raised 3.82 0.15 0.15 2.06 1.32 118.3

RE 36% 55% 6% 44% –1% 10%
Ambient 4.00 0.21 0.14 2.36 1.09 99.7

RE 33% 35% 15% 36% 16% 24%

After manipulation: June–August 2013

Inflow 6.21 0.19 4.45 * 1.76 1.48 96.9
Raised 4.21 0.12 2.70 * 1.52 1.38 81.5

RE 32% 37% 39% 14% 6% 16%
Ambient 4.40 0.11 2.76 * 1.64 1.42 78.5

RE 29% 41% 38% 7% 4% 19%

Note: * NOx-N = [NO2-N + NO3-N].
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Duckweed and emergent vegetation coverage of the test cells during summer presumably
moderated diel variation in temperature (range during July and August: 23 ◦C to 30.2 ◦C),
pH (6.36 to 8.0) and DO (range: 0 to 2.4 mg·L−1). DO was >7 mg·L−1 when duckweed did not
surround the sensor array, indicating that photosynthesis in the water column was greatly reduced in
the test cells by L. minor. Mean specific conductance was approximately 1040 µS·cm−1.

3.3. Mosquitoes and Invertebrates

Immature mosquitoes were not collected between July and November 2012 when B. maritimus
density was increasing following transplantation and open water was prevalent in the test cells.

Mosquito abundance increased in 2013 and differed between the two hydroperiod treatments
across the experiment (F1,54 = 19.26, P < 0.001) and on three dates (May, August, November: Figure 3a).
Significantly more immature Culex mosquitoes were collected from test cells in the raised-water-level
treatment in May (F1,66 = 34.19, P < 0.001) and August (F1,66 = 7.29, P < 0.009) than from the
ambient-water-level treatment. Culex tarsalis Coquillett dominated (81%) the collections of 3rd and
4th in stars and Cx. quinquefasciatus Say was about 11% of the late-instar larvae collected. Mosquito
larvae were primarily associated with grasses that invaded the test cells. The mean number of
mosquitoes in the raised-water-level treatment exceeded 1.2 larvae per composite sample (0.24 larva
per dipper sample) on both dates but was ≤0.1 larva per sample in the ambient-water-level treatment.
The difference in mosquito abundance between the hydroperiod treatments in November was not
statistically significant (F1,50 = 3.33, P > 0.07). For both hydroperiod treatments, significantly more
mosquitoes were collected from test cells 1, 2, 3, and 4 than from test cells 5 and 6 (F tests: test cells
within treatment effect: P < 0.025). Anopheles hermsi Barr and Guptavanji larvae were present in the
test cells but at very low abundance (<0.05 larva per dipper sample).
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Figure 3. (a) Abundance of immature mosquitoes in 350-mL dipper samples (backtransformed
mean ± 95% CI) and (b) adult mosquito production (backtransformed mean ± 95% CI) from
two hydroperiod treatments in 0.09-ha wetlands from May through November 2013.

Adult mosquito production from the raised-water-level treatment was about six individuals
m−2·day−1 and was twice that of the ambient treatment during May (Figure 3b). Mosquito production
from two replicate cells in the raised-water-level treatment exceeded 18 mosquitoes m−2·day−1 in the
center band of vegetation in the test cells during May (F1,34 = 6.18; P < 0.02), whereas, fewer mosquitoes
were collected from the bands of vegetation closer to the inflow and outflow of the test cells and no
adult mosquitoes were collected from the open water in the third replicate test cell (treatment ×
position interaction: F4,54 = 3.63; P < 0.04). Mosquito production decreased during the summer and
did not differ significantly between the treatments across the entire study (F1,12 = 1.72; P > 0.2).

The abundance of other invertebrate taxa did not differ significantly between the two hydroperiod
treatments (RM ANOVAs, P > 0.05). Microcrustaceans (cladocerans, copepods, and ostracods)
predominated (~85% of individuals) in the dipper samples. The predatory taxa were dominated
by notonectids and zygopterans, but were comparatively rare (<4% individuals). The abundance of
notonectids, corixids and mayflies (Callibaetis sp.) was greatest in May and declined across year two as
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coverage of emergent vegetation increased in the test cells. Amphipods (44%) and gastropods (23%)
were numerically abundant among the herbivorous/detritivorous macroinvertebrates.

The temporal trend for chironomid midge production was similar to that observed for mosquito
production. The greatest production occurred in May (~600 adults m−2·day−1) and declined to
<10 individuals m−2·day−1 by August. During summer 2013, midge production did not differ between
the hydroperiod treatments (F1,16 = 0.41, P > 0.5).

4. Discussion

Although alkali bulrush possesses many favorable characteristics for ease of management and for
reducing mosquito production [18,23], B. maritimus did not persist in the renovated test cells due to
a combination of factors, including the influx of other competitively superior macrophyte species and
the effects of relatively deep (>0.4 m) water in places in the wetlands. In addition, the proliferation of
duckweed mats covering the majority of the cells during the growing season of B. maritimus might
have prevented light access to the new shoots.

Bolboschoenus maritimus tends to be a pioneering species that colonizes newly exposed soil and
occurs at mid to low elevations in marshes, at wetland margins and in ephemeral wet spots [13]. It has
wide pH tolerances, occurs commonly in alkaline and saline sites, and can tolerate fluctuating water
levels, including total inundation up to 1 m in depth for brief periods [13,24]. Bolboschoenus maritimus
can survive in a wide range of nitrogen loading rates [23,25] making it suitable for wastewater
treatment applications. High levels of ammonium nitrogen (up to 60 mg NH4-N L−1) did not affect
stem height and stem density; however, above- and below-ground biomass declined at high ammonium
loading rates. Nitrogen uptake increased directly with enrichment across an enrichment gradient
of <0.3 to 60 mg NH4-N L−1 [23] and, per unit mass, was comparable to other large macrophytes
used in constructed treatment wetlands [3,23]. Comparatively small culm height at maturity
(<1.5 m), shallow but well-developed rhizomes, pliable stems, an annual cycle that naturally reduces
above-ground plant biomass, and dead stems that sink more rapidly than do those of taller related
species (i.e., S. acutus, S. californicus which possess well-developed aerenchymatous tissue) are expected
to reduce the cost of vegetation management and mosquito abatement as well as enhance the efficacy
of ecologically-based mosquito control strategies that include hydroperiod manipulation.

Water levels and salinity are important determinants for the establishment and distribution of
alkali bulrush [26–30]. Bolboschoenus maritimus established best in shallow (depth: 5–15 cm) water,
but persisted in moderately deep water (30–40 cm) and was found in water as deep as 60 cm [27].
Negative effects of plant density (20 plants m−2) were observed in shallow water, yet dense stands
of B. maritimus in moderately deep water were better able to withstand uprooting by wave action
following transplantation [27]. Bolboschoenus maritimus dominated in managed wildlife marshes in
the Western U.S., where soil submergence occurred for 3 to 11 months; 7 to 8 months of flooding
provided optimum conditions for vegetative growth [28]. Alkali bulrush did not occur naturally in
soils inundated for less than 60 days per year [28].

The competitive ability of B. maritimus against taller macrophytes (Typha angustifolia L. [28],
P. australis [29,30]) declined when plants were continuously inundated with freshwater. In general,
sedges are tolerant of anaerobic soils that limit the occurrence of some other macrophytes in
continuously flooded habitats [31]. Bolboschoenus maritimus can persist in continuously flooded
environments; however, rhizome biomass and aerial shoot length and biomass decline with longer
periods of daily inundation in saline tidal environments [27,29,32]. Mean stem length of B. maritimus
and two grass species increased directly with water depth [33]. Seed yield of alkali bulrush is greatest
under moderately saline conditions (7‰–14‰ salinity [28]); salinity >15‰ caused high mortality
in B. maritimus clones [28,34]. Bolboschoenus maritimus is adapted to sites with frequent changes of
water levels and higher levels of salinity [26,27,35] better than to continuously flooded freshwater sites,
such as the test cells where salinity is estimated to have been ≤0.5‰.
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In the Prado Wetlands test cells, alkali bulrush expanded rapidly following transplantation
but stem densities declined rapidly following colonization of competitively superior large emergent
plant species in year two of our study. Bolboschoenus maritimus stem densities were approximately
50 stems m−2 three months after transplanting but stem density declined by 70% by the middle
of following summer. Large-stature grasses rapidly colonized the test cells during the spring and
summer after water levels were increased in half the test cells during winter. By July of year two,
E. crus-galli dominated the emergent vegetation in the test cells of both hydroperiod treatments.
Regardless of hydroperiod treatment, the grasses, cattail and large bulrushes overgrew and greatly
reduced Bolboschoenus maritimus abundance in the test cells. The test cells had been used previously as
a treatment wetland. Consequently, natural colonization of inundated soil by the large macrophytes
was probably enhanced by seeds and rhizomes already present in the test cell soil. Given the similarity
of the plant communities and flow regimes in the test cells, it is not surprising that removal efficiency
of nutrients by the test cells did not differ between the two hydroperiod treatments.

Mosquito production was not detected during the summer and autumn of year one when
B. maritimus was the only macrophyte present in the test cells but increased during year two.
Mosquito production was concentrated in the center of the test cells where B. maritimus was replaced
by grasses. The daily areal production of adult Culex and Anopheles mosquitoes from the grasses
in four of the test cells (#1–4) in May was nearly two orders of magnitude greater than from the
Prado Wetlands complex under standard operations. Assuming an annual mean between 0.07 and
0.093 adult mosquitoes m−2·day−1 are produced from the emergent vegetation [36,37], after correcting
for emergence trap collection efficiency [38], the 142 ha Prado Wetlands produces between 7,600,000
and 10,120,000 female mosquitoes from July through September. These numbers reflect the low level
of mosquito production per unit area, but the large total area of the constructed wetlands. Mosquito
production per unit area was considerably greater in the grass-dominated test cells and can be even
more substantial following some types of vegetation management. For example, before reconfiguration
into the test cells, inundating clippings of S. californicus and S. americanus would have produced nearly
500,000,000 female mosquitoes from the 1-ha wetland during six weeks. Drying a subset of wetlands
and then removing dried, downed bulrush with bulldozers before re-inundation effectively eliminates
such high levels of mosquito production related to vegetation management.

Whereas, we did not detect mosquito production from monotypic stands of B. maritimus in
year 1 of our study, other studies observed mosquito production from mesocosms containing alkali
bulrush [18,23,39]. Relative to unenriched controls, the abundance of immature mosquitoes increased
with ammonium nitrogen additions in mesocosms containing B. maritimus [23], suggesting that
enrichment enhanced resources for larval mosquitoes. Despite a propensity of mosquitoes to lay more
eggs on water within B. maritimus stands than within S. californicus stands, mosquito abundance in
monotypic stands of B. maritimus was however less than in S. californicus [18,23]. These differences
in mosquito abundance in stands of the two bulrushes were associated with greater abundance of
mosquito predators in stands of B. maritimus [18,23,39]. Endophytic oviposition preferences of some
predatory aquatic insects and the relatively greater structural complexity of B. maritimus might have
been responsible for the increased invertebrate predator communities, especially nymphal odonate
predators [18,39,40].

Managing vegetation in constructed treatment wetlands is controversial (see discussion in [41])
and can be expensive. Large macrophytes require thinning if water quality performance declines or if
mosquito production reaches problematic levels [6,41–43]. Drying the wetland is necessary if heavy
equipment is used to knock down and move dried vegetation. Maintaining water in the wetlands
and harvesting emergent vegetation by aquatic harvesters can be expensive. For example, the cost of
removal of vegetation from the periphery of the 6-ha constructed wetland at Valley Sanitary District
(Indio, CA, USA) was $130,000 per harvest.

The approach to managing vegetation that was studied in the test cells is not applicable to
all applications of free water surface constructed wetlands. Bolboschoenus maritimus has been used
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successfully for wetland restoration and water conservation in southern California in wetlands with
discontinuous inundation (summer drying [44]) and with mixed success under continuous inundation
in constructed treatment wetlands in Texas [25,45] and this study. Bolboschoenus maritimus is the most
valuable plant resource for waterfowl in wetlands near the San Francisco Bay [28,46] and would
constitute a valuable resource for waterfowl utilizing multipurpose constructed treatment wetlands.
Under favorable conditions (shallow water depths, alkaline or slightly saline conditions), B. maritimus
will produce dense vegetative growth that requires annual reduction [28,46]. Mowing with flail
mowers is preferable to discing, bulldozing or burning to increase wildlife value [28]. Sinking decaying
B. maritimus by manipulating water levels during cool periods of the year when mosquito activity is
low or nonexistent is possible in shallow, comparatively alkaline conditions. The decaying bulrush can
also provide organic carbon for denitrifying bacteria in wetlands polishing comparatively high-quality
wastewater. After establishment, dense stands of B. maritimus are somewhat resistant to invasion
by other macrophyte species [28,44]. Raised planting beds (hummocks) separated by deeper open
water zones [41] is one wetland design that might facilitate proliferation of B. maritimus in new
constructed wetlands and should be conducive to IMM strategies designed to reduce the use of
chemical pesticides [6,42]. Bolboschoenus maritimus and closely related species (i.e., B. robustus (Pursh)
M.T. Strong) generally prefer shallow (<0.30 m) water [14,24,27] and, depending on the configuration
of the constructed treatment wetland, may not require the labor-intensive, costly methods used in
large-scale wetlands to manage large emergent macrophytes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/8/10/421/s1.
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