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Dewatering as a non-toxic control of nuisance midge
larvae in algal wastewater treatment ﬂoways
Troy A. Keller and Emily M. Husted

ABSTRACT
Attached-algae ﬂoways have tremendous potential for use in wastewater treatment because natural
algal communities show high nutrient removal efﬁciencies, have low operating costs, and are easy to
maintain. Algal wastewater ﬂoways may also serve as a sustainable option for producing renewable
energy because algae grow rapidly, are easily harvested, and can serve as a source of biomass for
biofuel. However, pests such as chironomids (Diptera) colonize open channel periphyton ﬂoways and
their larvae damage the bioﬁlms. While pesticides can control midge larvae, little information is
known about alternative, non-toxic controls. This study examined the effectiveness of periodic,
short-term dewatering (4 hours every 9 days) on midge abundance and periphyton growth in 16
recirculating, outdoor ﬂoways (3 m long, 0.1 m wide). We compared midge abundance and algal
accumulation (chlorophyll a, b, c, and pheophytin) among control (n ¼ 8) and dewatered (n ¼ 8)
ﬂoways ﬁlled with secondarily treated wastewater (27 days, 10 hours of daylight). Dewatered ﬂumes
had 42% fewer midges and 28–49% lower algal productivity (as measured by chlorophyll a, b, c, and
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pheophytin pigments). Chlorophyll a production rates averaged (±1 SD) 0.5 ± 0.2 μg/cm2/day in
control ﬂoways compared to 0.3 ± 0.1 μg/cm2/day dewatered ﬂoways. Short-term dewatering
effectively reduced midges but also damaged periphyton. To maximize the recovery of periphyton
biomass, operators should harvest periphyton from ﬂoways during dewatering events before
periphyton is damaged by desiccation or direct exposure to sunlight.
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INTRODUCTION
Because of their high nutrient removal efﬁciencies, low
maintenance costs, and ease of application, algae have
been incorporated into wastewater treatment systems (Hoffmann ). One promising approach treats wastewater by
channeling efﬂuent down shallow streams covered in periphyton (Adey et al. ; Craggs et al. b). Algal
treatment projects have been constructed and have performed successfully in treating agricultural runoff (Adey
et al. ) and secondarily treated wastewater (Craggs
et al. a, b). The microbial bioﬁlms that make up the periphyton are composed of naturally occurring phototrophic
and heterotrophic species such as algae and bacteria and
they have been used in bioremediation, aquaculture,
energy production, and fertilizer creation (Roeselers et al.
). Biofuel created from algae-based wastewater treatment systems can reduce carbon emissions with the added
beneﬁt of generating cleaner efﬂuent (Craggs et al. ).
doi: 10.2166/wst.2014.442
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Growing algae for biofuel using wastewater has the potential
to offset wastewater treatment plant energy use and save
money (Heubeck et al. ).
Although periphyton treatment systems have many
potential applications, their open system design makes
them vulnerable to colonization by pests such as chironomids (Craggs ). Chironomids are non-biting Diptera
whose larvae develop in aquatic ecosystems. Midge larvae
can become pestiferous in water treatment facilities (Ali
) and can damage the structure of bioﬁlms in periphyton
treatment systems (Craggs ). When abundant, larvae
decrease the efﬁciency of the ﬂoways for nutrient removal
and biofuel production. Large swarms of adult ﬂies emerge
from these breeding grounds, becoming pests and potential
disease reservoirs (Halpern et al. ). Midge populations
can be controlled using insecticides and other chemical
treatments (Ali ; Craggs et al. ), but chemical
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residues may contaminate wastewater efﬂuent and negatively affect non-target species (Hayasaka et al. ). An
alternative method of controlling chironomid larvae without
the use of chemicals is to periodically dewater the system, a
technique advocated by Craggs ().
The effects of drying on algal biomass need to be evaluated to determine the practicality of dewatering for
periphyton treatment systems. Emersion negatively effects
freshwater periphyton abundance in rivers (Bergey et al.
). Drying’s direct negative effect on algal biomass
could be offset by an indirect positive effect on algal
growth caused by a reduction in grazers (Bergey et al.
). Desiccation can also shift algal community structure
(Ledger et al. ). The complex architecture of the periphyton may provide a temporary refuge, protecting vulnerable
algae from the detrimental effects of desiccation (Ledger
et al. ). It is important to understand how dewatering
to control midges affects algal biomass and community
structure in periphyton treatment systems because changes
in algal species composition could inﬂuence biomass quality
for biofuel production (Chisti ; Brennan & Owende
).
This study was designed to determine whether dewatering
effectively controls midge ﬂy larvae, to ascertain whether
drying alters algal biomass, and to assess whether drying
shifts the composition of the algal communities. We hypothesized that dewatering would reduce the abundance of
midges due to direct desiccation, enhance algal biomass by
reducing midge destruction of the algal mat, and shift the
algal community by selectively killing algae that are intolerant
to desiccation. We tested these hypotheses in a short-term
experiment that compared algal biomass and midge abundance between treatments dewatered for 4 hours every
9 days and treatments with constant ﬂow. The 27-day experiment was conducted using replicated, recirculating artiﬁcial
ﬂumes ﬁlled with secondarily treated municipal efﬂuent.

METHODS
This experiment was conducted at the Columbus Water
Works (CWW), Inc. wastewater treatment plant in Columbus, Georgia, USA (32.4 N, 85.0 W) from 21 December
2012 to 17 January 2013. This facility treats up to
265,000 m3/day of wastewater generated by roughly 65,000
households. Experiments were conducted in a replicated
periphyton treatment system composed of two plastic head
tanks (208 L), 16 ﬂumes, and one sump (1,135 L) with a submersible pump to circulate water throughout the system
W

W
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Replicated ﬂoways (n ¼ 16) used in these algal treatment system experiments.

(Figure 1). White vinyl rain gutters (width ¼ 0.1 m, length ¼
3 m) were used as the replicated algal treatment ﬂoways (0%
slope). To mimic substrates used in concrete periphyton systems, ﬂumes were lined with unglazed gray ceramic tiles
(5 × 5 cm). The source water for this experiment was ﬁltered,
secondarily treated efﬂuent (not chlorinated or pH adjusted).
Experimental design and sampling protocols
The effect of dewatering on midges and algae was evaluated
by comparing midge abundance and chlorophyll density
from ﬂumes with constant ﬂow (n ¼ 8, control) to those
exposed to intermittent dewatering (n ¼ 8, dewatered
4 hours every 9 days). These time intervals were chosen to
create a reasonable schedule that could be implemented
by wastewater treatment personnel and for their similarity
to the 8-day optimal harvesting intervals reported by Adey
et al. (). Four controls and four dewatering treatments
were randomly assigned to each head tank. To establish
algae and invertebrates, we operated the system without
dewatering for 2 weeks prior to commencing the experiment. Flumes were dewatered on days 0, 9, and 18. The
experiment was terminated on day 27. To quantify biotic
responses, we collected tiles, placed them in Whirl-Paks®,
transported them on dry ice, and stored them frozen
(20 C) until analysis.
W

Dewatering effects on midge abundance
Midges were sampled at the end of the 27-day experiment
when larval abundance peaked. Tiles were scraped before
midges were counted at ×12.5 magniﬁcation. Because
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some midges were damaged in the sample processing, only
midge head capsules were counted. Treatment effects on
midge abundance were evaluated using Pearson’s chisquared test of homogeneity.
Dewatering effects on algal biomass
Periphyton was ﬁltered onto glass ﬁber ﬁlters (0.7 μm pores,
47 mm diameter) and stored frozen (20 C) in foil pouches
until extraction. Samples were analyzed after the freezer had
thawed for an unknown length of time (1–7 days). Analyses
were conducted despite this setback because all treatments
were affected equally and studies such as Reuss and
Conley () found that storage at 20 C had no negative
effect on chlorophyll.
To measure algal abundance, chlorophyll pigments were
extracted in 90% acetone following US Environmental
Protection Agency (EPA) method 150.1 (spectrophotometric
method) and were calculated as chlorophyll a, b, and c (uncorrected) and pheophytin based on equations described in
Standard Methods by Eaton et al. (). Pigment densities
were compared between desiccated and control tiles using
an independent samples t-test. Separate t-tests were used to
evaluate results for upstream (tile 19) and downstream (tile
30) tiles. To assess whether sample location inﬂuenced algal
pigment density, upstream to downstream tiles (controls and
treatments combined) were compared using paired samples
t-tests. To determine whether dewatering shifted algal species
composition, the ratio of chlorophyll b and c to total pigment
density was calculated. Independent sample t-tests were used
to compare chlorophyll b and c ratios between control and
treatment (separately for upstream and downstream tiles).
All analyses were conducted using SPSS Statistics 17.
W

W

RESULTS AND DISCUSSION
During the course of the experiment, temperature ﬂuctuated
by 24 C ranging from 0.5 to 24.5 C. The sump water temperature averaged 12.5 ± 5.9 C (±1 SD). Air temperatures for
Columbus, GA in December and January averaged 9.2 C.
Daylight lasted 10 hours 6 minutes at this latitude and
lengthened only 15 minutes during this experiment.
W

W

W

W

Dewatering effects on midge abundance
We counted 68 midge larvae among all 32 tiles sampled (8.5
midges/100 cm2). Midge larvae were 41.9% more abundant
in control than dewatered ﬂoways at the end of the
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experiment (Χ 2 ¼ 3.56, df ¼ 1, p ¼ 0.007). There existed no
signiﬁcant interaction between midge abundance and tile
number (Χ 2 ¼ 0.83, df ¼ 1, p ¼ 0.36) so data from both tiles
were combined. Thus, short-term, periodic dewatering was
an effective control of larval chironomids. Similar observations were reported by Craggs et al. (b), who
documented declines in midge larval abundance in algal
treatment systems after ﬂoways were dewatered and algae
harvested. Chironomids have variable tolerance for desiccation. Temperate midge species have been shown to
experience 50% or more mortality in as little as 1–2.5 hours
of desiccation, but one species has been shown to survive for
8 hours (Suemoto et al. ). Because drying tolerance was
directly correlated to these species’ capacity to maintain
internal moisture (Suemoto et al. ), those taxa who
can resist internal moisture loss can survive prolonged episodes of drying.
Although effective, dewatering did not completely eliminate midge larvae in our experiments. Some midge larvae
either survived our dewatering treatment or recolonized
quickly. Refuges for midges likely existed in the interstices
along the edges and undersides of tiles. Midge cases were
observed in these refuges during regular sampling. To
improve the effectiveness of dewatering for controlling
midge larvae, it may be necessary to design periphyton treatment systems to minimize refuges for larvae. Regular
harvesting of periphyton during dewatering will likely
improve the control of midge larvae by removing midges
living in algal tufts (Craggs et al. b).
Chironomids have been effectively controlled in largescale wastewater applications using chemicals such as
methoprene (Craggs et al. ). Other pesticides (Bacillus
thuringiensis var. israelensis, Fipronil, Pyriproxyfen and
Diﬂubenzuron) have varying efﬁcacy against chironomids
(Ali & Lord ; Craggs et al. ). While chemicals
exist to regulate midge populations, these pesticides cost
money, need regular application (Craggs et al. ), and
may affect non-target organisms living in receiving waters
(Ali ; Hayasaka et al. ). In contrast, dewatering has
low costs and leaves no residuals that could affect biota in
receiving waters.
The efﬁcacy of midge control measures including dewatering may be limited because chironomids have been
shown to rapidly colonize submersed hard surfaces
(Churchel & Batzer ). Repeated dewatering will likely
be needed to control midge populations in periphyton or
other treatment systems. In this experiment, ﬂumes were
dewatered every 9 days for 4 hours. When growth regulators
(i.e., chemical pesticides) were used to control midges,
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populations have been suppressed for 10 days to 4 months
(Ali & Lord ). Ledger et al. () found that midge
populations in artiﬁcial streams increased even when dewatered every 27 days. Thus, regular dewatering repeated every
10–14 days may be required to effectively control midge
larvae in periphyton treatment systems. Further research is
needed to identify dewatering schedules that effectively control midges but maintain optimal algal growth conditions.
Dewatering effects on algal biomass
Dewatering signiﬁcantly reduced periphyton biomass as
measured by changes in pigment density. For upstream
(tile 19) chlorophyll a, b and pheophytin mean pigment densities were reduced by 31.6, 28.0, and 46.5%, respectively
(Figure 2(a), t-test, p ¼ 0.031, p ¼ 0.021, and p ¼ 0.024,
respectively). Daily chlorophyll a productivities averaged
(±1 SD) 0.5 ± 0.2 μg/cm2/day for controls but only 0.2 ±
0.1 μg/cm2/day for dewatered ﬂumes. Emersion had no statistically signiﬁcant effect on average chlorophyll c density
on Tile 19 (Figure 2(a), t-test, p ¼ 0.064). Similar patterns
existed for downstream (tile 30) with chlorophyll a, b, c,
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and pheophytin showing 39.9, 38.3, 38.6, and 49.3%,
respectively, greater mean densities in the control compared
to the dewatered ﬂumes (Figure 2(b), t-test, p ¼ 0.023,
p ¼ 0.028, p ¼ 0.041, and p ¼ 0.009, respectively).
Our results indicating that dewatering caused a decline
in algal chlorophyll pigments were consistent with previous
studies (Ledger et al. ; Bergey et al. ). Angradi and
Kubly () found that even short-term air exposure (2–8
hours) caused decreases in chlorophyll a in lotic periphyton.
Emersion effects are generally stronger during daylight
hours than at night (Bergey et al. ); thus, solar radiation
may be damaging periphytic algae even before algae are
completely desiccated. To minimize the effect of dewatering
stress on periphyton, it would be advisable to dewater
ﬂumes at night when emersion effects on algae are less
pronounced.
Emersion effects on algal pigment composition
We assessed changes in algal community composition by
examining shifts in the proportions of pigments. Analyses
revealed no statistically signiﬁcant treatment differences in
the proportions of chlorophyll b or c density on the
upstream (t-test, p > 0.59 for both) or downstream (t-test,
p > 0.4 for both) tiles. Thus, it appears that major algal
groups, as measured by pigment density, were equally sensitive to these emersion treatments. Dewatering has been
shown to act as a disturbance that can alter algal species
assemblages. For example, Ledger et al. () described
taxonomic shifts in algal assemblages in dewatered verses
perennial artiﬁcial streams. Drying appeared to favor closely
adhering taxa that were more desiccation tolerant (Ledger
et al. ). Additional research is needed to determine
how seasonal changes in temperature, humidity, and light
intensity alter algal species, susceptibility to desiccation
and recovery after disturbance.
Longitudinal gradients in algal biomass

Figure 2

|

Chlorophyll a, b, c, and pheophytin density (μg/cm2) measured on tiles at the
end of a 27-day experiment from periphyton treatment ﬂoways exposed to
constant ﬂow (open bars-controls, n ¼ 8) or dewatered every 9 days (solid
bars, n ¼ 8). Results for (a) upstream and (b) downstream tiles are shown
separately. Asterisks indicate signiﬁcant differences determined
using independent samples t-test (p < 0.05). Error bars represent ±1 SD.
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Gradients in algal pigment density existed from upstream to
downstream in these ﬂumes. Chlorophyll a, b, and c were
signiﬁcantly lower (20.2–28.0%) on the downstream tiles
than on the upstream tiles (paired samples t-test, p ¼ 0.031,
p ¼ 0.003, p ¼ 0.006, respectively). Unlike chlorophyll pigments, pheophytin density was similar across treatments
(paired samples t-test, p ¼ 0.6). Gradients in ﬂoway algal
productivity have been reported over tens of meters; however, this study documented pigment differences across
spatial scales of less than 1 m. Patchiness is common in
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natural streams and is thought to derive from the highly
unpredictable interaction between organisms and their
environment (Cooper et al. ). In our study, we explicitly
regulated ﬂow and habitat variables to minimize this spatial
variation in environmental conditions. In our recirculating
system, it is possible that living algae are deposited upstream
as they make their way from the ﬂumes through the sumps
and are pumped back into the ﬂoways. This process could
explain why we found elevated algal pigment densities in
the upper portion of the ﬂumes.
There are alternative explanations for this pattern that
are directly related to nutrients. One possibility is that nutrient uptake by upstream algae reduces downstream
concentrations. Because the distances examined in this
study are very small, the nutrient concentrations exceed
algal requirements and ﬂow rates are high, chemical gradients seem unlikely to exist. An alternative explanation is
that water mixing rates differ upstream to downstream in
the ﬂumes. Injecting water into the upstream portion of
the ﬂumes (Figure 1) creates a region with highly turbulent
ﬂow. Turbulent ﬂow reduces the thickness of the viscous
sublayer, a thin layer around a solid substrate that has extremely slow ﬂow. This sublayer transports molecules through
the very slow process of molecular diffusion; thus, areas
with thin sublayers are likely to have greater rates of chemical transfer from the water column to the algae. This could
stimulate nutrient uptake and support rapid algal growth.
As the water travels downstream, the turbulent energy
would be dissipated and the viscous sublayer would thicken.
A thicker sublayer would slow chemical transport to the
algae because chemicals move only by diffusion through
the viscous sublayer.

CONCLUSIONS
Biological treatment of wastewater using periphyton holds
tremendous promise for nutrient removal from efﬂuent
and biomass production for biofuels. Since chironomid
larvae infest these highly productive systems and reduce periphyton accrual, it is important to develop sustainable,
environmentally friendly methods to control larval populations. Our experiments show that short-term dewatering
(4 hours) of experimental periphyton treatment systems
can be a cost-effective and environmentally sound approach
for decreasing chironomid larval abundance, but dewatering
also disturbs periphyton and reduces algal biomass. Before
dewatering can become a standard practice, it will be important to optimize drying intensity and timing among seasons.
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Understanding the importance of these factors can help
managers minimize drying’s effect on algae while maximizing its control of midge larvae in algal treatment systems.
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