American Journal of Environmental Sciences
Original Research Paper

Effects of Intermittent Artificial Circulation in Summer
Months on Chlorophyll a Concentration in a Small Eutrophic
Impoundment
1

Anusha Balangoda, 2Shafiqur Rahman and 1G. Padmanabhan

1

Department of Civil and Environmental Engineering,
Department of Agricultural and Biosystems Engineering,
North Dakota State University, Fargo, ND 58105, USA
2

Article history
Received: 20-03-2015
Revised: 16-09-2015
Accepted: 07-11-2015
Corresponding Author:
Shafiqur Rahman
Department of Agricultural and
Biosystems Engineering, North
Dakota State University, Fargo, ND
58105, USA
Tell: 701-231-8351
Fax: 701-231-1008
E-mail: s.rahman@ndsu.edu

Abstract: Impact of artificial circulation on total algal biomass (as
chlorophyll a integrated over depth) in a small eutrophic impoundment in the
Northern Great Plains, was monitored over three consecutive summers.
Chlorophyll a concentration and nutrient concentrations were measured at
depths along water columns under aerated and non-aerated conditions at
four sampling locations. Aeration destratified the water column, which
resulted in homogenous chlorophyll a concentration throughout the water
column and across the four sampling locations. The non-aeration resulted
in concentration gradient along the water column at all sampling locations.
Overall, the artificial circulation resulted in an overall reduction of
chlorophyll a concentration along the water column and across sampling
locations. Reduced chlorophyll a might be attributed to a shift in dominant
phytoplankton species. For example, increased mixing by aeration may
have favored dinoflagellates or green algae over cyanobacteria. In
conclusion, the artificial circulation in this impoundment was effective in
reducing total algal biomass.
Keywords: Chlorophyll a, Eutrophication, Artificial Circulation, Nutrients,
Algal Bloom

Introduction
This paper analyzes the effects of intermittent
artificial circulation in summer months on chlorophyll a
concentration in a small eutrophic impoundment in
North Dakota, USA. Algal blooms are frequently caused
by eutrophication due to enrichment of nutrients, mainly
nitrogen (N) and phosphorous (P). These blooms
contribute to oxygen depletion in the hypolimnion.
Artificial circulation (artificial destratification) has been
widely adopted as a restoration method to control algal
blooms, especially harmful algal blooms, which produce
toxins in eutrophic lakes (Schladow and Fisher, 1995;
Berman and Steinman, 1998). Artificial circulation
prevents or disrupts thermal stratification in a lake or
reservoir and induces destratification.
Artificial
circulation
affects
phytoplankton
communities in different ways. For instance, low-light
adapted species can become dominant as mixing makes
the water more turbid (Burgi and Stadelmann, 2002).

Conversely, species susceptible to sedimentation losses
such as Microsystis sp., will decline in numbers
(Lilndenschmidt, 1999; Jungo et al., 2001). Therefore, it
is possible to alter the phytoplankton population by
artificial circulation. The response, however, of total
algal biomass to artificial circulation has been quite
variable. Pastrok et al. (1982) reviewed 40 cases of
complete artificial circulation and found that the effect
on chlorophyll a varied among lakes.
Some studies show that aeration decreases algal
biomass through replacement of cyanobacteria, which
prefer calm conditions, with dinoflagellates or green
algae (Steinberg, 1983; Cooke et al., 1993;
Hyenstrand et al., 1998; Simmons, 1998; Jungo et al.,
2001; Wetzel, 2001). In other studies, however, aeration
resulted in increased algal biomass (Becker et al.,
2006), due to supply of hypolimnetic nutrients to the
epilimnion and expansion of favorable habitat for
phytoplankton. In addition, some studies have shown
no change in the phytoplankton population after
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with due consideration for environmental sustainability
and human well- being. Environmental assets such as
good lake water quality, forests, etc., provide many
services for maintaining human well-being. For
instance, forest provides a multitude of ecosystem
services such as wildlife habitat, preserve biodiversity,
water retention, timber and erosion prevention
(Fedrowitz et al., 2014). Brandt et al. (2014) analyzed
linkages and tradeoff between ecosystem services and
biodiversity in temperate rain forests in the Pacific
Northwest of the United States and showed positive
linkages leading to species richness. They grouped
ecosystems into four categories provision, supporting,
regulating and cultural. Landscape aesthetics was one
of the ecosystem services they considered which
included lakes and rivers among other natural elements.
Natural elements largely undisturbed by anthropogenic
impact are generally accepted as a great benefit that
ecosystem services may offer. Everard and McInnes
(2013) call for a systemic solutions approach to water
and environmental management. They emphasize the
need for low-input, optimized ecosystem service
output solutions. According to them, systemic
solutions are low-input technologies using natural
processes to optimize ecosystem services and their
benefits ensuring sustainability.
Artificial aeration is a management option to improve
water quality. To evaluate the benefits of artificial
circulation technology, a comprehensive study was
carried in HMDI under aerated and non-aerated
conditions by measuring chlorophyll a concentration,
which is an indirect measure of total algal biomass, to
see whether the existing aeration system suppresses total
algal biomass in the water column along with other
water quality parameters. This is the first comprehensive
study to show the trend of chlorophyll a concentration
throughout the impoundment under aerated and nonaerated conditions. This information will be crucial for
lake managers to provide recommendations and/or
alternative methods to the NDG&F to control the
eutrophication, maintain fish population and improve the
existing aeration system in HMDI.

aeration (Barbiero et al., 1996; Sherman et al., 2000).
There is no solid conclusion about whether artificial
aeration increases or decreases total algal biomass. A
better understanding of the effects of artificial
aeration on total algal biomass in the water column is
crucial for effective lake management.
This study was carried out in Heinrich- Martin Dam
Impoundment (HMDI), located in north central LaMoure
County, North Dakota. The HMDI is an important
impoundment for bluegill fishery across the state since
HMDI is used to maintain blue gill brood stock. An
artificial circulation system was installed and operated
by the North Dakota Game and Fish Department
(NDG&F) in an attempt to increase the Dissolved
Oxygen (DO) in the hypolimnion. In a previous study,
Overmoe (2008) observed increased weed and algal
growth with aeration; however, no systematic study has
been done to show whether artificial circulation improves
the water quality in HMDI in terms of reduction of total
algal biomass. In addition, very few studies in general and
no studies of HMDI have monitored chlorophyll a
variation along depths from surface to bottom and across
the sampling locations, including deep and shallow
locations and closer to the aeration system as well as away
from the aeration system.
Chlorophyll a concentration has been used worldwide as a measure of total algal biomass. Algal biomass
is one of the widely used variables in limnology to
determine the trophic status of lakes (Kasprzak et al.,
2008; Boyce et al., 2010; Ramaraj et al., 2013). Algae
can be harvested to improve the trophic state of lakes.
Algal biomass is used as a raw material for producing
food products, biofuels and fertilizers (Hannon et al.,
2010; Thiamdao et al., 2012). Moreover, biomass can
be used as a potential alternative to fossil fuels due to
its less severe impact on the environment and their
ability to renew (Hannon et al., 2010; Sgroi et al.,
2015). The economic value of the lakes is believed to be
high and beneficiaries across the United States are
willing to pay for the lake water quality (Boyle and
Bouchard, 2003; Dziuk and Heiskary, 2003). For
instance; in Minnesota, the price of lakefront property
has lowered by up to $500 per frontage foot due to
declines in water clarity (Dziuk and Heiskary, 2003).
Trapani et al. (2014) studied the suitability of payment
option for the environmental services for the sustainable
development of forest territory and reported the
possibility of improved forest management options in
their study area. Similar approach could be applied for
lake water quality improvement as well. However, it is
important to manage, preserve and restore the natural
environments for human well-being and environmental
sustainability. Economics of biomass production and
removal and other lake water improvement options such
as artificial circulation etc., should be considered only

Materials and Methods
Study Area
The HMDI is a small reservoir with a surface area of
18.8 acres (0.08 km2) and it is used for recreational
activities such as boating and fishing (Wax et al., 2008).
The average and maximum depths of water are 4.3 and
10 m, respectively (Wax et al., 2008).

Aeration System
The HMDI aeration system is an artificial
destratification system placed in the deepest area (10 m)
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of the reservoir (Overmoe, 2008). The HMDI system
was installed in 2006 by NDG&F, for the purpose of
breaking down the thermal stratification, increasing the
DO concentration in the impoundment and improving
fish growth (Overmoe, 2008). The aeration system has
been in operation since 2006 (with the exceptions of
2009 and 2011) for 5-6 months per year in early summer
prior to lake stratification.

diffuser; Site B was also near the air diffuser, but further
from site A; sites C and D were away from the air
diffuser and located in the western and the eastern arm of
the impoundment. Both sites A and B are deep while
sites C and D are shallow. Site A is the deepest location
while site C is the shallowest location and site D is
located in the inlet.
In 2010, water quality monitoring and sampling were
carried out under the conditions of aeration at sites A, B,
C and D on a biweekly basis. In 2011, samples were
collected on a biweekly basis during an aerated period
and weekly during the period without aeration (from July
13th to September 1st) at sites A, B, C and D. In 2012,
sampling was carried out under the conditions of
aeration during the sampling period, except for a few
days when the aeration system did not work properly.
Water samples were taken at three depths (0.5 m
from the surface, Secchi depth and 1.5 m from the
bottom) for chl a analysis at each site in 2010, in 2011
and in 2012. In addition, Secchi depth was measured
using a Secchi disk at all four locations in 2010, 2011
and 2012. Total and dissolved nitrogen (N) and
phosphorus (P) were also measured at same sampling
depths of chl a at each site in 2010, 2011 and 2012.

Sampling
Water samples were obtained with a nonmetallic Van
Dorn vertical water sampler. The sampler was lowered
slowly to the sampling depth. Samples were collected
from June 4th to October 15th in 2010, June 30th to
November 8th in 2011 and June 20th to October 3rd in
2012. All water samples were placed on ice for transport
to the laboratory. Samples were analyzed within 24 h of
collection or were stored in a cold room for a period not
exceeding the American Public Health Association
(APHA) recommended holding times (APHA, 2005).
Four sampling sites (A, B, C, D) were selected in the
impoundment based on location with respect to the
system and depth variability (Fig. 1). Site A was located
in the deepest part of the impoundment near the air

Fig. 1. Map of HMDI showing sampling locations A, B, C and D. Location of aeration system is near site A. The inlet is located in
the north side, which is in the narrow gully
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depth increased gradually from 30 to 90 µg L−1 over
time; however, concentrations rapidly dropped by 50 µg
L−1 at both depths by the end of the non-aerated
conditions (Fig. 2b). In addition, phytoplankton biomass
was minimal in near bottom layers and chlorophyll a
was between 3 and 7.5 µg L−1 (Fig. 2b). Furthermore, in
2011, results indicated that phytoplankton were not able
to maintain their growth under non-aerated conditions
because the phytoplankton population rapidly declined
when nutrients were limiting. In comparison, in 2012,
chlorophyll a concentration at site A was less than 2010
and ranged between 7 and 20 µg L−1 (Fig. 2c).
Dissolved inorganic nitrogen and phosphorus
(ammonium-nitrogen, nitrate-nitrogen, nitrite-nitrogen
and soluble reactive phosphorus) were shown to
accumulate in near-bottom layers during the nonaerated period and these were not directly available for
algae in the epilimnion; therefore, under non-aerated
conditions in 2011, nutrients were limited for
phytoplankton biomass. Further, chlorophyll a result
likely indicated decreased total algal biomass due to
lack of nutrients and competition during the stratified
period of the lake (Fig. 2b).
Similar to site A, site B, in 2010, showed chlorophyll
a ranging from 7 to 60 µg L−1 (Fig. 3a) and in 2011, both
at the surface and Secchi depth chlorophyll a
concentration increased from 20 to 90 µg L−1 during
non-aeration (Fig. 3b); however, in 2012, chlorophyll a
at site B was similar to site A (Fig. 3c). Shallow area
sites C and D are shown in Fig. 4 and 5. In 2010, at site
C, chlorophyll a was between 28 and 100 µg L−1 (Fig.
4a), which was higher than sites A and B. In 2012,
chlorophyll a concentration at site C was between 10 and
34 µg L−1 (Fig. 4c). In contrast to sites A, B and C, at
site D chlorophyll a was quite high (ranged between 13
and 160 µg L−1 at the surface in 2010 (Fig. 5a). While in
2011, chlorophyll a concentration was similar to sites A,
B and C and algal biomass peaked at both surface and
Secchi depth compared to near bottom layers (Fig. 5b).
Homogenous distribution of chlorophyll a concentration
was observed among sampling locations in 2010 and
2012 under aeration; however, in 2011, under nonaerated conditions, chlorophyll a showed depth
variability at all four sampling locations.
The mean chlorophyll a concentration at both surface
and Secchi depth in 2010 was higher than chlorophyll a
concentration in 2011, under non-aerated conditions at
all locations; however, only site A showed a significant
increase. In addition, the mean chlorophyll a
concentration in 2012, was significantly lower (p<0.05)
at all sampling locations compared to 2011. Overall, in
2012 mean chlorophyll a concentration was significantly
lower (p<0.05) at both surface and Secchi depth at sites
A, B, C and D. Therefore, artificial aeration decreased
the mean chlorophyll a concentration significantly from
2010 to 2012 at all sampling locations.

Chlorophyll a Analysis
For chlorophyll a analysis, water samples were
filtered through glass-fiber filters (pore size between 0.5
to 0.7 µm, 47 mm diameter) to separate algae from water
samples. Filter papers were transferred into 20 mL
bottles and 5 mL of 95% ethanol was added. Those
bottles were incubated in the dark for 20 h to extract
chlorophyll pigments into organic solvent (APHA,
2005). The extracted solution was filtered with glassfiber filters to reduce the turbidity and remove any
filter paper particles. Then absorbance was measured
spectrophotometrically at 750 and 665 nm (Lorenzen,
1967; Sartory et al., 1984). All extractions were
carried out in the dark to minimize degradation of
chlorophyll pigments because chlorophyll could
further degrade into chlorophyllides, pheophorbides
and pheophytins (APHA, 2005).

Statistical Analyses
One way Analysis of Variance (ANOVA), least
square mean analysis and Tukey mean comparison were
used to evaluate differences in water quality parameters
across the sampling depths, across the sampling dates
and across the sampling locations. Furthermore,
ANOVA was used to examine changes of means for the
water quality parameters between non-aerated period
(July and August) and aerated period. When a significant
difference (p≤0.05) was found, a multiple comparison
technique (least significant difference) was used to
determine between which year(s) it occurred. All
statistical tests were performed using Statistical Analysis
System (SAS) 9.3 version and statistical significance
was considered to be p≤0.05 (Cowell et al., 1987;
Soltero et al., 1994; Hanson and Austin, 2012).

Results and Discussion
Influence of Artificial Circulation on Total Algal
Biomass (as Chlorophyll a)
Chlorophyll a is the primary photosynthetic pigment,
so a measure of its concentration in a water sample is
representative of algal biomass. Figure 2 shows the
variation of chlorophyll a concentration at site A from
2010 to 2012. In 2010, average chlorophyll a
concentration at site A throughout the water column
from July and August varied between 7.5 and 54 µg L−1
(Fig. 2a); however, in 2010, since the water column was
vertically mixed by aeration, phytoplankton distributed
throughout the water column homogeneously (Fig. 2a).
No significant differences (p>0.05) were observed in
chlorophyll a concentration across depths. In 2011,
however, conditions were non-aerated and chlorophyll a
at site A showed depth variability (Fig. 2b). For instance,
chlorophyll a concentration at both surface and Secchi
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(a)

(b)

(c)

Fig. 2. Chlorophyll a at site A: (a) in 2010, (b) in 2011 and (c) in 2012. The period without aeration is indicated by a square

(a)

(b)
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(c)

Fig. 3. Chlorophyll a at site B: (a) in 2010, (b) in 2011 and (c) in 2012. The period without aeration is indicated by a square

(a)

(b)

(c)

Fig. 4 Chlorophyll a at site C: (a) in 2010, (b) in 2011 and (c) in 2012. The period without aeration is indicated by a square
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(a)

(b)

(c)

Fig. 5 Chlorophyll a at site D: (a) in 2010, (b) in 2011 and (c) in 2012. The period without aeration is indicated by a square

Based on lake water quality data, the dominant algae
group at the HMDI was cyanobacteria under nonaeration conditions; therefore, a possible explanation for
suppression of algal biomass under aerated conditions
could be a shift of the dominant algae group. For
instance, a number of studies have documented the
decline of cyanobacteria and an increase in abundance of
dinoflagellates and green algae with aeration in eutrophic
lakes (Cooke et al., 2005; Burkholder, 2001). Favorable
conditions for cyanobacterial blooms in lakes include
calm stable water, high solar radiation and high water
temperature (Havens et al., 2003). Since many
filamentous cyanobacteria are positively buoyant under
non-aeration, the stable water column allows them to
migrate to the surface to receive enough sunlight;
however, with aeration, the entire water column is
mixed, preventing these algae from remaining near the

water surface resulting in less growth due to low
irradiance (Havens et al., 2003). Other algal groups, such
as dinoflagellates, become dominant with aeration
because of their negatively buoyant capabilities, which
are due to their heavy silica frustule (Reynolds, 1999).
Wax et al., (2011) collected water quality data from
76 reservoirs and impoundments in the rangeland plains
ecological region of North Dakota between 1991 and
2011 and found that regional average chlorophyll a was
19.6 µg L−1. The recommended Total Maximum Daily
Load (TMDL) of chlorophyll a in North Dakota water is
20 µg L−1 (NDDH, 2010). In this study, mean
chlorophyll a concentrations at both surface and Secchi
depth in July and August at all four sampling locations
under both aerated and non-aerated conditions in 2010
and 2011 were greater than both TMDL and the
regional average. However, in 2012, mean chlorophyll
386
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Secchi depth is an indicator of water clarity; however, it
is not always an indicator of trophic state. Water clarity
is controlled by some other factors such as, variable
amounts of chlorophyll among algal species and variable
amounts of chlorophyll within an algal species as a
function of cell age. In addition, nutrition level,
contribution of other suspended particles, the volume
versus number of phytoplankton cells and variable
chlorophyll extraction efficiency as a function of cell age
and solvents used also determine the water clarity (Lind,
1986; Lee et al., 1995; Mazumder and Havens, 1998).
Among those factors, most likely the main factor
affecting the relationship between chlorophyll a and
Secchi depth at the HMDI was volume versus number of
phytoplankton cells because based on lake water quality
conditions at HMDI the dominant phytoplankton genera
in summer were Aphanizomenon sp, Microcystis sp and
Anabaena sp. The number of cells per volume in each
genus are different due to their different morphological
features, such as Aphanizomenon sp. are filamentous and
united to form plate-like bundles and flakes of parallel
trichomes while Microcystis are sedentary colony of
numerous spherical cells in copious mucilage forming
globes and affecting for the Secchi depth turbidity
(Prescott, 1982).
In addition to Secchi depth, total suspended solids also
used as an indicator of water clarity (Fig. 7). Suspended
particles dissipate light, which affects the depth at which
algae can grow and Total Suspended Solids (TSS)
include all suspended particles, such as phytoplankton,
zooplankton, decaying plant and animal matter and silt
in the water column. Secchi depth varied not only because
of phytoplankton biomass measured by chlorophyll a
concentration but also turbidity in the water column due to
all suspended particles measured as TSS (Fig. 7).

a concentration in July and August was between 12 and
17 µg L−1 at all sampling locations under aerated
conditions. Furthermore, in 2010, at deep locations,
mean chlorophyll a concentrations (35 and 38 µg L−1)
were less than non-aerated conditions (50 and 58 µg L−1)
in 2011; however, in 2010, under aerated conditions, at
shallow locations, mean chlorophyll a concentrations (65
and 80 µg L−1) were higher than non-aerated conditions
(44 and 65 µg L−1).

Influence of Aeration on Water Clarity and its
Effect on Chlorophyll a Concentration
Secchi Depth
The results of this study show the mean Secchi depth
at sites A, B, C and D (1.6, 1.5, 1.2 and 1.25 m,
respectively) under aerated conditions in 2010. Under
non-aerated conditions, in 2011 sites A, B, C and D were
1.1, 1.2, 1.2 and 1.2 m, respectively. In contrast, in 2012,
Secchi depth was greater than 2 m at all sampling
locations under aerated conditions. These results indicate
that under aerated conditions in 2012, lake water quality
improved to the level of EPA standards for lakes and
reservoirs (2 m) (EPA, 2010).
The mean Secchi depth decreased from 2010 to 2011
but not significantly at all sampling locations; however,
from 2011 to 2012, the mean Secchi depth increased
significantly (p<0.05) at all locations. Comparing the
mean Secchi depth from 2010 to 2012, results indicated
that the HMDI water quality improved by the artificial
aeration system and the mean Secchi depth was
significantly higher in 2012 than in 2010.
Secchi depth values vary as algal populations
increase and decrease and Secchi depth not always
followed the chlorophyll a concentration (Fig. 6). The

Fig. 6. Relationship between chlorophyll a concentration at Secchi depth level and lake’s Secchi depth at site A (the deepest
location) in 2010
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Fig. 7. Relationship between TSS at Secchi depth level and lake’s Secchi depth at site A (the deepest location) in 2010

The results of this study were consistent with
reports of aeration suppression of cyanoacterial
blooms (Jungo et al., 2001; Cowell et al., 1987).
Current results showed that when dissolved inorganic
nutrient concentrations decreased at both the surface
layer and Secchi depth level during the non-aerated
conditions, algal biomass also dropped rapidly.
During the non-aerated conditions, the majority of
bioavailable N and P was near the bottom layers and
growth of phytoplankton was suppressed due to lack
of dissolved nutrients at the surface water column,
thus changes of chlorophyll a depended on limiting
nutrients. In addition, these result indicate that there
was no external loading of dissolved inorganic
nutrients into the water column under non-aerated
period. If external loading of dissolved nutrients
dominated during non-aerated period in 2011, algae
population may not be suppressed at the HMDI.
Overall, the mean chlorophyll a at the HMDI
decreased significantly (p<0.05) with the aeration in
both years (2010 and 2012). Therefore, aeration
suppressed total algal biomass by the end of the whole
study period. Based on lake water quality, dominant
algae group was cyanobacteria; therefore, a possible
explanation for suppression of algal biomass under
aerated conditions could be shift of dominant algae
group. For instance, a number of studies have
documented the decline of abundance of cyanabateria
and dinoflagellates and green algae were dominant
with aeration in eutrophic lakes (Cooke et al., 1993;
Burns, 1994; Kortmann et al., 1994). Favorable
conditions for cyanobacterial blooms in lakes include
calm stable water, high solar radiation and high water
temperature (Visser et al., 1996). Since many
filamentous cyanobacteria are positively buoyant

under non-aerated conditions the stable water column
allows them to migrate to surface to receive enough
sunlight; however, with aeration the entire water
column is mixed, preventing these algae from
remaining near the water surface resulting in less
growth due to experience of low irradiance (Havens et al.,
1998). Other algal groups, such as dinoflagellates,
become dominant with aeration due to their negatively
buoyant capabilities due to their heavy silica frustule
(Reynolds, 1984). The Secchi depth, turbidity and
TSS were highly varied and depended on the
contribution of phytoplankton; however, conditions
improved by 2012 under the conditions of aeration.

Conclusion
The study reveals that the intermittent artificial
circulation in this impoundment was effective in
reducing total algal biomass. This information will be
useful for state departments develop numeric water
quality criteria for chlorophyll a to protect states’ waters.
The circulation system has been shown to be capable of
breaking down the thermal stratification that develops in
the summer. Intermittent artificial circulation was
successful in reducing total algal biomass (as chlorophyll
a) throughout the water column and no spatial gradient
of chlorophyll a was observed among sampling locations
in the impoundment. Therefore, operation of the aerator
in summer indicated that water quality can be greatly
enhanced in terms of reduction of total algal biomass. In
addition, total algal biomass was dropped to the less than
recommended concentration by NDDoH, which is 20 µg
L−1, at all sampling locations in the HMDI
impoundment. Findings of this study will help manage
the HMDI impoundment more effectively under aerated
and non-aerated conditions.
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