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Abstract: Aeration can circulate waters by disrupting thermal density differences associated with stratification, allowing homogenization of temperature, oxygen, and other physicochemical characteristics within the water body. Use of lake and pond destratification as a management tool has been
increasing in recent years, yet data are limited regarding its effects on fish communities. This case study examines the response of a largemouth bass
(Micropterus salmoides) population to destratification in a 2.4-ha pond over nearly a decade. Biomass (35.8–42.8 kg ha–1 ) and density (51–93 fish ha–1 )
of stock-sized (≥200 mm TL) largemouth bass were consistently low prior to installation of the system; however, biomass tripled (129.8 kg ha–1 ) and
density quadrupled (334 fish ha–1 ) 3.5 years after system initiation and remained high for the duration of the study. In contrast, mean weight and mean
relative weight (Wr ) of fish declined continuously following population expansion, suggesting that population biomass had exceeded carrying capacity.
Although this study was limited to a single waterbody, the rapidity and magnitude of observed changes following years of relative stability suggests that
continuous destratification increased carrying capacity for largemouth bass in this case study. These findings may have applications to other ponds
characterized by anoxic hypolimnions, and more research on the effects of destratification in small impoundments is warranted. If destratification can
increase standing biomass two- or three-fold, while greatly reducing the risks of oxygen-related fish kills, the cost of these systems could be more easily
justified by managers of ponds and small lakes.
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Hypolimnetic oxygen depletion is a limiting factor for many eutrophic lakes and ponds in the southeastern United States during
warmer months of the year. During summer stratification, thermally induced density gradients prevent vertical mixing of warm
surface water with cooler water from deeper areas. Without contact with the atmosphere or the oxygen-producing phytoplankton
found in the shallow layers, oxygen levels in deeper areas decline
towards anoxia due to decomposition and biological respiration
(Boyd and Boyd 2012). This reduces oxygenated habitat available
to fish and other aquatic organisms and increases the risks of summer fish kills.
Aeration is a common method of alleviating dissolved oxygen
depletion and has a long history of use in lakes and reservoirs.
Specific methods of aeration can be used to add oxygen to the
surface layers while leaving stratification mostly intact (e.g., paddlewheels), or it can be used to partially or completely destratify a
water body (e.g., diffusers). Artificial destratification disrupts density differences associated with stratification, allowing the prevailing meteorological forces and convection currents to homogenize
the water body in terms of temperature, oxygen, and other physicochemical characteristics (Toetz 1981).
A common form of destratification utilizes an air compressor
on the shore that pumps air through hoses on the bottom of the
pond to diffusers (e.g., Mostefa and Ahmed 2012). Air is released
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in deeper waters, and a column of small bubbles rises to the surface, expanding and pushing water upward. The bubble plume entrains cold dense water in the hypolimnion and carries it toward
the surface where it mixes with warmer epilimnetic water (van
Dijk and van Vuuren 2009). Warmer surface waters sink as deeper
waters are displaced, creating a circulation effect. Careful consideration of the number of diffusers and their placement can result
in near complete thermal homogenization of the water body.
Lake and pond destratification as a management tool has been
increasing rapidly in recent years, yet data are limited regarding its
effects on fish communities. There has been substantial research
on the biological effects of destratification, but this research focused mostly on water quality effects (e.g., Bormans et al. 2015)
and lower trophic levels, particularly phytoplankton, zooplankton,
and benthic macroinvertebrates (Toetz et al. 1972, Antenucci et
al. 2005, Becker et al. 2006, Lehman 2014). A few studies have explored the effect of destratifying lakes on fish populations in terms
of reducing fish kills and expanding available habitat (Fast 1966,
Fast 1968, Calhoun and Hubbell 1970), but most discussions on
increasing fish production via bottom-up trophic effects were theoretical. The lone exception was Johnson (1966), who reported
that increased habitat due to destratification improved coho salmon (Oncorhynchus kisutch) fry survival from 12.9% to 42.1%; Toetz
et al. (1972) subsequently calculated that this resulted in a 328%
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increase in annual biomass of smolt migrants. No other attempts
to assess the increase in fish production resulting from use of active destratification have been reported.
Aeration and destratification are used effectively to increase
production capacity in feed-based commercial aquaculture (e.g.,
Losordo 1991, Boyd et al. 2018), yet their potential for recreational
fisheries has not been assessed. Destratification systems are generally installed in recreational fisheries to prevent oxygen-related
fish kills, but there may be additional benefits, as the expansion of
habitable pond volume and increased productivity at lower trophic
levels associated with destratification may influence sport fish production. This case study describes the response of a largemouth
bass (Micropterus salmoides) population to destratification and
other management activities over nearly a decade in a 2.4-ha research pond under controlled environmental conditions.

Methods
Study Site
This research was conducted on a 2.4-ha impoundment at Mississippi State University that serves as a demonstration pond for
teaching and research. The pond averages around 2 m in depth
with a maximum depth of nearly 4 m at full pool. The pond was
designed with earthen points and humps, deeper channels, shallow
stump fields in offshore areas, and a few logs and concrete structures near shore for fish habitat. Some spring growth of filamentous algae (Pithophora spp.) and summer growth of water primrose (Ludwigia spp.) occurs around the pond edges, but the pond
is generally devoid of aquatic plants. The pond is not fertilized, but
is naturally fertile due to watershed activities and has experienced
oxygen-related fish kills in the past. Summer stratification was
strong prior to destratification, with a shallow thermocline around
1.0–1.5 m and near anoxic conditions in deeper waters. The pond
was originally stocked with F1 hybrid largemouth bass, bluegill
(Lepomis macrochirus), redear sunfish (L. microlophus), and grass
carp (Ctenopharyngodon idella) in the mid-1990s and was in relative equilibrium at the time of the study. Fishing is rarely allowed
on the pond.

Temperature-Oxygen Sampling
Continuous temperature and oxygen vertical profiles were collected in mid-August 2009 in the study pond to demonstrate the
degree of thermal stratification and oxygen depletion present during
summer months. A Hydrolab DS5 multiparameter data sonde (OTT
Hydromet, Inc., Loveland, Colorado) was lowered and raised from
a boat at five random sites in the lower section of Blackjack Pond
where water depths exceeded 2.5 m. These methods were repeated
in August 2018 to demonstrate thermal and oxygen patterns present
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with continuous destratification system operation. For each period,
values at 0.25-m intervals from 0.5 m to the pond bottom were averaged across the five stations and standard deviations were calculated
as a measure of variance.

Largemouth Bass Sampling
Mark-recapture population estimates for largemouth bass were
conducted annually since 2010, with the exceptions of 2011 and
2014. Boat-mounted electrofishing standardized to an output of
3500–4000 W (Burkhardt and Gutreuter 1995) was used. The entire shoreline and available offshore habitats were electrofished at
least once and often multiple times in mid-spring and all largemouth bass were collected, measured (TL, mm) and weighed (g);
stock-size fish (≥200 mm total length) were marked by clipping a
pelvic fin prior to release.
Marked fish were given sufficient time to reintegrate into the
population prior to recapture about four weeks later. A similar
sampling protocol was used for recapture sampling efforts, and
all largemouth bass were collected, measured, and examined for
marks. Population size (N) of stock-size largemouth bass was estimated using Chapman’s modification of the Petersen index (Chapman 1951), with a target 95% confidence interval of ± 25% of N
(Robson and Regier 1964). Estimated N of stock-size largemouth
was multiplied by their mean weight to estimate total stock-size
biomass. Body condition was determined using the relative weight
(Wr ) index (Henson 1991, Neumann et al. 2012).

Habitat Alterations
In 2012, Vertex Water Features (Pompano Beach, Florida) donated a destratification system to Mississippi State University. The
system was designed by their engineers specifically for the study
pond and consisted of five diffusers strategically placed in the
bottom of the pond and supplied by a compressor cabinet on the
shore. This system was installed and activated in November 2012.
The system was operated continuously for the remainder of the
study with the exception of temporary power outages and scheduled maintenance which generally lasted less than 24 h.
In late spring 2014, Mossback Fish Habitat (Springdale, Arkansas) donated nine artificial fish attractors to Mississippi State
University, which were placed in the study pond. These consisted
of three small nursery attractors (Root Wad kit) in the shallow upper end of the pond, three larger habitat complexes (Safe Haven
kit) in deeper water, and three paired horizontal habitat complexes
(Trophy Tree kit) on the dam. The artificial habitats accounted for
about 0.5% of the pond’s total surface area. No other habitat changes were made to the pond over the course of the study.
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Statistical Analysis
The study covered nine consecutive years, with three years before destratification and six years with ongoing destratification.
The data suggested a three-year transitional period prior to largemouth bass population response, so I analyzed the data using a
post-hoc time series approach of 2010–2012 (pre-installation),
2013–2015 (transitional), and 2016–2018 (response). Statistical
comparisons among the three periods used analysis of variance
(ANOVA) for biomass, density, and mean weight. Relative weight
served as a measure of condition, but for statistical comparison, slopes of weight-length regressions were compared between
years using analysis of covariance (ANCOVA, PROC GLM) on
log10-transformed data. Alpha was set at P = 0.05.

Results
The study pond was strongly stratified during summer months
prior to system installation, with a clear thermocline establishing
between 0.75 and 1.75 m and dissolved oxygen levels less than
2.0 mg L–1 at 1.25 m and below (Figure 1). Following installation,
continuous system operation created a pond environment with
nearly homogenous temperature in the water column. Dissolved oxygen remained stratified despite thermal destratification, although
deeper areas maintained habitable oxygen levels, exceeding 2.0 mg
L–1 at all but the deepest depth strata (2.75 m). This more than doubled the habitable depth of the pond during summer.
Biomass of stock-sized largemouth bass during the pre-installation period ranged from 35.8 to 42.8 kg ha–1 (Table 1) and remained low during the transitional period (range = 42.3–42.7 kg
ha–1 ). Estimated density of stock-sized largemouth bass was also
consistently low during the pre-installation and transitional periods, with estimates ranging from 51 to 93 fish ha–1. Beginning

Figure 1. Mid-summer temperature (Top) and oxygen (Bottom) conditions in Blackjack Pond from
before (14 August 2009, Stratified) and after (30 August 2018, Destratified) system installation. Error
bars represent one standard deviation of the mean (n = 5).

Table 1. Population estimate parameters and population statistics from Blackjack Pond from 2010 to 2018. Data are separated into pre-installation (2010–2012, no destratification), transitional (2013–2015,
first three years of destratification), and response (2016–2018, observed largemouth bass population changes) periods. Number of fish marked (M), captured (C), and recaptured (R) were used to estimate
stocked-size largemouth bass abundance (N). 95% confidence bounds (CB) for N are presented.
Response
period
Pre-installation

Transitional

Response
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Pop. est. parameters
Year

M

C

R

N

95% CB
(±N)

Density
(fish ha–1 )

Mean weight
(kg)

Biomass
(kg ha–1 )

Mean
Wr

2010

54

48

11

224

42.0%

93

0.459

42.8

80.1

2011

–

–

–

–

–

–

–

–

–

2012

70

27

15

123

27.6%

51

0.685

35.8

81.7

2013

58

60

20

170

27.3%

71

0.602

42.7

79.3

2014

–

–

–

–

–

–

–

–

–

2015

80

81

33

194

19.4%

81

0.522

42.3

87.6

2016

124

230

35

801

25.0%

334

0.389

129.8

83.9

2017

180

244

49

886

20.9%

369

0.324

119.4

80.5

2018

140

266

42

875

22.6%

364

0.273

99.5

73.8

Largemouth Bass and Pond Destratificatio

Neal  4

Figure 2. Estimates of (A) stock-sized (≥200 mm TL) largemouth bass density (N ha–1 ), (B) biomass
(kg ha–1 ), and (C) mean weight (kg) in the study pond from 2010 to 2018. Error bars are one standard
error.

Figure 3. Largemouth bass length distributions in Blackjack Pond (A) prior to destratification system
installation (2012), (B) during the transitional period with destratification (2015), and (C) following
population response to destratification (2018).

in the fourth year following installation, largemouth bass populations appeared to respond to environmental changes. Biomass tripled in 2016 compared to previous estimates and average density
more than quadrupled (Table 1); both remained high in 2017 and
2018. Mean density (F = 165.01, df = 2, 6; P < 0.001) and biomass
(F = 39.06, df = 2, 6; P = 0.002) were higher in the response period
than in the other two periods (Figure 2).
Concurrent to the increases in biomass and abundance, mean
weight of individual fish declined precipitously. Prior to the population increase, mean weight of individual stock-sized largemouth
bass peaked at 0.685 kg just before the destratification system was
installed, and subsequently dropped every year to 0.274 kg in 2018

(Table 1). Mean weight (F = 5.49, df = 2, 6; P = 0.071) was marginally higher in the response period than in the other two periods
(Figure 2), and there was a significant negative trend in mean
weight post-destratification (r 2 = 0.95; P = 0.027). Relative weight
also declined following the population expansion, peaking near 88
in 2015 just before biomass and abundance increased, then falling
each year to a low near 74 in 2018 (Table 1). Length-weight regression slopes were significantly different between years (F = 9315.25,
df = 13,959, P < 0.001), with slopes declining post-destratification.
Increases in largemouth bass abundance and biomass appeared
to be largely a function of increased recruitment (Figure 3). Length
distributions prior to system installation and during the transition-
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al period were protracted, with low numbers of fish but consistent
representation in all size classes. In 2016, a strong year class began
to recruit, resulting in 82% of the population measuring less than
300 mm total length by the March sample. In 2017, another strong
year class recruited, and 93% of the population was less than 350
mm. By 2018, about 97% of the population was less than 350 mm.
In response to increases in abundance and declining mean weight
and condition, biomass removals were conducted following the
population estimates in 2017 and 2018. In 2017, 24% of the stocksized biomass was removed, and another 21% was removed in 2018.
Only largemouth bass 200–330 mm total length were removed in an
attempt to reduce abundant smaller fish. Because removals occurred
after estimate completion, only the 2018 estimate would have been
influenced by removing largemouth bass (the 2017 removal). However, the 2018 population estimate was nearly identical to the 2017
estimate (density differed by 5 fish ha–1), suggesting compensatory
effects of the harvest on natural mortality.

Discussion
The population of largemouth bass in this 2.4-ha pond significantly expanded following destratification and habitat alterations.
Although lack of replication precludes conclusive assignment of
causation, the sheer magnitude of the observed changes following
at least six years of relative stability suggests that some combination of destratification or habitat augmentation may have been responsible. Biomass and abundance increases of 300% or more can
be achieved via implementing a proper fertilization program (Neal
and Kröger 2012, Stone et al. 2012), but changes of this magnitude
without a causative factor are inconsistent with ecological carrying
capacity theory (e.g., Chapman and Byron 2018), even in relatively
dynamic fisheries such as southern ponds.
It is unlikely that the addition of artificial habitats was responsible for the observed changes. Although there is some evidence that
structural habitat may increase productivity by serving as an attachment surface for periphyton and other biofilms (Pardue 1973,
Neal and Lloyd 2017), the reported changes were usually only a
fraction of the overall carrying capacity. Further, the ratio of structural coverage to lentic surface area in previous studies was considerably greater than in the current study, where less than 1% of the
pond area contained artificial habitat. Several studies have hypothesized that the addition of structural habitat may increase carrying
capacity and biomass, but these studies limited their hypothesis
to areas in the immediate vicinity of the structures and did not
extrapolate biomass increases system-wide (Bortone et al. 1994,
Polovina 1994, McCann et al. 1998, Miranda 2017). Thus, it is likely that the habitat in the study pond served more to concentrate
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fish around habitats rather than increase biomass or abundance,
and any increases associated with biofilms or higher recruitment
should have been minimal.
In addition, it is also implausible that the structures added in
spring 2014 increased juvenile largemouth survival and recruitment. Studies have shown that complex habitat can decrease largemouth bass predation rates and increase abundance of juvenile
largemouth bass (Savino and Stein 1982, Bettoli et al. 1992, Irwin et
al. 1997). However, the relative amount of artificial habitats installed
during this study was small compared to other habitat available to
the bass, and the habitats were designed to attract predators, not
conceal prey (i.e., large interstitial spaces allowing free movement
of predators). The exception were the Root Wad kit attractors, designed to serve as nursery habitat. These habitats were electrofished
periodically during the study and few juvenile bass were collected;
juvenile bass were much more common along the shoreline of the
pond.
Another factor which hypothetically could have affected results
might be the continued introgression of the F1 largemouth bass
originally stocked. Heterosis, also known as hybrid vigor, is manifested when Florida bass (M. s. floridanus) are crossed with northern largemouth bass (M. s. salmoides). However, as F1 individuals
interbreed over subsequent generations, the qualities present due
to heterosis are lost and the resulting population will be inferior
to both the F1 cross and the original parental stock (e.g., Burke
and Arnold 2001). This outbreeding depression would indeed be
a concern in a newly stocked impoundment; however, the study
pond was established more than 20 years before this research and
any outbreeding depression influences on the population had likely stabilized before this research was initiated.
The most plausible explanation is that destratification increased
habitable volume and overall productivity of this pond. Artificial
destratification may affect physicochemical function of lentic waters that, in turn, can influence biological productivity. Research
has demonstrated destratification effects on thermal and oxygen
profiles (e.g., Bryan 1964, Irwin et al. 1966), oxidation and organic matter (e.g., Knoppert et al. 1970), alkalinity and pH dynamics (Leach and Harlin 1970, Malueg et al. 1971, Balangoda 2016),
and nutrient dynamics (e.g., Hooper et al. 1953, Ridley et al. 1966,
Haynes 1971, Balangoda 2016). Phosphorus is normally the limiting nutrient in southern ponds (Stone et al. 2012), and destratification can certainly influence phosphorus dynamics, although
predicting specific effects is quite complicated (Toetz et al. 1972,
James 2015, Balangoda 2016). Artificial destratification should
promote precipitation and sorption of phosphorus and prevent the
release of phosphorus from sediments, but the same aerobic con-
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ditions may accelerate phosphorus release by increasing temperature at the sediments and increasing rates of phosphorus turnover
and uptake (Toetz et al. 1972).
Biologically, destratifying waterbodies can reduce cyanobacteria (Haynes 1971, Maleug et al. 1971) and encourage growth of
beneficial green algae and flagellates (Robinson et al. 1969, Lackey
1971, Sipaúba-Tavares et al. 1999). Fast (1971) found that a measure of productivity (mg C fixed m–3 over 4 h) was three times
higher in lakes when aerated, but he reported no controls for comparison. Increased production should be transferred up the trophic web. For example, Fast (1971) reported that the total number
of benthic invertebrates almost doubled with aeration.
Destratification through physical aeration maintains higher
oxygen levels in deeper waters during the summer months. This
not only reduces the risk of oxygen-related fish kills, it increases
oxygenated deeper habitat to benefit most heterotrophs, including macroinvertebrates and fish (Fast 1966, 1968, 1971). Johnson
(1966) demonstrated that destratification increased coho salmon
fry survival in natural systems, and his data suggested that biomass
production tripled following destratification (Toetz et al. 1972).
Aquaculture producers have long understood the value of aeration
to fish production (e.g., Boyd 1998, Tucker and Hargreaves 2004),
and oxygen is possibly the most important factor affecting fish
survival and growth (Brett 1979, Hargreaves and Tomasso 2004).
Aeration enables aquaculture to produce much greater biomass of
fish than would be possible under natural conditions.
In the current study, biomass of stock-sized largemouth bass
tripled following installation of a destratification system. Similar
to the Johnson (1966) study, this increase in biomass appears to be
largely driven by recruitment. Strong year classes, as indicated by
length distributions, recruited each year from 2016 to 2018. This
skewed the population towards smaller size classes, and resulted in
mean weight of stock size largemouth bass decreasing about 25%
when biomass increased. Recruitment may explain why the rapid
increase in biomass of stock-size fish occurred 3.5 years after the
installation occurred. The system was installed after spawning season in November 2012 when the pond was already destratified, so
the first period of summer destratification would have occurred
in summer 2013, after the 2013 spawning season. Thus, the first
spawning event following full destratification would have occurred
in 2014, and these fish would have recruited to the stock-size population by 2016. Further exploration of this lag effect is warranted.
The increase in biomass may have exceeded carrying capacity
in this pond. Mean relative weight increased considerably in 2015,
suggesting that prey production had begun to increase following
destratification, but after density of largemouth bass increased the
following year, relative weight began to decline rapidly. Despite
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substantial harvest (24% of stock-sized biomass) of smaller largemouth bass in 2017, recruitment continued and density remained
high. Mean relative weight reached its lowest level of 73.8 in 2018,
suggesting that the largemouth bass population is limited by available prey resources. A more liberal harvest strategy may be needed
to reduce largemouth bass density and concentrate available prey
resources into fewer, yet healthier fish (Schramm and Willis 2012).
This research was conducted in a single pond and replication
was not feasible, so results are presented as a case study and caution
is warranted when extrapolating these results to other systems and
drawing larger conclusions. The results suggested that continuous
destratification may increase carrying capacity for largemouth
bass in eutrophic southern ponds, but it is unclear what the magnitude might be once the system reaches a new equilibrium. The
tripling of stock-size largemouth bass biomass in the current study
may have exceeded the increase in carrying capacity, as suggested
by declines in relative weight. Regardless, these results emphasize
the need for additional research on the effects of destratification on
fish communities in small impoundments. If destratification can
indeed double or triple standing biomass while greatly reducing
the risks of oxygen-related fish kills, the cost of these systems could
be more easily justified by managers of ponds and small lakes.
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