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ABSTRACT Double‐crested cormorants (Phalacrocorax auritus) and great egrets (Ardea alba) have an ex-
tensive history of human‐wildlife conflict with the aquaculture industry of western Mississippi, USA, due to
their depredation of cultured catfish (Ictalurus spp.). Although aquaculture is abundant, western Mississippi
also contains naturally occurring water bodies that offer alternative forage opportunities to these species.
How cormorants or egrets distribute themselves among these 2 foraging options is unknown, but it has
been generally assumed each species uses aquaculture disproportionately more because of the high density
of available prey. To test this assumption, we surveyed these species on aquaculture and naturally occurring
water bodies using aerial surveys from October through April of 2015–2016, 2016–2017, and 2017–2018.
We modeled the proportion of each species on aquaculture as a function of year, date, and weather‐related
variables using quasi‐binomial generalized linear models. Egrets used aquaculture consistently more than
what was proportionally available to them and use was not influenced by any of the variables we measured.
Proportional use of aquaculture by cormorants was lowest during October through January but steadily
increased through April, indicating a distribution shift toward aquaculture in the months immediately prior
to their migration. The highest proportional use of aquaculture by cormorants occurred in 2016, a year
when lethal control measures were not allowed against cormorants. Conversely, the least proportion of
cormorants on aquaculture was in 2015 when cormorants could be lethally controlled under authority of an
Aquaculture Depredation Order. This trend highlights the potential influence of changes in mortality risk,
caused by changes in policy regarding lethal take of cormorants, on cormorant distribution between
foraging options. © 2020 The Wildlife Society.

KEY WORDS aquaculture, Ardea alba, catfish, depredation order, double‐crested cormorant, forage use, great egret,
human‐wildlife conflict, Mississippi, Phalacrocorax auritus.

Mississippi, USA, contains approximately 18,000 km2 of
the Mississippi Alluvial Valley located in the western por-
tion of the state, regionally known as the Mississippi Delta
(i.e., Delta; Fig. 1). The Delta was historically covered by
bottomland hardwood forests, marshes, and wetlands, but
beginning in the 1800s was steadily cleared and drained
for agriculture (McWilliams and Rosson 1990; Stanturf
et al. 1998, 2000). Catfish (Ictalurus spp.) aquaculture
practices began in the 1960s and thrived in the Delta be-
cause of the large quantities of ground water, flat top-
ography, and the presence of clay soils with low infiltration
rates (Tucker and Hargreaves 2004, Hanson and
Sites 2015). With the loss of wetlands, piscivorous avian

species that inhabit the Delta have presumably shifted their
foraging to the now abundant aquaculture. This foraging
behavior has resulted in human‐wildlife conflict between
avian species and the aquaculture industry through the
depredation of cultured catfish (Stickley and Andrews 1989,
Glahn et al. 1999, Taylor and Dorr 2003, Glahn and
King 2004). Two of the most common species associated
with this conflict in the Delta are the double‐crested cor-
morant (Phalacrocorax auritus; cormorant), and great egret
(Ardea alba; egret; Wywialowski 1999, Taylor and
Dorr 2003).
Cormorants inhabit the Delta primarily from October

through April as part of their annual migration from the
upper midwestern United States, whereas egrets can be
found year‐round; although, their numbers are typically
higher in spring through fall (McCrimmon et al. 2011,
King et al. 2012, Dorr et al. 2014). Because each species has
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a high affinity for fish, cormorants and egrets regularly use
aquaculture facilities throughout the Delta. Both species
depredate catfish at aquaculture facilities to varying degrees,
but cormorants are considered the industry's primary source
of financial loss attributed to piscivorous birds (Mott and
Brunson 1995, Glahn and King 2004, Dorr et al. 2012,
Feaga et al. 2015). Although the Delta contains a sub-
stantial amount of aquaculture, there are also naturally oc-
curring water bodies found throughout the area. Catfish
farmers, wildlife managers, and researchers have assumed
that cormorants and egrets use aquaculture facilities dis-
proportionately to naturally occurring water bodies because
of the high density of food available in aquaculture ponds,
but this assumption has not been evaluated.
The aquaculture industry in the Delta provides a rich

source of food at high densities, which is readily available to
avian predators throughout the year. But the presence
of humans and anthropogenic disturbances may elicit

avoidance behavior. Additionally, there are many dispersal
methods implemented by catfish producers to reduce avian
presence, such as pyrotechnics and gun fire (Mott and
Boyd 1995, Reinhold and Sloan 1997, Wires et al. 2001).
Lethal take of cormorants has traditionally been allowed
through the Aquaculture Depredation Order (AQDO; U.S.
Fish and Wildlife Service [USFWS] 2014), and producers
can apply for permits to lethally take egrets. The AQDO
has been controversial and has received attention regarding
its usefulness and effects on cormorants (Wires 2016). As a
result, the AQDO has undergone changes in recent years.
In May 2016, the United States District Court for the
District of Columbia vacated the AQDO, ceasing all lethal
control methods at aquaculture facilities until an environ-
mental assessment was conducted. In November 2017, the
USFWS published an environmental assessment in the
Federal Register that allowed aquaculture facilities to apply
for permits to lethally control cormorants, although the

Figure 1. Portion of the Mississippi Alluvial Valley located in Mississippi, USA, known as the Mississippi Delta (A and B). Sample frame established in the
Mississippi Delta in which we conducted aerial surveys to estimate the abundance of double‐crested cormorants and great egrets on aquaculture ponds and
naturally occurring water bodies (C). Cross‐hatched shapes represent aquaculture present during the study. Solid black shapes represent the 30% randomly
selected naturally occurring water bodies surveyed, while solid gray shapes represent the remainder. Solid gray boxes outlined with thick black borders
represent the 30% randomly selected aquaculture clusters that were surveyed. We conducted approximately 2 surveys per month from October through April
of 2015–2016, 2016–2017, and 2017–2018. Solid black stars represent locations of weather stations used to collect weather‐related data during this study (B).
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number that could be taken lethally was reduced as com-
pared to what was allowable under the AQDO
(USFWS 2017).
Compared to aquaculture facilities, naturally occurring

water bodies have fewer human‐caused disturbances that
would elicit avoidance, particularly disturbances directly
focused at cormorants or egrets, such as those previously
described. The perceived mortality risk associated with
naturally occurring water bodies is likely less than at aqua-
culture facilities. For instance, aquaculture facilities have
full‐time personnel devoted to harassment and lethal take of
birds when allowed, whereas there are very few documented
natural predators of adult cormorants or egrets, and the few
occasional predations reported are mainly attributed to large
raptors, such as the bald eagle (Haliaeetus leucocephalus;
McCrimmon et al. 2011, Dorr et al. 2014). This increased
risk of mortality on aquaculture is supported, at least for
cormoants, by long‐term banding data and modeling of
breeding cormorant surveys in the Great Lakes in the
United States and Canada, indicating increased cormorant
mortality due to control efforts on wintering grounds
(Seamans et al. 2012, Stromborg et al. 2012, Guillaumet
et al. 2014). Although the risk may be lower on naturally
occurring water bodies, the food supply is less dense com-
pared to what is available at aquaculture facilities
(Bryant 2010, U.S. Department of Agriculture 2010). The
behavior of cormorants and egrets to choose between man‐
made structures and a more natural setting is likely based on
mortality risk and prey abundance and availability.
The objective of this study was to evaluate water body use

of cormorants and egrets in the Delta by measuring their
distribution at catfish aquaculture facilities and naturally
occurring water bodies and comparing these to the avail-
ability of each. We hypothesized the fitness benefits of in-
creased forage potential at aquaculture facilities was greater
than that of decreased risk in natural settings. In general, we
predicted greater proportional use of aquaculture than what
is proportionally available relative to naturally occurring
water bodies. We hypothesized foraging needs would differ
throughout the season based on migration phenology. For
example, Glahn et al. (1997) reported cormorants wintering
closer to aquaculture had greater increases in body mass
prior to migration compared to cormorants remote from
catfish production, and hypothesized aquaculture con-
tributed to cormorant fitness. Given this information, we
predicted cormorants preparing to migrate north during the
latter survey months would seek out foraging habitat with
higher food densities to build energy reserves for migration,
and therefore show higher use of aquaculture compared to
naturally occurring water bodies as opposed to earlier in the
fall. Although considered year‐round residents, individual
egrets do exhibit migratory behavior typically in February
(McCrimmon et al. 2011). We therefore predicted to ob-
serve similar patterns as cormorants in relation to migration.
Lastly, we hypothesized the mortality risk associated with
changes in the AQDO (i.e., lethal control measures) would
influence cormorant distribution between aquaculture fa-
cilities and natural water bodies. Based on perceived risk

levels, we predicted the proportion of cormorants on
aquaculture would be lowest in 2015, highest in 2016, and
intermediate in 2017.

STUDY AREA

This study was conducted in a 2,772‐km2 study area established
in the primary catfish producing area of the Delta, mainly in
Humphreys, Leflore, and Sunflower counties of Mississippi
(Fig. 1B) from mid‐fall through early spring. Surveys began in
October and ended in April of 2015–2016, 2016–2017, and
2017–2018 (i.e., study years 2015, 2016, 2017). The average
temperature in this area, from October through April, was
12.7°C, and the average rainfall was 80.4 cm (National Oceanic
Atmospheric Administration 2020). The dominant landcover
within our sample frame was cultivated crops (72%), followed
by woody wetland (12%), and open water, which includes
aquaculture and natural water bodies (9%). During the time of
this work the major cultivated crops included soybeans, corn,
and cotton. Dominant fauna from surveyed areas included great
blue heron (Ardea herodis), American white pelican (Pelecanus
erythrorhynchos), waterfowl (Anatidae), North American beaver
(Castor canadensis), and muskrat (Ondatra zibethicus). The
study area has a flat topography, with an elevation change of
approximately 23m over the entire area.
To obtain the most current location data of water bodies,

we manually digitized all aquaculture and naturally occurring
water bodies within the sample frame in a geographic in-
formation system (ArcGIS 10.2, Esri, Redlands, CA, USA)
using multispectral satellite imagery and high‐resolution
aerial imagery. The multispectral satellite imagery (30‐m
resolution) was taken from the Landsat‐8 satellite on
15 August 2015 and obtained from the United States
Geological Survey (USGS) Earth Explorer (https://
earthexplorer.usgs.gov/, accessed 18 Sep 2015). We used a
multi‐band method combining the Landsat‐8 spectral bands
5, 6, and 4, and displayed them as red, green, and blue, re-
spectively, to improve surface water detection (Rokni
et al. 2014). The high‐resolution (~0.5m) imagery was taken
and mosaicked by the National Agriculture Imagery Program
(NAIP) from July to October of 2014 and obtained from the
United States Department of Agriculture, Geospatial
Gateway (https://datagateway.nrcs.usda.gov, accessed 11 May
2015). We used the Landsat‐8 data to locate all current water
bodies, and the NAIP imagery to accurately digitize them.
Our sample frame contained 73.5% of all aquaculture surface
area within the entire Delta, totaling approximately 118 km2

of aquaculture, and approximately 22km2 of naturally occur-
ring water bodies (Fig. 1C). We characterized naturally
occurring water bodies as non‐flowing, unmanaged water
bodies. These were composed mostly of oxbow lakes around
riverine areas, bayous, and flooded timber areas. Surface area
of each category varied slightly between years because of
variation in production and precipitation.

METHODS

We conducted aerial surveys to estimate the abundance of
cormorants and egrets on naturally occurring water bodies
and aquaculture ponds within the sample frame. We used a
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simple random sample to select naturally occurring water
bodies to survey. Catfish ponds are on average 3.5 ha (U.S.
Department of Agriculture 2010), and we disregarded any
naturally occurring water bodies that were smaller than
3.5 ha. Cormorants forage on larger areas of water, and
therefore are less likely to use smaller natural water bodies
(Dorr et al. 2014). Retaining these smaller water bodies
would likely bias our results, showing greater use of aqua-
culture, whereas removing them from selection was a more
conservative approach. Only 11 naturally occurring water
bodies were smaller than 3.5 ha, and 88 were greater, of
which 30% (n= 26) were randomly selected for surveys
(Fig. 1C). We dropped 3 water bodies from our sample at
the end of the 2015 survey season because of low water
levels, and randomly selected an additional 3 to survey in
2016 and 2017. We used a cluster sampling method to
survey birds on aquaculture clusters (Dorr et al. 2008). We
defined aquaculture clusters as all USGS land survey sec-
tions that contained catfish ponds. Approximately 131
aquaculture clusters were within our sample frame, but the
number of clusters varied between years because of ponds
going in and out of production. Of these, we randomly se-
lected 30% (n= 40) to be surveyed each year (Fig. 1C). Our
goal was to survey the same clusters each year; however,
6 clusters in 2015 and 1 cluster in 2016 ceased production, so
we randomly selected replacement clusters for the following
year's survey. We chose a sample of 30% of clusters for this
study to maximize sample size while maintaining the ability
to survey the sample within a single day. Dorr et al. (2008)
reported this method of cluster sampling to be an acceptable
survey method for species that show patchy distributions on
aquaculture sites, such as cormorants and egrets.
We flew surveys from October through April, coinciding

with cormorant movement through Mississippi (Dorr
et al. 2008, Wires 2016). Our goal was to fly 2 surveys per
month, with each flight limited to ≤8 hours to ensure
counts were completed in 1 day and to avoid double
counting. Each survey began 1 hour after sunrise so they
could be completed during daylight. We conducted surveys
in a fixed‐wing aircraft at an altitude of 100–150m above
ground level. The pilot circled over selected clusters and
naturally occurring water bodies while an observer recorded
all target species on each water body. Cormorants and egrets
did not appear to alter their behavior or flight during sur-
veys; thus, we did not observe movement between water
bodies or among clusters during surveys. Dorr et al. (2008)
also reported cormorants to typically stop foraging and show
alert behavior while the aircraft passes; thus, we did not
expect diving behavior in response to the aircraft. We varied
survey routes randomly to decrease the probability of sur-
veying locations at the same relative time between surveys.
These research methods were approved under United States
Department of Agriculture, Wildlife Services, National
Wildlife Research Center Quality Assurance protocol QA‐
2322, including Institutional Animal Care and Use and
attending vet approvals.
We took digital photographs of cormorants and egrets on

a subset of aquaculture ponds and naturally occurring water

bodies to correct for error associated with observer counting.
We systematically chose ponds and naturally occurring
water bodies to be photographed, ensuring that we covered
a range of counts. We used linear regression to model pic-
ture counts against estimates made while flying, keeping the
intercept set to zero (Glahn et al. 2000a). We used the
estimated slope from these regression models as a correction
factor for all aerial counts. We constructed individual cor-
rection factors for each observer, by species and water body
type (natural or aquaculture), and adjusted survey counts
accordingly.
We constructed our survey count data to fit a binomial

distribution where our response variable was the proportion
of birds on aquaculture ponds per survey (Zuur et al. 2009).
For example, on 9 February 2017 we counted 1,003 cor-
morants on aquaculture ponds and 135 on natural water
bodies, resulting in a survey proportion of 0.88. This is
common practice when analyzing proportional data in
which cases are grouped either spatially or temporally
(Vicente et al. 2006, Zuur et al. 2009). Moreover, we were
interested in determining what variables influence how
these birds distribute themselves between water body types,
not based on variables related to individual birds themselves,
but rather variables associated with the survey, such as date,
weather conditions, and year.
We examined the variable of ordinal date (where 1 Oct = 1)

to determine if proportional use of aquaculture varied tem-
porally. We also examined how mortality risk (changes in the
AQDO) influenced cormorant distribution between water
body types using year as a categorical variable. The 2015
survey year represented maximum risk to cormorants because
producers could lethally remove cormorants from their farms
with no limit. The 2016 survey year represented the lowest
risk because the AQDO was ceased and no lethal measures
against cormorants were legal. Finally, we viewed the 2017
survey year as an intermediate risk level because producers
were able to apply for permits to lethally remove cormorants,
but only a limited number could be taken from their facilities.
Because egrets were not directly affected by changes in the
AQDO, we made no predictions regarding differences in
proportional use of aquaculture among years for egrets;
however, we still included year when modeling egrets to
account for potential variation.
We were also interested in the possible influence of either

temperature or precipitation on proportional use of foraging
options. Water levels in naturally occurring water bodies are
sensitive to precipitation, whereas aquaculture pond depths
are controlled, and temperature can contribute to diet var-
iability of cormorants (Dorr et al. 2014). To calculate these
variables, we first collected daily precipitation and maximum
temperature values over the duration of our study from
4 weather stations spaced around our survey area (Fig. 1B).
These weather stations were located in the cities of Yazoo
City, Leland, Lambert, and Greenwood. We obtained
weather data from the National Centers for Environmental
Information through the National Oceanic and
Atmospheric Administration website (https://www.ncdc.
noaa.gov/, accessed 18 Jun 2018). We averaged these values
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on a daily basis to obtain a daily temperature and precip-
itation value representative of the region. For each survey we
averaged the maximum temperature over 7 days, including
the survey day and the 6 days prior. Similarly, we calculated
the precipitation variable as the accumulation of rainfall
within the same period. Our goal was to develop a meas-
urement of these weather variables over a time representing
ongoing conditions experienced by these species prior to
each survey. We chose 7 days as an intermediate between
the minimum of 1 day (survey day) and the maximum
14 days between surveys. Our hope was also to decrease
correlation in values between consecutive surveys.
We conducted all analyses using Program R (version 3.5.1,

www.r-project.org, accessed 9 Mar 2018). We modeled
ordinal date up to a third‐order polynomial because we
predicted aquaculture use would be dynamic over the survey
season. We also modeled temperature and precipitation up
to quadratic terms to allow for possible non‐linear rela-
tionships. We checked for collinearity among predictor
variables using variance inflation factors (VIF) calculated
from the full model. We used the cut off of VIF> 5 to
determine if a variable should be removed (Zuur
et al. 2009). We constructed a global model for cormorants
and egrets separately, and started our analysis using a bi-
nomial generalized linear model (GLM). Each global model
included the categorical variable of year, ordinal date up to a
third‐order polynomial, and precipitation and temperature
both up to a second‐order polynomial. Because our data was
grouped by survey, overdispersion must be checked for in
this framework (McCullagh and Nelder 1989). We detected
overdispersion in global models for both species and
therefore continued using a quasi‐binomial GLM to correct
standard errors (Zuur et al. 2009). This quasi‐binomial
method does not allow for the use of Akaike's Information
Criterion (AIC) procedures, so we conducted variable se-
lection using the drop1 function in R (Zuur et al. 2009).
This function drops each individual term from the model
and calculates the resulting model deviance given each
variable's removal. Because we used the quasi‐binomial
method, we scaled the resulting difference in deviance by
dividing the deviance difference by the estimated dispersion
parameter. The deviance estimate follows an F distribution,
which provides a measure of variable importance, providing
an F‐statistic and associated P‐value. The variable associated
with the largest P‐value >0.05 is removed first and the re-
sulting model is evaluated again using the drop1 function.
We repeated this process until all remaining variables had a
P‐value <0.05. We further validated the final model by
examining deviance residuals plotted against the predicted
response values and independent variables to ensure that
patterns indicated no violations of model assumptions (Zuur
et al. 2009).
We used the package effects in Program R to calculate

means and confidence intervals, and to graphically display
the influence of independent variables on proportional use
of aquaculture (Fox and Hong 2009). For the categorical
variable of year, we performed post hoc pairwise comparisons
to test for differences between survey years using a Tukey

correction in package emmeans (Lenth 2019). We made
inferences from model estimates for cormorants by com-
paring them to the proportion of aquaculture available by
surface area. On average, we sampled 3,273 ha of aqua-
culture, and 646 ha of naturally occurring water bodies each
year, resulting in a proportion of water surface area of 0.83
as aquaculture, and 0.17 as natural. In effect, if no prefer-
ence of water body type exists, we would expect modeled
estimated proportions of cormorants on aquaculture to be
approximately 0.83. Cormorants forage in open water, and
therefore have access to the entire area of either aquaculture
ponds or naturally occurring water bodies. Egrets, however,
are restricted to shallower waters, typically <0.5m deep
(McCrimmon et al. 2011). We therefore compared mod-
eled proportion of egrets on aquaculture by perimeter. On
average, we sampled 755 km of aquaculture, and 99 km of
natural water bodies each year, resulting in a proportion
based on perimeter of 0.88 as aquaculture and 0.12 as
natural.

RESULTS

We completed 12 surveys in 2015, 12 in 2016, and 9 in
2017. The correction factor estimated from modeling pic-
ture counts against aerial counts on aquaculture and natu-
rally occurring water bodies averaged 1.01 (n= 136) and
0.97 (n= 27) for cormorants, and 0.88 (n= 74) and 0.90
(n= 11) for egrets, respectively. Total adjusted cormorant
counts for all surveys combined were 24,735 on aquaculture
and 7,961 on naturally occurring water bodies. Total ad-
justed counts for egrets were 14,913 on aquaculture and 837
on naturally occurring water bodies. In general, counts were
consistent among years for both species (Fig. 2). Cormorant
abundance showed a slight peak early in the survey season
(Nov–Dec), followed by a larger peak from February
through March. Egret abundance was greatest early in the
survey season (Oct), then gradually decreased through
April (Fig. 2).
There was no evidence of collinearity among any predictor

variables in the global models (VIFs< 5), so we retained all
variables during model construction. The variable selection
process for cormorants retained the variables year, the linear
term of precipitation, and the quadratic term of ordinal date
(Table 1). Proportion of cormorants on aquaculture by or-
dinal date showed an increase throughout the survey season,
with the lowest values occurring from October through
January followed by an increase through April of each year
(Fig. 3). The proportion of cormorants on aquaculture was
lowest in 2015, averaging 0.52 (range= 0.34–0.91) over the
survey season (Fig. 3). The 2015 estimates and 95% con-
fidence intervals were below the proportion of aquaculture
available by surface area (0.83) for most of survey season.
The proportion of cormorants on aquaculture in 2016
was greater than 2015 (P< 0.001), averaging 0.85
(range= 0.77–0.98) over the survey season. Estimates and
95% confidence intervals over the entire 2016 season con-
tained, or were above, the 0.83 threshold (Fig. 3). Finally,
the proportion of cormorants on aquaculture in 2017 was
greater than 2015 (P= 0.009) but only trended less than
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2016 (P= 0.214), averaging 0.75 (range= 0.62–0.97) over
the survey season. In 2017 the estimates and 95% con-
fidence intervals fell below 0.83 for part of the survey
season, primarily in November and December, but other-
wise contained or were above 0.83 (Fig. 3). Lastly, precip-
itation values ranged from 0 to 23 cm within our survey
samples. Precipitation had a positive effect on cormorants'

proportional use of aquaculture, with greater proportions
occurring during wetter conditions (Fig. 4).
The variable selection process for egrets retained no vari-

ables, indicating a constant proportion of egrets on aqua-
culture regardless of temporal or weather‐related conditions
(Table 1). The proportion of egrets on aquaculture was 0.95
(95% CI= 0.92–0.97), which was above the proportion of
aquaculture available by perimeter (0.88).

DISCUSSION

We tested the assumption that cormorants and egrets use
aquaculture disproportionally more to what is available and
found it to be supported to varying degrees. Proportion of
cormorants on aquaculture versus naturally occurring water
bodies was highest in 2016 and lowest in 2015 (Fig. 3).
During the 2015 survey period catfish producers were al-
lowed to use lethal control against cormorants without a
federal permit under the AQDO, and our proportional es-
timate and confidence intervals of cormorants on aqua-
culture were lower than what proportionally available for
most of the year. During the 2016 survey, the AQDO was
ceased and no lethal control methods could be legally used
at aquaculture facilities. Other non‐lethal means of harass-
ment such as pyrotechnics or the use of live ammunition to
scare birds was still an allowable technique used to reduce
bird presence (Mott and Boyd 1995, Glahn et al. 2000b).
Our proportional estimates of cormorants on aquaculture in

Figure 2. Abundance of double‐crested cormorants and great egrets counted during aerial surveys of aquaculture ponds and naturally occurring water bodies
in the Mississippi Delta, USA. We conducted approximately 2 surveys per month from October through April of 2015–2016, 2016–2017, and 2017–2018.

Table 1. Results of quasi‐binomial generalized linear models of the pro-
portion of double‐crested cormorants and great egrets found on aquaculture
in the Mississippi Delta, USA. Variable estimates, along with standard
error (SE), 95% lower (LCI) and upper (UCI) confidence intervals, and
P‐values are shown. We collected data from October through April of
2015–2016, 2016–2017, and 2017–2018, with 2015–2016 modeled as the
reference group.

Coefficients Estimate SE 95% LCI 95% UCI P

Cormorant
Intercept −0.156 0.257 −0.662 0.349 0.547
Year (2016–2017) 1.868 0.373 1.162 2.632 <0.001
Year (2017–2018) 1.130 0.387 0.387 1.916 0.007
Datea 4.437 0.944 2.611 6.328 <0.001
Date2 2.352 1.040 0.364 4.461 0.032
Precipitationb 0.098 0.035 0.035 0.174 0.009

Egret
Intercept 2.880 0.265 2.396 3.444 <0.001

a Ordinal date, where 1 October is set as 1.
b Total rainfall accumulated on the survey day and 6 days prior to (cm).
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2016 were equal to or greater than what was proportionally
available over the entire survey season. During the 2017
survey year, producers were allowed to once again use lethal
measures but were required to apply for a permit and were
limited on the number of cormorants taken. Average pro-
portion of cormorants on aquaculture during 2017 was in-
termediate compared to the previous 2 years but fell below
the proportion of aquaculture available by surface for part of
the survey season. These findings match our initial predi-
cations of lethal control influencing how cormorants

distribute themselves between aquaculture and natural water
bodies.
Although the ability of producers to successfully kill cor-

morants has proven to be rather difficult (Hess 1994), re-
moving the mortality risk may result in cormorant
habituation to non‐lethal methods. Glahn et al. (2000b)
reports shooting a limited number of cormorants reinforces
other non‐lethal harassment, thereby preventing habitu-
ation. Similarly, Hess (1994) observed fewer cormorants
entering treatment areas where lethal control was being
practiced in parts of the Delta. More recently, Hedge and
Kumar (2019) presented a case study examining the effec-
tiveness of non‐lethal harassment in preventing fish loss and
reported that catfish survival in ponds where non‐lethal
harassment was taking place had 42% lower survival than
ponds not affected by birds at all, resulting in an economic
loss of $8,692 to $10,032 per hectare.
Empirical studies are lacking on the effectiveness of lethal

control at aquaculture facilities on reducing cormorant
abundance and depredation of fish on ponds, specifically at
spatiotemporal scales large enough for robust inference. An
ideal study design would require a combination of treat-
ments including no harassment, non‐lethal harassment, and
lethal control at regional scales, ideally over multiple years.
Conducting such a study would be logistically difficult be-
cause it would require cooperation from many catfish
farmers to reliably continue with treatments, including the
willingness to refrain from using methods that would reduce
catfish loss. In our case the unforeseen removal of the
AQDO provided a unique opportunity to examine such
affects, albeit in a correlative manner. Although we cannot
be certain that no lethal measures were being taken during
2016, it is reasonable to assume such measures were less
than in other years when the AQDO was active (2015) or
when permits were being issued (2017).
The absence of lethal measures is just 1 possible reason

why we observed the difference among years for cormorants,

Figure 3. Proportion of double‐crested cormorants on aquaculture from October through April of 2015–2016, 2016–2017, and 2017–2018 in the
Mississippi Delta, USA. We calculated estimates (solid black line) and 95% confidence intervals (solid grey line) from a quasi‐binomial generalized linear
model. The dashed line represents the proportion of surveyed water area classified as aquaculture (0.83). If cormorants were using aquaculture proportional to
its availability estimates would fall on the dashed line, whereas estimates above the line indicate higher proportional use of aquaculture.

Figure 4. Proportion of double‐crested cormorants on aquaculture in a
sample frame established in the Mississippi Delta, USA, in relation to
precipitation. We calculated estimates (solid black line) and 95%
confidence intervals (solid grey line) from a quasi‐binomial generalized
linear model with data collected from October through April of
2015–2016, 2016–2017, and 2017–2018. The dashed line represents the
proportion of surveyed water area classified as aquaculture (0.83). If
cormorants were using aquaculture proportional to its availability, estimates
would fall on the dashed line, whereas estimates above the line indicate
higher proportional use of aquaculture.
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but some arguments lend support to our findings that lethal
control measures likely influence cormorant distribution
between aquaculture ponds and naturally occurring water
bodies. First, there is evidence that lethal take to protect
aquaculture resources affects mortality estimates for cor-
morants at scales as large as the Great Lakes region
(Seamans et al. 2012, Stromborg et al. 2012, Guillaumet
et al. 2014). The upper Midwest population of cormorants
is a primary contributor to birds wintering in the Delta
region. Second, our results indicate higher proportion of
cormorants on aquaculture during wetter conditions. Given
this relationship, we would predict overall higher pro-
portions during wetter years and lower proportions during
dryer years, yet the opposite was observed. The highest
proportion was in the 2016 season, which averaged
10.3± 4.4 (SD) cm of precipitation per month, whereas the
lowest estimated proportion was in 2015, which averaged
17.2± 8.5 cm/month. In the 2017 survey season, the pre-
cipitation was intermediate of the other seasons, averaging
14.8± 11.8 cm of precipitation per month. Third, the
United States Department of Agriculture's (USDA)
Wildlife Services began a regional cormorant roost harass-
ment program in 1993 (Taylor and Strickland 2008). Roost
harassment is one of the most effective ways of reducing the
effects of cormorants on aquaculture (Reinhold and
Sloan 1997, Glahn et al. 2000b). This technique typically
involves using pyrotechnics, or other frightening devices and
tactics, to push cormorants out of roosts and away from
areas of aquaculture. Wildlife Services ceased major in-
volvement in the roost harassment program in 2010, but
resumed harassment in 2015 (D. D. Lunsford, USDA
Wildlife Services, personal communication). During 2015,
Wildlife Services had reduced effort in harassing roosts,
completing only 22 roost harassments at 9 unique roosts
from October through April. But during 2016 and 2017,
their roost harassment efforts increased substantially, com-
pleting 117 and 90 harassments at 40 and 62 unique roosts,
respectively (D. D. Lunsford, personal communication).
Given the reduced roost harassment effort in 2015, we
would expect to observe a higher proportion of cormorants
on aquaculture, yet we observed the opposite. Finally, any
stochastic environmental factors substantial enough to in-
fluence annual cormorant distribution would likely influence
egrets, but we observed no such effect.
Proportion of cormorants on aquaculture varied by date,

with the highest values occurring at the end of each survey
season. Using bioenergetics models of cormorants, Glahn
and Brugger (1995) estimated the number of consumed
catfish to be the highest at the end of the winter season
when cormorant diet shifted more toward catfish. Our re-
sults complement their findings; we observed cormorants
shifting their distribution away from naturally occurring
water bodies and toward aquaculture later in the survey
season (Fig. 3). This shift occurs during the months directly
before cormorants begin their migration north (Dorr
et al. 2014), suggesting cormorants prepare for the en-
ergetically demanding task of migration by focusing more
on the abundant and readily available food resources found

at aquaculture facilities. The work by Glahn et al. (1997)
supports this idea; they reported cormorants found in areas
of high aquaculture production had higher omental fat
compared to cormorants found away from aquaculture
production, which can indicate improved body condition
and overall fitness. Although the proportion of cormorants
on aquaculture is lower at the beginning of the season, it is
probable they still regularly use aquaculture ponds, but the
frequency and duration at which they do so likely increases
toward the end of their stay in the Delta. At that time the
potential forage benefits to migration may outweigh the
risks associated with spending time on aquaculture facilities.
Precipitation remained in the final cormorant model, re-

vealing a distribution shift more toward aquaculture during
wetter periods. Naturally occurring water bodies are suscep-
tible to changes in water level by precipitation, whereas
aquaculture ponds are maintained at specific levels regardless
of precipitation amount. Changes in water level at naturally
occurring water bodies may reduce cormorant foraging effi-
ciency, encouraging more cormorants to use aquaculture. For
example, as water levels increase, the density of prey will
reduce in naturally occurring water bodies, whereas the
density in aquaculture ponds will remain constant.
Additionally, during periods with large amounts of rainfall,
pond levees can become difficult, if not impossible, to drive
on, reducing the efficiency of bird harassment at facilities.
Although proportional use of aquaculture varied for cor-

morants, egret use showed no variation with any variables
measured in this study. These results suggest egrets prefer to
use aquaculture compared to naturally occurring water bodies
regardless of weather conditions or season. Egrets are com-
monly viewed as a minimal risk to catfish producers
(Wywialowski 1999), and financial loss attributed to them is
much lower than cormorants (Glahn and King 2004). In fact,
Glahn et al. (1999) reported egret diets in the Delta com-
prised only 28.3% catfish by weight, and most catfish con-
sumed were already dead. Therefore, it is likely that less effort
goes into the direct harassment of egrets at aquaculture fa-
cilities and why the estimated proportions on aquaculture
were consistently greater than expected given its availability.
Given their high proportional use of aquaculture and their
limited consumption of catfish compared to cormorants,
egrets may be using aquaculture ponds more as loafing areas
or to consume other items such as invertebrates, amphibians,
or reptiles (McCrimmon et al. 2011).
It is important to clarify that the estimates reported in this

study are simply the proportion of all cormorants or egrets
to be on aquaculture within our sample frame compared to
naturally occurring water bodies. These do not provide a
measurable effect on the catfish industry of Mississippi
because total population estimates are not incorporated.

MANAGEMENT IMPLICATIONS

This study offers insight into the distribution of cormorants
and egrets between natural water bodies and man‐made
aquaculture within the Delta. Our findings can be used to
inform management strategies and policy regarding bird use
of aquaculture facilities. Our results suggest cormorants use
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aquaculture disproportionately relative to naturally occur-
ring water bodies, particularly prior to spring migration.
Therefore, efforts and resources geared toward dispersing
cormorants from aquaculture would be best spent in later
months. We also found cormorant use of aquaculture rela-
tive to natural water bodies was greatest during the year
when the AQDO was suspended and least when it was
active, suggesting lethal measures provided by the AQDO
were an effective means of altering cormorant distribution,
thereby reducing damage at aquaculture facilities.
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