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Abstract

Agricultural development has been causing changes to the environment and the abundance

and distribution of avian species. Agriculture is dynamic with changes in products occurring

at large scales over relatively short time periods. The catfish aquaculture industry is one

such agriculture industry that has undergone dramatic changes over the last 25 years. The

double-crested cormorant (Nannopterum auritum) is a piscivorous bird that has an exten-

sive history with the aquaculture industry of Mississippi due to its depredation of cultured

catfish. A large-scale monitoring program began in 1989 to estimate the abundance and

location of cormorants at every known roost in the primary catfish producing region of the

state, regionally known as the Delta. We used this data set to address hypotheses pertain-

ing to cormorant ecology within the Delta over time, particularly in relation to aquaculture.

We found that, although the Midwest breeding population of cormorants has been increas-

ing, the abundance of cormorants wintering in the Delta has been decreasing, closely follow-

ing the decline of aquaculture, suggesting aquaculture area is the primary reason for

cormorant inhabitation of the region. We also modeled cormorant presence and abundance

at all roost sites to determine what factors most influenced cormorant distribution. Aquacul-

ture area around roosts was a significant predictor of both cormorant presence and abun-

dance. However, the influence of aquaculture area was seasonally dependent, with greater

positive influences occurring prior to migration. Lastly, we found peak cormorant abundance

in the Delta is occurring 2.14 days earlier each year, which may be indicative of changes to

migration phenology. Information gained using this large dataset aids in cormorant damage

mitigation and to further our understanding of cormorant ecology. Data indicate changes in

agriculture, and potentially climate change, can influence phenology, distribution, and abun-

dance of avian species at large geographic scales.
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Introduction

The development of agriculture has been a driving force in causing changes to the environ-

ment [1, 2]. By 2000, 55% of Earth’s ice-free land had been converted into cropland, pasture,

and urban areas [2]. Agriculture production is dynamic, with crops produced and their pro-

duction practices changing over time to cause local and regional increases in some crops and

declines in others. Market forces, changes in production practices [3], and climatic change [4]

influence these changes in agriculture. Agriculture has transformed landscapes and is one of

the greatest causes of change to wildlife populations worldwide [1, 3]. In most cases, this

change in habitat has been negative for wildlife, but in some instances wildlife benefit from

agriculture-dominated landscapes [5].

Considerable research has been conducted on impacts of agriculture on avian species [1, 3,

5]. Less often reported are the beneficial aspects of agriculture on avian populations, although

some have been documented. For example, one study found granivorous bird species popula-

tions increased in the long term with intensive row crop agriculture [5]. Less common are

studies examining impacts of declines in largescale agriculture beneficial to avian species, on

those avian species. An agriculture product that has gone through relatively recent and rapid

change is commercial production of catfish (Ictalurus spp.). Growth of the catfish industry in

the U.S. has been closely tied to increases in abundance of fish-eating birds, particularly the

Double-crested cormorant (Nannopterum auritum; hereafter, cormorant) [6, 7].

Commercial production of catfish is the largest aquaculture industry in the U.S., and most

production (59%) occurs in Mississippi [8]. Most of Mississippi’s catfish aquaculture is located

within an 18,000 km2 region located in the northwest portion of the state, known as the Missis-

sippi Delta (Fig 1; hereafter Delta) [9]. The Delta lies near the terminus of the Mississippi Fly-

way, a major migratory route for many avian species in North America, including cormorants.

Cormorants are a colonial waterbird widely distributed across North America [10], typically

breeding in the northern U.S. and southern Canada during warmer months, and wintering in

the southern U.S. and Mexico [11]. Cormorants diet primarily consists of fish but can also

include crustaceans, amphibians, reptiles, and small mammals [10]. Although cormorants are

currently well established throughout their range and listed as a species of ‘least concern’ [12],

their historic population has fluctuated greatly.

Cormorants have a long history of conflict with humans through the depredation of fish

resources [13, 14]. Persecution of cormorants first began during European settlement in the

19th century to reduce competition over fish species [14, 15]. Cormorant populations began to

steadily decline thereafter as control efforts intensified, habitat alterations were made, and pes-

ticides were introduced into the environment [10, 16]. Populations were reduced so severely

the species was listed as ‘special concern’ in several states in the U.S. during the 1970s [17].

However, the cormorant population began to recover shortly thereafter [15, 18–20]. This

recovery has been attributed to the inclusion of cormorants in the Migratory Bird Treaty Act,

the ban of DDT use in 1972, and the growth of aquaculture industries throughout the U.S. [15,

21].

Although the recovery of cormorants has been successful, public perception of the species

remains controversial [22]. Active management of cormorants continues due to their possible

impact on commercial and natural resources [23]. For example, cormorants can have adverse

effects on vegetation [24, 25], displace other avian species [26–28], and potentially compete for

fishery resources used for recreational purposes [23, 29]. However, of particular concern are

the impacts cormorants have on the catfish aquaculture industry [30].

Historically, most of the cormorant population wintered along the Atlantic and Gulf of

Mexica and were infrequently found on fresh waters of Mississippi [31]. The abundance of
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Fig 1. Portion of the Mississippi alluvial valley located in Mississippi, known as the Mississippi Delta. Abundance

data of cormorants at roosting sites (red points) were collected by USDA WS-NWRC during winter months (October–
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cormorants wintering inland in the southeastern U.S. steadily increased during the latter part

of the 20th century [15, 20]. Evidence suggests this increased abundance coincided with the

increase in catfish aquaculture in the Delta [6, 7] and was likely driven by benefits derived

from this rich foraging resource. For example, cormorant use of catfish aquaculture has been

shown to increase fitness correlates like pre-migratory omental fat reserves [32]. The increased

abundance and use of catfish aquaculture caused concern among catfish producers over the

economic loss associated with bird depredation at their facilities [30]. Consequently, a large-

scale monitoring program was implemented by U.S. Department of Agriculture, Wildlife Ser-

vices, National Wildlife Research Center (WS-NWRC) beginning in 1989 to estimate the

abundance of cormorants at all roost locations throughout the Delta (Fig 1).

Counts of cormorant numbers at roosts have given ecologists and wildlife managers relative

abundance estimates used to study the biology and behavior of cormorants, typically as it

relates to the aquaculture industry [33–35]. Numerous studies exist on methods to disperse

cormorants from roosts and their effectiveness to reduce depredation of cultured catfish [36–

40]. Some basic information has also been gleaned from these studies with respect to cormo-

rant roost ecology. For example, cormorants spend approximately sixty percent of their time

at roost sites, and only eighteen percent foraging in Mississippi [41], making suitable roost

locations a necessity in the species’ daily activity and home range. Roosts are typically perma-

nently flooded forest wetland consisting of bald cypress (Taxodium distichum) and occasion-

ally tupelo gum (Nyssa aquatica) [42]. Although there appears to be short-term roost fidelity,

it is also reported that cormorant roost usage fluctuates throughout the winter season [42, 43].

Winter home ranges for cormorants are relatively large, averaging approximately 17,490 km2

[44], and cormorants can travel upwards of 33 km from their night roost to subsequent forag-

ing sites [41]. The highly mobile nature of cormorants allows them to select from many avail-

able roosting sites found throughout the Delta during the winter months, but a comprehensive

understanding of the mechanism driving cormorant distribution and abundance in Missis-

sippi is lacking. Using the long-term data set collected by the WS-NWRC provided us the

opportunity to explore cormorant ecology and behavior over a large spatial and temporal

extent. Specifically, we addressed factors influencing cormorant distribution at roosting sites

in the Delta, annual trends of cormorant abundance in the Delta, and phenology of maximum

cormorant abundance in the Delta.

Materials and methods

Data description

WS-NWRC has collected two types of cormorant roost abundance data over the years. The

first was mid-winter roost counts, in which every known active roost was surveyed by an indi-

vidual, or individuals, who directly counted cormorants from the ground or water by boat.

Approximately half of all roosts were surveyed for 3 hours before sunset, and the other half

were surveyed the following morning for 3 hours after sunrise. Mid-winter roost counts were

only done once per year, typically in early February, when cormorant abundance in the Delta

was assumed to be at its maximum [34]. This large-scale effort was logistically challenging and

April) beginning in 1989. Mississippi state outline, Mississippi Delta outline, and the Mississippi river shapefiles were

downloaded from Mississippi Automated Resource Information System (MARIS) at Maris.mississippi.edu. Mississippi

river shapefile credit: U.S. Geological Survey and National Geospatial Program with no use limitations. Mississippi

state and Mississippi Delta shapefile credit: U.S. Census and MARIS with no use limitations. Roost location shapefile

was created using spatial information data from roost surveys, collected by the U.S. Department of Agriculture,

Wildlife Services. This figure was created in ArcGIS.

https://doi.org/10.1371/journal.pone.0284265.g001
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involved numerous volunteers to count each roost. However, the abundance estimates derived

from counts were an accurate estimate to the actual number of cormorants present within the

entire Delta at the time of the survey as all roosts were monitored within a 24-hour period.

Twenty-five years of mid-winter roost counts were available, including 1989–2010, 2012, and

2016–2017.

The second type of roost abundance data were aerial surveys, in which a pilot flew a fixed

wing aircraft at an altitude of 100–150 m over each known roost location, and an observer

recorded all cormorants present at the roost. Approximately half of the roosts were surveyed

within 4 hours after sunrise and the other half surveyed within 4 hours before sunset [43].

Counts were made during these times because cormorants tend to remain at roosts during the

early morning and late evening hours [10, 42]. All aerial surveys were done within a single

24-hour period to avoid double counting, and multiple surveys were conducted over the win-

ter months of each year, typically twice per month from October through April, coinciding

with cormorant migration movement through Mississippi [20, 37]. Compared to the mid-win-

ter roost count, aerial surveys serve more as a relative index of cormorant abundance as each

roost was only briefly surveyed. Eighteen years of aerial surveys were available, including

1996–2010, and 2015–2017. During the last three years of collecting aerial survey data (2015–

2017), individual observers corrected for error associated with their counting by taking digital

photographs of cormorants at a subset of roosts. Observers systematically photographed roosts

to ensure a range of counts were covered [37], and photographs were manually counted and

modeled against aerial counts using linear regression, while keeping the intercept set to zero

[6]. We built separate regression models for each of the three winters and multiplied each

model’s slope with its respective winters count. We used the averaged slope from these models

as an overall correction factor, which equaled 1.29, by multiplying it with all other aerial survey

counts. The value of our correction factor was similar to other avian surveys that took place in

the Delta. For example, a correction factor of 1.25 was used to correct observer bias when sur-

veying wintering ducks from the air [45].

We used these large data sets provided by WS-NWRC to address the following specific

objectives pertaining to cormorant population ecology in the Delta. Information gained from

addressing these objectives will improve our knowledge of cormorant ecology in the state of

Mississippi, particularly in relation to aquaculture, and inform future management strategies

therein. First, we examined cormorant distribution at roosting sites in the Delta. Our goal was

to determine spatiotemporal distribution patterns of cormorants wintering in the Delta in rela-

tion to roost characteristics and surrounding aquaculture. Second, we examined annual trends

in cormorant abundance in the Delta. We compared annual observed cormorant abundance

in relation to changes in aquaculture area as well as in relation to the Midwest breeding cormo-

rant population. Third, we explored possible variation in the phenology of maximum cormo-

rant abundance in the Delta by quantifying if the timing of maximum abundance has changed

annually.

Statistical methods

Cormorant distribution at roosting sites in the Mississippi Delta. In 2017, the Delta

contained 89 known cormorant roosts, but the number of active roosts has generally increased

since the surveys began. For example, in 1996 approximately 55 roosts were known and sur-

veyed. Roosts were added or removed either when new roosts were discovered, or existing

roosts were drained or converted. We have a general understanding of how the cormorant

population was distributed throughout the Delta for given time periods over the winter season

of many years using precise roost locations and cormorant counts from aerial surveys. We
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wanted to examine how cormorant distribution throughout the Delta behaves on a seasonal

and annual scale, and in relation to roost surroundings, including changes in aquaculture pro-

duction (S1 Dataset).

We used a two-step modeling approach to separately model cormorant presence/absence at

roosting sites, and positive abundances [46]. This approach helps handle the typical count data

scenario in which excess zeros are present by modeling the occurrence and abundance pro-

cesses separately [47]. First, the presence model was used to model the binary response of cor-

morant presence at a roost (1 = present, 0 = absent).Second, a zero truncated model was used

to model positive count values [48, 49]. The separation of presence and abundance models

allows us to investigate the processes governing each independently and allows the incorpo-

ration of different variables hypothesized to influence each.

We modeled cormorant presence at roosting sites by fitting a generalized linear mixed

model (GLMM) with a binomial distribution using the lme4 package [50] in R version 3.6.2.

Similarly, we modeled cormorant abundances at roosting sites by fitting a GLMM with a nega-

tive binomial distribution. We included roost ID as a random effect in both models to account

for unmeasured variables associated with each roost and because multiple data points were

taken [47]. We first identified three fixed effects related to forage potential around each roost

to include in both the presence and abundance models. Fixed effects included the distance

from the roost to the Mississippi river, and the area of aquaculture and area of natural water

bodies within a 23.4 km buffer around each roost. The 23.4 km buffer is the median distance

cormorants move to subsequent day locations [40], and we therefore treated the area within

this buffer as the space available to cormorants occupying roosts. For each roost during each

year, we calculated the area (ha) of both catfish aquaculture and naturally occurring water bod-

ies within their buffers by manually digitizing all aquaculture area and natural water bodies

using multispectral satellite imagery in a geographic information system (ArcGIS v10.2). This

multispectral satellite imagery (30-m resolution) was taken from one of the Landsat satellites

(5, 7, or 8), curtesy of the U.S. Geological Survey (USGS), and obtained from USGS Earth

Explorer. We used a multi-band method combining spectral bands 5, 6, and 4 (Landsat 8) or 4,

5, 3 (Landsat 5 and 7), and displayed them as red, green, and blue, respectively, to improve sur-

face water detection [51].

We predicted both aquaculture area and natural water body area would have a positive

influence on cormorant presence and abundance, as greater forage availability was likely favor-

able. Cormorants roosting near the Mississippi river have less catfish in their diet, presumably

due to the differences in foraging habitat availability [52]. We therefore included distance to

the Mississippi river to measure possible preference toward roost sites in relation to the river.

However, these three foraging variables were highly correlated. Distance to the Mississippi

river and natural water body area showed a negative relationship (r = -0.86, t = -203.07,

df = 14,974, p< 0.001), as naturally occurring water body area was concentrated near the

river. Likewise, catfish aquaculture was concentrated in the east-central region of the Delta,

farther away from the river (r = 0.43, t = 57.53, df = 14,974, p< 0.001), and therefore with less

natural water body area (r = -0.55, t = -81.29, df = 14,974, p< 0.001). Our primary interest was

understanding cormorant distribution and abundance in relation to aquaculture as their inter-

action continually cause human-wildlife conflict in the Delta. We therefore chose to keep the

variable of aquaculture area in the models and neither natural water body area nor distance to

the Mississippi river.

Cormorant abundance in the Delta fluctuates throughout the winter season as migration

activities occur [34]. We included nominal date (where October 01 = 01, October 02 = 02, etc.)

as a third order polynomial in both the presence and abundance models to account for this

seasonal variation. We also included an interaction term between nominal date and
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aquaculture area in both models to examine seasonal variations of cormorant distribution and

abundance in relation to foraging potential, hypothesizing foraging behavior would be

dynamic over the winter season. Because the act of flying is one of the greatest energy expendi-

tures for cormorants [53], we predicted cormorants would show higher probability of use and

greater abundances at roosts with greater amounts of aquaculture within their buffers later in

the winter season, before northerly migration occurs.

We also included the number of other known cormorant roosts found within the 23.4 km

buffer of each roost for the presence model. Other cormorant roosts may offer cormorants an

alternative location in the event a disturbance or other perceived risk was present at their cur-

rently selected roost and predicted roosts with more alternative roosts within their buffer

would have higher probability of use. We included year and the area of the roost itself in the

abundance model. The area of a roosting site (ha) has been thought to influence cormorant

use, but results vary [42, 43]. We predicted larger roosts would have a positive influence on

cormorant abundance as they typically have more trees available to perch. The available roost

survey data indicates annual cormorant abundance in the Delta has generally been decreasing,

so we included year as a quadratic term in the model to account for changing regional popula-

tion size which will influence the average number of cormorants at any given occupied roost.

We standardized all continuous variables prior to modeling both presence and abundance

data to aid in model convergence and parameter estimation [54]. We standardized variables

by subtracting each data value by the mean of all values, and then dividing by its standard devi-

ation. The resulting standardized variables all have a mean of 0 and standard deviation of 1.

We also checked for spatial autocorrelation of the count data by calculating Moran’s I for each

of the 209 roost surveys [55]. Only 9 surveys (4.3%) showed possible evidence of autocorrela-

tion (p< 0.05) and we elected to use all data in the analysis. We used the package effects in R

to calculate means and confidence intervals to graphically display independent variables’ influ-

ence on presence and abundance of cormorants at roosting sites [56]. Resulting plots were cre-

ated by predicting the model’s response while allowing the variable of interest to vary over its

range and holding all other variables at their mean.

Annual trends of cormorant abundance in the Mississippi Delta. We examined annual

fluctuations of cormorant abundance in the Delta against the regions changing aquaculture

industry. Cormorant population size wintering in the Delta was suggested to be correlated

with the size of the states’ aquaculture industry[10, 43, 57]. As aquaculture growth began to

slow in the late 1990s, the apparent growth of wintering cormorants in the Delta declined as

well [43]. We hypothesized the number of cormorants wintering in the Delta to be closely

related to the food availability (primarily surface area of aquaculture present) in the region.

The aquaculture industry began in the 1960’s, peaked in the early 2000’s, and has steadily

decreased thereafter [58, 59]. Therefore, we predicted cormorant abundance in the Delta

would follow a similar pattern. If true, the Delta may currently have fewer total cormorants

occupying the region than past studies have estimated (e.g., [42, 57]), as cormorants that once

occupied, or may have occupied the Delta may continue their migration through the south-

eastern states to coastal habitat where they have wintered in the past [10, 31].

The abundance of cormorants in, or migrating through, the Delta is likely related to the

overall migratory population size. Cormorants that move through the Delta throughout the

winter originate from the Upper Midwest United States and Prairie Pothole region of Canada

including much of the Great Lakes [10, 60]. Cormorants typically begin their fall migration in

early October, following the Mississippi Flyway south [11]. Therefore, we calculated a breeding

bird survey index as a general estimate of the Midwest cormorant breeding population for

each year of data to be used in our analysis. This breeding bird survey index was created by

totaling all breeding cormorants recorded in the bird conservation regions 8, 11, 12, 13, 22,

PLOS ONE Changes in aquaculture influence an avian species behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0284265 April 13, 2023 7 / 24

https://doi.org/10.1371/journal.pone.0284265


and 23 using breeding bird survey data from 1989 to 2017 [61]. We ran a Pearson’s correlation

test between the breeding bird survey index and year to determine if the breeding population

shows signs of either growth or decline.

We selected the maximum recorded abundance from either the mid-winter roost count or

the aerial survey data to serve as our dependent variable for each year of cormorant roost

abundance data. Because the mid-winter roost count is generally a more thorough estimate

(each roost is observed for multiple hours), it routinely produces a greater count than any

aerial survey count within the same year. However, the mid-winter count was only done once

per year and the resulting cormorant abundance was dependent on the date of the survey, cor-

morant migration timing, temperature, etc. Therefore, if during any year there was a greater

aerial survey count observed we elected to use that count value. We also ran a Pearson’s corre-

lation test between maximum aerial count and midwinter roost count to justify the use of

either value (S2 Dataset).

We used linear regression to model the maximum recorded cormorant abundance per year

against aquaculture water surface area present within the Delta and the breeding bird survey

index of that year. Total aquaculture area and breeding bird survey were not significantly cor-

related (r = -0.22, t = -1.18, df = 24, p = 0.25) and were therefore both included in model con-

struction. We modeled both response variables as either linear or quadratic terms to allow for

possible non-linear relationships. We selected the best model based on Akaike information cri-

terion, corrected for small sample size (AICc) [62].

We predicted both the breeding bird survey index and aquaculture area would be influen-

tial on the maximum number of cormorants observed in the Delta. To measure which variable

was more influential on the dependent cormorant count, we used package relaimpo in R [63].

This package computes the relative importance of each predictor by computing their R2 con-

tribution to the model, while averaging over all combinations of orderings among the regres-

sors [63].

Phenology of maximum cormorant abundance in the Mississippi Delta

The phenology of avian behavior has received a great deal of attention, particularly in relation

to climate change [64, 65]. We explored possible changes in the timing of the maximum cor-

morant abundance in the Delta over time. This period reflects the most intense use of a migra-

tory stopover at a critical pre-migratory period in preparation for northerly migration to the

cormorant’s breeding grounds [32]. Maximum cormorant abundance in the Delta also poses

the greatest concern for catfish producers and maximizing efforts to reduce cormorants on or

near aquaculture sites during this time is important. Additionally, any annual changes in this

timing may warrant further investigation, possibly in relation to climate change [66].

We used similar methodology described by previous studies to model cormorant abun-

dance within the Delta region for each year of aerial survey data [34]. Cormorant counts were

modeled against nominal date, and counts at the beginning (October 01) and end (April 30) of

the winter season were assumed to be zero. We used polynomial terms of nominal date pro-

gressing from second order up to sixth order [34]. We did not consider first order models as

the cormorant population in the Delta would not grow or decline linearly within a year as indi-

viduals will migrate to, and eventually from, the region. For each year we chose the lowest

polynomial model in which the R2 value did not substantially change in the succeeding poly-

nomial model [34] (i.e., < 0.01). We then determined the date corresponding to the maximum

modeled abundance for each year. We modeled dates against year using a linear regression

model to determine if the date associated with maximum cormorant abundance in the Delta

has changed over time (S3 Dataset).
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This research, including field methods and data collection, was approved under U.S.

Department of Agriculture, Wildlife Services, National Wildlife Research Center Quality

Assurance protocol, QA-2322, including Institutional Animal Care and Use and attending vet

approvals.

Results

Cormorant distribution at roosting sites in the Mississippi Delta

All 18 years of aerial survey data were included in the analysis, with an average of 11.6 (SD:

3.8) surveys conducted per year. The presence model showed aquaculture area within the 23.4

km buffer to have a positive influence on cormorant presence at the central roosting site. The

nominal date variable revealed cormorant presence at roosts peaked in February through

March (Fig 2). The interaction between aquaculture area and nominal date showed aquacul-

ture area to have less of an influence on use probability in the earlier months of winter, but

gradually increases through April (Fig 3). Lastly, the number of other roosts within the 23.4

km buffer did not show a significant influence on the probability of cormorant roost use (Fig 2

and Table 1).

The count model showed average roost abundance increases from October through Janu-

ary, and steadily declines thereafter (Fig 4). The main effect of aquaculture area was not signifi-

cant, but the interaction of aquaculture area and nominal date was (Table 1). Aquaculture area

has a negative influence on cormorant abundance at a roost in the early months of winter,

whereas the opposite was observed toward the end of winter (Fig 5). Average roost abundance

shows a general decrease since the beginning of our data set (1996), but appears relatively con-

stant in more recent years. Lastly, roost area showed a positive influence on average abundance

(Fig 4).

Annual trends of cormorant abundance in the Mississippi Delta. Maximum aerial sur-

vey count and midwinter roost count were positively correlated (r = 0.76, t = 4.54, df = 15,

p< 0.001). Out of the 16 years of available aerial survey count data, five years had higher maxi-

mum counts compared to midwinter roost counts (1997, 1998, 2000, 2002, 2006), and in 2015

no mid-winter count was done so the maximum aerial count was used. Twenty-six years of

data were included in the analysis, including 1989–2010, 2012, and 2015–2017 (Fig 6). Our

breeding bird survey index ranged from 195 to 1198 and was positively correlated with year

(r = 0.55, t = 3.40, df = 27, p = 0.002), indicating the breeding population of cormorants within

the selected bird conservation regions has been increasing since 1989. The greatest observed

cormorant abundance in the Delta occurred from 1997 to 2003 (mean count per

year = 79,315), which coincided with the greatest amount of aquaculture area ever present in

the Delta (Fig 6).

The top model ranked by AICc included breeding bird survey index as a linear term and

aquaculture area as a quadratic term for predicting maximum observed cormorant abundance.

The R2 for this model was 0.61, with the breeding bird survey index accounting for 18.4% of

the total R2, and aquaculture area accounting for 81.6%. Each variable had a positive influence

on maximum observed cormorant count. Lower values of aquaculture area showed less influ-

ence on cormorant abundance compared to larger values, whereas breeding bird survey dis-

played a gradual positive influence on maximum observed cormorant abundance (Fig 7).

Phenology of maximum cormorant abundance in the Mississippi Delta

A total of 16 years of aerial survey data were included in abundance modeling of cormorants

within the Mississippi Delta (1996–2008, 2015–2017). Although aerial surveys were done dur-

ing the years of 2009 and 2010, they could not be used in this analysis due to the low sample
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size of only four and two surveys, respectively. Yearly cormorant abundance trends in the

Delta showed either bimodal or unimodal patterns (Fig 8). The latest date associated with max-

imum cormorant abundance was March 12th in 2000, and the earliest was December 29th in

2016 (Figs 8 and 9). Date of maximum cormorant abundance in the Delta modeled over the

last 22 years showed maximum abundance to be occurring progressively earlier (p = 0.0039).

Specifically, model outputs showed maximum arrival to be occurring 2.14 (95% CI: 0.81–3.47)

days earlier every year (Fig 9).

Discussion

We found that changes in agricultural practices were a significant driver of distribution and

abundance of a predatory avian species. Specifically, aquaculture area, and changes in

Fig 2. Predicted occurrence probability (+ 95% CI) of cormorants at roosting sites in the Mississippi Delta in

relation to date, and the number of other roosts within a 23.4 km buffer. Trend lines were created from model

predictions made by allowing each variable of interest to vary over its range and holding all other variables at their

mean.

https://doi.org/10.1371/journal.pone.0284265.g002
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production area, were significant drivers of cormorant distribution and abundance within and

between years. Seasonal use and roost-specific use by cormorants was consistent across years,

but overall abundance in the region declined with declining production area. This decline in

cormorant abundance in the Delta occurred despite a stable or increasing cormorant breeding

population over the same time period. We also found the phenology of maximum cormorant

abundance in the Delta changed over time, occurring earlier at a critical pre-migratory time

period when cormorants are building fat reserves for migration to their northern breeding

grounds.

We examined numerous aspects of cormorant ecology in the Delta region using cormorant

abundance data collected by the WS-NWRC at roosting sites over almost two decades. Because

cormorants are highly reliant on roosting sites [41], and all sites are known and fixed in time

and space, these data provide a general census of cormorants at varying time points over the

winter season of many years. Such data are not typical while surveying species over such a

large spatial scale. Using these data, we were able to address questions pertaining to cormorant

distribution and abundance within winter seasons, between years, and in relation to foraging

habitat and roost characteristics.

We elected to model cormorant presence and abundance separately. This was done partly

to help handle our large data set with many zeros, but also to investigate each process sepa-

rately. For instance, mechanisms driving where cormorants will roost may not necessarily

have the same relationship or significance for the abundance of cormorants at occupied roosts.

Seasonal roost use probability and average abundance at roosting sites showed similar pat-

terns, increasing from October through January, and decreasing thereafter (Figs 2 and 4). This

relationship follows what has been previously shown with respect to cormorant migration pat-

terns [37]. This trend was in fact what we observed in our population trends for each year (Fig

8) suggesting this has been the long-term pattern of cormorant abundance in this region.

Fig 3. Predicted occurrence probability (+ 95% CI) of cormorants at roosting sites in the Mississippi Delta in

relation to an interaction term of aquaculture area within a 23.4 km buffer and date. Trend lines were created from

model predictions made by allowing each variable of interest to vary over its range and holding all other variables at

their mean.

https://doi.org/10.1371/journal.pone.0284265.g003
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We found the main effect of aquaculture area to have a significant influence on cormorant

presence at a roost. As aquaculture area increased within a 23.4 km buffer around a roost, the

probability of that roost being used also increases. Most daily activities of cormorants include

roosting and foraging [41], therefore it was unsurprising roosts with greater amounts of forage

potential have increased probability of use. There was also a significant interaction of aquacul-

ture area and date on cormorant presence at roosting sites. Early in the winter season the area

of aquaculture around a roost has less influence on whether cormorants decide to use it (Fig

3). The main effect of aquaculture area on average roost abundance was not a significant pre-

dictor. This can be explained by a cross over event linked to the date, which was observed in

our interaction term of date and aquaculture area. Early in the winter season aquaculture area

has a negative influence on average roost count, however later in the winter aquaculture area

has a positive influence (Fig 5). Therefore, the probability of a roost being used was overall pos-

itive given the area of aquaculture around the roost whereas the average abundance at the

roost was more seasonally dependent. For example, in mid-November the probability of cor-

morant being present at a given roost was relatively constant regardless of the area of sur-

rounding aquaculture, but the average abundance was likely to be greater at a roost with less

aquaculture. However, in mid-March the probability of use and the average abundance were

both greater at roosts with more surrounding aquaculture.

Table 1. Parameter estimates for standardized variables modeled for cormorant presence and positive count val-

ues at roosting locations in the Mississippi Delta. The presence model was done using generalized linear mixed

effects model with a binomial distribution based on cormorant presenece and absence. The count model was done

using a generalized linear mixed effects model with negative binomial regression on counts greater than zero. For both

models roost ID was set as a random effect. Data was collected at multiple time points over the winter months (Octo-

ber–April) from 1996–2010, and 2015–2017.

Model Variablea β SE p-val

Presence Modelb

Intercept -0.68 0.14

Date 35.90 2.29 < 0.001

Date2 -6.39 2.35 0.007

Date3 -27.27 2.30 < 0.001

Other Roosts -0.03 0.14 0.836

Aquaculture area 0.15 0.04 0.001

Aquaculture area: date 0.11 0.02 < 0.001

Abundance Modelc

Intercept 6.12 0.10

Year -30.12 1.96 < 0.001

Year2 12.56 1.64 < 0.001

Date -16.72 1.51 < 0.001

Date2 -30.00 1.50 < 0.001

Date3 -9.71 1.47 < 0.001

Roost area 0.46 0.12 0.001

Aquaculture area 0.09 0.06 0.096

Aquaculture area: date 0.21 0.02 < 0.001

aVariable Descriptions

Date: Nominal date where October 1st = 01 for each year of data; Other Roosts: Number of other roosts within a 23.4

km buffer; Aquaculture area: area of aquaculture, measured in hectares, within a 23.4 km buffer; Year: year of data

collection, including 1996–2010 and 2015–2017; Roost area: area of the roost, measured in hecatres.
b Delta AIC of null presence model = 424.8
c Delta AIC of null abundance model = 783.6

https://doi.org/10.1371/journal.pone.0284265.t001
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Fig 4. Average predicted abundance (+ 95% CI) of cormorants at roosting sites in the Mississippi Delta in relation

to date, year, and the area of the occupied roost. Trend lines were created from model predictions made by allowing

each variable of interest to vary over its range and holding all other variables at their mean.

https://doi.org/10.1371/journal.pone.0284265.g004
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The increasing seasonal influence of aquaculture on cormorant roost use and abundance

suggests a shift toward aquaculture later in the winter prior to spring migration north [10].

This shift has been observed in food habit studies where the proportion of catfish in cormorant

diets increases later in winter [52]. Bioenergetics models of cormorants estimated the number

of consumed catfish to be the highest toward the end of the winter season [53]. Another study

surveyed cormorants on natural waterbodies and aquaculture ponds in the Delta and found

cormorants to use aquaculture proportionally more later in the winter [67]. A possible expla-

nation for this diet shift is that cormorants are taking advantage of the high densities of fish

stocked in aquaculture ponds to meet the energy requirements of northly migration [7]. It has

also been reported that 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 [32].

Given the perceived benefits to cormorants foraging on aquaculture ponds, it is logical to

ask why they do not constantly occupy roosts near aquaculture facilities. This is likely due to

human intervention through roost harassment and management activities at aquaculture facil-

ities themselves. A primary management strategy aimed at reducing cormorant abundance

around aquaculture facilities is roost harassment [68, 69]. This strategy typically involves using

pyrotechnics, or other frightening devices and tactics, to push cormorants out of roosts near

areas of aquaculture. In general, the goal is to shift cormorant distribution westerly toward the

Mississippi river where there has consistently been less aquaculture compared to the east-cen-

tral Delta [70]. In addition, catfish producers routinely use harassment techniques against cor-

morants at their farms, including lethal take through the aquaculture depredation order

(AQDO; 50 CFR 21.47) [27, 71]. The risk associated with roost harassment, and the risk at the

facilities themselves may keep cormorants restricted to using roosts away from aquaculture

facilities. However, later in the winter season a tradeoff may occur where the benefit of forag-

ing on aquaculture ponds outweighs the risks.

Fig 5. Average predicted abundance (+ 95% CI) of cormorants at roosting sites in the Mississippi Delta in relation

to an interaction term of aquaculture area within a 23.4 km buffer and date. Trend lines were created from model

predictions made by allowing each variable of interest to vary over its range and holding all other variables at their

mean.

https://doi.org/10.1371/journal.pone.0284265.g005
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We predicted the number of nearby roosts would influence cormorant presence, but our

results suggest no relationship (Fig 2). This may be confounded by the fact roosts with many

neighboring roosts tended to be in the east-central Delta, which also contains a greater area of

aquaculture. As we observed however, a shift of use and abundance more toward roosts with

greater aquaculture area occurred as the winter season progressed (Figs 3 and 5). This shift

based on date may be overwhelming potential effects of neighboring roosts. We did not

include the number of neighboring roosts in our count model, as we did not hypothesize a rea-

son for it to influence abundance. We did include roost area as a variable in abundance as

larger roosts will have a greater potential capacity to hold cormorants, and this was what we

observed in our models (Fig 4). A census of cormorants in the Delta during winters 1991–92

and 1992–93 found primary roosting sites to be larger bodies of water with large stands of

roosting trees [43]. We also included year as a variable when modeling average roost abun-

dance because cormorant abundance within the Delta has been dynamic over the last few

decades (Fig 8). Average roost abundance has decreased over time, similar to total cormorant

abundance in the Delta. However, mean roost abundance seems to have leveled off in the last

few years (Fig 4). This pattern was similar to aquaculture acreage within the Delta. Specifically,

the loss of aquaculture area in the Delta has slowed, and even shows a slight comeback since

2013 (Fig 6).

Fig 6. Maximum recorded cormorant abundance and total aquaculture area within the Mississippi Delta from

1989 to 2017.

https://doi.org/10.1371/journal.pone.0284265.g006
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Midwest breeding bird survey data showed cormorant abundance has been steadily increas-

ing over the past 30 years, whereas cormorant abundance in the Delta peaked in the early

2000’s and has generally declined thereafter. This observation suggests aquaculture area in the

Delta is a driving factor in the abundance of cormorants wintering in the region and is sup-

ported by our analysis. Aquaculture area in the Delta accounted for over four times the esti-

mated R2 of the model compared to the breeding bird survey index. This is more evident when

observing the raw data points with the modeled relationship of breeding bird survey index

(Fig 7). Although statistically significant, the breeding bird survey index shows less of a general

pattern compared to aquaculture area, but a positive influence of breeding bird survey index is

intuitive. As the Midwest breeding population changes, it is expected to cause similar changes

in the wintering region of cormorants. Earlier accounts of cormorants in Mississippi suggest

cormorants spent little time wintering inland, but rather traveled closer to the coast [31]. How-

ever, as aquaculture facilities became a dominant item on Mississippi’s landscape, cormorants

may have begun to winter closer to these facilities. Now that aquaculture area has reduced by

more than 70% [58], and therefore forage potential has also been reduced, cormorants may be

Fig 7. Modeled relationship (+ 95% CI) of total aquaculture area in the Mississippi Delta and breeding bird survey

index on the maximum observed cormorant abundance within the Mississippi Delta. Estimates were made using

linear regression by modeling yearly maximum cormorant abundance against both predictor variables, from 1989–

2010, 2012, and 2015–2017. Top ranked model included aquaculture area as a quadratic term and breeding bird survey

index as a linear term.

https://doi.org/10.1371/journal.pone.0284265.g007
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distributing themselves to other regions farther south. We used maximum recorded abun-

dance within a given year, however it is still possible the number of cormorants moving

through the Mississippi Flyway is increasing along with the Midwest breeding population,

although fewer remain in the Delta region.

Studies investigating changes in migration phenology typically incorporate some measure

of arrival or departure dates, such as first observed species occurrence, or some central mea-

sure of capture dates [72–74]. How to select a response like this is subject to the species studied

and survey methodology used. We used population estimates created from polynomial regres-

sion models using abundance data collected over multiple surveys per year. Biologically, this

period of maximum abundance corresponds with peak numbers of cormorants using an

important stopover location on migration to their breeding grounds. Observation of the

model fit, along with the associated R2 values indicate this as a reasonable approach for such

data (Fig 8). Maximum modeled abundance of cormorants in the Delta during the late 1990s

and early 2000s averaged mid-February. However, maximum modeled abundance is currently

occurring earlier, approximately in mid-January. Our estimated slope indicated maximum

Fig 8. Modeled population trends (solid black line) of survey counts (black points) of cormorants at roosting sites

in the Mississippi Delta over the winter seasons (October–April) of 1996–2008 and 2015–2017. Cormorant count

was assumed to be zero at the beginning (October 01) and end (April 30) of the winter. Dashed lines indicate the date

in which maximum modeled abundance is observed for each year.

https://doi.org/10.1371/journal.pone.0284265.g008
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modeled abundance of cormorants to be happening 2.14 days earlier per year, which is similar

to other migratory species reported, although significant variation does exist [74, 75]. Given

that the rapid decline in abundance in early April appears consistent across years, this change

in stopover phenology suggests that cormorants are arriving earlier, staying in the stopover

areas longer, but departing northward at a similar time.

Midwinter roost counts are done to gauge the overall abundance of cormorants wintering

in the Delta and are typically conducted in early February. Given our results, a midwinter

count in mid-January would result in the survey being done approximately when the maxi-

mum number of cormorants are inhabiting the Delta. Also, cormorant management could be

focused at this time if resources are limited. However, taking action at roosting sites in January

is logistically challenging due to the waterfowl hunting season, as many roosts are privately

owned by hunting clubs and do not allow access during the hunting season.

Key findings of this study are shown in Fig 10 which provides a spatial and temporal depic-

tion of cormorant distribution and abundance throughout the Delta, and with respect to aqua-

culture area. We selected two aerial roost surveys from each of the winter seasons of 2003/04,

2007/08, and 2016/17. For each winter season, we selected one survey from November that

represents an early winter period, and one survey from March that represents a late winter

Fig 9. Trend in maximum cormorant abundance in the Mississippi Delta from 1996 through 2017. Dates were

estimated from polynomial equations constructed for each year of available data (Fig 8). The black line (+ 95% CI gray

lines) represents the significant linear relationship between variables, with a -2.14 slope.

https://doi.org/10.1371/journal.pone.0284265.g009
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Fig 10. Cormorant density and temporal and spatial distribution in the Mississippi Delta based on aerial surveys

of all roosting locations done in November and March during each of the winter seasons of 2003–2004, 2007–

2008, and 2016–2017. Densities are based on the number of cormorants at each roost divided by the area within a 23.4

km buffer around each roost. Mississippi state outline and Mississippi Delta outline shapefiles were downloaded from

Mississippi Automated Resource Information System (MARIS) at Maris.mississippi.edu. Mississippi state and

Mississippi Delta shapefile credit: U.S. Census and MARIS with no use limitations. Aquaculture shapefile was created

by manually digitizing aquaculture using Landsat imagery, courtesy of the U.S. Geological Survey. Cormorant densities

shapefiles were created using survey data collected by the U.S. Department of Agriculture, Wildlife Services. This

figure was created in ArcGIS.

https://doi.org/10.1371/journal.pone.0284265.g010
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period. For each of the six selected surveys we calculated cormorant densities based on each

roosts count divided by area of the 23.4 km buffer around each roost. The resulting maps illus-

trate multiple conclusions worth highlighting. First, the spatial extent in which aquaculture

surface area has decreased since the early 2000s is epitomized when examining the maps

between years. Second, there is a decreasing annual cormorant abundance in the Delta as seen

by the changing density intensities and total cormorants at similar times among winters. The

maximum aerial survey count was 60,108 in the winter of 2003/04, 19,539 in the winter 2007/

08, and 15,271 in 2016/17. Third, cormorants show a seasonal shift in distribution in relation

to aquaculture, with a tendency to become less concentrated on aquaculture areas during the

early winter survey period compared to the late winter survey period.

Conclusion

Our research indicates that large-scale changes in an agricultural commodity, in this case

aquaculture, can drive wintering abundance and distribution of a migrating bird species. Use

of aquaculture was not constant but rather seasonally dependent, suggesting shifts in resource

selection occur based on fluctuating energy demands such as those related to migration. Fur-

thermore, peak wintering abundance of cormorants has been shifting earlier over the past two

decades suggesting large scale environmental influences such as climate change may be influ-

encing wintering phenology in this species. These factors may interact to cause profound

changes in not only impacts to aquaculture by cormorants, but biology and behavior of the

birds themselves.

Supporting information

S1 Dataset. Data used in the analyses of cormorant presence and abundance at roosting

sites in the Mississippi Delta.

(XLSX)

S2 Dataset. Yearly data of maximum cormorant abundance and the total area of aquacul-

ture present within the Mississippi Delta.

(XLSX)

S3 Dataset. Aerial survey data of total cormorants counted at all surveyed roosts within

the Mississippi Delta.

(XLSX)

Acknowledgments

We thank R. Middleton with the U.S. Department of Agriculture, Wildlife Services’ National

Wildlife Research Center, D. Lunsford with U.S. Department of Agriculture, Wildlife Services,

and T. Christie with Mississippi State University, for assistance with data collection and man-

agement. We thank the talented pilots Sarah Clark, Phillip Kranser, and the late Jim Risher for

their involvement in aerial surveys. We also thank the Mississippi catfish producers who were

part of this research for their cooperation during our surveys.

Author Contributions

Conceptualization: Paul C. Burr, Brian S. Dorr, Jimmy L. Avery, Garrett M. Street, Bronson

K. Strickland.

Data curation: Paul C. Burr.

PLOS ONE Changes in aquaculture influence an avian species behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0284265 April 13, 2023 20 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0284265.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0284265.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0284265.s003
https://doi.org/10.1371/journal.pone.0284265


Formal analysis: Paul C. Burr, Garrett M. Street.

Funding acquisition: Brian S. Dorr, Jimmy L. Avery, Bronson K. Strickland.

Investigation: Paul C. Burr, Brian S. Dorr, Jimmy L. Avery, Bronson K. Strickland.

Methodology: Paul C. Burr, Brian S. Dorr, Jimmy L. Avery, Garrett M. Street, Bronson K.

Strickland.

Project administration: Brian S. Dorr, Bronson K. Strickland.

Resources: Brian S. Dorr, Bronson K. Strickland.

Supervision: Brian S. Dorr, Jimmy L. Avery, Garrett M. Street, Bronson K. Strickland.

Visualization: Paul C. Burr, Bronson K. Strickland.

Writing – original draft: Paul C. Burr.

Writing – review & editing: Paul C. Burr, Brian S. Dorr, Jimmy L. Avery, Garrett M. Street,

Bronson K. Strickland.

References
1. Green R. E., Cornell S. J., Scharlemann J. W., Balmford A., 2005. Farming and the fate of wild nature.

Science 307, 550–555. https://doi.org/10.1126/science.1106049 PMID: 15618485

2. Ellis E. C., Goldewijk K. K., Siebert S., Lightman D., Ramankutty N., 2010. Anthropogenic transforma-

tion of the biomes, 1700 to 2000. Glob. Ecol. Biogeogr. 19, 589–606. https://doi.org/10.1111/j.1466-

8238.2010.00540.x

3. Stanton R.L., Morrissey C.A., Clark R.G., 2018. Analysis of trends and agricultural drivers of farmland

bird declines in North America: A review. Agric. Ecosyst. Environ. 254, 244–254. https://doi.org/10.

1016/j.agee.2017.11.028

4. Hatfield J.L., Boote K.J., Kimball B.A., Ziska L.H., Izaurralde R.C., Ort D., et al. 2011. Climate impacts

on agriculture: Implications for crop production. Agron. J. 103, 351–370. https://doi.org/10.2134/

agronj2010.0303

5. Hendershot J.N., Smith J.R., Anderson C.B., Letten A.D., Frishkoff L.O., Zook J.R., et al. 2020. Inten-

sive farming drives long-term shifts in avian community composition. Nature 579, 393–396. https://doi.

org/10.1038/s41586-020-2090-6 PMID: 32188954

6. Glahn J., Reinhold D.S., Sloan C.A., 2000b. Recent population trends of Double-crested Cormorants

wintering in the Delta region of Mississippi: Responses to roost dispersal and removal under a recent

depredation order. Waterbirds 23, 38–44. https://www.jstor.org/stable/4641108

7. Glahn J.F., Stickley A.R., 1995. Wintering Double-crested Cormorants in the Delta region of Mississippi:

Population levels and their impact on the catfish industry. Colon. Waterbirds 18, 137–142. https://doi.

org/10.2307/1521533

8. National Agriculture Statistics Service [NASS]. 2018. Catfish Production. ISSN: 1948-271X. U.S.

Department of Agriculture. https://downloads.usda.library.cornell.edu/usda-esmis/files/bg257f046/

w3763899g/d504rn59q/CatfProd-07-20-2018.pdf

9. National Agricultural Statistics Services [NASS] (2014b). 2012 Census of Agriculture, Mississippi, State

and County Data, Vol. 1, Geographic Area Series, Part 24. AC-12-24. U.S. Department of Agriculture.

https://www.nass.usda.gov/Publications/AgCensus/2012/Full_Report/Volume_1,_Chapter_2_Coun-

ty_Level/Mississippi/msv1.pdf

10. Dorr B.S., Hatch J.J., Weseloh D.V.C., 2014. Double-crested Cormorant (Phalacrocorax auritus), ver-

sion 2.0. In The Birds of North America Online (Poole A. F. Ed.). Cornell Lab of Ornithology, Ithaca,

NY, USA. https://doi.org/10.2173/bow.doccor.01

11. King T., Strickland B.K., Radomski A., 2012a. Migration patterns of Double-crested Cormorants winter-

ing in the southeastern United States. Waterbirds 35, 132–137. https://doi.org/10.1675/063.035.sp114

12. IUCN, 2018. Nannopterum auritus. The IUCN Red List of Threatened Species 2018: e.

T22696776A133552919.

13. Taylor II, J.D., Dorr, B.S., 2003. Double-crested Cormorant impacts to commercial and natural

resources. Proceedings of the 10th Wildlife Damage Management Conference.

PLOS ONE Changes in aquaculture influence an avian species behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0284265 April 13, 2023 21 / 24

https://doi.org/10.1126/science.1106049
http://www.ncbi.nlm.nih.gov/pubmed/15618485
https://doi.org/10.1111/j.1466-8238.2010.00540.x
https://doi.org/10.1111/j.1466-8238.2010.00540.x
https://doi.org/10.1016/j.agee.2017.11.028
https://doi.org/10.1016/j.agee.2017.11.028
https://doi.org/10.2134/agronj2010.0303
https://doi.org/10.2134/agronj2010.0303
https://doi.org/10.1038/s41586-020-2090-6
https://doi.org/10.1038/s41586-020-2090-6
http://www.ncbi.nlm.nih.gov/pubmed/32188954
https://www.jstor.org/stable/4641108
https://doi.org/10.2307/1521533
https://doi.org/10.2307/1521533
https://downloads.usda.library.cornell.edu/usda-esmis/files/bg257f046/w3763899g/d504rn59q/CatfProd-07-20-2018.pdf
https://downloads.usda.library.cornell.edu/usda-esmis/files/bg257f046/w3763899g/d504rn59q/CatfProd-07-20-2018.pdf
https://www.nass.usda.gov/Publications/AgCensus/2012/Full_Report/Volume_1
https://doi.org/10.2173/bow.doccor.01
https://doi.org/10.1675/063.035.sp114
https://doi.org/10.1371/journal.pone.0284265


14. Wires L.R., 2014. The Double-crested Cormorant: Plight of a Feathered Pariah. Yale University Press,

New Haven, CT, USA.

15. Wires L.R., Cuthbert F.J., 2006. Historic populations of the Double-crested Cormorant (Phalacrocorax

auritus): Implications for conservation and management in the 21st century. Waterbirds 29, 9–37.

https://doi.org/10.1675/1524-4695(2006)29[9:HPOTDC]2.0.CO;2

16. Glahn J., Tobin M.E., Blackwell B.F., 2000c. A science-based initiative to manage Double-crested Cor-

morant damage to southern aquaculture. USDA National Wildlife Research Center—Staff Publications.

Paper 532. https://digitalcommons.unl.edu/icwdm_usdanwrc/532

17. Hatch J.J., 1995. Changing populations of Double-crested Cormorants. Colon. Waterbirds 18, 8–24.

https://doi.org/10.2307/1521520

18. Adkins J.Y., Roby D.D., Lyons D.E., Courtot K.N., Collis K., Carter H.R., et al, 2014. Recent population

size, trends, and limiting factors for the Double-crested Cormorant in western North America. J. Wildl.

Manage. 78, 1131–1142. https://doi.org/10.1002/jwmg.737

19. Chastant J.E., King D.T., Weseloh D.V.C., Moore D.J., 2014. Population dynamics of Double-crested

Cormorants in two interior breeding areas. J. Wildl. Manage. 78, 3–11. https://doi.org/10.1002/jwmg.

628

20. Wires L. R., Cuthbert F.J., Trexel D.R., Joshi A.R., 2001. Status of the Double-crested Cormorant (Pha-

lacrocorax auritus) in North America. Final Report to USFWS.

21. Werner S.J., Hanisch S.L., 2003. Status of Double-crested Cormorant Phalacrocorax auritus research

and management in North America. Vogelwelt 124, 369–374.

22. Wires L.R., 2015. Migratory bird protection, a crack in the armor: the case of the Double-crested Cormo-

rant. Avian Conserv. Ecol. 10, 1–6. https://doi.org/10.5751/ACE-00761-100108

23. Dorr B.S., Fielder D.G., 2017. Double-crested Cormorants: Too much of a good thing? Fisheries 42,

468–477. https://doi.org/10.1080/03632415.2017.1356121

24. Ayers C.R., Hanson-Dorr K.C., O’Dell S., Lovell C.D., Jones M.L., Suckow J.R., et al, 2015. Impacts of

colonial waterbirds on vegetation and potential restoration of island habitats. Restor. Ecol. 23, 252–

260. https://doi.org/10.1111/rec.12169

25. Hebert C.E., Duffe J., Weseloh D.V.C., Senese E.M.T., Haffner G.D., 2005. Unique island habitats may

be threatened by Double-crested Cormorants. J. Wildl. Manage. 69, 68–76. https://doi.org/10.2193/

0022-541X(2005)069<0068:UIHMBT>2.0.CO;2

26. Marensen S., Ringle J., 2007. Changes in colonial waterbird populations on Leech Lake. Loon 79,

130–142.

27. U.S. Fish and Wildlife Servie [USFWS], 2014. Final Environmental Assessment, in: Management of

Double-Crested Cormorant under 50 Cfr 21.47 and 21.48.

28. Veum L.M., Dorr B.S., Hanson-Dorr K.C., Moore R.J., Rush S.A., 2019. Double-crested Cormorant col-

ony effects on soil chemistry, vegetation structure and avian diversity. For. Ecol. Manag. 453, 117588.

https://doi.org/10.1016/j.foreco.2019.117588

29. Dorr B.S., Hanisch S.L., Butchko P.H., Fielder D.G., 2012b. Management of Double-crested Cormo-

rants to improve sport fisheries in Michigan: Three case studies. Human-Wildlife Interact. 6, 155–168.

https://doi.org/10.26077/myd1-wt71

30. Glahn J., King D.T., 2004. Bird Depredation, in: Tucker C.S., Hargreaves J. (Eds.), Biology and Culture

of Channel Catfish. Elsevier B.V., Amersterdam, the Netherlands. pp. 634–657. https://doi.org/10.

1016/S0167-9309(04)80024-3

31. Lewis H.F., 1929. The Natural History of the Double-crested Cormorant (Phalacrocorax auritus). Ru-

Mi-Lou Books, Ottawa, ON, Canada

32. Glahn J.F., Tobin M.E., Harrel J.B., 1997. Possible effects of catfish exploitation on overwinter body

condition of Double-crested Cormorants, in: Symposium on Double-crested Cormorants: Population

Status and Management Issues in the Midwest. USDA APHIS Technical Bulletin No. 1879. USDA, A

nimal and Plant Health Inspection Service. Washington, D.C. pp. 107–113.

33. Dorr B.S., King D.T., Tobin M.E., Harrel J.B., Smith P.L., 2004. Double-crested Cormorant movements

in relation to aquaculture in eastern Mississippi and western Alabama. Waterbirds 27, 147–154. https://

doi.org/10.1675/1524-4695(2004)027[0147:DCMIRT]2.0.CO;2

34. Dorr B.S., Burger L.W., Barras S.C., Godwin K.C., 2012a. Economic impact of Double-crested Cormo-

rant, Phalacrocorax auritus, depredation on Channel Catfish, Ictalurus punctatus, aquaculture in Missis-

sippi, USA. J. World Aquac. Soc. 43, 502–513. https://doi.org/10.1111/j.1749-7345.2012.00586.x

35. Mott, D., Brunson, M., 1995. A Historical Perspective of Catfish Production in the Southeast in Relation

to Avian Predation. Proceedings of the seventh Wildlife Damage Management Conference. Paper 24.

PLOS ONE Changes in aquaculture influence an avian species behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0284265 April 13, 2023 22 / 24

https://doi.org/10.1675/1524-4695(2006)29[9:HPOTDC]2.0.CO;2
https://digitalcommons.unl.edu/icwdm_usdanwrc/532
https://doi.org/10.2307/1521520
https://doi.org/10.1002/jwmg.737
https://doi.org/10.1002/jwmg.628
https://doi.org/10.1002/jwmg.628
https://doi.org/10.5751/ACE-00761-100108
https://doi.org/10.1080/03632415.2017.1356121
https://doi.org/10.1111/rec.12169
https://doi.org/10.2193/0022-541X(2005)0690068:UIHMBT2.0.CO;2
https://doi.org/10.2193/0022-541X(2005)0690068:UIHMBT2.0.CO;2
https://doi.org/10.1016/j.foreco.2019.117588
https://doi.org/10.26077/myd1-wt71
https://doi.org/10.1016/S0167-9309(04)80024-3
https://doi.org/10.1016/S0167-9309(04)80024-3
https://doi.org/10.1675/1524-4695(2004)027[0147:DCMIRT]2.0.CO;2
https://doi.org/10.1675/1524-4695(2004)027[0147:DCMIRT]2.0.CO;2
https://doi.org/10.1111/j.1749-7345.2012.00586.x
https://doi.org/10.1371/journal.pone.0284265


36. Dorr B.S., Moerke A., Bur M., Bassett C., Aderman T., Traynor D., et al, 2010. Evaluation of harassment

of migrating Double-crested Cormorants to limit depredation on selected sport fisheries in Michigan. J.

Great Lakes Res. 36, 215–223. https://doi.org/10.1016/j.jglr.2010.02.001

37. Dorr B.S., Burger L.W., Barras S.C., 2008. Evaluation of aerial cluster sampling of Double-crested Cor-

morants on aquaculture ponds in Mississippi. J. Wildl. Manage. 72, 1634–1640. https://doi.org/10.

2193/2007-308

38. Glahn, J., Ellis, G., Fioranelli, P., Dorr, B.S., 2000a. Evaluation of moderate and low-powered lasers for

dispersing Double-crested Cormorants from their night roosts. Proceedings of the Ninth Wildlife Dam-

age Management Conference. pp. 34–45.

39. Mott, D.F., Andrews, K.J., Littauer, G.A., 1992. An evaluation of roost dispersal for reducing cormorant

activity on catfish ponds. Proceedings of the fifth Eastern Wildlife Damage Control Conference. Paper

28.

40. Tobin M.E., King D.T., Dorr B.S., Werner S.J., Reinhold D.S., 2002. Effect of roost harassment on cor-

morant movements and roosting in the Delta region of Mississippi. Waterbirds 25, 44–51. https://doi.

org/10.1675/1524-4695(2002)025[0044:EORHOC]2.0.CO;2

41. King T.D., Glahn J.F., Andrews K.J., 1995. Daily activity budgets and movements of winter roosting

Double-crested Cormorants determined by biotelemetry in the Delta region of Mississippi. Colon.

Waterbirds 18, 152–157. https://doi.org/10.2307/1521535

42. Aderman A.R., Hill E.P., 1995. Locations and numbers of Double-crested Cormorants using winter

roosts in the Delta region of Mississippi. Colon. Waterbirds 18, 143–151. https://doi.org/10.2307/

1521534

43. Glahn J.F., May A., Bruce K., Reinhold D.S., 1996. Censusing Double-crested Cormorants (Phalacro-

corax auritus) at their winter roosts in the Delta region of Mississippi. Colon. Waterbirds 19, 73–81.

https://doi.org/10.2307/1521809

44. King T., Strickland B.K., Radomski A. a., 2012b. Winter and summer home ranges and core use areas

of Double-crested Cormorants captured near aquaculture facilities in the southeastern United States.

Waterbirds 35, 124–131. https://doi.org/10.1675/063.035.sp113

45. Pearse A.T., Gerard P.D., Dinsmore S.J., Kaminski R.M., Reinecke K.J., 2008. Estimation and correc-

tion of visibility bias in aerial surveys of wintering ducks. The Journal of Wildlife Management 72, 808–

813. https://doi.org/10.2193/2007-274

46. Fletcher D., MacKenzie D., Villouta E., 2005. Modelling skewed data with many zeros: a simple

approach combining ordinary and logistic regression. Environ. Ecol. Stat. 12, 45–54. https://doi.org/10.

1007/s10651-005-6817-1

47. Zuur A.F., Ieno E.N., Walker N.J., Saveliev A.A., Smith G.M., 2009. Mixed Effects Models and Exten-

sions in Ecology with R. Springer Science & Business Media, New York, NY, USA.

48. Welsh A.H., Cunningham R.B., Donnelly C.F., Lindenmayer D.B., 1996. Modelling the abundance of

rare species: Statistical models for counts with extra zeros. Ecol. Model. 88, 297–308. https://doi.org/

10.1016/0304-3800(95)00113-1

49. Zeileis A., Kleiber C., Jackman S., 2008. Regression models for count data in R. J. Stat. Softw. 33,

1076–1084. https://doi.org/10.1093/jpepsy/jsn055

50. Bates D., Maechler M., Bolker B., 2015. Fitting linear mixed-effects models using lme4. J. Stat. Softw.

67, 1–48. https://doi.org/10.18637/jss.v067.i01

51. Rokni K., Ahmad A., Selamat A., Hazini S., 2014. Water feature extraction and change detection using

multitemporal landsat imagery. Remote Sens. 6, 4173–4189. https://doi.org/10.3390/rs6054173

52. Glahn J.F., Dixson P.J., Littauer G.A., McCoy R.B., 1995. Food habits of Double-crested Cormorants

wintering in the Delta region of Mississippi. Colon. Waterbirds 18, 158–167. https://doi.org/10.2307/

1521536

53. Glahn J.F., Brugger K.E., 1995. The impact of Double-crested Cormorants on the Mississippi Delta cat-

fish industry: a bioenergetics model. Colon. Waterbirds 18, 168–175. https://doi.org/10.2307/1521537

54. Schielzeth H., 2010. Simple means to improve the interpretability of regression coefficients. Methods

Ecol. Evol. 1, 103–113. https://doi.org/10.1111/j.2041-210X.2010.00012.x

55. Paradis E., Schliep K., 2019. ape 5.0: an environment for modern phylogenetics and evolutionary analy-

ses in R. Bioinformatics 35, 526–528. https://doi.org/10.1093/bioinformatics/bty633 PMID: 30016406

56. Fox J., Hong J., 2009. Effect displays in R for multinomial and proportional-odds logit models: exten-

sions to the effects package. J. Stat. Softw. 32, 1–24. https://doi.org/10.18637/jss.v032.i01

57. Dorr B.S., 2006. Distribution, abundance, and economic impacts of Double-crested Cormorants on

Channel Catfish aquaculture in the Yazoo basin of Mississippi. Ph.D. dissertation, Mississippi State

University, Mississippi State, MS, USA.

PLOS ONE Changes in aquaculture influence an avian species behavior

PLOS ONE | https://doi.org/10.1371/journal.pone.0284265 April 13, 2023 23 / 24

https://doi.org/10.1016/j.jglr.2010.02.001
https://doi.org/10.2193/2007-308
https://doi.org/10.2193/2007-308
https://doi.org/10.1675/1524-4695(2002)025[0044:EORHOC]2.0.CO;2
https://doi.org/10.1675/1524-4695(2002)025[0044:EORHOC]2.0.CO;2
https://doi.org/10.2307/1521535
https://doi.org/10.2307/1521534
https://doi.org/10.2307/1521534
https://doi.org/10.2307/1521809
https://doi.org/10.1675/063.035.sp113
https://doi.org/10.2193/2007-274
https://doi.org/10.1007/s10651-005-6817-1
https://doi.org/10.1007/s10651-005-6817-1
https://doi.org/10.1016/0304-3800(95)00113-1
https://doi.org/10.1016/0304-3800(95)00113-1
https://doi.org/10.1093/jpepsy/jsn055
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.3390/rs6054173
https://doi.org/10.2307/1521536
https://doi.org/10.2307/1521536
https://doi.org/10.2307/1521537
https://doi.org/10.1111/j.2041-210X.2010.00012.x
https://doi.org/10.1093/bioinformatics/bty633
http://www.ncbi.nlm.nih.gov/pubmed/30016406
https://doi.org/10.18637/jss.v032.i01
https://doi.org/10.1371/journal.pone.0284265


58. Hanson T., Sites D., 2015. 2014 Catfish Database. Fisheries and Allied Aquaculture Department Series

No. 1. Alabama Agricultural Experiment Station, Auburn, AL, USA.

59. Wellborn T. L., 1987. Catfish Farmers Handbook. Mississippi Cooperative Extension Service, Missis-

sippi State University, Mississippi State, MS USA.

60. Guillaumet A., Dorr B., Wang G., Taylor J.D., Chipman R.B., Scherr H., et al, 2011. Determinants of

local and migratory movements of Great Lakes Double-crested Cormorants. Behav. Ecol. 22, 1096–

1103. https://doi.org/10.1093/beheco/arr096

61. Pardieck K.L., Ziolkowski D.J. Jr, Lutmerding M., Huson A.R., 2018. North American breeding bird sur-

vey dataset 1966−2017, version 2017.0. U.S. Geological Survey, Patuxent Wildlife Research Center.

62. Burnham K.P., Anderson D.R., 2002. Model selection and multimodel inference: a practical informa-

tion-theoretic approach, Second Edi. Springer: New York, NY, USA. https://doi.org/10.1007/b97636
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