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Abstract

The Gulf of Mexico supports many seabird species, yet data gaps describing species com-
position and habitat use are prevalent. We used vessel-based observations from the Gulf of
Mexico Marine Assessment Program for Protected Species to identify and characterize dis-
tinct seabird assemblages in the northern Gulf of Mexico (within the U.S. Exclusive Eco-
nomic Zone; nGoM). Using cluster analysis of 17 seabird species, we identified
assemblages based on seabird relative density. Vessel-based surveys documented the
location, species, and number of seabirds across the nGoM between 2017—2019. For each
assemblage, we identified the (co-)dominant species, spatial distribution, and areas of
greater relative density. We also assessed the relationship of the total relative density within
each assemblage with environmental, spatial, and temporal covariates. Of the species
assessed, 76% (n = 13) breed predominantly outside the nGoM basin. We identified four
seabird assemblages. Two assemblages, one dominated by black tern and the other co-
dominated by northern gannet/laughing gull, occurred on the continental shelf. An assem-
blage dominated by sooty tern occurred along the continental slope into pelagic waters. The
fourth assemblage had no dominant species, was broadly distributed, and was composed of
observations with low relative density (‘singles’ assemblage). Differentiation of assemblages
was linked to migratory patterns, residency, and breeding location. The spatial distributions
and relationships of the black tern and northern gannet/laughing gull assemblages with envi-
ronmental covariates indicate associations with river outflows and ports. The sooty tern
assemblage overlapped an area prone to mesoscale feature formation. The singles assem-
blage may reflect commuting and dispersive behaviors. These findings highlight the impor-
tance of seasonal migrations and dynamic features across the seascape, shaping seabird
assemblages. Considering the potential far-ranging effects of interactions with seabirds in
the nGoM, awareness of these unique patterns and potential links with other fauna could
inform future monitoring, research, restoration, offshore energy, and aquaculture develop-
ment in this highly industrialized sea.
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Introduction

The northern Gulf of Mexico (which contains the Exclusive Economic Zone of the USA;
nGoM) provides important habitat for a broad range of fauna [1, 2], one of the least studied
components of which has been seabirds (but see [3]). This region supports a wide array of
seabirds in terms of taxonomic diversity, geographic origin, foraging behavior, and conser-
vation status [4]. For example, the breeding origins of seabirds that occur in the nGoM
include six distinct geographic areas that span 120 degrees of latitude and both sides of the
Atlantic; the northern Gulf coast, the continental interior of North America, the northeast
coast of North America, the Caribbean, the eastern North Atlantic, and the western South
Atlantic [4]. The unique annual cycles and migration patterns of species from each of these
breeding origins result in a dynamic assemblage of seabirds, some of which occupy one,
often spatially expansive, habitat type (e.g., pelagic or nearshore), while others occupy a
broad range of habitats. For example, sooty terns (Onychoprion fuscatus), typically consid-
ered a pelagic tern, may also forage in estuarine and nearshore habitats [5]. Similarly, a spe-
cies typically considered a nearshore occupant (e.g., laughing gull; Leucophaeus atricilla)
might inhabit pelagic waters during specific life stages or times of year [6, 7]. The nGoM
also presents a dynamic marine environment, occurring within both the Warm Temperate
Northwest Atlantic and Tropical Northwestern Atlantic marine realms [8]. Despite being a
semi-enclosed sea, the Gulf connects via multiple ocean currents to the Caribbean Sea and
Gulf Stream, has complex bathymetry as well as substantial mixing of freshwater in estuar-
ies, bays, and from river outflows [9]. This spatial and temporal variability in the seabirds
present and the marine environment creates a mosaic of seabird species across the nGoM,
with the potential for diverse drivers of occupancy and status.

Although previous survey efforts of seabirds in the nGoM have produced valuable assess-
ments of species composition and habitat associations [1, 7], notable data gaps still exist. For
example, previous surveys have often been restricted in spatial or temporal coverage [3, 6, 7,
10]. Some historical seabird surveys did not provide explicit details regarding either study
design or data collection methods [1]. Surveys differed in the way seabird observations were
described, where some recorded abundance while others only recorded presence, and not all
surveys quantified the number of individuals observed at a given point in time and space [7,
10]. Some surveys intentionally excluded observations of certain species [6, 10]. These discrep-
ancies in vessel-based seabird made it challenging, therefore, to fully ascertain the structure of
the seabirds throughout the nGoM and the habitat or features they associate with.

There are numerous approaches that can be employed to describe the distribution of sea-
birds and their association with the environment. Each approach can provide novel insight
into a different aspect of species-species and habitat associations and patterns. For example,
hotspots in seabird abundance or species richness can be identified by overlapping the mod-
eled distribution of individual species (e.g., [11]), while the relationship of individual species
along environmental gradients can be identified through ordination techniques (e.g., [12]).
Alternatively, simultaneously modeling the occurrence of multiple species through joint spe-
cies distribution modeling can identify spatial structures or variability not captured by model
covariates [13, 14]. As applied here, a seabird assemblage is composed of seabird species that
display some shared characteristic or pattern (taxonomy, spatial distribution, co-occurrence,
abundance) that is distinct from other assemblages. An assemblage does not require spatial
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proximity (although that may be a relevant factor) but rather can be defined across a range of
factors. Furthermore, an assemblage simply implies a collection of species and does not imply
direct interspecific interactions. Such interrelationships (with seabirds or with other marine
fauna) would instead be defined as a community, implying functional relationships and mech-
anisms linked to seabirds. Here, we focus on identifying assemblages of seabirds.

Research on seabirds in systems ranging from tropical to polar, marginal sea shelf and open
water environments has identified assemblages that are structured around spatiotemporal pat-
terns and environmental factors. For example, seabirds often show a distinct onshore-offshore
spatial pattern in abundance, where abundance follows a gradient across the continental shelf,
continental slope, and pelagic habitats [15-17]. Temporal factors can also influence seabird
assemblages and communities, whereby both species composition and abundance change
among seasons (e.g., as species immigrate to or emigrate from marine regions [18, 19] oras a
function of year (e.g., due to annual variation in large-scale oceanographic processes [18, 20, 21].
Breeding location can also strongly influence assemblage structure, with species that breed proxi-
mate to the study area often dominating the taxonomic composition of an assemblage or com-
munity [16, 22, 23]. Seabird assemblages and communities can also differ in their relationships
with oceanographic processes and features such as ocean currents, thermocline depth, and salt-
water-freshwater convergence zones where mixing occurs [23, 24]. Identifying seabird assem-
blages and determining the variables that structure them can help identify local and regional
factors and processes that may influence these unique groups’ recurring or persistent formation.

Given the lack of survey and research attention on seabirds in the nGoM compared to
many other marine regions and the potential vulnerability of seabirds there to a wide range of
environmental and anthropogenic stressors (e.g., offshore energy production, heavy shipping
traffic, potential aquaculture) [4, 25], we sought to identify and characterize the structure of
distinct seabird assemblages in offshore waters. We used observations from vessel-based sur-
veys collected as a part of the Gulf of Mexico Marine Assessment Program for Protected Spe-
cies (GOMMAPPS), which have not previously been used to characterize seabird assemblages
in the nGoM. Despite the distinct physical and oceanographic dynamics of the nGoM, we
hypothesized that similar features and patterns would shape seabird assemblages in the nGoM
as in other regions (e.g., onshore-offshore gradients, temporal variation, dynamic ocean fea-
tures). We tested this hypothesis by identifying distinct seabird assemblages based on relative
density (observations not adjusted for detectability) and characterizing their geographic loca-
tion, species compositions, and areas of greater or lesser relative density. We then explored the
association of each assemblage with environmental covariates that represented static, dynamic,
temporal, and spatial factors. We interpreted these relationships with respect to the ecology of
the most abundant species within each assemblage and regional oceanography. We also con-
sidered if the identified associations suggested links to other fauna, such as fish, that could
infer community relationships. Our characterization of distinct seabird assemblages is the first
of its kind for the nGoM and identifies important features shaping seabird assemblages, poten-
tially informing future research, development, and monitoring in a region facing substantial
pressure from both natural and anthropogenic stressors [4].

Materials and methods
Data sources

Seabird observations. We used seabird location and abundance data from vessel-based
surveys collected as a part of the Gulf of Mexico Marine Assessment Program for Protected
Species (GoOMMAPPS). Data were collected on National Oceanic and Atmospheric Adminis-
tration (NOAA) vessels in which track line placement, timing, and direction were pre-
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determined and designed specifically for conducting NOAA GoMMAPPS joint marine mam-
mal and bird surveys. Data were also collected on ships of opportunity during NOAA pro-
grammatic surveys for fisheries and/or plankton data. Each survey type used a replicated
survey design; thus, the vessel bird survey team had no ability to change or alter individual
track lines. The data collected from these surveys define the study area and span the (1) conti-
nental shelf- <200 m, (2) continental slope 200 m- 2,000 m, and (3) pelagic: > 2,000 m bathy-
metric regions in the nGoM (Fig 1). Waters within the jurisdiction of individual U.S. Gulf
coast states (< 3 nautical miles for Louisiana, Mississippi, and Alabama coasts and < 9 nautical
miles from Texas and Florida coast) and areas too shallow for survey vessels to operate safely
were not surveyed. Therefore, our data reflect what is generally regarded as the offshore waters
of the nGoM.

Data were collected following standardized strip transect protocols for seabird observations
from vessel-based surveys [26-28]. An observer placed on the flying bridge or bow of the vessel
identified to the lowest taxonomic level and counted all birds within view. Only observations
identified to species are used in this analysis. Observations were made from the side of the ves-
sel with the least glare, and the distance of birds from the ship was estimated and grouped into
bins as follows: from 0-100 m, 101-200 m, 201-300 m, and beyond 300 m. Low densities of
birds compared to other regions coupled with good observation conditions in the nGoM (e.g.,
calm seas, high visibility) generally allowed species-specific identification and accurate counts
to ~ 500 m on both sides of the vessel. Such opportunities are not common in areas with higher
densities of seabirds, greater abundances of pursuit diving seabirds, greater abundances of sit-
ting seabirds, or in areas with generally poorer visibility, such as the north Atlantic, north
Pacific, or central Pacific (e.g., [17, 29]), but do frequently occur in the nGoM (also see [30]).
Seabird behavior was recorded (e.g., sitting, flying, foraging), and ship-following birds were
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Fig 1. Study area and vessel survey footprint for vessel-based seabird observations for the Gulf of Mexico Marine Assessment Program for Protected Species
(GOMMAPPS) program, 2017-2019. Red lines indicate the locations of vessel-based survey effort. The “U.S. EEZ” is the United States Exclusive Economic Zone.
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identified and tracked to avoid counting the same individual multiple times [27]. Observations
were made between sunrise to sunset but were suspended if conditions were deemed unsafe or
the vessel had to go off survey effort for any reason, e.g., mechanical, weather, or other science
tasks [27]. Data were collected from April 2017 —-September 2019, with ~ 290 days at sea repre-
senting ~ 2,300 hours of observer effort for ~ 41,700 total km of transects, with observations
occurring in all months, excluding November and December. This represents the most exten-
sive vessel-based survey effort for seabirds in the nGoM to date. A total of 44 seabird species
from 12 taxonomic families were observed (S1 Table). Seabird vessel-based survey observation
data can be accessed through the National Centers for Environmental Information (NCEI)
archives: https://www.ncei.noaa.gov/archive/accession/0247206 and DOI https://doi.org/10.
25921/afrq-h385 [31].

Environmental covariates. To describe the habitat of seabird assemblages in the nGoM,
we selected five environmental covariates previously identified as relevant to seabird habitats in
the Gulf of Mexico [28, 32] and the Gulf Stream in the western North Atlantic, the latter sharing
some similarities with the nGoM with respect to marine fauna [33, 34]. Depth, indicating the
bathymetric domain, was obtained from the SMRT30+ version 6.0 30 arc second dataset [35].
Monthly chlorophyll-a data from Modis Aqua 4 kilometers L3 SMI served as a proxy for the
primary productivity [36]. Daily sea-surface temperature and sea-surface salinity (indicators of
water mass; bodies of water with similar properties), and sea-surface height (indicating hydro-
graphic features including convergence and divergence) were obtained from the Hybrid Coor-
dinate Ocean Model (HYCOM,; [37, 38]). All covariates are summarized in Table 1.

Data filtering and aggregation

Survey data were filtered for vessel speed and interpolated into 10-15 minute temporal bins
[33, 34, 39]. We were unable to correct seabird observations for detectability [40] and therefore
refer to the resulting observations as relative abundance. Seabird relative abundance and envi-
ronmental data were associated with the mid-point of each bin. To standardize the spatial reso-
lution of the data, we aggregated the mid-point locations of each bin into a 10 x 10 km cell for

Table 1. Summary of the variables used in generalized additive models to assess the relationship between seabird relative density in each assemblage and environ-

mental covariates. n/a = not applicable.

Covariate Units Ecological Context Dataset name Temporal Data source Associated
Resolution references

Month' n/a Annual cycle, migration n/a daily n/a n/a

spatial surface degrees Spatial structure, spatial n/a n/a n/a n/a
longitude, autocorrelation
latitude

sea-surface degrees Celsius | Relates to water-mass HYCOM daily? https://www.hycom.org/ [37,38]

temperature

sea-surface practical salinity | Relates to water-mass HYCOM daily? https://www.hycom.org/

salinity units

sea-surface Meters Hydrographic features, HYCOM daily? https://www.hycom.org/ “

height convergence/divergence

chlorophyll-a milligrams / Proxy for primary MODIS Aqua L3 monthly http://apdrc.soest.hawaii.edu/datadoc/ | [36]
meter/A3 productivity CHLA Monthly 4km modis_aqua_chla.php

bathymetry meters (above Bathymetric domain SMRT30+ version n/a https://coastwatch.pfeg.noaa.gov/ [35]
sea level) 6.0 30 arc second erddap/griddap/usgsCeSrtm30v6.html

!Seasons were defined as spring (March-May), summer (June-August), fall (September-November), and winter (December-February) [34].

*Hourly 2019 data were downloaded at daily intervals

https://doi.org/10.1371/journal.pone.0287316.t001
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each day with survey effort across the study area [41, 42]. A spatial resolution of 10 x 10 km
was chosen as it has been found to minimize spatial autocorrelation in oceanographic variables
[41], as well as considered to be a distance that a seabird in flight could be visually attracted to
other seabirds in these subtropical marine habitats [43]. Because the number of kilometers sur-
veyed in each 10-15-minute bin can differ due to ship speed, we divided the relative abun-
dance of seabirds by the number of kilometers surveyed multiplied by the strip width (2 * 500
m). This produced relative seabirds/km? (relative density) in each cell and day combination
(hereafter ‘cell-day’).

When more than one bin occurred within a cell on the same day, we calculated the mean
relative density. Observations were not uniformly distributed in space or time (S1 Fig).
Uneven spatial or temporal coverage may result in a characterization of seabird assemblages
that is more sensitive to variation in seabird composition in the frequently surveyed area or
periods relative to other areas or periods with fewer observations. Variability in seabird com-
position in less surveyed areas may not be fully captured. Thus, the inference from our compo-
sition-based characterization of seabird assemblages is constrained by the spatial and temporal
distribution of survey effort. By standardizing the data to a 10 x 10 km daily resolution, how-
ever, we can account for different levels of effort in each 10 x 10 km cell on a given day, thereby
reducing the potential bias resulting from non-uniform spatial or temporal survey effort. This
standardization also enables comparisons and maximizes the number of cell and day combina-
tions included in the analysis.

After a preliminary assessment, we included any species of seabird that occurred in at least
1% of all cell-days. This threshold provided a taxonomically diverse suite of species (S1 Table)
while limiting the number of potentially vagrant or rare species included. As our interest was
in characterizing seabird assemblages and species co-occurrence, we further filtered cell-days
to include only those when > 1 species was observed. These steps resulted in 17 species being
included in the final data set and 27 species being excluded. These 17 species encompassed ~
99% of the relative seabird density of all 44 species detected.

Analytical approach

Characterization of seabird assemblages. To identify and characterize distinct seabird
assemblages in the nGoM, we performed a k-means cluster analysis on species-specific relative
densities of each cell-day [44]. Clustering is a machine-learning method that partitions sample
units into more similar clusters than sample units in a different cluster. Thus, cell-days with a
more similar combination of species-specific relative densities group into a different cluster
from cell-days with less similar species-specific relative densities. Each cluster is assumed to
represent a different seabird assemblage. K-means cluster analysis applies an iterative algo-
rithm that begins with an arbitrary location for the center of each cluster. Each sample unit
(cell-day) is associated with the nearest center, forming a temporary cluster. A new center is
assigned based on the gravitational center of all sample units in the temporary cluster, and the
process is repeated until the selection criterion is met [45, 46]. The optimal number of clusters,
constrained to be between 2 and 17, the number of species in the analysis was selected based
on the Hartigan criterion, which minimizes the within-cluster sum of squares [44]. The num-
ber of clusters was identified using the NbClust package [45] and the final clusters were defined
using the kmeans function in the stats package in base R [47] with 5,000 random sets of points
used to identify the centers and a maximum of 10 iterations.

We transformed the mean relative density of each seabird species in each cell-day using nat-
ural log + 1. This monotonic transformation reduced the overall range in relative density val-
ues across species and maintained their rank order. The cluster analysis was run on the
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Euclidian distance matrix of the natural log + 1 transformed values. The clustering process did
not involve geographic coordinates or temporal labels (e.g., ‘spring’, ‘April’). As clustering is
based on seabird composition and observations of similar composition can occur across space,
the breadth of the spatial footprint of an assemblage is not indicative of cluster cohesion. To
assess the cohesion among observations in each cluster, we used the silhouette coefficient and
visualization function in the ‘cluster’ and factoextra’ packages in R, respectively [48, 49]. The
silhouette coefficient is calculated by comparing the distance between points within a cluster
to the distance to the nearest point in the neighboring cluster, where 1 indicates ideal cluster-
ing, -1 indicates observations are in the wrong cluster, and 0 indicates that observations are
between two (unspecified) clusters (cluster is not highly distinct). A single species can occur in
multiple clusters if cell-days with the species have sufficiently different species compositions to
be assigned to different clusters by the clustering algorithm. We performed a single cluster
analysis with all observations instead of season-specific analyses as 1) the definition of ‘season’
may not be appropriate or relevant for a given species (e.g., ‘boreal spring’ may differ pheno-
logically for a northern versus southern Atlantic breeder), and 2) periods with low survey effort
may have insufficient data to perform a distinct cluster analysis, resulting in their being
excluded from analyses.

As multiple species can occur in an assemblage, we focused our interpretation on the indi-
vidual species or combination of species summing to > 50% of the total relative density within
the assemblage; (hereafter ‘dominant’ or ‘co-dominant’, respectively). This > 50% threshold is
more conservative than > 25%, which has been used in other studies using a similar approach
to characterize seabird assemblages [20, 23]. A > 50% threshold provides a more intuitive
interpretation of ‘dominant’ species than > 25%, but a smaller threshold may be more appro-
priate in regions where the number of species is greater than in the sub-tropics and tropics [20,
23]. In cases where just two species encompass 50% of the total relative density of that assem-
blage, the two species are described herein as ‘co-dominant’. To place each assemblage within
the context of regional dynamics, we describe the overlap with regionally important environ-
mental features, such as major river outflows and bathymetric domains, and identify areas of
greater relative density.

Association with environmental covariates. Our second aim was to assess the relationship
between the relative density of seabirds in each assemblage and environmental covariates
(Table 1). This was done using generalized additive models (GAMs), a flexible modeling
approach capturing non-linear relationships between environmental covariates [50]. We mod-
eled each assemblage individually, using the sum of the relative densities of all seabirds in each
cell within the assemblage as the response variable. In addition to the environmental covariates
listed above (depth, chlorophyll-a, sea-surface temperature, sea-surface salinity, and sea-sur-
face height), we also considered spatial and temporal covariates. To account for potential spa-
tial-autocorrelation and spatial structure, we include a spatial smooth with an interaction
between latitude and longitude in each model [51, 52]. This created a two-dimensional spatial
surface. Measured distance to known breeding colonies or distance to shore have been used in
studies describing the habitat associations of seabird assemblages [53]. However, including
such a variable complicates analyses and interpretation when species breeding outside the
study area are considered [15, 16]. Given our interest in the contribution of species breeding
predominantly outside of the nGoM to the nGoM’s seabird assemblage and a strong correla-
tion (Spearman’s rho: -0.871) between bathymetry and distance to land, we did not include
distance to land in our analysis. In light of the occurrence of migratory seabirds in the nGoM
[4] and the potential seasonal movements of non-migratory species, we included month as a
covariate in the analysis.
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We used the Tweedie distribution with a log link function to fit all models and applied
thin-plate splines to all covariates, excluding the spatial smooth [54, 55]. Model fit diagnostics
(q-q plots, residuals, Restricted Marginal Likelihood, Akaike’s Information Criterion, percent
deviance explained) assuming Poisson, gamma, and log-gaussian distributions indicated a
weaker model performance than models using a Tweedie distribution. The scale parameter
was estimated during model fitting. We used the ‘choose.k’ function in the ‘mgev’ package for
R to select the number of dimensions for each spline [56]. If this produced an error, we con-
strained the number of knots in each environmental covariate modeled with a thin-plate spline
to 1/10 of the cell-days for that assemblage. We used the restricted marginal likelihood
(REML) for smoothness selection as generalized cross-validation (GCV), as GCV is prone to
underestimating parameter values [57]. As we intended to create strong habitat models incor-
porating all of the above covariates, as opposed to the most parsimonious models, we included
all covariates. We focus our discussion on each model’s statistically significant (p < 0.05) vari-
ables. We also interpreted the relationship of relative seabird density in each cluster by assess-
ing the smoothed curve of each covariate. All analyses were performed in R version 4.1.1, all
functions related to GAMs were performed using the ‘mgcy’ package for R, and maps were cre-
ated using the ‘tmap’ package for R [47, 56].

Results
Final dataset

Data filtering resulted in 939 unique cell and day combinations. Cells with observations
occurred within all bathymetric domains and all portions of the study area, but the number of
days with observations in a given cell was not distributed uniformly across the study area (Fig
2). Cells with multiple days of observation occurred near the port of Pascagoula (i.e., a com-
mon port of departure and return for most GOMMAPPS vessel surveys). Although data from
all seasons are included in the analysis, seasonal coverage was uneven (Fig 3 and S2 Fig). Spe-
cifically, the number of cell-days included in the analysis was similar in spring, summer, and
fall: 273, 257, and 265, respectively, and less in winter (144; S2 Fig).

The 17 species included in the analysis represent seven taxonomic families (Table 1). The
species with the greatest maximum relative densities (individuals per km?) were northern gan-
net (Morus bassanus; 173), black tern (Chlidonias niger; 154), and sooty tern (93) (Table 2).
Five species had maximum relative densities between 10 and 50 seabirds/km?, and nine had
maximum relative densities < 10 seabirds/km? (Table 2). Of the 17 focal species, 35% breed in
the southern Gulf or Caribbean, 24% within the nGoM, 24% within the continental interior of
North America, 12% from the eastern North Atlantic, and < 1% from the western North
Atlantic coast (Table 2).

Seabird assemblages

Three seabird assemblages were identified based on their dominant or co-dominant assem-
blage member(s). We defined these as (1) black tern, (2) northern gannet/laughing gull, and
(3) sooty tern (Table 3 and Fig 4). A fourth assemblage lacked a dominant species and instead
was characterized by the occurrence of many species with low relative densities. We refer to
this assemblage as the ‘singles assemblage’ (Table 3 and Fig 4). Based on the silhouette coeffi-
cient, the cluster defining the singles assemblage had the highest goodness of fit (0.62), fol-
lowed by the sooty tern assemblage (0.44) and the black tern assemblage, which had moderate
measures of goodness of fit (0.3). The cluster defining the northern gannet/laughing gull
assemblage had a silhouette coefficient of -0.12, indicating the cluster was not highly distinct
(Table 3). The black tern and northern gannet/laughing gull assemblages occurred primarily
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Fig 2. The number of days with observation effort in each 10 x 10 km cell was used to characterize seabird assemblages in the northern Gulf of Mexico.
Darker shades indicate more days with observations. The “U.S. EEZ” is the United States Exclusive Economic Zone.
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Fig 3. The total number of 10 x 10 km cell- days included in the characterization of seabird assemblages in the
northern Gulf of Mexico, grouped by season. Seasons are defined as spring = March-May, summer = June-August,
fall = September-November, and winter = December-February. Cell-day = a single 10 x 10 km cell with seabird
observations in a given day.

https://doi.org/10.1371/journal.pone.0287316.9003
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Table 2. Summary of relative density (seabirds/km?) and the number of cell-days occupied by each species. Relative density summaries were calculated only for cell-
days where the species was present. As cell-days were filtered for co-occurrence (> 1 species), multiple species occurred within each cell-day. Species are listed in decreas-
ing order of mean relative density. “Breeding origin” is a generalization of the breeding range for each species and reflects where most individuals observed in the nGoM
are assumed to breed based on geographical ranges and migratory patterns. Cell-day = a single 10 x 10 km cell with seabird observations in a given day.

Common name Family Genus species Breeding origin Mean | Median | Minimum | Maximum | Standard |#ofcell-| % of
deviation days | cell-days
Black Tern Laridae Chlidonias niger | Northern migrant- 5.8 0.7 0.0 153.8 15.8 202 215
continental interior or high
Arctic
Northern Gannet | Sulidae Morus bassanus Northern migrant-Atlantic | 4.4 0.2 0.1 175.3 23.7 59 6.3
coast
Sooty Tern Laridae Onchyoprion Southern Gulf, Caribbean 3.2 0.8 0.0 93.0 8.1 198 21.1
fuscatus
Sandwich Tern Laridae Thalasseus nGoM 1.3 0.4 0.1 21.3 2.7 134 14.3
sandvicensis
Herring Gull Laridae Larus argentatus | Northern migrant- 1.0 0.3 0.1 27.9 2.7 175 18.6
continental interior or high
Arctic
Laughing Gull Laridae Leucophaeus nGoM 0.9 0.2 0.1 28.7 2.7 312 33.2
atricilla
Brown Pelican Pelecanidae | Pelecanus nGoM 0.7 0.2 0.1 8.1 1.3 112 11.9
occidentalis
Audubon’s Procellariidae | Puffinus Southern Gulf, Caribbean 0.6 0.2 0.0 19.8 2.1 192 20.4
Shearwater Iherminieri
Common Tern Laridae Sterna hirundo Northern migrant- 0.5 0.2 0.1 3.0 0.7 63 6.7
continental interior or high
Arctic
Royal Tern Laridae Thalasseus nGoM 05 02 0.1 7.7 0.8 326 34.7
maximus
Pomarine Jaeger Stercorariidae | Stercorarius Northern migrant- 0.5 0.2 0.1 12.6 1.3 124 13.2
pomarinus continental interior or high
Arctic
Magnificent Fregatidae Fregata Southern Gulf, Caribbean 0.5 0.2 0.0 6.7 0.8 179 19.1
Frigatebird magnificens
Bridled Tern Laridae Onchyoprion Southern Gulf, Caribbean 0.3 0.1 0.1 4.3 0.5 108 11.5
anaethetus
Band-rumped Hydrobatidae | Oceanodroma Eastern North Atlantic 0.3 0.2 0.1 25 0.3 109 11.6
Storm-petrel castro
Cory’s Shearwater | Procellariidae | Calomectris Eastern North Atlantic 0.2 0.1 0.1 0.4 0.1 39 42
diomedea
Brown Booby Sulidae Sula leucogaster Southern Gulf, Caribbean 0.1 0.1 0.1 1.1 0.1 109 11.6
Masked Booby Sulidae Sula dactylatra Southern Gulf, Caribbean 0.1 0.1 0.0 0.6 0.1 49 5.2

https://doi.org/10.1371/journal.pone.0287316.t1002

Table 3. Summary of seabird assemblages. Dominant species were defined as those summing to > 50% of species’ relative density for each assemblage. No dominant or
co-dominant species are listed for the singles assemblage (Fig 4), as five species were needed to meet the > 50% relative density threshold. Mean relative density relates to
all cell-days within an assemblage. The silhouette coefficient assessed each cluster’s distinctness or ‘goodness’ where 1 indicates ideal clustering, 0 indicates that observa-
tions are between two clusters (cluster is not highly distinct), and -1 indicates observations are in the wrong cluster. Cell-day = a single 10 x 10 km cell with seabird observa-

tions in a given day.

Assemblage (Co)-Dominant species (% Mean relative density; Sum of relative density; | # of cell-days (% of cell- Silhouette
relative density) seabirds/km? (S.E.) seabirds/km> days in analyses) coefficient

Black Tern Black Tern (87.5) 18.9 (3.16) 1,249 66 (7) 0.30

Northern Gannet/ Northern Gannet (31.5), 10.3 (2.75) 729 71 (7.6) -0.12

Laughing Gull Laughing Gull (23.6)

Sooty Tern Sooty Tern (92.3) 9.73 (1.59) 613 63 (6.7) 0.44

Singles No dominant species 0.968 (0.057) 715 739 (78.7) 0.62

https://doi.org/10.1371/journal.pone.0287316.t003
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https://doi.org/10.1371/journal.pone.0287316.9005
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on the western and eastern continental shelf (Fig 5A and 5B). The sooty tern assemblage was
distributed along the continental slope (> 200 m- 2,000 m) in the central and eastern portions
of the study area. In contrast, the singles assemblage was broadly distributed, including pelagic
areas > 2,000 m deep (Fig 5C and 5D).

In the black tern assemblage, black tern comprised ~ 88% of the total relative density, and the
six other species in this assemblage each contributed < 5% to the total relative density (Fig 4).
This black tern assemblage had the greatest total and mean relative density (total = 1,249 and
mean = 18.9 + 3.16 SE seabirds/km?) of the four seabird assemblages we identified (Table 3 and
Fig 4). This assemblage occurred primarily on the continental shelf shoreward of the 200 m iso-
bath. Relative densities were greatest between the Mississippi River Delta and Mobile Bay, Ala-
bama, and to a lesser extent, near Corpus Christi, Texas (< 200 m; Fig 5A).

In the northern gannet/laughing gull assemblage, northern gannet/laughing gull comprised
32% and 24% of assemblage-wide relative density, respectively (Table 3 and Fig 4). Eight other
species were included within the assemblage, with four contributing 6-20% each to the assem-
blage. Four of the eight species, contributing a total of 30%, occur primarily in nearshore
waters of the study area, and their occurrence is likely related to breeding and roosting loca-
tions throughout the study area: sandwich tern (Thalasseus sandvicensis, 15%), royal tern (Tha-
lasseus maximus, 7%), brown pelican (Pelecanus occidentalis, 6%), and magnificent frigatebird
(Fregata magnificens, 2%; Fig 4). The total (729 seabirds/km?) and mean (10.3 + 2.75 seabirds/
km?) relative density of the northern gannet/laughing gull assemblage was intermediate com-
pared to the density of the other three assemblages (Table 3). This assemblage also occurred
primarily on the continental shelf within the 200 m isobath. Peak relative densities for this
assemblage occurred near Mobile Bay and consistently towards the Mississippi River Delta
(Fig 5B). Moderate relative densities also occurred off Corpus Christi, Texas, at ~ 200 m.

In the sooty tern assemblage, sooty tern comprised ~ 92% of the total relative density
(Table 3 and Fig 4). Five other species, each of which breeds outside of the Gulf, were included
within this assemblage, although each contributed only ~ 1-4% to the assemblage. The sooty
tern assemblage had a mean relative density of 9.73 + 1.59 SE seabirds/km?, similar to the
northern gannet/laughing gull assemblage, but a lower total relative density, 613 seabirds/km?
(Table 3). The sooty tern assemblage occurred predominantly along the continental slope in
the central and eastern portions of the study area (Fig 5C). The greatest densities for this
assemblage occurred in the continental slope, 200 m- 2,000 m, off southwestern Florida.

The singles assemblage was unique in the lack of dominant/co-dominant species. This
assemblage included all 17 species, and each contributed < 15% to the assemblage (Fig 4). The
five species that cumulatively contributed > 50% of seabird relative density included (in
descending order), herring gull (Larus argentatus, 14%), Audubon’s shearwater (Puffinus lher-
minieri, 12%), royal tern (11%), sooty tern (10%), and magnificent frigatebird (8%) (Fig 4).
The remaining 12 species contributed < 7% each to the assemblage. This assemblage had the
lowest mean relative density; 0.968 + 0.057 SE seabirds/km? but an intermediate total relative
density of 715 seabirds/km?, which is similar to the northern gannet/laughing gull assemblage
(Table 3). The singles assemblage was broadly distributed across the study area and had a nota-
ble presence in pelagic waters (Fig 5D). The greatest relative densities in this assemblage
occurred near the DeSoto canyon, with moderate relative densities near the 200 m isobath
down the continental slope (Fig 5D).

Associations with environmental covariates

Seabird assemblages differed in their relationships with environmental covariates. In the black
tern assemblage, greater relative densities were significantly associated with date (September
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and October, boreal fall), and relatively high levels of chlorophyll-a, ~ 5 milligrams/meter” (Fig
6). This assemblage occurred primarily in waters with sea surface temperatures of ~ 28 -"31°C
where greater relative densities occurred in warmer temperatures within this range. The
model characterizing these relationships and those associated with the other environmental
variables explained 52.0% of the deviance in the data (Table 4). In the northern gannet/laugh-
ing gull assemblage, greater relative densities were associated with date (January-May, boreal
winter and spring) and relatively shallow bathymetry (Fig 7). This assemblage was observed in
a patchy range of sea surface temperatures, with greater relative densities associated with tem-
peratures, > 25°C. The model for the northern gannet/laughing gull assemblage had the high-
est percent of deviance explained (65.2%) of all four assemblages, indicating that the model
captured a relatively high level of variability in the data (Table 4).

In the sooty tern assemblage, greater relative densities were associated with areas with the
interaction between longitude and latitude, indicating spatial autocorrelation and spatial struc-
ture in relative density patterns. Relative densities were also greater in sea-surface tempera-
tures ~ 25-29°C, decreasing with increasing temperature (Fig 8). The deviance explained for
this assemblage was 41.8% (Table 4). In the singles assemblage, greater relative densities indi-
cated spatial structuring and potential spatial autocorrelation through a significant relationship
with the spatial surface (Table 4). Relative density was greater around March (boreal spring)
and July-August (boreal summer) compared to other months (Fig 9). Greater relative densities
were also associated with slightly low to neutral sea surface height; -0.2-0.0, and depths shal-
lower than “500 m (Fig 9). The singles assemblage had the lowest percentage of deviance
explained: 26.6% (Table 4).

Discussion

Using species-specific co-occurrence and relative density data from the most comprehensive
dataset of seabird observations to date in the nGoM, we identified four broad-scale seabird
assemblages in the region, each with a unique composition of species and a unique pattern in
relative density both spatially and temporally. We found that features often associated with
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Fig 6. Smoothed curves of the additive effect of covariates on the estimated relative density of the black tern
assemblage fitted with a generalized additive model. Dotted lines represent 95% confidence intervals, and each mark
along the x-axis indicates a single observation at a given value. “*” indicates covariates that are significant at p < 0.05.
Tick marks on the x-axis (‘rug’) indicate the frequency each value of x was observed in the model.
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Table 4. Summary of generalized additive models assessing the relationship between seabird relative density in
each assemblage with environmental covariates. Significant covariates are identified by a p-value < 0.05 threshold.

Assemblage Deviance explained | Significant covariates

Black Tern 52.0% | Month, temperature, chlorophyll-a

Northern Gannet/ Laughing Gull 65.2% | Month, depth, temperature

Sooty Tern 41.8% | Spatial surface, temperature

Singles 26.6% | Spatial surface, month, depth, sea-surface height,

https://doi.org/10.1371/journal.pone.0287316.t1004

structuring seabird assemblages in other marine ecoregions were also relevant in the nGoM.
For example, although the nGoM is a semi-enclosed warm temperate to tropical region with
substantial freshwater mixing, we identified distinct seabird assemblages that were linked to
unique seasonal patterns, environmental features, and breeding location, as has been found in
previous research ranging from polar marginal seas, tropical and Antarctic open waters [16,
18, 21]. The consistency of these associations across studies in different marine regions under-
scores the roles that temporal variation (seasons, breeding cycles) and the seascape can play
jointly in shaping offshore and pelagic seabird assemblages.

The high proportion of non-resident species in the assemblages we defined highlights the
transboundary nature of seabird habitat use [58] and underscores that avifauna in the nGoM
are not only a local or geographically isolated assemblage. For example, ~ 76% of the species
comprising the four assemblages we identified have breed predominantly outside of the
nGoM, and 41% breed outside of the Gulf and the adjacent Caribbean region entirely. Of the
four dominant species that were used to define our assemblages, three (black tern, northern
gannet, and sooty tern) breed outside of the nGoM, although sooty tern also breed in the Dry
Tortugas in the extreme southeastern corner of the study area. Migratory seabirds, therefore,
play a major role in structuring the seabird assemblages of the northern Gulf. In some areas,
locally breeding and migratory species differ in their feeding habitats and form unique assem-
blages [59-61]. Our findings indicate that, at a daily 10 x 10 km resolution, the habitats of
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Fig 7. Smoothed curves of the additive effect of covariates on the estimated relative density of the northern
gannet/laughing gull assemblage fitted with a generalized additive model. Dotted lines represent 95% confidence
intervals, and each mark along the x-axis indicates a single observation at a given value. “*” indicates covariates that are
significant at p < 0.05. Tick marks on the x-axis (‘rug’) indicate the frequency each value of x was observed in the
model.
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probable residents compared to migratory species of seabirds in the nGoM are not always dis-
tinct (e.g., northern gannet/laughing gull assemblage). The structure of these assemblages
demonstrates that, from a conservation perspective, environmental and anthropogenic stress-
ors in the northern Gulf can have effects that extend across much of the north-south and east-
west footprint of the Atlantic basin. As the understanding of the behavior of seabirds occurring
in the nGoM increases through tracking (e.g., [62-65]), the connectivity of the nGoM to other
regions will be revealed with increasing detail.

Onshore-offshore gradient in relative density

Relative densities of seabirds in the nGoM were greater over the continental shelf than over
the continental slope and in pelagic waters. A similar pattern of relative density with bathyme-
try has been observed in the Gulf Stream of the western North Atlantic, the southern Indian
Ocean, and the eastern South Pacific [15-17]. During our study, the decrease in relative den-
sity with depth was driven by the greater average relative densities of the black tern assemblage
and, to a lesser extent, the northern gannet/laughing gull assemblage, both of which occurred
primarily on the continental shelf. In contrast, the sooty tern assemblage, primarily associated
with the continental slope, had a slightly lower relative density. Similarly, the singles assem-
blage we defined had a much lower average relative density than the other assemblages and
occurred primarily, although not exclusively, in pelagic waters. An array of dynamic features
such as fronts, eddies, upwelling, and downwelling occur on the continental shelf and upper
slope within the nGoM [66, 67]. These may provide enhanced foraging opportunities relative
to pelagic areas, which in the nGoM tend to be broadly oligotrophic [68]. We discuss how
each seabird assemblage may be associated with dynamic features associated with greater rela-
tive densities below.
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Fig 9. Smoothed curves of the additive effect of covariates on the estimated relative density of the singles
assemblage fitted with a generalized additive model. Dotted lines represent 95% confidence intervals, and each mark
along the x-axis indicates a single observation at a given value. “*” indicates covariates that are significant at p < 0.05.
The smoothed interaction between longitude and latitude (i.e., spatial surface) was also significant. The spatial surface
(interaction of longitude and latitude) was significant but is not shown. Tick marks on the x-axis (‘rug’) indicate the
frequency each value of x was observed in the model.

https://doi.org/10.1371/journal.pone.0287316.g009

Assemblage-specific observations

Continental shelf assemblages. We identified two seabird assemblages with a strong
affinity for shelf waters; one dominated by the migratory black tern and the other by the
migratory northern gannet and resident laughing gull (although two other resident terns
also occurred in this latter assemblage). These two assemblages had opposing trends in the
relationship between season (months) and relative density. The black tern assemblage had
greater relative density during the fall, while the northern gannet/laughing gull assemblage
had greater relative density in the winter and spring. The difference appears to be due to dif-
ferences in migration patterns between black tern and northern gannet, and residency pat-
terns of laughing gull.

Black terns migrate from northern breeding grounds in the continental interior [69] in the
fall when we observed them to be most numerous, and most birds continue to their wintering
grounds in South America. In contrast, northern gannet typically depart from their breeding
areas in northeastern Canada in late fall or early winter, with some birds overwintering along
the Atlantic coast and others in the nGoM, before migrating back north in spring [70-72]. His-
torical records have also noted that northern gannet are more common in the northern Gulf in
the winter than in other seasons [1, 7]. Regarding laughing gull, residents and occasional non-
residents [73] may forage farther away from their coastal colonies and co-occur with northern
gannet in the nGoM, once the gulls are no longer restricted to central place foraging during the
breeding season. The same may be true for royal tern and sandwich tern. Although the compo-
sition of the northern gannet/laughing gull assemblage was not highly distinct, habitat models
for all assemblages, including the black tern assemblage, indicated unique relationships with
each seabird assemblage. The differentiation of the black tern and northern gannet/laughing
gull seabird assemblages indicates that breeding and migratory dynamics may be an important
factor shaping nGoM seabird assemblages (e.g., [18]) and that the temporal aspects of these
dynamics are not identical among the geographically diverse breeding areas represented.
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To different degrees and with different spatial patterns, greater relative densities of these
two seabird assemblages associated with the continental shelf were observed near river out-
flows and the Mississippi River Delta, Mobile Bay, and Corpus Christi. These assemblages
likely use additional river outflows and estuaries, but other river outflows and ports may not
have been fully identified due to our survey coverage. In the black tern assemblage, the particu-
larly high relative densities from the Mississippi River Delta to Mobile Bay, moderate relative
density near Corpus Christi, and association with high chlorophyll-a indicate an association
with river outflows or plumes. Large aggregations of seabirds in shelf areas influenced by river
plumes were also observed by Louzao et al. [74] off the east coast of Spain and Zamon et al.
[75] off the west coast of the United States. The association of seabirds with rivers could relate
to the effect of nutrients introduced by rivers on the continental shelf. Specifically, river-
derived nutrients can influence primary productivity [76] and support high rates of fisheries
production [77]. Enhanced fish production could provide providing foraging opportunities
for seabirds. Moreover, Zamon et al. [75] suggested that river plumes may serve as a mecha-
nism for prey aggregation, similar to fronts in the pelagic environment. Combined with histor-
ical observations by Ribic et al. [7] and Davis et al. [1] of black tern near the Mississippi River
Delta, interannual use of the Mississippi Delta region by black tern is highly likely. Black terns
were observed foraging on large schools of bay anchovy (Anchoa mitchilli) during several
GoMMAPPS surveys. Bay anchovy are the most abundant coastal fish in the western Atlantic
Ocean, occupying riverine and marine environments and are tolerant of a broad range of tem-
peratures and salinities [78]. Bay anchovy are an important component of the diets of breeding
sandwich and royal tern in the region [79] and are also eaten by brown pelican [80]. The
arrival of migrating black tern in the fall coincides with the general movement patterns of juve-
nile bay anchovy from brackish water in estuaries, bays, or river mouths to more saline, oce-
anic waters [81]. The nGoM could be an important staging area for black tern, providing a
relatively reliable source of prey associated with river outflows in the fall on their migration to
their wintering habitat.

Multiple, potentially interacting factors may shape the distribution of the northern gannet/
laughing gull assemblage. Greater relative densities near Mobile Bay and moderate relative
densities across the Mississippi River Delta align with observations made by Ribic et al. [7] and
Haney [82], noting the tendency of northern gannet to forage near river outflows. The distri-
bution of this assemblage also coincides with the distribution of Gulf menhaden (Brevoortia
patronus), an important part of the diet of northern gannet and an important fishery in the
region [83, 84]. Indeed, Montevecchi et al. [85] found that menhaden are an important part of
the diets of northern gannet in the nGoM during winter. In addition to foraging directly on
menhaden, northern gannet may forage on the discards from inshore fishing vessels. The
moderate relative densities near fishing ports, including Corpus Christi and Mobile Bay, may
relate to laughing gull also feeding on fisheries discards [28] or loafing near idle fishing boats.
Fishing discards may be a common food source for this assemblage during the winter when
productivity is generally lower and the relative density of the assemblage is greatest. Although
not assessed, the moderate relative densities of this assemblage along the Gulf coast may be
associated with the presence of laughing gull breeding areas in these areas.

Sooty tern assemblage. The distribution of the sooty tern- assemblage aligns with previ-
ous tracking data for the species from their breeding site in the Dry Tortugas. Sooty tern from
this colony transit and forage on the continental slope off southwestern Florida, particularly in
the area north of the Dry Tortugas, coinciding with high observed density for this seabird
assemblage [62]. Along with a breeding colony of "40,000 pairs in the Dry Tortugas, other
large colonies also occur in the southern Gulf (notably Campeche Bank), Bahamas, and the
Caribbean [86]. When only considering the significant association of the sooty tern assemblage
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identified with sea surface temperatures 25-29°C in offshore waters, it is difficult to infer if
sooty tern are associated with any particular marine feature. We posit that if this temperature
range is considered in conjunction with regional oceanographic conditions along the eastern
continental slope and central pelagic areas, this assemblage may co-occur with patchy meso-
scale cold-core eddies, jets, or frontal features derived from the Loop Current [67]. An associa-
tion of sooty terns with relatively cool dynamic features such as these could be related to the
preferred habitat of tunas in the northern Gulf [87]. For example, sooty tern are known to
have a near-obligate commensal relationship with tuna (e.g., [88]), where tuna drive prey to
the surface and hence provide access for sooty terns to prey otherwise out-of-range (i.e., depth
beyond the surface foraging capacity of sooty terns) in cold-core features [89].

Moreover, many of the sooty terns we observed were associated not only with tuna (Thun-
nus spp.) but also with Audubon’s shearwaters, the species with the second greatest relative
density in the sooty tern assemblage [31]. These multi-species associations suggest this may be
a functional community and not just an assemblage of co-occurring species. In the western
Indian Ocean, Jaquemet et al. [90] found that sooty tern preferentially foraged in eddies, par-
ticularly in association with micronekton and tuna. The relationship between large flocks of
sooty tern and tuna is documented well enough that fishers sometimes use flocks of sooty tern
to locate schools of fish [91]. The potential association of sooty tern with dynamic features and
direct observations co-occurring with tuna in the nGoM contributes to a growing body of lit-
erature suggesting that seabirds and seabird assemblages associate with mesoscale variation
and features in the nGoM [32, 92].

Singles assemblage. The potential ecological associations of the singles community in the
nGoM are challenging to identify, partially due to counterintuitive patterns. As spatial coordi-
nates (latitude and longitude) were not a part of the cluster analysis, which was based on sea-
bird composition, the breadth of the spatial distribution of a cluster (i.e., assemblage) does not
reflect the distinctness of a seabird assemblage. The singles assemblage demonstrates this, as it
has the broadest spatial distribution and is the most statistically distinct assemblage identified.
The composition of this assemblage does not indicate strong co-occurrence patterns between
specific members of the assemblage, nor does it capture large aggregations of individuals
potentially foraging, engaged in area-restricted searching, or loafing as in other assemblages.
This assemblage may instead reflect non-aggregation behavioral modes, such as commuting
(migration or transiting between areas) or dispersive behavior of seabirds in the nGoM. Char-
acterized by high velocity (e.g., [93]), these movement patterns could produce the diffuse dis-
tribution of observations assigned to the singles assemblage.

Many of the birds observed in the singles assemblage are non-residents. For example, four
of the five species that comprise ~ 50% of the relative density to this assemblage breed outside
of the nGoM; Audubon’s shearwater, sooty tern, and magnificent frigatebird breed in the
southern Gulf of Mexico or the Caribbean and herring gull breeds in the continental interior.
Only royal tern breeds locally in the northern Gulf [4]. Recent vessel-based surveys in the trop-
ical waters of French Guiana also observed high taxonomic diversity of seabirds, with species
from local colonies and migrant species co-occurring in the same area [94]. The significant
migratory component of the seabirds occurring in the nGoM may reflect the importance of
sub-tropical and tropical waters to migratory and locally breeding species. Given the total rela-
tive density of this assemblage as well as its spatial and taxonomic breadth, a better under-
standing of the migratory behavior of seabirds using the nGoM could provide information
guiding conservation or management efforts within and beyond the nGoM.
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Improving detection of environmental associations of seabird assemblages

The covariates used in our habitat models served as proxies for the features or conditions where
seabirds may find productive foraging opportunities. Our understanding of the dynamics of
seabird assemblages in the nGoM could be enhanced with data that provided a more direct con-
nection to seabird diet, prey habitats and distribution, and features associated with foraging
opportunities. Data characterizing the diet of seabirds in the nGoM could be used to understand
the composition of seabird diet, the effects of diet, and the potential effects of environmental
perturbation [80]. Information on the distribution of prey and other interacting species would
allow for an explicit assessment of species co-occurrence [29, 95], a more accurate characteriza-
tion of seabird distribution [96, 97], and a better understanding of predator-habitat relation-
ships [98]. Standardized collection of data on Sargassum, a buoyant macroalgae that larval fish
and other marine fauna associate with and can serve as a prey source for seabirds, has the poten-
tial to improve the understanding of how seabirds use habitats unique to the nGoM and interac-
tions across taxa [99-101]. A significant challenge to characterizing habitat at such a broad scale
is the potential mismatch of model resolution and pertinent environmental features. Specifi-
cally, our analysis’s 10 x 10 km resolution may not effectively capture the broad-scale oceano-
graphic features potentially aggregating prey, such as the Loop Current. An enhanced
understanding of the factors shaping and influencing this assemblage could help disentangle the
potential versus probable relationships between species and species and nGoM habitats.

Overlap with other megafauna

Many regions and features associated with high relative density of seabirds coincide with
important habitats for other fauna. At broad spatial scales, much of the continental shelf areas
used by the black tern and northern gannet/laughing gull assemblages are shared by delphi-
noids [102, 103], marine turtles, fish [104, 105], and potentially fish spawning aggregations
[106]. The continental slope is used by many different cetaceans [107] and is strongly associ-
ated with dynamic features, including cold-core eddies and mesoscale features associated with
locally concentrated zooplankton [108]. Covariate relationships suggest a potential link
between the low relative density and sooty tern assemblages and dynamic habitats (e.g., low to
neutral sea surface height in the singles assemblage). However, this study cannot confidently
pinpoint explicit relationships between individual features and the seabird assemblage. Fresh-
water input near river outflows like the Mississippi and Atchafalaya and bays near Mobile and
Corpus Christi are used by delphinoids [102]; snappers: [104], black-tip sharks [104], turtles
[109-111], and menhaden [105]. The continental slope off southwestern Florida supports high
relative densities of sooty tern, particularly during the breeding season [62], and could also
support fish spawning aggregations [106]. The shared use of multiple habitats in the nGoM by
a range of megafauna underscores the diversity and importance of nGoM habitats to multiple
taxa. A more comprehensive investigation of multi-taxa use of nGoM habitats could better
inform ecosystem-based management of marine taxa and the broader Gulf region, supporting
the long-term priorities of the NOAA Resources and Ecosystems, Sustainability, Tourist
Opportunities, and Revived Economies (RESTORE) program in the Gulf of Mexico.

Conclusions

By characterizing seabird assemblages in the nGoM, we identified features affecting the distri-
bution and abundance of the nGoM’s highly migratory and taxonomically diverse seabirds.
Enhancing the understanding of an understudied component of the Gulf of Mexico Ecosystem
(e.g., seabirds) supports the NOAA RESTORE Science Program’s mission of understanding
the Gulf of Mexico Marine Ecosystem. Additional standardized observations at sea could track
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the distribution and composition of seabird assemblages over time. The resulting time series
could be used to investigate the potential effects of environmental variation (e.g., [18, 20]),
acute anthropogenic disturbance (e.g., [112]), and the long-term effects of vessel traffic. Such
baselines could also inform the development of ongoing activities such as the siting and subse-
quent installation of offshore wind turbines and aquaculture facilities. Insight into migratory
timing and connectivity of Gulf seabirds to other regions could be gained through tagging and
tracking the movements of seabirds in the nGoM (e.g., [62, 63]). In addition to revealing the
spatial extent of seabird habitat, seabird movement data could be used to better understand
the factors affecting the occurrence, timing, and abundance of a given species and how that
could affect species assemblages. Moreover, sustained seabird observations could be used in
conjunction with observations in other locations along a species’ annual cycle, providing a
more complete picture of the status and trends of seabirds occurring in the nGoM. The
hypothesized links between distinct seabird assemblages and fish could be used to develop
studies targeted toward establishing mechanistic links between seabirds and fisheries resources
and support a comprehensive understanding of ecosystem services in the nGoM. With the
anticipated diversification of anthropogenic activities in the nGoM (e.g., marine energy, cul-
ture and harvesting of marine species), standardized monitoring efforts, including pre-installa-
tion observations and assessments (e.g., [113, 114]), could improve insight into the effects of
regionally novel offshore energy installation on the nGoM’s diverse seabird assemblages

Supporting information

S1 Fig. The total number of days surveyed in each 10 x 10 km cell by season in the northern
Gulf of Mexico during the Gulf of Mexico Marine Assessment Program for Protected Spe-
cies (GOMMAPPS) surveys, 2017, 2019. Seasons are defined as spring = March-May,
summer = June-August, fall = September-November, and winter = December-February.
(DOCX)

S2 Fig. The total number of days by season, with observations used in the characterization
of seabird assemblages in the northern Gulf of Mexico. Seasons are defined as

spring = March-May, summer = June-August, fall = September-November, and

winter = December-February.

(DOCX)

S1 Table. Summary of all seabird species observed in the northern Gulf of Mexico (nGoM)
during Gulf of Mexico for the Gulf of Mexico Marine Assessment Program for Protected
Species (GoOMMAPPS) surveys, 2017-2019. "Breeding origin" is a generalization of the breed-
ing range for each species and reflects where most individuals observed in the nGoM are
assumed to breed based on geographical ranges and migratory patterns. "Detections "refer to a
single observation; "individuals "refer to the number of individuals seen across all observations,
"% individuals "compares the number of individuals observed for a given species to the total
number of seabird individuals identified to species. Species in bold are included in the assem-
blage characterization analysis.

(DOCX)

Acknowledgments

We are grateful to the crews and NOAA field party chiefs of the R/V Gordon Gunter, Oregon
I, and Pisces for their logistical support. We thank the many seabird observers who partici-
pated in GOMMAPPS: Jonathan M. Andrew, Dan Bauer, Peter ].Blank, Dawn Breese, Elizabeth
T. Hug, Matthew Love, Michelle McDowell, Nicholas Metheny, Mark Oberle, Jim Panaccione,

PLOS ONE | https://doi.org/10.1371/journal.pone.0287316  June 23, 2023 20/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287316.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287316.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287316.s003
https://doi.org/10.1371/journal.pone.0287316

PLOS ONE

Seabird assemblages in the northern Gulf of Mexico

and Stormy Paxton. We also thank the Editor, reviewers, and reviewers of early versions of
this manuscript for their constructive feedback. The South Carolina Cooperative Fish and
Wildlife Research Unit is jointly supported by the U.S. Geological Survey, South Carolina
DNR, and Clemson University. Any use of trade, firm, or product names is for descriptive pur-
poses only and does not imply endorsement by the U.S. Government. The findings and con-
clusions in this paper are those of the author(s) and do not necessarily represent the views of
the U.S. Fish and Wildlife Service.

Author Contributions

Conceptualization: Pamela E. Michael, Patrick G. R. Jodice.
Data curation: Kathy M. Hixson, Yvan G. Satgé.

Formal analysis: Pamela E. Michael.

Funding acquisition: Jeffery S. Gleason, Patrick G. R. Jodice.
Investigation: Pamela E. Michael, Jeffery S. Gleason, J. Christopher Haney, Yvan G. Satgé.
Methodology: Pamela E. Michael.

Resources: Jeffery S. Gleason.

Supervision: Patrick G. R. Jodice.

Validation: J. Christopher Haney.

Visualization: Kathy M. Hixson.

Writing - original draft: Pamela E. Michael.

Writing - review & editing: Pamela E. Michael, Jeffery S. Gleason, J. Christopher Haney,
Yvan G. Satgé, Patrick G. R. Jodice.

References

1. Davis RW, Evans WE, Wirsig B. Cetaceans, sea turtles, and seabirds in the northern Gulf of Mexico:
distribution, abundance and habitat associations. Volume |: Executive Summary. Texas A&M, OCS
MMS. 2000.

2. Felder DL, Camp DK. Gulf of Mexico origin, waters, and biota: Biodiversity. Texas A&M University
Press; 2009.

3. Haney JC, Hemming JM, Tuttle P. Pelagic seabird density and vulnerability in the Gulf of Mexico to oil-
ing from the Deepwater Horizon/MC-252 spill. Environ Monit Assess. 2019; 191: 1—10. https://doi.org/
doi.org/10.1007/s10661-019-7921-2

4. Jodice PGR, Adams EM, Lamb JS, Satgé Y, Gleason JS. Strategic Bird Monitoring Guidelines for the
Northern Gulf of Mexico: Seabirds. In: Wilson RR, Fournier AM V., Gleason JS, Lyons JE, Woodrey
MS, editors. Strategic Bird Monitoring Guildeins for the Northern Gulf of Mexico, Mississippi Agricul-
tural and Forestry Extension Research Bulletin, Mississippi State University, p 133—172; 2019.

5. Schreiber EA, Feare BA, Harrington BG, Murray WB, Jr., Robertson MJ, Glen E. Sooty Tern Onycho-
prion fuscatus. The Birds of North America online. 2020.

6. Clapp RB, Banks RC, Morgan-Jacobs D, Hoffman WA. Marine birds of the southeastern United States
and Gulf of Mexico. Part I. Gaviiformes through Pelecaniformes. National Museum of Natural History,
Washington, DC (USA); 1982.

7. Ribic CA, Davis R, Hess N, Peake D. Distribution of seabirds in the northern Gulf of Mexico in relation
to mesoscale features: initial observations. ICES Journal of Marine Science. 1997; 54: 545-551.

8. Spalding MD, Fox HE, Allen GR, Davidson N, Ferdafa ZA, Finlayson M, et al. Marine Ecoregions of
the World: A Bioregionalization of Coastal and Shelf Areas. Bioscience. 2007; 57: 573-583. https://
doi.org/10.1641/B570707

9. Wiseman WJ, Sturges W. Physical oceanography of the Gulf of Mexico: Processes that regulate its
biology. The Gulf of Mexico Large Marine Ecosystem Blackwell Science, Malden. 1999; 77-92.

PLOS ONE | https://doi.org/10.1371/journal.pone.0287316  June 23, 2023 21/26


https://doi.org/doi.org/10.1007/s10661-019-7921-2
https://doi.org/doi.org/10.1007/s10661-019-7921-2
https://doi.org/10.1641/B570707
https://doi.org/10.1641/B570707
https://doi.org/10.1371/journal.pone.0287316

PLOS ONE

Seabird assemblages in the northern Gulf of Mexico

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.
28.

29.

30.

31.

Duncan CD, Havard RW. Pelagic birds of the northern Gulf of Mexico. American Birds. 1980; 34:
122-132.

Kriger L, Paiva VH, Petry MV, Montone RC, Ramos JA. Population estimate of Trindade Petrel Ptero-
droma arminjoniana by the use of predictive nest habitat modelling. Bird Conserv Int. 2017; 1-11.
https://doi.org/10.1017/S0959270916000289

Vilchis LI, Johnson CK, Evenson JR, Pearson SF, Barry KL, Davidson P, et al. Assessing ecological
correlates of marine bird declines to inform marine conservation. Conservation Biology. 2015; 29:
154—-163. https://doi.org/10.1111/cobi.12378 PMID: 25195954

Ovaskainen O, Roy DB, Fox R, Anderson BJ. Uncovering hidden spatial structure in species commu-
nities with spatially explicit joint species distribution models. Methods Ecol Evol. 2016; 7: 428—-436.

Pollock LJ, Tingley R, Morris WK, Golding N, O’Hara RB, Parris KM, et al. Understanding co-occur-
rence by modelling species simultaneously with a Joint Species Distribution Model (JSDM). Methods
Ecol Evol. 2014; 5: 397—-406.

Hyrenbach KD, Veit RR, Weimerskirch H, Metzl N, Hunt GL. Community structure across a large-
scale ocean productivity gradient: Marine bird assemblages of the Southern Indian Ocean. Deep Sea
Res 1 Oceanogr Res Pap. 2007; 54: 1129—1145. https://doi.org/10.1016/j.dsr.2007.05.002

Serratosa J, Hyrenbach KD, Miranda-Urbina D, Portflitt-Toro M, Luna N, Luna-Jorquera G. Environ-
mental drivers of seabird at-sea distribution in the Eastern South Pacific Ocean: assemblage composi-
tion across a longitudinal productivity gradient. Front Mar Sci. 2020; 6: 838. https://doi.org//doi.org/10.
3389/fmars.2019.00838

Haney JC, Mcgillivary PA. Midshelf Fronts in the South Atlantic Bight and Their Influence on Seabird
Distribution and Seasonal Abundance. Biological Oceanography. 1985; 3: 401—-430. https://doi.org/10.
1080/01965581.1985.10749480

Gall AE, Day RH, Weingartner TJ. Structure and variability of the marine-bird community in the north-
eastern Chukchi Sea. Cont Shelf Res. 2013; 67: 96—115. https://doi.org/10.1016/j.csr.2012.11.004

Gall AE, Prichard AK, Kuletz KJ, Danielson SL. Long: Influence of water masses on the summer struc-
ture of the seabird community in the northeastern Chukchi Sea. PLoS One. 2022; 17: e0266182.
https://doi.org/10.1371/journal.pone.0266182 PMID: 35390036

Kuletz K, Cushing D, Labunski E. Distributional shifts among seabird communities of the Northern
Bering and Chukchi seas in response to ocean warming during 2017—2019. Deep Sea Research Part
II: Topical Studies in Oceanography. 2020; 181: 104913. https://doi.org/10.1016/j.dsr2.2020.104913

Péron C, Authier M, Barbraud C, Delord K, Besson D, Weimerskirch H. Interdecadal changes in at-sea
distribution and abundance of subantarctic seabirds along a latitudinal gradient in the Southern Indian
Ocean. Glob Chang Biol. 2010; 16: 1895—1909. https://doi.org/10.1111/j.1365-2486.2010.02169.x

Torres LG, Sagar PM, Thompson DR, Phillips RA. Scaling down the analysis of seabird-fishery inter-
actions. Mar Ecol Prog Ser. 2013; 473: 275-289. hitps://doi.org/10.3354/meps10071

Kuletz KJ, Cushing DA, Osnas EE, Labunski EA, Gall AE. Representation of the Pacific Arctic seabird
community within the Distributed Biological Observatory array, 2007—-2015. Deep Sea Research Part |1
Topical Studies in Oceanography. 2019; 162: 191-210. https://doi.org/10.1016/J.DSR2.2019.04.001

Ballance LT, Pitman RL, Reilly SB. Seabird community structure along a productivity gradient: impor-
tance of competition and energetic constraint. Ecology. 1997; 78: 1502—-1518.

Michael PE, Hixson KM, Haney JC, Satgé YG, Gleason JS, Jodice PGR. Seabird vulnerability to oil:
Exposure potential, sensitivity, and uncertainty in the northern Gulf of Mexico. Front Mar Sci. 2022; 9:
880750. https://doi.org/10.3389/fmars.2022.880750

Tasker ML, Jones PH, Dixon T, Blake BF. Counting seabirds at sea from ships: a review of methods
employed and a suggestion for a standardized approach. Auk. 1984; 101: 567-577.

Ballance L, Force M. Seabird distribution and abundance survey protocols. La Jolla, CA; 2016.

Jodice PGR, Michael PE, Gleason JS, Haney JC, Satgé YG. Revising the marine range of the endan-
gered black-capped petrel Pterodroma hasitata: occurrence in the northern Gulf of Mexico and expo-
sure to conservation threats. Endanger Species Res. 2021; 46: 49-65. https://doi.org/10.3354/
esr01143

Ainley DG, Spear LB, Tynan CT, Barth JA, Pierce SD, Glenn Ford R, et al. Physical and biological vari-
ables affecting seabird distributions during the upwelling season of the northern California Current.

Deep Sea Research Part II: Topical Studies in Oceanography. 2005; 52: 123—143. https://doi.org/10.
1016/j.dsr2.2004.08.016

Spear LB, Ballance LT, Ainley DG. Response of seabirds to thermal boundaries in the tropical Pacific:
the thermocline versus the Equatorial Front. Mar Ecol Prog Ser. 2001; 219: 275-289.

Gleason JS, Wilson RR, Jodice PGR, Satgé Y G, Michael PE, Hixson KM, et al. Seabird visual surveys
using line-transect methods collected from NOAA vessels in the northern Gulf of Mexico for the Gulf of

PLOS ONE | https://doi.org/10.1371/journal.pone.0287316  June 23, 2023 22/26


https://doi.org/10.1017/S0959270916000289
https://doi.org/10.1111/cobi.12378
http://www.ncbi.nlm.nih.gov/pubmed/25195954
https://doi.org/10.1016/j.dsr.2007.05.002
https://doi.org//doi.org/10.3389/fmars.2019.00838
https://doi.org//doi.org/10.3389/fmars.2019.00838
https://doi.org/10.1080/01965581.1985.10749480
https://doi.org/10.1080/01965581.1985.10749480
https://doi.org/10.1016/j.csr.2012.11.004
https://doi.org/10.1371/journal.pone.0266182
http://www.ncbi.nlm.nih.gov/pubmed/35390036
https://doi.org/10.1016/j.dsr2.2020.104913
https://doi.org/10.1111/j.1365-2486.2010.02169.x
https://doi.org/10.3354/meps10071
https://doi.org/10.1016/J.DSR2.2019.04.001
https://doi.org/10.3389/fmars.2022.880750
https://doi.org/10.3354/esr01143
https://doi.org/10.3354/esr01143
https://doi.org/10.1016/j.dsr2.2004.08.016
https://doi.org/10.1016/j.dsr2.2004.08.016
https://doi.org/10.1371/journal.pone.0287316

PLOS ONE

Seabird assemblages in the northern Gulf of Mexico

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Mexico Marine Assessment Program for Protected Species (GoMMAPPS) project from 2017-07-21 to
2019-09-25 (NCEI Accession 0247206). U.S. Department of the Interior, Bureau of Ocean Energy
Management. NOAA National Centers for Environmental Information; 2022. https://doi.org/10.25921/
afrg-h385

Poli CL, Harrison AL, Vallarino A, Gerard PD, Jodice PGR. Dynamic oceanography determines fine
scale foraging behavior of Masked Boobies in the Gulf of Mexico. PLoS One. 2017; 12: 1-24. https://
doi.org/10.1371/journal.pone.0178318 PMID: 28575078

Kinlan BP, Winship AJ, White TP, Christensen J. Modeling at-sea occurrence and abundance of
marine birds to support Atlantic marine renewable energy planning: Phase | report. OCS Study BOEM
2016-039. Sterling, VA, USA; 2016.

Winship AJ, Kinlan BP, White TP, Leirness J, Christensen J. Modeling At-Sea Density of Marine Birds
to Support Atlantic Marine Renewable Energy Planning: Final Report, OCS Study BOEM 2018-010.
Sterling, VA, USA; 2018.

Becker JJ, Sandwell DT, Smith WHF, Braud J, Binder B, Depner JL, et al. Global bathymetry and ele-
vation data at 30 arc seconds resolution: SRTM30_PLUS. Marine Geodesy. 2009; 32: 355-371.

(OBPG) Ocean Biology Processing Group, NASA Goddard Space Flight Center OEL. Moderate-reso-
lution Imaging Spectroradiometer (MODIS) Aqua Chlorophyll Data; 2018 Reprocessing. In: NASA OB.
DAAC, Greenbelt, MD, USA. [Internet]. 2018. Available: https://oceancolor.gsfc.nasa.gov/data/10.
5067/AQUA/MODIS/L3M/CHL/2018/

Chassignet EP, Hurlburt HE, Metzger EJ, Smedstad OM, Cummings JA, Halliwell GR, et al. US
GODAE: global ocean prediction with the HYbrid Coordinate Ocean Model (HYCOM). Oceanography.
2009; 22: 64-75.

Metzger EJ, Helber RW, Hogan PJ, Posey PG, Thoppil PG, Townsend TL, et al. Global ocean forecast
system 3.1 validation test. Stennis Space Center, MS: Naval Research Lab Stennis Detachment,
Stennis Space Center, MS; 2017.

Ainley DG, Dugger KD, Ford RG, Pierce SD, Reese DC, Brodeur RD, et al. Association of predators
and prey at frontal features in the California Current: Competition, facilitation, and co-occurrence. Mar
Ecol Prog Ser. 2009. https://doi.org/10.3354/meps08153

Buckland ST, Rexstad EA, Marques TA, Oedekoven CS. Distance sampling: methods and applica-
tions. Springer; 2015.

Renner M, Arimitsu ML, Piatt JF. Structure of marine predator and prey communities along environ-
mental gradients in a glaciated fjord. Canadian Journal of Fisheries and Aquatic Sciences. 2012; 69:
2029-2045.

Smith MA, Walker NJ, Free CM, Kirchhoff MJ, Drew GS, Warnock N, et al. Identifying marine Impor-
tant Bird Areas using at-sea survey data. Biol Conserv. 2014; 172: 180-189.

Haney JC, Fristrup KM, Lee DS. Geometry of Visual Recruitment by Seabirds to Ephemeral Foraging
Flocks. Ornis Scandinavica. 1992; 49-62. https://doi.org/10.2307/3676427

Hartigan JA, Wong MA. Algorithm AS 136: A k-means clustering algorithm. J R Stat Soc Ser C Appl
Stat. 1979; 28: 100-108.

Charrad M, Ghazzali N, Boiteau V, Niknafs A. NbClust: an R package for determining the relevant
number of clusters in a data set. J Stat Softw. 2014; 61: 1-36.

McCune B, Grace JB. Analysis of ecological assemblages. MJM Software Design, Gleneden Beach,
Oregon. 2002.

R Development Core Team. R: a language and environment for statistical computing, Version 4.2.2.
Vienna: R Foundation for Statistical Computing; 2022. Available: http://cran.r-project.org

Maechler M, Rousseeuw P, Struyf A, Hubert M, Hornik K. Cluster: cluster analysis basics and exten-
sions, R package v. 2.1.4. 2022.

Kassambara A, Mundt F. factoextra: Extract and visualize the results of multivariate data analyses, R
packagev. 1.0.7. 2020.

Wood SN. Generalized additive models: an introduction with R. CRC press; 2017.

Griss A, Drexler MD, Chancellor E, Ainsworth CH, Gleason JS, Tirpak JM, et al. Representing species
distributions in spatially-explicit ecosystem models from presence-only data. Fish Res. 2019; 210: 89—
105. https://doi.org/10.1016/j.fishres.2018.10.011

Barnes CL, Beaudreau AH, Dorn MW, Holsman KK, Mueter FJ. Development of a predation index to
assess trophic stability in the Gulf of Alaska. Ecological Applications. 2020; 30: e02141. https://doi.org/
10.1002/eap.2141 PMID: 32400922

PLOS ONE | https://doi.org/10.1371/journal.pone.0287316  June 23, 2023 23/26


https://doi.org/10.25921/afrq-h385
https://doi.org/10.25921/afrq-h385
https://doi.org/10.1371/journal.pone.0178318
https://doi.org/10.1371/journal.pone.0178318
http://www.ncbi.nlm.nih.gov/pubmed/28575078
https://oceancolor.gsfc.nasa.gov/data/10.5067/AQUA/MODIS/L3M/CHL/2018/
https://oceancolor.gsfc.nasa.gov/data/10.5067/AQUA/MODIS/L3M/CHL/2018/
https://doi.org/10.3354/meps08153
https://doi.org/10.2307/3676427
http://cran.r-project.org
https://doi.org/10.1016/j.fishres.2018.10.011
https://doi.org/10.1002/eap.2141
https://doi.org/10.1002/eap.2141
http://www.ncbi.nlm.nih.gov/pubmed/32400922
https://doi.org/10.1371/journal.pone.0287316

PLOS ONE

Seabird assemblages in the northern Gulf of Mexico

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Tremblay Y, Bertrand S, Henry RW, Kappes MA, Costa DP, Shaffer SA. Analytical approaches to
investigating seabird-environment interactions: A review. Mar Ecol Prog Ser. 2009; 391: 153—-163.
https://doi.org/10.3354/meps08146 10.1029/2007JC004647

Wood SN, Fasiolo M. A generalized Fellner-Schall method for smoothing parameter optimization with
application to Tweedie location, scale and shape models. Biometrics. 2017; 73: 1071-1081. https:/
doi.org/10.1111/biom.12666 PMID: 28192595

Wood SN. Thin plate regression splines. J R Stat Soc Series B Stat Methodol. 2003; 65: 95—114.

Wood SN. Fast stable restricted maximum likelihood and marginal likelihood estimation of semipara-
metric generalized linear models. J R Stat Soc Series B Stat Methodol. 2011; 73: 3—-36. https://doi.org/
10.1111/j.1467-9868.2010.00749.x

Wood SN. mgcv: Mixed GAM Computation Vehicle with GCV/AIC/REML smoothness estimation. Ver-
sion 1.8—41. Vienna: R Foundation for Statistical Computing; 2022. Available: http://www.r-project.org/
cran

Jodice PGR, Suryan RM. The transboundary nature of seabird ecology. Landscape-scale Conservation
Planning. Springer Netherlands; 2010. pp. 139-165. https://doi.org/10.1007/978-90-481-9575-6_8

Woehler EJ, Raymond B, Boyle A, Stafford A. Seabird assemblages observed during the BROKE-
West survey of the Antarctic coastline (30°E—80°E), January—March 2006. Deep Sea Research Part Il
Topical Studies in Oceanography. 2010; 57: 982-991. https://doi.org/10.1016/j.dsr2.2008.12.041

Ainley DG, Ribic CA, Spear LB. Species-habitat relationships among Antarctic seabirds: a function of
physical or biological factors? Condor. 1993. https://doi.org/10.2307/1369419

Woehler EJ, Raymond B, Watts DJ. Decadal-scale seabird assemblages in Prydz Bay, East Antarc-
tica. Mar Ecol Prog Ser. 2003; 251: 299-310.

Huang RM, Bass Jr OL, Pimm SL. Sooty tern (Onychoprion fuscatus) survival, oil spills, shrimp fisher-
ies, and hurricanes. Peerd. 2017; €3287. https://doi.org/10.7717/peer|.3287 PMID: 28503374

Lamb JS, Newstead DJ, Koczur LM, Ballard BM, Green MC, Jodice PGR. A bridge between oceans:
overland migration of marine birds in a wind energy corridor. J Avian Biol. 2018; 49: jav-01474. https://
doi.org/10.1111/jav.01474

Baak JE, Mallory ML, Anderson CM, Auger-Méthé M, Macdonald CA, Janssen MH, et al. Inter-individ-
ual variation in the migratory behaviour of a generalist seabird, the herring gull (Larus smithsoniansus),
from the Canadian Arctic. Animal Migration. 2021; 8: 144—155. https://doi.org/10.1515/ami-2020-0109

Rolland V, Nepshinsky M, Windhoffer ED, Liechty JS, Minor AK, Pierce AR. Identification of foraging
areas and movements of Royal Tern Thalasseus maximus at the Isles Dernieres Barrier Islands Ref-
uge, Louisiana. Mar Ornithol. 2020; 48: 163—168.

Morey SL, Zavala-Hidalgo J, O’Brien JJ. The seasonal variability of continental shelf circulation in the
northern and western Gulf of Mexico from a high-resolution numerical model. Washington DC Ameri-
can Geophysical Union Geophysical Monograph Series. 2005; 161: 203—218.

Oey L-Y, Ezer T, Lee H-C. Loop Current, Rings and Related Circulation in the Gulf of Mexico: A
Review of Numerical Models and Future Challenges. 2005.

Sturges W, Lugo-Fernandez A, Shargel MD. Introduction to circulation in the Gulf of Mexico. Circula-
tion in the Gulf of Mexico: Observations and Models, edited by Sturges W and Lugo-Fernandez A.
2005; 161: 1-10.

Heath SR, Dunn EH, Argo DJ. Black Tern Chlidonias niger. In: Rodewald PG, editor. The Birds of
North America online. Cornell Lab of Ornithology; 2009.

Montevecchi WA, Hedd A, McFarlane Tranquilla L, Fifield DA, Burke CM, Regular PM, et al. Tracking
seabirds to identify ecologically important and high risk marine areas in the western North Atlantic. Biol
Conserv. 2012; 156: 62—71. https://doi.org/10.1016/J.BIOCON.2011.12.001

Fifield DA, Montevecchi WA, Garthe S, Robertson GJ, Kubetzki U, Rail J-F. Migratory tactics and win-
tering areas of northern gannets (Morus bassanus) breeding in North America. Ornithol Monogr. 2014;
79: i-63. https://doi.org/doi.org/10.1642/aoum.79-1

Franci CD, Guillemette M, Pelletier E, Chastel O, Bonnefoi S, Verreault J. Endocrine status of a migra-
tory bird potentially exposed to the Deepwater Horizon oil spill: a case study of northern gannets breed-
ing on Bonaventure Island, Eastern Canada. Science of the Total Environment. 2014; 473: 110-116.
https://doi.org/10.1016/j.scitotenv.2013.12.006 PMID: 24361782

Belant JL, Dolbeer RA. Migration and dispersal of laughing gulls in United States. J Field Ornithol.
1993; 64: 557-565. Available: https://digitalcommons.unl.edu/icwdm_usdanwrc

Louzao M, Hyrenbach KD, Arcos JM, Abell P, De Sola LG, Oro D. Oceanographic habitat of an endan-
gered Mediterranean procellariiform: implications for marine protected areas. Ecological Applications.
2006; 16: 1683—-1695. https://doi.org/10.1890/1051-0761(2006)016[1683:0hoaem]2.0.co;2 PMID:
17069363

PLOS ONE | https://doi.org/10.1371/journal.pone.0287316  June 23, 2023 24/26


https://doi.org/10.3354/meps08146
https://doi.org/10.1111/biom.12666
https://doi.org/10.1111/biom.12666
http://www.ncbi.nlm.nih.gov/pubmed/28192595
https://doi.org/10.1111/j.1467-9868.2010.00749.x
https://doi.org/10.1111/j.1467-9868.2010.00749.x
http://www.r-project.org/cran
http://www.r-project.org/cran
https://doi.org/10.1007/978-90-481-9575-6_8
https://doi.org/10.1016/j.dsr2.2008.12.041
https://doi.org/10.2307/1369419
https://doi.org/10.7717/peerj.3287
http://www.ncbi.nlm.nih.gov/pubmed/28503374
https://doi.org/10.1111/jav.01474
https://doi.org/10.1111/jav.01474
https://doi.org/10.1515/ami-2020-0109
https://doi.org/10.1016/J.BIOCON.2011.12.001
https://doi.org/doi.org/10.1642/aoum.79-1
https://doi.org/10.1016/j.scitotenv.2013.12.006
http://www.ncbi.nlm.nih.gov/pubmed/24361782
https://digitalcommons.unl.edu/icwdm_usdanwrc
https://doi.org/10.1890/1051-0761(2006)016%5B1683:ohoaem%5D2.0.co;2
http://www.ncbi.nlm.nih.gov/pubmed/17069363
https://doi.org/10.1371/journal.pone.0287316

PLOS ONE

Seabird assemblages in the northern Gulf of Mexico

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

Zamon JE, Phillips EM, Guy TJ. Marine bird aggregations associated with the tidally-driven plume and
plume fronts of the Columbia River. Deep Sea Research Part II: Topical Studies in Oceanography.
2014; 107: 85-95. https://doi.org/10.1016/J.DSR2.2013.03.031

Wawrik B, Paul JH. Phytoplankton community structure and productivity along the axis of the Missis-
sippi River plume in oligotrophic Gulf of Mexico waters. Aquatic Microbial Ecology. 2004; 35: 185—196.

Dagg MJ, Breed GA. Biological effects of Mississippi River nitrogen on the northern gulf of Mexico—a
review and synthesis. Journal of Marine Systems. 2003; 43: 133—152. https://doi.org/10.1016/J.
JMARSYS.2003.09.002

Houde E, Gaichas S, Seagraves R. Managing forage fishes in the mid-Atlantic region: a white paper to
inform the mid-Atlantic fishery management council. 2014.

Liechty JS, Fontenot QC, Pierce AR. Diet Composition of Royal Tern ( Thalasseus maximus) and
Sandwich Tern (Thalasseus sandvicensis) at Isles Dernieres Barrier Island Refuge, Louisiana, USA.
Waterbirds. 2016; 39: 58—68. https://doi.org/10.1675/063.039.0107

Lamb JS, Satgé YG, Jodice PGR. Diet composition and provisioning rates of nestlings determine
reproductive success in a subtropical seabird. Mar Ecol Prog Ser. 2017; 581: 149—164. https://doi.org/
10.3354/meps 12301

Morton T. Species Profile: Life Histories and Environmental Requirements of Coastal Fishes and
Invertebrates (mid-Atlantic): Bay Anchovy. US Fish and Wildlife Service Biological Report; 1989.

Haney JC. Pelagic seabird density and vulnerability to oiling from the Deepwater Horizon/MC-252 spill
in the Gulf of Mexico: Draft Final Report to U.S. Fish and Wildlife Service. 2011.

Vaughan DS, Shertzer KW, Smith JW. Gulf menhaden (Brevoortia patronus) in the US Gulf of Mexico:
fishery characteristics and biological reference points for management. Fish Res. 2007; 83: 263-275.

Love MS, Baldera A, Yeung C, Robbins C. The Gulf of Mexico ecosystem: A coastal & marine atlas.
Ocean Conservancy, Gulf Restoration Center; 2013.

Montevecchi W, Fifield D, Burke C, Garthe S, Hedd A, Rail J-F, et al. Tracking long-distance migration
to assess marine pollution impact. Biol Lett. 2012; 8: 218—-221. https://doi.org/10.1098/rsbl.2011.0880
PMID: 22012949

Bradley PE, Norton RL. An inventory of breeding seabirds in the Caribbean. Gainesville, Florida: Uni-
versity Press of Florida; 2009.

Hsu AC, Boustany AM, Roberts JJ, Chang JH, Halpin PN. Tuna and swordfish catch in the U.S. north-
west Atlantic longline fishery in relation to mesoscale eddies. Fish Oceanogr. 2015; 24: 508-520.
https://doi.org/10.1111/fog.12125 PMID: 27667909

Jaquemet S, Le Corre M, Marsac F, Potier M, Weimerskirch H. Foraging habitats of the seabird com-
munity of Europa Island (Mozambique Channel). Mar Biol. 2005; 147: 573-582. https://doi.org/10.
1007/s00227-005-1610-0

Zimmerman RA, Biggs DC. Patterns of distribution of sound-scattering zooplankton in warm- and cold-
core eddies in the Gulf of Mexico, from a narrowband acoustic Doppler current profiler survey. J Geo-
phys Res Oceans. 1999; 104: 5251-5262. https://doi.org/10.1029/1998JC900072

Jaquemet S, Ternon JF, Kaehler S, Thiebot JB, Dyer B, Bemanaja E, et al. Contrasted structuring
effects of mesoscale features on the seabird community in the Mozambique Channel. Deep Sea
Research Part II: Topical Studies in Oceanography. 2014; 100: 200—211. https://doi.org/10.1016/J.
DSR2.2013.10.027

Hebshi AJ, Duffy DC, Hyrenbach KD. Associations between seabirds and subsurface predators
around Oahu, Hawaii. Aquat Biol. 2008; 4: 89-98. https://doi.org/10.3354/ab00098

Lamb JS, Satgé YG, Jodice PGR. Seasonal variation in environmental and behavioural drivers of
annual-cycle habitat selection in a nearshore seabird. Divers Distrib. 2020; 26: 254—-266.

Wilkinson BP, Satgé YG, Lamb JS, Jodice PGR. Tropical cyclones alter short-term activity patterns of
a coastal seabird. Mov Ecol. 2019; 7. https://doi.org/10.1186/s40462-019-0178-0 PMID: 31673358

Pusineri C, Martinez L, de Montgolfier B, Geraldes D, Lenrume P, Bordin A, et al. Composition of the
seabird community off French Guiana. Mar Ornithol. 2022; 50: 81-94.

Miller MGR, Carlile N, Phillips JS, McDuie F, Congdon BC. Importance of tropical tuna for seabird for-
aging over a marine productivity gradient. Mar Ecol Prog Ser. 2018; 586: 233—-249. https://doi.org/10.
3354/meps12376

Receveur A, Allain V, Menard F, Lebourges Dhaussy A, Laran S, Ravache A, et al. Modelling Marine
Predator Habitat Using the Abundance of Its Pelagic Prey in the Tropical South-Western Pacific. Eco-
systems. 2021. https://doi.org/10.1007/S10021-021-00685-X

PLOS ONE | https://doi.org/10.1371/journal.pone.0287316  June 23, 2023 25/26


https://doi.org/10.1016/J.DSR2.2013.03.031
https://doi.org/10.1016/J.JMARSYS.2003.09.002
https://doi.org/10.1016/J.JMARSYS.2003.09.002
https://doi.org/10.1675/063.039.0107
https://doi.org/10.3354/meps12301
https://doi.org/10.3354/meps12301
https://doi.org/10.1098/rsbl.2011.0880
http://www.ncbi.nlm.nih.gov/pubmed/22012949
https://doi.org/10.1111/fog.12125
http://www.ncbi.nlm.nih.gov/pubmed/27667909
https://doi.org/10.1007/s00227-005-1610-0
https://doi.org/10.1007/s00227-005-1610-0
https://doi.org/10.1029/1998JC900072
https://doi.org/10.1016/J.DSR2.2013.10.027
https://doi.org/10.1016/J.DSR2.2013.10.027
https://doi.org/10.3354/ab00098
https://doi.org/10.1186/s40462-019-0178-0
http://www.ncbi.nlm.nih.gov/pubmed/31673358
https://doi.org/10.3354/meps12376
https://doi.org/10.3354/meps12376
https://doi.org/10.1007/S10021-021-00685-X
https://doi.org/10.1371/journal.pone.0287316

PLOS ONE

Seabird assemblages in the northern Gulf of Mexico

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

de la Cruz A, Ramos F, Tornero J, Rincon MM, Jiménez MP, Arroyo GM. Seabird distribution is better
predicted by abundance of prey than oceanography. A case study in the Gulf of Cadiz (SW, Iberian
Peninsula). ICES Journal of Marine Science. 2022; 79: 204—217.

Santora JA, Schroeder ID, Field JC, Wells BK, Sydeman WJ. Spatio-temporal dynamics of ocean con-
ditions and forage taxa reveal regional structuring of seabird—prey relationships. Ecological Applica-
tions. 2014; 24: 1730-1747.

Wells RJ, Rooker JR. Spatial and temporal patterns of habitat use by fishes associated with Sargas-
sum mats in the northwestern Gulf of Mexico. Bull Mar Sci. 2004; 74: 81-99.

Veit RR, Harrison NM. Positive Interactions among Foraging Seabirds, Marine Mammals and Fishes
and Implications for Their Conservation. Front Ecol Evol. 2017; 5: 121.

Haney JC. Seabird patchiness in tropical oceanic waters: the influence of Sargassum “reefs.” Auk.
1986; 103: 141-151.

Roberts JJ, Best BD, Mannocci L, Fujioka E, Halpin PN, Palka DL, et al. Habitat-based cetacean den-
sity models for the U.S. Atlantic and Gulf of Mexico. Sci Rep. 2016. https://doi.org/10.1038/srep22615
PMID: 26936335

Fujisaki |, Hart KM, Bucklin D, Iverson AR, Rubio C, Lamont MM, et al. Predicting multi-species forag-
ing hotspots for marine turtles in the Gulf of Mexico. Endanger Species Res. 2020; 43: 253—266.

Pickens BA, Taylor JC, Campbell MD, Driggers WB, lll. Offshore snapper and shark distributions are
predicted by prey and area of nearby estuarine environments in the Gulf of Mexico, USA. Mar Ecol
Prog Ser. 2022; 682: 169-189.

Schueller A, Smith J, VanderKooy S. Southeast data, assessment, and review 32A Gulf of Mexico
menhaden assessment report. Gulf States Marine Fisheries Commission, Ocean Springs. 2013.

Griss A, Biggs C, Heyman WD, Erisman B. Prioritizing monitoring and conservation efforts for fish
spawning aggregations in the U.S. Gulf of Mexico. Sci Rep. 2018; 8: 8473. https://doi.org/10.1038/
s41598-018-26898-0 PMID: 29855518

Ramirez-Ledn MR, Garcia-Aguilar MC, Romo-Curiel AE, Ramirez-Mendoza Z, Fajardo-Yamamoto A,
Sosa-Nishizaki O. Habitat suitability of cetaceans in the Gulf of Mexico using an ecological niche
modeling approach. Peerd. 2021; 9: e10834. https://doi.org/10.7717/peerj.10834 PMID: 33777512

Davis RW, Ortega-Ortiz JG, Ribic CA, Evans WE, Biggs DC, Ressler PH, et al. Cetacean habitat in the
northern oceanic Gulf of Mexico. Deep Sea Research Part I: Oceanographic Research Papers. 2002;
49: 121-142.

Hart KM, Iverson AR, Fujisaki |, Lamont MM, Bucklin D, Shaver DJ. Marine Threats Overlap Key For-
aging Habitat for Two Imperiled Sea Turtle Species in the Gulf of Mexico. Front Mar Sci. 2018; 5.

Hart KM, Fujisaki |. Satellite tracking reveals habitat use by juvenile green sea turtles Chelonia mydas
in the Everglades, Florida, USA. Endangered Species Research 2010. https://doi.org/10.3354/
esr00284

Metz TL, Gordon M, Mokrech M, Guillen G. Movements of juvenile green turtles (Chelonia mydas) in
the nearshore waters of the northwestern Gulf of Mexico. Front Mar Sci. 2020; 647.

Wiens JA, Crist TO, Day RH, Murphy SM, Hayward GD. Effects of the Exxon Valdez oil spill on marine
bird communities in Prince William Sound, Alaska. Ecological Applications. 1996; 6: 828—841.

Suryan RM, Phillips EM, So K, Zamon JE, Lowe RW, Stephensen SW. Marine bird colony and at-sea
distributions along the Oregon coast: Implications for marine spatial planning and information gap anal-
ysis. Corvallis, Oregon; 2012.

Kelsey EC, Felis JJ, Czapanskiy M, Pereksta DM, Adams J. Collision and displacement vulnerability
to offshore wind energy infrastructure among marine birds of the Pacific Outer Continental Shelf. J
Environ Manage. 2018; 227: 229-247. https://doi.org/10.1016/j.jenvman.2018.08.051 PMID:
30195148

PLOS ONE | https://doi.org/10.1371/journal.pone.0287316  June 23, 2023 26/26


https://doi.org/10.1038/srep22615
http://www.ncbi.nlm.nih.gov/pubmed/26936335
https://doi.org/10.1038/s41598-018-26898-0
https://doi.org/10.1038/s41598-018-26898-0
http://www.ncbi.nlm.nih.gov/pubmed/29855518
https://doi.org/10.7717/peerj.10834
http://www.ncbi.nlm.nih.gov/pubmed/33777512
https://doi.org/10.3354/esr00284
https://doi.org/10.3354/esr00284
https://doi.org/10.1016/j.jenvman.2018.08.051
http://www.ncbi.nlm.nih.gov/pubmed/30195148
https://doi.org/10.1371/journal.pone.0287316

