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The northern Gulf of Mexico supports a substantial level of oil and gas extraction
in marine waters and experiences acute and chronic exposure to marine pollution
events. The region also supports a diverse array of breeding and migratory
seabirds that are exposed to these pollutants during foraging and other activities.
Among the pollutants of highest concern within the region are polycyclic
aromatic hydrocarbons (PAHs) which tend to be toxic, carcinogenic, mutagenic,
or teratogenic. We assessed PAH loads in blood from adult brown pelicans and
from feathers of adults and chicks of brown pelicans in relation to individual (e.g.,
body condition, sex) and spatial (e.g., breeding location within the Gulf, home
range size, migration distance) factors. Of the 24 PAHs assessed, 17 occurred at
least once among all samples. There were no PAHs found in chicks that were
not also found in adults. Alkylated PAHs occurred more commonly and were
measured at higher summed concentrations compared to parent PAHs in all
samples, indicating that exposure to oil and/or byproducts of oil may have been
a substantial source of PAH contamination for brown pelicans during this study.
Within adults, PAHs were more likely to occur, and to increase in concentration,
in blood samples of females compared to males, although no difference was
found in feather samples. We also found that occurrence of and concentration
of PAHs increased in adults that migrated longer distances. In adults and chicks,
the background levels of oil and gas development within the region of the colony
was not a consistent predictor of the presence of or concentration of PAHs. We
also found correlations of PAHs with hematological and biochemical biomarkers
that suggested compromised health. Our results indicate that both short- and
long-term exposure (i.e., blood and feathers, respectively) are occurring for this
species and that even nest-bound chicks can accumulate high levels of PAHs.
Long-term tracking of PAHSs, as well as an assessment of sublethal effects of PAHs

01 frontiersin.org


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2023.1185659
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2023.1185659&domain=pdf&date_stamp=2023-06-02
https://doi.org/10.3389/fevo.2023.1185659
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fevo.2023.1185659/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Jodice et al.

10.3389/fevo.2023.1185659

on pelicans, could enhance our understanding of the persistence and effects
of this contaminant in the northern Gulf as could increasing the breadth of

species studied.

body condition, brown pelicans, Gulf of Mexico (GOM), home range, migration,
petrogenic, polycyclic aromatic hydrocarbons (PAHs)

Introduction

(PAHs) are
the pollutants of highest concern for wildlife and ecosystem
health (Eisler, 1987). Though often associated with catastrophic

Polycyclic aromatic hydrocarbons among

events such as oil spills, PAHs are also ubiquitous background
contaminants in both aquatic and terrestrial environments (Marvin
et al, 2021). In the United States, 16 PAHs are listed as priority
environmental pollutants because of their persistence through
time, and their propensity to be carcinogenic to humans (Menzie
et al, 1992). In wildlife, even relatively low exposure to PAHs
can negatively affect growth and metabolism, blood biochemistry,
liver health, and immunity (Briggs et al., 1996; King et al., 2021).
Parent PAHs, which typically have higher molecular weights
usually originate from pyrogenic sources, tend to have higher
bioavailability in the marine environment, and are acutely toxic,
whereas alkylated PAHs with lower molecular weights tend to
be carcinogenic, mutagenic, or teratogenic (Fisler, 1987; Albers,
2006). Even trace exposure to PAH residue can lead to elevated
PAH levels, as can exposure to chronic spills and produced waters
(King et al., 2021). PAHs tend not to biomagnify or bioaccumulate,
however, because most vertebrates can metabolize PAHs within
weeks of ingestion (Albers, 2006; Hylland, 2006; Nfon et al., 2008).
Nonetheless, both parent (PAR) and alkylated (ALK) PAHs can
still accumulate in body tissues at low concentrations when the
rate of uptake exceeds elimination, with potentially detrimental
effects (Albers, 2003; Laffon et al., 2006; Champoux et al., 2020).
Documenting PAHs in wildlife populations therefore requires
intensive sampling to detect exposure pathways and trends
while accounting for individual, spatial, and temporal variation
(Nicholson et al., 2023).

In mobile wildlife, assessing PAH burdens requires sampling
across a wide spatial range. This is particularly true in marine
systems, in which habitat features are highly dynamic and
contaminants can be transported long distances from their sources.
The two primary routes of PAH contamination for wildlife are
through direct physical interaction (i.e., contact) or foraging on
a contaminated item (i.e., ingestion). Wildlife can be exposed
to PAHs during daily activities and behaviors such as foraging,
movement within and between habitat patches, and bouts of
inactivity or resting (e.g., as they come into contact with a
contaminated surface). Across the annual cycle, individuals from
migratory populations can be exposed to contaminants across a
wide spatial range that might also include different ecosystems,
food sources, and regulatory environments (i.e., different political
jurisdictions with different regulations pertaining to pollutants)
(Seegar et al., 2015; Paruk et al., 2016; Champoux et al., 2020).
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For example, when individuals within a population vary in
their migratory strategies or destination (i.e., partial migration),
exposure to contaminants may be more difficult to assess or predict
for individuals within a population because of the difficulty in
knowing which individuals migrate and the locations to which
they migrate (Lamb et al., 2017b; Wilkinson and Jodice, 2023).
Outside of the migration period, exposure also can be difficult to
assess if individuals have extensive home ranges and if the size of
the home range is not consistent among populations (Lamb et al.,
2017b, 2020). Evaluating the effects of environmental contaminants
that are temporally or spatially heterogeneous on mobile wildlife
therefore requires detailed data on movement patterns, behavior,
and foraging activities of the population in question, as well as
background information on the potential sources of contamination.
Hence, sampling that is spatially and temporally both intensive and
extensive is often required.

The northern Gulf of Mexico is a heavily industrialized sea
particularly with respect to oil and gas extraction. The region
has been under development for marine energy extraction since
the early 1940s, and currently there are ~ 3,200 active rigst
along with ~42k km of pipelines and numerous shipping ports
throughout the region. Oil and gas activity is heterogeneous across
the northern Gulf; most offshore platforms and pipelines are
concentrated in the central and western Gulf along the coasts
of Louisiana, Alabama, Mississippi, and Texas, while the eastern
Gulf along the Florida coast remains undeveloped (Figure 1).
Due to the substantial levels of oil and gas activity in the region,
the northern Gulf also experiences both acute and chronic levels
of oil pollution. While spills that are large in quantity and are
spatially and temporally extensive tend to be the focus of most
research, monitoring, and mitigation efforts, the many small spills
that occur in the region also impact the estuarine, coastal, and
marine habitats of the Gulf. For example, from 1972- to 2017,
149 spills occurred in the region with only eight of these classified
as large (>1,000 barrels) spills (Absg Consulting Inc, 2018). The
release of produced waters, which contain byproducts of oil
extraction, are also a source of petrochemical pollution (Beyer et al.,
2020). Between 2000 and 2015, ~558 million barrels of produced
oil were released annually into the northern Gulf (Bureau of
Ocean Energy Management [BOEM], 2016). Furthermore, ~1,600
natural oil seeps occur throughout the region, tending to be most
common in the central area of the northern Gulf (O'Reilly et al,
2022). Given this extent of oil exposure, the impact of oiling
and its resulting contamination, including PAHs has become a

1 https://www.ncei.noaa.gov/maps/gulf-data-atlas/atlas.htm
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FIGURE 1

Location of Brown Pelican colonies in the northern Gulf of Mexico. Adults were sampled at colonies marked by a black symbol and chicks were
sampled at colonies marked by a red-outlined symbol. Yellow symbols represent colonies not sampled. Size of symbol is relative to colony size
(75-5,000 nesting pairs). The three planning areas of the Bureau of Ocean Energy Management (BOEM) are designated. Oil and gas activity is

highest in the central, intermediate in the West, and least in the East (Base layer: ESRI, DeLorme, GEBCO, NOAA, NGDC, and other contributors).

primary focus of research and management activities in the region
(Fallon et al., 2018; Paruk et al., 2021; Polidoro et al., 2021; Michael
etal., 2022; Woodyard et al., 2022).

The brown pelican (Pelecanus occidentalis) is a high-profile,
nearshore seabird that breeds within the northern Gulf of Mexico
and throughout the southeastern USA. Due to their documented
sensitivity to contaminants and other environmental stressors
(both natural and anthropogenic), brown pelicans are recognized
as a high priority species for monitoring and research in the Gulf of
Mexico (Jodice et al., 2019). For example, the species was reduced
to near-extinction by exposure to dichlorodiphenyltrichloroethane
(DDT) and other toxic contaminants during the mid-twentieth
century (McNease et al, 1992) and continues to experience
detrimental effects at the individual and population levels from oil
exposure and other environmental stressors (U.S. Fish and Wildlife
Service, 2011; Walter et al,, 2013; Deepwater Horizon Natural
Resource Damage Assessment Trustees, 2016; Fallon et al., 2018;
Jodice etal., 2019). The species, therefore, has been and continues to
be one of focus for assessing stressors in this geographic area (Jodice
et al., 2019). As part of a larger effort to explore various aspects
of the ecology and conservation of the species in the northern
Gulf (Lamb et al., 2020), we set out to establish baseline levels
of health and contaminant exposure for the species. Our prior
research (Jodice et al., 2022) indicates that baseline indices of health
and condition of pelicans do not consistently match the levels of
oil and gas development in the breeding region, suggesting other
factors played a role in the physiology of these individuals. PAH
exposure could play an important role in mediating physiological
parameters. Little is currently known, however, about underlying
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PAH levels in brown pelicans, nor how individual variability in
movement may impact exposure. For example, home range sizes
vary substantially across the northern Gulf during the breeding
season and, because the species exhibits partial migration, the
spatial extent of movements during the non-breeding season can
vary greatly as well (Lamb et al., 2017b, 2020).

In this paper, we expand on prior efforts to document baseline
health and condition of brown pelicans in the northern Gulf
of Mexico by examining the levels of PAH contamination in
breeding adult pelicans and chicks across a gradient of oil and
gas development within the northern Gulf. Because the amount of
contamination and the repercussions of contact with a contaminant
can differ with the route of contamination, we measured the
levels of PAHs in the blood of adults and in the feathers of
adults and chicks. Blood samples provide a recent assessment of
exposure and represent substances currently circulating within
an individual (Paruk et al, 2014, 2016). PAHs in blood likely
derive from consumption of contaminated prey or ingestion of
preen oil, while bioaccumulation through food webs is thought
to be low (Paruk et al., 2014, 2016; Acampora et al., 2018). PAHs
detected from adult feathers, however, may provide a different
spatial, temporal, or source signature compared to PAHs detected
in blood or other fluids (e.g., preen oil) that turnover relatively
quickly (Jaspers et al., 2004; Acampora et al., 2018). For example,
sources of PAHs in feathers may include blood supply (during
feather growth), contact with the external environment, or contact
with contaminated preen oil (Jaspers et al., 2004, Acampora et al.,
2018). Feather samples provide an assessment of local and/or
transboundary contamination in migratory species with a longer
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temporal signature compared to blood (Acampora et al., 2018).
Multiple tissues also respond to different exposure pathways and
offer a wider temporal frame of reference, with blood representing
more recent exposure (e.g., contamination during the breeding
season proximal to breeding colonies) and feathers representing
longer term exposure (e.g., migratory or post-breeding locations).

We assessed PAH levels in relation to spatial and individual
factors including colony location (adults and chicks), individual
attributes (adults and chicks), home range size (adults), migration
distance (adults), and select blood biochemistry parameters
indicative of health and hepatic damage (adults and chicks).
We included both PAR and ALK PAHs in our analyses because
petroleum studies have traditionally focused on parent PAHs, and
exposure can be underestimated if both PAR and ALK are not
assessed (King et al., 2021). We report on the sum of PAHs and
not the detection levels of each individual PAH in each individual
because our focus was on the total tissue burden among individuals
and not necessarily the exact exposure for each individual PAH. By
taking this approach, we sought to better understand the PAH tissue
burden in brown pelicans throughout the region, which could
subsequently enhance our ability to improve targeted mitigation
efforts by linking exposure pathways across nesting, foraging, and
non-breeding habitats. Ultimately, these data may improve our
ability to predict which portions of the Gulf-wide metapopulation
are likely to be affected by future contamination events.

Materials and methods

Ethics statement

This study is one component of a broader research program
that was focused on the ecology of Brown Pelicans in the northern
Gulf of Mexico (Lamb et al., 20205 Jodice et al., 2022). Research
was authorized by permits from the Clemson University Animal
Care and Use Committee (2013-026), U.S. Geological Survey
Bird Banding Lab (#22408), Texas Parks and Wildlife (SPR-
0113-005), Audubon Texas, The Nature Conservancy in Texas,
Louisiana Department of Wildlife and Fisheries (LNHP-13-058 and
LNHP-14-045), and the Florida Fish and Wildlife Conservation
Commission (LSSC-13-00005).

Study area

Study sites extended from the Florida panhandle to the Texas
coast and represent each of the three planning areas designated
by the Bureau of Ocean Energy Management (BOEM; the federal
agency responsible for managing oil and gas activities in U.S.
waters). These are defined as the Eastern Planning Area (EPA),
Central Planning Area (CPA), and Western Planning Area (WPA).
The CPA contains the highest level of oil and gas infrastructure
(platforms and pipelines) among the three, while the WPA is
moderately developed and the EPA is undeveloped. We collected
samples from nine sites throughout the study area (Figure 1),
although we did not sample both age classes or both tissue types
from all sites (Table 1). We sampled adults from seven colonies;
Audubon and Smith islands, Florida (EPA); Gaillard Island,
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TABLE 1 Study sites sampled for polycyclic aromatic hydrocarbons
(PAHs) in adult and chick brown pelicans from breeding colonies in the
northern Gulf of Mexico, 2013-2015.

Region/Colony Adult blood Adult feathers/Chick feathers
location

Eastern planning area
Audubon Island

Smith Island

Ten Palms Island

Central planning area
Gaillard Island

Felicity Island

Racoon Island

Western planning area
Chester Island

Shamrock Island

Galveston Bay
Colonies

Green fill within a cell indicated samples of that type were collected from that site during
the study period. See Figure 1 for boundaries of planning areas and colony locations.
Descriptions of the planning areas appear in methods.

Alabama (CPA); Felicity and Raccoon islands, Louisiana (CPA);
and Chester and Shamrock islands, Texas (WPA) (Figure 1). We
sampled chicks from seven colonies: Audubon and Ten Palms
islands, Florida (EPA); Gaillard Island, Alabama (CPA); Marker 52
and North Deer (regrouped as Galveston Bay colonies), Chester,
and Shamrock islands, Texas (WPA). Data were analyzed at the
spatial scale of the planning areas (i.e., not at the colony level)
due to limited samples from some colonies. All study colonies and
planning areas were, however, within a single marine ecoregion
(Northern Gulf of Mexico within the Temperate North Atlantic
Realm: Spalding et al., 2007).

Sampling

Adult brown pelicans were sampled from active nests during
the breeding seasons of 2013-2015. Adults were captured on nests
using leg nooses during the late incubation and early chick-rearing
stages. If eggs were present in the nest, they were replaced with
porcelain eggs during capture to prevent damage. If chicks were
present, they were moved to the nest edge to avoid injury. Median
handling time was 17.5 min (range = 11-35 min) from capture to
release. After release, we observed individuals for several minutes
to ensure that they displayed normal flight, swimming, and balance
capabilities. Observation methods and results are described in
detail in Lamb et al. (2020). We collected 3-4 scapular feathers
from 92 breeding adults. We collected blood samples within 2 min
of capture from the tarsometatarsal vein. After sterilizing the
collection site, we collected a 5 mL blood sample using a 23-gauge
needle and VacuTainer tube (Becton Dickinson, Franklin Lakes,
NJ, United States) with lithium heparin anticoagulant. We stored
samples over cold packs until returning from the field (~5-10 h),
after which we centrifuged samples, separated red blood cells from
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plasma, and froze samples for storage until lab analyses could be
completed. For PAH analysis, we included all adult feather samples
(N =92) as well as red blood cell samples from up to five randomly
selected individuals per colony (N = 33).

Pelican chicks were captured by hand at or near nest sites.
We collected ~4 scapular feathers from 606 brown pelican chicks
during the breeding season of 2014-2015 of which we randomly
selected five individuals per colony (N = 35) for PAH analysis.
Since feathers in young chicks represent approximately the same
exposure period as blood samples (i.e., the weeks preceding
capture), we did not collect blood from chicks for PAH analysis.

For adults and chicks, we measured body mass (50 g), culmen
length (£1 mm), tarsus length (1 mm), and wing length (£5 mm)
and created a body condition index (BCI) specifically for the
individuals used in this study. The BCI provides an index for
the mass of the bird in relation to its size and is calculated as
the residual of the linear relationship between mass and culmen
length (
determined in situ. Therefore, the distribution of samples between

). In brown pelicans, sex cannot be easily

sexes is opportunistic. Sex of adults was determined from collected
blood samples through PCR amplification of sex-linked molecular

markers ( ). We did not sex chicks.

Sample processing

Analyses of polycyclic hydrocarbons were conducted at the
University of Connecticut Center for Environmental Sciences and
Engineering (Storrs, Connecticut). In the lab, we weighed 0.2 g
of blood sample into a 1.5 mL plastic centrifuge tube. Samples
were spiked with quality control standard solutions and vortexed
for 1 min at 2,500 rounds per minute. Methanol or acetonitrile
(500 pL) were added to each tube along with MgSO4. Samples
were then vortexed for 5 min at 2,500 rounds per minute,
then centrifuged for 10 min at 14,000 rounds per minute. Next,
190 pL of the supernatant were transferred to a 300 L liquid-
chromatography vial. These samples were then spiked with an
internal standard and vortexed.

Following extraction, the samples were analyzed for alkylated
PAHs using an Agilent 6890 gas chromatograph (Agilent
Technologies Inc., Santa Clara, CA, United States) equipped with
a Restek Rxi-5Sil MS column (Restek, Bellefonte, PA, USA; 30 m)
using splitless injection coupled to a Waters QuattroMicro triple
quadrupole mass spectrometer (Waters Corporation, Milford, MA,
USA). Parent PAHs were quantified using a Waters Acquity ultra-
performance liquid chromatograph (UPLC; Waters Corporation,
Milford, MA, USA) with fluorescence and photo diode array
detection, which was equipped with an Acquity UPLC BEH
C18 column (Waters Corporation, Milford, MA, USA; 1.7 pum,
2.1 x 100 mm). All peaks were quantified against the internal
standard, and the extraction efficiency was evaluated using a
surrogate standard of naphthalene-d8. Standard quality assurance
procedures were employed, including analysis of duplicate samples,
method blanks, post-digestion spiked samples, and laboratory
control samples.

Feathers were washed three times in acetone, three times in
high performance liquid chromatography water, and one additional
time in acetone before allowing them to dry overnight (ca. 10 h).
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Feathers were weighed (£0.2 g) on folded weighing paper and
transferred directly into the accelerated solvent extraction (ASE)
cell using forceps when needed. Hydromatrix powder was added
to pack the 11 mL ASE cells. Using gelatin as the matrix for
the blank and laboratory control samples, a 0.2 g sample was
weighed out and transferred to ASE cells. Samples were then spiked
with quality control standards. ASE extracts were subsequently
run and collected utilizing acetonitrile solvent, and the solution
was transferred into the pre-marked conical evaporation vials and
evaporated to just below 0.5 mL under a gentle nitrogen stream
(set flowrate on N-Evap unit to 180 mL/min). Samples were spiked
again with internal standard. The volume was then brought up to
500 wL with acetonitrile and vortexed for a few seconds to mix.
Filtered samples were injected into liquid-chromatography vials
using 1 mL plastic syringes and 4 mm, 0.2 pm syringe filter. The
detection limit for all PAHs was 5 ng g~ ! (i.e., parts per billion)
and values for PAHs were reported as wet weight for blood and dry
weight for feathers.

Statistical analyses

We assessed the concentration of PAHs in adult blood, adult
feathers, and chick feathers via three dependent variables: the sum
of all PAHs detected (sumPAH), the sum of Parent PAHs detected
(sumPAR), and the sum of Alkylated PAHs detected (sumALK).
We assessed the relationship for each with a suite of independent
variables, including: BCI (adults and chicks; continuous), planning
area (adults and chicks; WPA, CPA, or EPA with EPA set as the
reference level), sex (adults; male of female), migration class (adults;
categorical, see below) and home range size (adults; continuous).
Methods for deployment of satellite tags, calculation of home range
size, and calculation of migration distance are detailed in

( ). Home range was reported as the area of the
95% kernel density contour for any individual from which a sample
was collected that was also equipped with a satellite transmitter
(n=64). We selected the 95% use area for PAH analysis rather than
a core use area (e.g., 25 or 50%) because we assumed that exposure
to PAHs could occur anywhere within an individual’s habitat
regardless of intensity of use. Migration distance was calculated
as the distance between the center of breeding home range and
the center of winter home range as determined from locations
of satellite tagging ( ), and classified as
short (i.e., resident: < 200 km), medium (200-800 km), and long
(>800 km). The migration class defined as long-distance was set as
the reference level.

Because the concentration of PAHs was below detectable limits
for many samples from both age classes and sample types (i.e., a
high proportion of 0’ in the data set, see Results), we analyzed
our data using a hurdle model approach. A hierarchical hurdle
model approach allows for the consideration of two ecological
processes, one that may affect the occurrence of an exposure to a
PAH contaminant (i.e., presence/absence) and another that may
affect the dose or concentration of the PAH contaminant (i.e.,
abundance) ( ). For step one of the hurdle approach
we used a binomial logistic regression with a log link function, using
the presence (value > 0) or absence (value = 0, or undetectable)
of each of the three PAH variables (sumPAH, sumPAR, sumALK)
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as the response variable. For step two of the hurdle approach we
used a generalized linear model (GLM) to assess the change in the
concentration of PAHs only in tissue samples where PAHs exceeded
detectable limits. We used a GLM with a gamma distribution and a
log link function, with the sum of the concentration of each of the
three PAH variables as the response variable.

We used the same set of candidate models in each of the
two steps of the hurdle approach and compared the strength of
the candidate models using Akaike’s Information Criteria (AIC;
Table 2). We built 12 models for analysis of adult blood samples,
16 models for adult feather samples, and three models for chick
feather samples. Variables that were correlated were not included
within the same model but each independent variable appeared in
at least one model. We reported coefficient estimates from the top
performing models if no other model was within two points of the
model with the lowest AIC value, or averaged coefficient estimates
if multiple models were supported (delta AIC < 2.0 relative to
the lowest AIC value, n = 2 cases). We provided odds ratios and
confidence intervals on odds ratios for coefficient estimates (+SE)
from binomial logistic models of PAH detection (the odds of a PAH
being detected for a change in categorical levels, or for a one unit
increase in a continuous variable) and from gamma models of PAH
concentration where present (the odds of the concentration of a
PAH increasing by 1 ng g~ ! for a change in categorical levels, or for
a one unit increase in a continuous variable).

Because exposure to PAHs can lead to sublethal effects, we also
assessed the correlation between levels of exposure to all PAHs
(sumPAH) and attributes that may reflect individual condition
or health. We collected blood samples to assess hematological
and physiological parameters from many of the same birds from
which PAH was measured as part of a component study among
these same pelican colonies (Jodice et al, 2022). We assessed

10.3389/fevo.2023.1185659

the correlation of PAH exposure with total protein (g dL~!),
corticosterone (mg dL~!), packed cell volume (PCV; %), heterophil
count (10-3 ml™1), lymphocyte count (1073 ml™1), and the ratio
of heterophils to lymphocytes (H:L). We also assessed correlations
with AST and CPK, two enzymes indicative of hepatic damage
(Harr, 20025 Alonso-Alvarez et al., 2007). Laboratory methods for
the measurement of these attributes are described fully in Jodice
et al. (2022). Because the distribution of the sumPAH data was non-
normal and not able to be transformed to a normal distribution,
we used Kendall’s tau to perform a non-parametric correlation.
We correlated physiological markers with sumPAH in adult blood,
sumPAH in adult feathers, and sumPAH in chick feathers.

Results

PAH profiles in adult blood

We analyzed blood for PAHs from 33 adult pelicans (Table 3).
The most frequently occurring PAHs were of intermediate
molecular weight (Figure 2). We failed to detect two alkylated
compounds and eight parent compounds out of the full test set. The
two most frequently detected PAHs were 1,3-dimethylnaphthalene
and 2,3,5-trimethylnaphthalene. Of the 24 PAHs assessed, 14 were
detected in at least one individual (Table 3). Alkylated PAHs were
detected in 48% of individuals and parent PAHs were detected
in 30% of individuals. Three alkylated compounds were each
detected in >10% of individuals; 2,6-dimethyl naphthalene (n = 4),
1,3-dimethylnaphthalene (n = 5), and 2,3,5-trimethylnaphthalene
(n = 6). Of 33 birds sampled, 21 (63.6%) had at least 1 PAH
detected (1 PAH: n = 10; 2 PAHs: n = 10; four PAHs: n = 1). Parent

TABLE 2 Models used in an information theoretic approach to assess relationships among polycyclic aromatic hydrocarbons (PAHs) and independent
variables for brown pelican adults and chicks sampled from breeding colonies in the northern Gulf of Mexico, 2013-2015.

Comments

Variables included
Sex

Adult Adult Chick
blood feathers feathers
Yes Yes No

Model 1 Sex not available for chicks

Model 2 BCI Yes Yes Yes -

Model 3 Planning area Yes Yes Yes -

Model 4 Home range size Yes Yes No Home range irrelevant for chicks

Model 5 Sex + BCI Yes Yes No Sex not available for chicks

Model 6 Sex + planning area Yes Yes No Two terms are related so not modeled together

Model 7 Sex + home range size Yes Yes No Home range irrelevant for chicks

Model 8 BCI + planning area Yes Yes No Two terms are related so not modeled together

Model 9 BCI + home range size Yes Yes No Home range irrelevant for chicks

Model 10 |Planning area + home range size Yes Yes No Home range irrelevant for chicks

Model 11 Sex + BCI + planning area + home range size Yes Yes No See above

Model 12 |Migration class No Yes No Temporal mismatch w/adult blood; not relevant for chicks
Model 13 |Migration class + BCI No Yes No Temporal mismatch w/adult blood; not relevant for chicks
Model 14 | migration class + sex No Yes No Temporal mismatch w/adult blood; not relevant for chicks
Model 15 | Migration class + planning area No Yes No Temporal mismatch w/adult blood; not relevant for chicks
Model 16 Null model Yes Yes Yes Temporal mismatch w/adult blood; not relevant for chicks

Models were compared using Akaike’s Information Criteria. BCI, body condition index (see methods for definition).
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TABLE 3 Frequency of detection, range and sum of concentration (ng/g wet weight), and percent contribution to total burden of individual polycyclic
aromatic hydrocarbons (PAHs) from blood of adult brown pelicans (n = 33) breeding in the northern Gulf of Mexico, 2013-2014.

Number birds > detection

limit, <detection limit

Range (ng/g
wet weight)

to total PAH burden from each compound)

‘ Sum (%) of PAHs (ng/g wet weight) and (% contribution

Alkylated compounds

2-methyl naphthalene 3,30 80.7-86.3 252.9 (8.2%)
2,6-dimethyl naphthalene 4,29 79.3-98.1 354.7 (11.5%)
1,3-dimethylnaphthalene 5,28 82.8-128.1 545.2 (17.7%)
1,5-dimethylnaphthalene 0,33 - -
2,3,5-trimethylnaphthalene 6,27 81.4-127.6 560.3 (18.2%)
1-methylfluorene 0,33 - -
3-methylphenanthrene 1,32 78.0 78.0 (2.5%)
9-methylphenanthrene 2,30 58.5-61.9 120.4 (3.9%)
Parent compounds

Naphthalene 2,31 83.9-102.2 186.1 (6.1%)
Acenaphthylene 0,33 - -
Acenaphthene 2,31 102.2-108.5 210.7 (6.8%)
Fluorene 2,31 161.1-165.4 326.6 (10.6%)
Phenanthrene 1,32 48.9 48.9 (1.6%)
Anthracene 3,29 73.9-84.3 238.7 (7.8%)
Fluoranthene 1,32 42.4 42.4 (1.4%)
Pyrene 1,32 50.0 50.0 (1.6%)
Benzo(a)anthracene 1,32 57.8 57.8 (1.9%)
Chrysen 0,33 - -
Benzo(b)fluoranthene 0,33 - -
Enzo(k)fluoranthene 0,33 - -
Benzo(a)pyrene 0,33 - -
Indeno(1,2,3-cd)pyrene 0,33 - -
Dibenz(a,h)anthracene 0,33 - -
Benzo(g,h,i)perylene 0,33 - -

compounds were detected in 10 of 33 birds, alkylated compounds
were detected in 16 of 33 birds, and both parent and alkylated PAHs
were detected in 5 of 33 birds. PAHs were detected in 75% of females
sampled and in 57% of males sampled.

Among adult pelicans with PAH concentrations above
detectable limits, the sum of all PAHs ranged from 42.44 to
463.75 ng g~ !, the sum of alkylated PAHs ranged from 58.46 to
220.51 ng g~ !, and the sum of parent PAHs ranged from 42.44
to 245.47 ng g~ ! in blood samples (Figure 2). There was no
significant difference in the concentration of parent compared
to alkylated PAHs in blood samples from adults using either
the full data set or using only data from birds above detectable
limits (Wilcoxon rank sum test P > 0.13 for each). When all
individuals were considered, there was no correlation between
summed concentrations of alkylated and parent PAHs (Kendall tau
r=—0.05, Pearson r = —0.09). Similarly, when only individuals with
detectable limits of PAHs were considered, there was no correlation
between summed concentrations of alkylated and parent PAHs
(Pearson r = 0.25). The individual with the highest concentration of
summed parent PAHs (245.47 ng g~ 1) did, however, present with

Frontiers in Ecology and Evolution

the second highest level of alkylated PAHs (218.28 ng g~ !; female,
Audubon Island, Florida). The PAH with the highest concentration
detected was fluorene (165.4 and 161.1 ng g~ !; both birds from
Audubon Island, Florida). The two most frequently detected
PAHs (1,3-dimethylnaphthalene and 2,3,5-trimethylnaphthalene)
also had the widest range in measured concentrations (~80~28 ng
g_l; Table 3).

Five models for the presence of sumPAH in pelican blood
received support, and these included each of the main variables we
assessed except planning area (Supplementary Table 1). There was
little separation among these five models, and the most supported
model only carried an AICc weight = 0.21. The only variable that
appeared to have a measurable relationship with sumPAH was sex
(model averaged coefficient estimate = —1.12 £ 0.95). Females
were 3.1 times more likely to be detected with a PAH compared
to males although there was substantial variability around the
estimate (90% CI for odds ratio = 0.7, 16.7). The concentration
of sumPAH in pelican blood was best described by a single model
that included sex and home range size (Supplementary Table 1).
There was substantial separation among the first and second
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Central
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; wet weight) of parent and alkylated polycyclic aromatic hydrocarbons (PAHs), and the sum of parent plus alkylated PAHSs, in

blood samples of adult brown pelicans breeding in the northern Gulf of Mexico, 2013-2015. Bird ID, two letter abbreviation for the colony of origin
of the sample (AU, Audubon Island; SM, Smith Island; FE, Felicity Island; GA, Gaillard Island; RA. Raccoon Island; CH, Chester Island; SH, Shamrock

Island; see ), a unique identification number, and F, Female or M,

ranked model, and the most supported model carried 90% of the
AICc weight. There was a strong relationship between sumPAH

—0.73 £ 0.23).
1

concentrations and sex (coefficient estimate =
The odds of the sumPAH concentration increasing by 1 ng g~
increased by 2.1 times for females compared to males (90% CI
for odds ratio = 1.4, 3.0). There was a weak negative relationship
between sumPAH concentrations and home range size which was
strongly leveraged by a single individual and therefore discounted
(coefficient estimate = —0.00022 % 0.000099).

Three models for the presence of sumPAR in pelican blood
received support, and these included the variables home range,
sex, and BCI (

among these three models, with the most supported model only

). There was little separation

carrying an AICc weight = 0.28. Sex was weakly associated
—0.94 £ 0.89). Females
were approximately 2.5 times more likely to be detected with
a PAR PAH compared to males, although there was substantial
variability around the estimate (90% CI for odds ratio 0.6,

11.1). Coeflicient estimates for home range size and BCI had

with sumPAR (coefficient estimate

standard errors that overlapped zero indicating little evidence of
a statistical relationship. Four models for the concentration of
sumPAR in pelican blood received support, and these included
).

There was little separation among these four models, and the most

each of the main variables we assessed (

supported model carried an AICc weight = 0.38. The only variable
with a measurable, yet weak, effect on sumPAR was planning
area. Coeflicient estimates indicated that the concentrations of
sumPAR were lower in the CPA compared to the EPA (coefficient
estimate = —0.70 £ 0.41; ). The odds of the sumPAR
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Male.

concentration increasing by 1 ng g~! increased by 2.0 times

for birds in the EPA compared to the CPA, although there was
substantial variability around the estimate (90% CI for odds
ratio = 1.0, 4.0).

Two models for the presence of sumALK in pelican blood
received support, and these included the variables sex and home
range size ( ). There was little separation
among these two models, and the most supported model was 1.5x
as likely to be the best model compared to the second-ranked
model. Sex had a measurable relationship with sumALK (coefficient
estimate = —1.45 4 0.91) while the coefficient estimate for home
range had standard errors that overlapped zero indicating no
relationship. Females were 4.3 times more likely to be detected with
an ALK PAH compared to males, although there was substantial
variability around the estimate (90% CI for odds ratio = 1.1,
25.0). Only the full model for the concentration of sumALK in
pelican blood, which included each main variable and carried an
AICc weight = 0.86, received support ( ).
Coefficient estimates indicated that the concentrations of ALK
PAHs were likely to decrease in the CPA compared to the EPA
(coefficient estimate = —0.36 & 0.24; ), decrease in males
compared to females (coefficient estimate = —0.67 &= 0.21), decrease
with an increase in BCI (coefficient estimate = —0.0011 4= 0.0004),
and decrease with an increase in home range size (coefficient

—0.00019 = 0.00011). The odds of the sumALK
-1

estimate
concentration increasing by 1 ng g~ increased by 1.4 times for
birds in the EPA compared to the CPA (90% CI for odds ratio = 1.0,
2.2),and increased by 1.9 times for females compared to males (90%

CI for odds ratio = 1.4, 2.8). The odds of a change in sumALK
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Concentrations (ng g=*

; wet weight) of alkylated polycyclic aromatic hydrocarbons (PAHs) by planning area from blood samples of adult brown

pelicans breeding in the northern Gulf of Mexico, 2013-2015. Only samples above detectable limits are included.

for BCI and home range did not differ from 1.0 even when each
independent variable was scaled up one order of magnitude.

We found a positive correlation between sumPAH in adult
blood with total protein (tau = 032, p = 0.02) and with
lymphocyte count (tau = 0.25, p = 0.08). All other correlations with
hematological variables were not significant.

PAH profiles in adult feathers

We analyzed feathers for PAHs from 92 adult pelicans. The
occurrence and concentrations of each PAH are summarized
in and reported as dry weight (ng g=!). The most
frequently occurring PAHs were of intermediate molecular weight.
The PAHs with the highest concentrations detected were 1,3-
dimethylnaphthalene (256.2 and 221.8 ng g~!; both birds from
Felicity Island, Louisiana) and 2-methyl naphthalene (229.0 ng
g~1; Shamrock Island, Texas). All of the alkylated compounds
were detected in >2 birds while nine parent compounds were not
detected. 1,3-dimethylnaphthalene, the most frequently detected
PAH, also had the widest range in measured concentration (~72-
~256 ng g_l; ). Of the 24 PAHs assessed, 15 were detected
in at least one individual. Alkylated PAHs were detected in 46% of
individuals and parent PAHs were detected in 26% of individuals.
Three alkylated compounds were detected in >10% of individuals
[2,6-dimethyl naphthalene (n = 10), 1,3-dimethylnaphthalene
(n = 11), and 2,3,5-trimethylnaphthalene (n = 10)]. Of 92 birds
sampled, 56 (60.8%) had at least 1 PAH detected (1 PAH: n = 39;
2 PAHs: n = 13; 3 PAHs: n = 2; 4 and 6 PAHs: n = 1). Parent
compounds were detected in 24 of 92 birds, alkylated compounds
were detected in 42 of 92 birds, and both parent and alkylated PAHs
were detected in 10 of 92 birds. PAHs were detected in 67% of
females sampled and in 55% of males sampled.

Frontiers in

Among adult pelicans with detectable limits of PAHs, the
sum of all PAHs ranged from 60.20 to 623.80 ng g~ !, the
sum of alkylated PAHs ranged from 71.50 to 479.00, and the
sum of parent PAHs ranged from 32.40 to 166.70 in feather
samples ( ). The mean (&SE) of the sum of alkylated
PAHs (78.08 £ 10.94) was greater than the sum of parent PAHs
(27.21 £ 5.13) for the full data set (i.e., including samples with no
detectable PAHs; W = 3135.5, p-value = 0.0004). The mean (& SE)
of the sum of alkylated PAHs (171.03 £ 9.41) was greater than
the sum of parent PAHs (104.30 =+ 3.62) for the subset of samples
above detectable limits (W = 235.5, p-value = 0.0003).When all
individuals were considered, there was no correlation between
summed concentrations of alkylated and parent PAHs (Kendall
tau r = —0.06, Pearson r = —0.03). When only individuals with
detectable limits of PAHs were considered, there was a moderate
positive correlation between summed concentrations of alkylated
and parent PAHs (Pearson r = 0.57).

One model for the presence of sumPAH in pelican feathers
received support, and it included BCI and migration class
( ). This two-variable model carried 63% of
the AIC weight and was 3x as likely to be the best model compared
to the second ranked model (which was a single variable model for
migration class). Both BCI (coefficient estimate = —0.002 % 0.001)
and migration class (coefficient estimates: medium —1.58 %+ 0.77,
short —1.38 & 0.76) appeared to have a measurable relationship
with sumPAH. The odds of a bird having a PAH increased 1.002
times (90% CI for odds ratio = 1.0006, 1.004) for every unit decrease
in BCI (i.e., 1.2 times for every 100 unit decrease in BCI). The
odds of a bird having a PAH decreased 4.8 times for medium v.
long distance migrants (90% CI for odds ratio = 1.4, 20.0) and
decreased 4.0 times for short v. long distance migrants (90% CI
for odds ratio = 1.2, 16.7). One model for the concentration of
sumPAH in pelican feathers received support, and it included BCI
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TABLE 4 Frequency of detection, range and sum of concentration (ng/g wet weight), and percent contribution to total burden of individual polycyclic
aromatic hydrocarbons (PAHs) from feathers of adult brown pelicans (n = 92) breeding in the northern Gulf of Mexico, 2013-2014.

limit, <detection limit wet weight) to total PAH burden from each compound)

Number birds > detection | Range (ng/g ’ Sum (%) of PAHs (ng/g wet weight) and (% contribution

Alkylated compounds

2-methyl naphthalene 6, 86 56.3-229.0 764.6 (7.9%)
2,6-dimethyl naphthalene 10, 82 71.5-208.9 126.7 (13.1%)
1,3-dimethylnaphthalene 11, 81 71.7-256.2 1694.6 (17.5%)
1,5-dimethylnaphthalene 6, 86 84.0-190.0 863.4 (8.9%)
2,3,5-trimethylnaphthalene 10, 82 50.3-183.1 1067.6 (11.0%)
1-methylfluorene 7,85 49.7-146.3 656.8 (6.8%)
3-methylphenanthrene 2,90 120.5-181.5 302.0 (3.1%)
9-methylphenanthrene 3,89 124.4-261.8 566.5 (5.8%)
Parent compounds

Naphthalene 4, 88 90.7-132.2 448.9 (4.6%)
Acenaphthylene 2,90 101.3-137.2 238.5 (2.5%)
Acenaphthene 3,89 89.3-166.7 377.3 (3.9%)
Fluorene 0,92 - -
Phenanthrene 4, 88 32.4-100.0 290.5 (3.0%)
Anthracene 2,90 63.2-70.5 133.7 (1.4%)
Fluoranthene 6, 86 60.2-121.6 513.6 (5.3%)
Pyrene 5,87 55.8-160.5 500.9 (5.2%)
Benzo(a)anthracene 0,92 - -
Chrysene 0,92 - -
Benzo(b)fluoranthene 0,92 - -
Benzo(k)fluoranthene 0,92 - -
Benzo(a)pyrene 0,92 - -
Indeno(1,2,3-cd)pyrene 0,92 - -
Dibenz(a,h)anthracene 0,92 - -
Benzo(g,h,i)perylene 0,92 - -

and migration class (Supplementary Table 4). Although the best-  (Supplementary Table 5). This two-variable model carried 70% of
performing model carried 94% of the AIC weight, neither BCI nor  the AIC weight and was 4.4x as likely to be the best model compared
migration class had a measurable effect on the concentration of  to the second ranked model which was >2 AIC points removed.
sumPAH (i.e., SE > coefficient estimate). Only migration class (coefficient estimates: medium —0.31 £ 0.21,
Three models for the presence of sumPAR in pelican feathers  short —0.39 £ 0.15) had a measurable relationship with sumPAR
received support (Supplementary Table 5). The top ranked model ~ (Figure 5). The odds of the sumPAR concentration increasing by
carried 31% of the AIC weight and was 1.2 times as likely to 1 ng g~ ! increased by 1.4 times for birds in the long-distance
be the best model compared to the second ranked model. Home  compared to medium-distance migrant class (90% CI for odds
range size appeared to have a measurable relationship with sumPAR  ratio = 0.9, 2.0) while the odds of the sumPAR concentration
(coefficient estimate = 0.00081 = 0.0003). The odds of a bird having  increasing by 1 ng g~ ! increased by 1.5 times for birds in the long-
a PAR increased 1.08 times for every 100 km? unit increase in  distance compared to short-distance migrant class (90% CI for odds
home range. There was a marginal increase in the odds of a bird  ratio = 1.1, 1.9).
having a PAR PAH for females compared to males (2.4 times, Two models for the presence of sumALK received support, and
90% CI for odds ratio = 0.8, 7.1). The odds of a bird having  both included migration class (Supplementary Table 6). The first-
a PAR PAH decreased 4.3 times for medium compared to long  ranked model carried 68% of the model weights. This top ranked
distance migrants (90% CI for odds ratio = 1.4, 20.0). The odds  model included migration class and BCI and was 2.6 times as likely
of a bird having a PAR PAH increased 4.4 times for birds in  to be the best model compared to the second ranked model which
the CPA compared to the EPA (90% CI for odds ratio = 1.3,  included only migration class. BCI was negatively related to the
15.9). One model for the concentration of sumPAR in pelican  presence of sumALK (coefficient estimate = —0.0014 % 0.0009).
feathers received support, and it included migration class and BCI ~ The odds of a bird having an ALK increased 1.001 times (90% CI
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for odds ratio = 1.0002, 1.003) for every 1 unit decrease in BCI
(i.e., 1.15 times for every 100 unit decrease in BCI). Migration class
did not have a measurable effect on sumALK. The concentration
of sumALK in pelican feathers was represented by one model
that included variables for migration class and planning area
( ). The best performing model carried 74%
of the AIC weight and was 5.7 times as likely to be the best model
compared to the second ranked model. Neither variable, however,
had a measurable effect on the concentration of sumALK (i.e.,
SE > coeflicient estimate).

summarizes the model results. Among adults, sex and
migration distance appeared as relevant variables for 50% of the
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Concentrations (ng g~* dry wet weight) of Parent polycyclic
aromatic hydrocarbons (PAHs) by migration class from feather
samples of adult brown pelicans breeding in the northern Gulf of
Mexico, 2013-2015. Only samples above detectable limits are
included.
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), @ unique identification number, and F, Female or M, Male.

dependent PAH variables. In all cases PAH levels were higher in
females compared to males, and higher in longer distance migrants
compared to short or medium distance migrants. BCI and planning
area appeared as relevant variables for 25% of the dependent PAH
variables. BCI was negatively related to PAHs in all cases while
the relationship with planning area was inconsistent. Home range
appeared as a relevant variable for 17% of the dependent PAH
variables and had a positive relationship in one case but a negative
relationship in the other case.

We found a positive correlation between sumPAH in adult
feathers with PCV (tau = 0.20, p = 0.03). All other correlations were
not significant (P > 0.10).

PAH profiles in feathers of chicks

We analyzed feathers for PAHs from 35 pelican chicks. The
occurrence and concentrations of each PAH are summarized in
and reported as dry weight (ng g=!). Of the 24 PAHs
assessed, 11 were detected in at least one individual ( ).
Alkylated PAHs were detected in 34% of individuals and each
alkylated compound was detected within our sample of individuals.
Parent PAHs were detected in 9% of individuals and we failed
to detect 13 of the parent compounds within our sample. Two
alkylated compounds were each detected in >10% of individuals;
2,6-dimethyl naphthalene (# = 4) and 2,3,5-trimethylnaphthalene
(n=4). Of 35 birds sampled, 13 (37.1%) had at least 1 PAH detected
(1 PAH n = 8; 2 PAHs n = 5). Parent compounds were detected in
3 of 35 birds, alkylated compounds were detected in 12 of 35 birds,
and both parent and were alkylated PAHs detected in 2 of 35 birds.
Among birds with detectable levels of PAHs, the sum of all
PAHs ranged from 100.5 to 309.6, the sum of alkylated PAHs ranged
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TABLE 5 Frequency of detection, range and sum of concentration (ng/g wet weight), and percent contribution to total burden polycyclic of individual
aromatic hydrocarbons (PAHs) from feathers of chick brown pelicans (n = 35) breeding in the northern Gulf of Mexico, 2014—-2015.

Number birds > detection | Range (ng/g ’ Sum (%) of PAHs (ng/g wet weight) and (% contribution

limit, <detection limit wet weight) to total PAH burden from each compound)

Alkylated compounds

2-methyl naphthalene 1,34 69.0 69.0 (3.2%)
2,6-dimethyl naphthalene 4,31 50.3-250.0 642.8 (30.2%)
1,3-dimethylnaphthalene 2,33 62.7-116.1 178.8 (8.4%)
1,5-dimethylnaphthalene 1,34 140.7 140.7 (6.6%)
2,3,5-trimethylnaphthalene 4,31 69.0-124.7 367.6 (17.3%)
1-methylfluorene 1,34 104.3 104.3 (4.9%)
3-methylphenanthrene 1,34 81.3 81.3 (3.8%)
9-methylphenanthrene 1,34 100.5 100.5 (4.7%)
Parent compounds

Naphthalene 1,34 186.9 186.9 (8.8%)
Acenaphthylene 0,35 - -
Acenaphthene 0,35 - -
Fluorene 0,35 - -
Phenanthrene 1,34 57.9 57.9 (2.7%)
Anthracene 0,35 - -
Fluoranthene 0,35 - -
Pyrene 1,34 193.5 193.5 (9.1%)
Benzo(a)anthracene 0,35 - -
Chrysene 0,35 - -
Benzo(b)fluoranthene 0,35 - -
Benzo(k)fluoranthene 0,35 - -
Benzo(a)pyrene 0,35 - -
Indeno(1,2,3-cd)pyrene 0,35 - -
Dibenz(a,h)anthracene 0,35 - -
Benzo(g,h,i)perylene 0,35 - -

from 50.3 to 265.3, and the sum of parent PAHs ranged from 57.9  the concentration of sumPAH in chick feathers (Supplementary
to 193.5 (Figure 6). The sum of alkylated PAHs (48.14 £ 77.03)  Table 7). The model including planning area carried 41% of the AIC
was significantly higher compared to the sum of parent PAHs  weight and was 1.1 times as likely to be the best model compared
(12.52 £ 45.44) when using the full data set (W = 458, P = 0.01)  to the null model which ranked second. Planning area (coefficient
but did not differ when only birds above detectable limits were  estimates: central = —0.59 £ 0.29, western = —0.36 £ 0.27) had a
examined (W = 21.0, P = 0.7). When all individuals are considered, = measurable relationship with sumPAH. Birds in the EPA were 1.8
there was no correlation between summed concentrations of  times (90% CI for odds ratio = 1.1, 2.9) more likely to have elevated
alkylated and parent PAHs (Kendall tau r = 0.13, Pearson r = 0.05).  sumPAH concentrations with respect to birds in the CPA and birds
Sample sizes were insufficient (n = 3 birds) to assess the correlation  in the EPA were 1.4 times (90% CI for odds ratio = 0.9, 2.3) more
between alkylated and parent PAHs when only individuals with  likely to have elevated sumPAH concentrations with respect to
detectable limits of PAHs were considered. birds in the WPA.

Two models for the presence of sumPAH in chick feathers Only three birds had detectable levels of sumPAR. Although the
received support. The top ranked model included planning area  model including BCI received support for the presence of sumPAR,
and the null model also was supported (Supplementary Table 7). it ranked second to the null model which was 2.6 times as likely
The planning area model carried 54% of the AIC weightand was 1.9 to be the best model (Supplementary Table 8). The SE on the
times as likely to be the best model compared to the second ranked  estimate of BCI was greater than the coefficient estimate, indicating
model. Birds in the CPA were six times as likely to have a PAH  no measurable relationship. A hurdle model was not conducted for
compared to birds in the EPA (coefficient estimates = 1.79 £ 1.29)  sumPAR due to insufficient sample size.
although the variability on the estimate was wide (90% CI for Only one model supported the presence of sumALK in
odds ratio = 0.9, 75.9). All three models received support for  chick feathers. The top ranked model included planning area
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TABLE 6 Summary of model results from an information theoretic
approach to assess relationships among polycyclic aromatic
hydrocarbons (PAHs) and independent variables for brown pelican adults
and chicks sampled from breeding colonies in the northern Gulf of
Mexico, 2013-2015.
BClI Home
range size

Migration class| Planning | Sex
area

Presence in adult blood

Y~ PAH n/a F>M
XPAR n/a F>M
ALK n/a F>M
Concentration in adult blood

YXPAH n/a F>M
ZPAR n/a East > Central

ALK (-) (-) n/a East > Central| F > M

Presence in adult feathers

YPAH (-) Long > short, medium
XPAR (+) Long > medium  |Central > East F > M
Y ALK (=)

Concentration in adult feathers

XPAH

XPAR Long > short, medium

ALK

Presence in chick feathers

YXPAH n/a n/a Central > East n/a

XPAR n/a n/a n/a

ALK n/a n/a Central > East n/a
East > West

Concentration in chick feathers

XPAH n/a n/a East > Central n/a
East > West

XPAR n/a n/a n/a

ALK n/a n/a n/a

X PAH, sum of parent and alkylated PAHs while XPAR and ALK, sum of only parent or
alkylated PAHs, respectively. Independent variables defined in Methods (BCI, body condition
index). (—), a negative relationship between the independent and dependent variable and (+),
a positive relationship between the independent and dependent variable. n/a, variable not
assessed for that dependent variable. Blank cells indicate no relationship was found.

(Supplementary Table 9). The planning area model carried 70%
of the AIC weight and was 3.5 times as likely to be the best
model compared to the null model which ranked second. Birds in
the CPA were 6 times more likely (90% CI for odds ratio = 0.9,
75.9) to have a PAH compared to birds in the EPA (coefficient
estimate = 1.79 & 1.29) while birds in the EPA were 2.6 times more
likely (90% CI for odds ratio = 0.7, 11.1) to have a PAH compared to
birds in the WPA (coefficient estimates = —0.98 £ 0.85). Although
the model including BCI received support for the concentration of
sumALK, it ranked second to the null model which was 1.9 times as
likely to be the best model (Supplementary Table 9).

We found a negative correlation between sumPAH in chick
feathers with PCV (tau = —0.54, p = 0.002). All other correlations
were not significant (P > 0.10).
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Summary of model results

Table 6 summarizes model results from both age classes and
both tissues types. Among adults, sex and migration distance
appeared as relevant variables for 50% of the dependent PAH
variables. In all cases PAH levels were higher in females compared
to males, and higher in longer distance migrants compared to short
or medium distance migrants. BCI and planning area appeared as
relevant variables for 25% of the dependent PAH variables. BCI was
negatively related to PAHs in all cases while the relationship with
planning area was inconsistent. Home range appeared as a relevant
variable for 17% of the dependent PAH variables and had a positive
relationship in one case but a negative relationship in the other case.

Discussion

We found that PAHs occurred frequently, and in high
concentrations, in brown pelicans in the Gulf of Mexico, and
that higher concentrations of PAHs were associated with adverse
outcomes such as lower body condition (adults) and lower packed
cell volume (chicks). Of the 24 PAHs assessed, 17 occurred at
least once when data were pooled among all three sample sets
(i.e., adult blood, adult feathers, chick feathers). Each of the eight
alkylated PAHs was detected and six were found in all three
sample sets. Nine of the 16 parent PAHs were detected although
only three were detected in all three data sets. Although the
PAH profile of brown pelicans in the northern GOM was diverse,
suggesting a wide range of inputs, 2- and 3-ring PAHs were the most
commonly detected, indicating that PAH uptake and sequestration
was petrogenic in nature (McConnell et al., 2015). Lesser-ringed
PAHs tend to be less carcinogenic compared to higher-ringed
PAHs, however, carcinogenic activity tends to increase with the
addition of alkyl groups (Abers and Loughlin, 2003). Therefore
the adult and chick brown pelicans we sampled, which commonly
presented with alkylated versions of two-ring PAHs, may be at risk
from carcinogenic PAH exposure. We also found that pathways
for exposure varied among age classes and tissue types: adult
exposure was higher in females and was positively correlated with
larger home ranges and longer migrations, while chick exposure
was positively correlated with the region in which the colony was
located. This suggests that PAH exposure in adults incorporates
variation in individual behavior across the annual cycle, while PAH
levels in chicks reflect conditions in and around the breeding site.

PAH profiles in adults

We analyzed concentrations of PAHs in both blood and
feathers from adults to provide a complementary assessment of
PAH exposure in the environment. Alkylated PAHs occurred more
commonly and were measured at higher summed concentrations
compared to parent PAHs in adult samples from both blood and
feathers. The most common and concentrated PAHs in brown
pelican samples were all two-ring alkylated PAHs present in
crude oil (2,3,5-trimethylnaphthalene, 1,3-dimethylnaphthalene,
and 2,6-dimethyl naphthalene), suggesting that exposure to oil
and/or byproducts of oil may have been a substantial source
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FIGURE 6

Concentration (ng g~1; dry weight) of parent and alkylated polycyclic aromatic hydrocarbons (PAHs), and the sum of parent plus alkylated PAHs, in
feather samples of brown pelican chicks in the northern Gulf of Mexico, 2014-2015. Bird ID, the three-letter combination from the field-readable

plastic leg band applied to the chick. F, feather sample.

of PAH contamination for brown pelicans during this study.
Alkylated PAHs are more abundant in crude oil, more persistent,
and less prone to metabolization compared to parent PAHs
( ). ( ) found that alkylated PAHs had
a stronger signature in crude oil, weathered oil, and oil mousse
compared to parent PAHs. 2,6-dimethyl naphthalene was also
identified as a known component of oil released during blowouts
in the northern Gulf of Mexico ( ). This profile
pattern indicates that exposure to oil and/or byproducts of oil
may have been a substantial source of PAH contamination for
brown pelicans during this study. Similar to the general profile we
observed, alkylated PAHs also were more common compared to
parent PAHs in blood samples of Common Loons (Gavia immer)
and Northern Gannets (Morus bassanus) sampled during their
non-breeding seasons in the northern Gulf of Mexico (
; )-

The presence or absence of PAHs in adult blood samples was
most frequently predicted by sex, although this relationship was
stronger for alkylated PAHs than for parent or the sum of all PAHs.
Sex also had a positive effect on the increase in concentration of
sumPAH and sumALK in adult blood samples. A dimorphic result
based on sex could occur through differential resource selection by
males and females with respect to habitat occupied and/or prey
consumed ( ). In contrast, we did not observe a
sex effect on either the occurrence of or concentration of PAHs in
adult feathers. Given that blood reflects a relatively recent signature
compared to feathers, our results indicate that during incubation
and early chick-rearing, females are being exposed to PAHs more
frequently or perhaps more recently than males but that over the
course of the annual cycle exposure may be more similar.

A unique attribute of our samples was the opportunity to
use tracking data to assess the extent of movement, as measured
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by home range size and migration strategy, on PAH exposure.
Migration class predicted the occurrence and concentration of
PAHs in adult feathers more frequently than the other independent
variables we assessed. Three of the six model steps showed that
longer distance migrants were more likely to be found with a PAH
(sumPAH and sumPAR) and that the level of PAHs was likely to
increase in that group (sumPAR). Most long-distance migrants in
our study departed the northern Gulf and occupied wintering areas
in the southern Gulf (i.e., Mexico EEZ), south Texas coast, Cuba,
). Most
long-distance migrants also attended distinct staging or molting

or the Pacific coast of Mexico (

sites separate from both their breeding and wintering areas, and
approximately 75% of birds in our sample occupied ranges in
the Louisiana Delta during the post-breeding period (

). An investigation into potential sources of parent PAHs in
molting and wintering areas may be warranted but likely would
need to consider exposure to both pyrogenic sources (which could
be quite varied) and petrogenic sources in these locations.

In contrast to migration class, home range during the breeding
season rarely had an ecological relationship with PAH presence
and was only related (positively) to the concentration of parent
PAHs on adult feathers. Our results suggest that the extent of
daily movement patterns (i.e., on the order of 10s of km) may not
occur over a spatial scale that consistently experiences substantial
heterogeneity in PAH availability. When considered with the results
of migration class, our data suggest that PAH availability for
adult brown pelicans is more heterogeneous at the larger spatial
resolutions typical of migration (e.g., >100 km) compared to
smaller spatial resolutions typical of home ranges (e.g., <100 km).

( ) also did not report a consistent effect of home
range size on measures of blood biochemistry and hematology in
these same populations of brown pelicans.
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We also assessed the relationship between PAH exposure
and regional oil and gas development intensity, using the three
jurisdictional planning areas of the U.S. Bureau of Ocean and
Energy Management. The proximity to oil and gas activity is
often used when predicting or assessing contaminant loads or
the likelihood of risk exposure to marine wildlife (e.g., Nicholson
et al., 2023), with an underlying assumption that exposure would
increase with the level of oil and gas activity (i.e., highest in the
central, intermediate in the west, and least in the east). During
our study, however, planning area was never a strong predictor of
the presence of PAHs in adult pelicans and when planning area
was relevant, the results were not consistent with the background
levels of oil and gas development among the regions. Similarly,
Nicholson et al. (2023) found that proximity to active oil and gas
activity was not a strong predictor of PAH levels in red snapper
(Lutjanus campechanus) in the western Gulf. We detected a slightly
higher concentration of sumPARs in the eastern planning area,
the least developed with respect to oil and gas activity. This result
was driven by two individuals from Florida, each with a high
level of the parent PAH fluorene (n = 2 birds, 161.1 ng g~ ! and
165.4 ng g~ ). The individuals from which these samples were
collected were both nesting adults on Audubon Island, Florida,
with home ranges centered in and proximate to bays surrounding
Panama City, Florida, an area with substantial industrial, military,
and agricultural development. Similarly, the three highest levels of
sumALK occurred in birds nesting in the eastern planning area in
Florida. The lack of a consistent relationship between PAHs and the
level of oil and gas development within the planning areas agrees
with our prior observation that breeding region is not a consistent
predictor of pelican health parameters (Jodice et al., 2022). These
results indicate that exposure to PAHs in pelicans is driven by
a complex set of internal and external factors affecting exposure
probability and cannot be distilled solely to the planning area (i.e.,
regional level of oil and gas development) within which individuals
breed.

Of the health-related variables we assessed, the only
relationship of significance was between the presence of PAHs
in adult feathers and BCI. Individuals in poorer body condition
were more likely to be found with a PAH, and it was more
likely that the PAH was from the alkylated group. Paruk et al.
(2016) found that in common loons sampled for PAHs during
their non-breeding season in the northern Gulf of Mexico,
individuals for which PAHs were detected were lighter in body
mass compared to individuals for which PAHs were not detected.
Similarly, Champoux et al. (2020) found that condition of northern
gannets, as assessed through blood analytes, was negatively
correlated with PAH concentration. Taken together, these results
support the supposition that PAHs can result in sublethal effects
within individuals (e.g., reduced body condition) even when
concentrations are not at maximum levels.

The average concentration (i.e., excluding individuals where
sumPAH = 0) of both parent (116.1 & 61.8 ng g~ !) and alkylated
(119.57 & 55.6 ng g~ ') PAHs in blood samples from pelicans
in this study appears to be higher compared to blood samples
collected from other waterbirds from the Gulf of Mexico during
a similar time frame. Paruk et al. (2016) reported means £ SEs
for parent and alkylated PAHs in wintering common loons of
83.1 £ 15.2 and 15.2 % 4.3, respectively. Champoux et al. (2020)
reported means £ SEs for parent and alkylated PAHs in wintering
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northern gannets of 2.5 + 2.4 and 11.1 £ 3.3 ng g, respectively.
Comparisons of PAH levels in feathers of adult pelicans from this
study to other studies of PAH levels in feathers of free-ranging birds
from this region are, to the best of our knowledge, unavailable at
this time.

PAH profiles in chicks

Only feathers were assessed for PAHs in chicks. As with adults,
however, each of the eight alkylated PAHs was detected in chicks
but only three of the 16 parent PAHs were detected (and each only
once). The most commonly occurring PAHs were the alkylated
PAHs 2,3,5-trimethylnaphthalene, 1,3-dimethylnaphthalene, and
2,6-dimethyl naphthalene, the same common PAHs found in adult
feathers. As with adults, 2- and 3-ring PAHs were the most
commonly detected and therefore pelican chicks also may be at
risk from carcinogenic PAH exposure (Abers and Loughlin, 2003).
There were no PAHs found in chicks that were not also found in
adults, suggesting that chicks represent a subset of the adult data
although the profile and total concentration of PAHs of chicks are
less diverse and lower, respectively, compared to adults.

Planning area irregularly and weakly predicted PAH levels in
feathers of chicks. The presence of alkylated PAHs was more likely
in the central planning area, which has a higher concentration of
oil and gas activity compared to the western and eastern planning
areas. Alkylated PAHs tend to be associated with petrogenic sources
and may be more likely to occur from contact with recently
foraging parents (Paruk et al., 2014; Seegar et al., 2015). The three
highest concentrations of PAHs in chick feathers, however, were
not recorded from the central planning area. These three high
values occurred in birds sampled in Galveston Bay, Texas, and
from the Florida Panhandle, suggesting that local factors may also
be driving individual exposure to PAHs. For example, between
2004 and 2017, 17% of sediment samples from the Houston Ship
Channel in Galveston Bay exceeded state standards for Pyrene?
which was the second highest PAH we recorded in pelican chicks.
The heterogeneity we observed in chick exposure suggests that
specific and highly localized exposure events, such as consuming
contaminated prey item or contacting contaminated material at
or near nest sites, may substantially affect PAH levels over the
relatively short time frame (i.e., weeks) of nestling development.
Because of relative infrequency of PAHs in chick feathers, however,
caution should be applied when interpreting these results.

Comparable data sets assessing PAH loads in chicks are, to
the best of our knowledge, few in number. Fernie et al. (2018a)
measured total PAH loads of 31-106 ng g~! ww in muscle and
feces of nestling tree swallows at oil sand sites. While not directly
comparable the sumPAH values we measured (57.9-642.8 ng g~ !
dry weight) appear to be substantially higher. Chick feathers likely
represent contact transfer of PAHs from adults, deposition from
aerial sediments, or contact with PAHs in ground/nesting material
or prey (Fernie et al., 2018a,b; Perez-Umphrey et al., 2018). Fernie
et al. (2018b) found that Tree swallow nestlings showed decreased
growth rates and that reproductive success (% eggs that led to
fledged chicks) was lower at oil sand sites with higher levels of

2 www.galvbaygrade.org
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PAHs compared to reference sites. Uptake and deposition of PAHs
in the birds’ muscle was related to diet and also higher at oil sand
sites compared to reference sites (Fernie et al., 2018a). These results
demonstrate that nest-bound chicks can accumulate detrimental
levels of PAHs from the surrounding environment. Given that the
route of contamination for PAHs on chick feathers is not entirely
clear, we suggest that additional assessments be considered to
determine if short- or long-term changes may occur in PAH loads
dependent upon chick age or parental activity such as provisioning
or brooding (i.e., activities that may enhance contact with chicks).

Correlates with other biomarkers

Exposure to contaminants such as PAHs can result in sublethal
effects of varying severity. Fallon et al. (2018) identified several
physiologic correlates of oiling in Brown Pelicans and other
waterbirds following exposure to oiling including reduced PCV,
reduced Hb, decreased counts of red blood cells, oxidative injury
to erythrocytes, and formation of Heinz bodies. We assessed
physiologic correlates of PAH exposure in two tissue types
and two age classes. We found a positive correlation of PAH
exposure with total proteins and with lymphocyte count in
adults. An increase in total proteins or lymphocyte counts can
occur with inflammation and infection (Newman et al., 2000;
Grimaldi et al,, 2015), both attributes of PAH exposure. Paruk
et al. (2016, 2021) found positive correlations between PAH
levels and total protein, and between PAH levels and counts
of eosinophils, lymphocytes, and monocytes in common loons
wintering in the Gulf of Mexico. Similarly, Champoux et al.
(2020) found a positive correlation between lymphocyte count
and PAH exposure in northern gannets wintering in the Gulf of
Mexico.

We found that PCV was lower in chicks when PAH levels in
their feathers were higher. A decrease in PCV can be indicative of
sublethal physiological responses to environmental stressors. For
example, Paruk et al. (2016) found a weak negative correlation
between PCV and PAH exposure as measured in blood of adult
common loons wintering in the Gulf of Mexico and Fallon
et al. (2018) found decreased PCV in brown pelicans in areas
exposed to oiling compared to reference areas. Each suggested
that the decrease in PCV was symptomatic of environmental
stressors related to exposure to PAHs and oiling. Given that
feathers are more likely to represent longer term exposure, our
results indicate that pelican chicks may be experiencing long
term physiological stress correlated with exposure to PAHs.
In contrast, we found that PCV was higher in adults when
PAH levels in their feathers were higher. Pulmonary and renal
diseases can also lead to relative increases in PCV and such
diseases may occur with long term exposure to pollutants
such as PAHs (Troisi et al., 2006; Jones, 2015; Bursian et al,
2017).

Conclusion

We assessed PAH loads in blood and feathers from adult
brown pelicans during the breeding season, and from feathers of
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chicks of brown pelicans. Both alkylated and parent PAHs were
commonly detected in both age groups and both sample types,
indicating that both short- and long-term exposure (i.e., blood
and feathers, respectively) are occurring for this species. The high
level of oil and gas activity in waters of the northern Gulf of
Mexico, as well as industrial, military, and agricultural activity in
the coastal region, make it challenging to identify a primary source
for PAH exposure although the higher frequency of alkylated PAHs
in samples does suggest substantial exposure from a petrogenic
source (Pereira et al., 2009; McConnell et al., 2015; Jesus et al.,
2022). Our data provide reference levels for a time period following
a major spill event, and further assessments conducted additional
years out from the event (ie., a time series) may also provide
context for the stability of these initial levels (National Research
Council [NRCJ, 2003). Long-term tracking of PAHs, as well as
an assessment of sublethal effects of PAHs on pelicans, can also
enhance our understanding of the persistence and effects of this
contaminant in the northern Gulf. Recent studies also suggest that
preen oil can also be used to assess PAH levels and assessing PAH
levels through multiple matrices (e.g., blood, feathers, preen oil)
may provide a more complete picture of contamination (Acampora
et al., 2018). Lastly, the taxonomic diversity of marine avifauna
assessed for PAH exposure in the northern Gulf remains narrow.
Along with our study, PAHs have also been measured in free-
ranging common loons and northern gannets, both species that
migrate to the Gulf during their non-breeding seasons. Additional
data from other marine avifauna that breed within the northern
Gulf would provide stakeholders with a more complete view of PAH
exposure, particularly if species representing different foraging
modes and diets were included [e.g., gulls and terns (Laridae), or
American oystercatchers (Haematopus palliates)].
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