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The 2010 Deepwater Horizon (DWH) disaster led to extensive oil deposition in

Louisiana’s coastal wetlands, followed two years later by Hurricane Isaac. These

disturbances led to changes in saltmarsh invertebrate communities, potentially

affecting higher-level predators and the saltmarsh food web. Seaside Sparrows

(Ammospiza maritima) are ubiquitous, year-round residents of the coastal

saltmarsh affected by the DWH spill, where they consume diverse

invertebrates and may be considered an indicator species for the

ecosystem’s integrity. We used DNA metabarcoding to evaluate prey

consumed by Seaside Sparrows to understand how sparrows responded to

residual contamination from the DWH oil spill and ecosystem disturbance

caused by Hurricane Isaac. To do so, we evaluated metrics of diet (prey

richness, diversity, overall diet composition) and resource use (total niche

width, individual specialization) from 2011 to 2017 on oiled, unoiled, and

reference sites. We found that while diet composition varied across years

and site type, Hurricane Isaac had an even greater effect on the richness

and diversity of prey consumed. Resource use—as measured by the total

niche width of the populations and degree of individual specialization—was

most stable on unoiled sites compared to unoiled and reference sites. Finally,

we analyzed resource use for each combination of site type and year (i.e.:

“2014 oiled sites”), which indicated a strong correlation between individual

specialization and total niche width: as total niche width increased, individuals

became more specialized, following the predictions of the Niche Variation

Hypothesis.
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1 Introduction

In an effort to understand the resource use of populations,

Van Valen (1965) proposed the niche variation hypothesis

(NVH), suggesting that in the absence of interspecific

competition, the overall suite of resources used by a

population—or the total niche width (TNW)—will broaden as

individuals take advantage of available resources. The NVH

posits that unique phenotypes of individuals (or behavioral

differences; Werner and Sherry 1987; Toscano et al., 2016)

will drive them to consume unique prey—that is, individuals

will specialize on resources suited to their unique morphology or

cognitive ability and the overall diversity of prey consumed by the

population will increase, leading to a broader TNW (Van Valen

1965). Since the width of a trophic niche is driven by the number

of resources used, specialist species are often assumed to have

narrow TNW, while generalist species have broader TNW

(though see Peers et al., 2012).

Dietary niche is one important component in determining

how species cope with ecosystem disturbance (Graham et al., 2011;

Cloyed et al., 2021). Trophic generalists consume a variety of prey

and can adapt to changing prey communities through foraging

plasticity, with individuals switching between food sources when

resources are scarce. This flexibility can allow generalist species to

persist despite changes in their environment (Swihart et al., 2003).

Trophic specialists, on the other hand, may struggle to survive if

their preferred resources become unavailable (Clavel et al., 2011).

The evolution of these trophic strategies may be driven by a variety

of pressures, including intra- and interspecific competition,

resource availability, and environmental factors. Ecosystem

heterogeneity is one such factor, with spatially and temporally

stable ecosystems favoring the evolution of specialists and more

heterogenous or unpredictable environments leading to the

evolution of generalists (Kassen, 2002). Disturbance can create

environmental heterogeneity by altering habitat and the structure

of prey communities through time and space, ultimately

influencing diets of higher predators (Waide, 1991; Alves et al.,

2016; Trevelline et al., 2018). In ecosystems where disturbances are

frequent, selection should favor generalist strategies over specialist

strategies (Waide, 1991).

Traditionally, ecological studies assumed all individuals in a

generalist population sample the full suite of resources used by

the population (Colwell and Futuyma, 1971; Pielou, 1972).

However, it has become increasingly appreciated that

individual variation and specialization within generalist

populations may be more common—and important—than

previously recognized (Durell, 2000; DeSantis et al., 2022).

Within a generalist population, individuals may specialize to

take advantage of distinct resources (type A generalists, as

predicted by the NVH); individuals may share the same,

broad set of resources (type B generalists); or the population

may be composed of individuals that fall somewhere in between

these two extremes (Bolnick et al., 2003).

Here, we present a case study on the response of the Seaside

Sparrow (Ammospiza maritima) to anthropogenic and natural

disturbances, for which we used DNA metabarcoding to identify

prey consumed and evaluate resource use. Seaside Sparrows are

year-round residents of the coastal saltmarshes of southeast

Louisiana, an area that experiences frequent large-scale storms

(Keim et al., 2007). These saltmarshes were also affected by the

2010 Deepwater Horizon (DWH) oil spill disaster, which led to

the oiling of 1,105 km of wetlands, with the majority (1,055 km)

in Louisiana (Nixon et al., 2016). This created justifiable concern

for the coastal ecosystem, as Louisiana is an important stopover

site for migratory birds and home to many resident species,

including approximately 3.5 million non-migratory Seaside

Sparrows, comprising ~55% of their global population

(Remsen et al., 2019). Only two years later, in August 2012,

Hurricane Isaac made landfall. The storm inundated coastal

Louisiana for several days and was later found to have

redistributed oil that had come ashore from the DWH

disaster (Turner et al., 2014; Zengel et al., 2015). Invertebrate

communities changed following both saltmarsh oiling and

hurricane disturbance (McCall and Pennings, 2012; Zengel

et al., 2015; Bam et al., 2018). Accordingly, resources used by

Seaside Sparrows may have changed as a result: for example,

sparrows may have had access to fewer species of prey, or the

reduced availability of prey may have led to an increase in

competition. That is, competition might be more intense on

sites with reduced prey (i.e. poorer quality sites, like oiled sites)

compared to sites with more robust invertebrate communities

(i.e. higher quality sites, like unoiled sites).

To assess the effect of oil contamination and hurricane

disturbance on the coastal saltmarsh food web, we quantified

the diets of Seaside Sparrows from 2011 to 2017 on sites with

varying degrees of oil contamination by evaluating dietary

diversity, richness, and overall diet composition. We

compared the degrees of individual specialization to the total

niche width (TNW) of Seaside Sparrows on sites throughout the

study period to determine if sparrow resource use follows the

predictions of NVH, that is, whether individuals specialize when

competition is reduced.

2 Methods

2.1 Study sites

Sites were chosen as part of a larger project studying the

effects of the Deepwater Horizon oil spill and were based on the

degree of shoreline oiling as determined by the National Oceanic

and Atmospheric Administration (NOAA, 2013) Shoreline

Cleanup Assessment Technique (SCAT; NOAA 2013; Michel

et al., 2013). SCAT maps from 3 August 2010 were used to

identify oiled (n = 5) and unoiled (n = 6) sites in Bays Batiste and

Sansbois, LA (both located within the larger Barataria Bay). After
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Hurricane Isaac (2012), additional sites (n = 3) were added near

Pointe à la Hache, LA on the northeast side of the Mississippi

River to serve as an outgroup in the event that the hurricane

redistributed oil in Barataria Bay (Figure 1).

Seaside Sparrows exhibit high site fidelity, with some birds

even returning to their original capture location after Hurricane

Isaac (Stouffer et al., 2013). To date, no research has been

conducted on the individual breeding territory or home range

size of Seaside Sparrows in Louisiana; throughout their range,

territory size varies from 1,203 m2 (Oak Beach, New York; Post

and Greenlaw, 1975) to 36,000 m2 (Ochopee, Florida; Werner

and Woolfenden, 1983), with variation between these sizes at

different locations (Baker, 1973; Werner, 1975; Post et al., 1983;

DeRagon, 1988; Marshall and Reinert, 1990). Additionally,

Seaside Sparrows will forage outside of their territory during

nesting periods to provision for their young, but the distance

travelled was rarely over 100 m from the center of their territory

in New York (Post, 1974). Given this, sites in this study were

selected to minimize the possibility of individuals traveling

between locations; our closest sites were approximately 1 km

apart.

2.2 Sample collection

Adult Seaside Sparrows were collected in August 2011 and

June 2012–2017. Birds were euthanized and dissected to collect

tissues for multiple studies (Olin et al., 2017; Perez-Umphrey

et al., 2018; Bonisoli-Alquati et al., 2020; Moyo et al., 2021). In all

years except 2013, stomach contents were immediately removed

from the stomach in the field before being flash frozen and stored

in liquid nitrogen, then transferred to long-term storage at -80°C.

In 2013, stomachs were flash frozen whole, with the contents

inside. For samples collected in 2013, the contents were removed

in the lab using clean scalpels and forceps. A total of 168 stomach

content samples were collected throughout the study period

(2011: n = 9, 2012: n = 19, 2013: n = 25, 2014: n = 27, 2015:

n = 22, 2016: n = 33, 2017: n = 33).

2.3 DNA extraction and amplification

DNA extraction followed Vo & Jedlicka (2014); a detailed

description can be found in Snider et al. (2022). The entire

sample was extracted to avoid subsampling, which can lead to

reduced prey detection and incomplete description of the diet

(Oehm et al., 2011; Jedlicka et al., 2013). In brief, stomach

contents were first weighed, and samples over 50 mg were

divided into multiple extractions. For samples split into

multiple extractions, the final DNA elutions were combined.

All extractions included a negative control. DNA concentration

was quantified with the Denovix Fluorescence dsDNA High

Sensitivity Assay kit (Denovix Inc. Wilmington, DE) and

samples below 0.2 ng/μL were concentrated in a vacuufuge

(Savant DNA 120 SpeedVac Concentrator, Thermo Scientific)

for 20 min on medium heat.

PCRs targeted two markers: COI, an amplicon from the

mitochondrial genome, and 18s, an amplicon from nuclear DNA

that codes for 18s rRNA. These markers were selected to

complement each other, because together they detect prey

across a wide range of taxa (da Silva et al., 2019). Generally,

COI is useful for high-resolution prey identification (Clarke et al.,

2017) but is limited in the breadth of prey it can detect. 18s is a

more conserved marker that is less suited for high-resolution

prey identification (Tang et al., 2012) but is able to identify a

wider breadth of prey. Seaside Sparrows are a generalist species,

and despite consuming both plants and animals they are thought

to primarily feed on insects and other invertebrates during the

summer, when samples were collected (Martin et al., 1961; Post,

1974; Post and Greenlaw, 2006). With this a priori knowledge of

the diet, the Zeale et al. (2011) arthropod-specific primer set was

chosen to identify arthropod prey, coupled with the Jarman et al.

(2013) 18s primer set to identify non-arthropod organisms

(i.e., da Silva et al., 2019).

PCR reactions and thermocycler conditions for COI followed

Jedlicka et al. (2016). PCR reactions consisted of 1X Phusion GC

Buffer, 200 µM dNTPs, 5% DMSO, 0.5 µM of each primer

modified with Illumina overhangs (ZBJ-ArtF1c and ZBJ-

ArtR2c; Zeale et al., 2011), 1 U Phusion High-Fidelity DNA

Polymerase (New England Biolabs, Ipswich, MA, United States),

0.004–4.25 ng DNA, and nH2O to 20 µl. COI thermocycler

conditions followed an initial denaturation step of 98°C for

FIGURE 1
Study sites in southeastern Louisiana. Main study sites are
located in Bay Batiste and nearby Bay Sansbois. Additional sites
were added on the northeastern side of the Mississippi River in
2013, after Hurricane Isaac affected the entire area in 2012.
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2min; 35 cycles of 98°C for 8 s, 48.5°C for 20 s, 72°C for 30 s; and a

final extension step of 72°C for 7 min. PCR reactions for 18s

consisted of 1X NEBNext Ultra II Q5 master mix, 0.5 µM of each

primer modified with Illumina overhangs (SSU3′F and SSU3′R;
Jarman et al., 2013), 0.01–8.5 ng DNA, and nH2O to 10 µl.

Thermocycler conditions for 18s followed an initial

denaturation step of 98°C for 30 s; 35 cycles of 98°C for 15 s,

45°C for 30 s, 72°C for 30 s; and a final extension step of 72°C for

2 min. Both COI and 18s primers were modified to include

Illumina-specific overhangs to anneal sample-specific indexes

during library preparation (Illumina, 2013). PCRs were

performed in triplicate, with resulting PCR products pooled

before remaining library preparation steps in an effort to

increase prey detection (Jedlicka et al., 2016; Alberdi et al.,

2019). Negative controls were included with each PCR.

2.4 Library preparation and sequencing

Libraries were prepared following a two-step PCR protocol

(Illumina, 2013). In the first PCR, detailed above, DNA was

amplified by primers modified with Illumina-specific

overhangs. In the second PCR, unique combinations of

Illumina Nextera XT indexes (v2) (Illumina, San Diego, CA,

United States) were annealed to each sample using an

enrichment PCR (detailed in: Illumina 2013). For additional

details on library preparation, see Snider et al. (2022). Since 18s

amplicon size differed from COI, the SPRI cleanups were 2.1x

and 1.5x SPRI:product concentrations, respectively. The

samples used in this study were split across two sequencing

lanes: the first included all COI amplicons, while the second

contained all 18s amplicons. Both pooled libraries were

sequenced at the Genomics Core Facility at the Pennington

Biomedical Research Center (Baton Rouge, LA, United States)

and quantified on an Agilent Bioanalyzer. Both libraries were

spiked with 15% PhiX before being sequenced (2 × 250 bp) on

an Illumina MiSeq platform with v2 reagent kit (Illumina).

Reads were de-multiplexed by the sequencing facility and raw

reads are available on the NCBI Sequence Read Archive

(https://www.ncbi.nlm.nih.gov/sra).

2.5 Bioinformatics and statistical analysis

De-multiplexed reads were imported into QIIME2 version

2021.2 (Bolyen et al., 2019) and processed. QIIME2 is a wrapper

and the following programs were used within the

QIIME2 pipeline: first, primer sequences were trimmed and

any reads not containing these sequences were removed using

Cutadapt (Martin, 2011). Next, trimmed reads were quality

filtered with DADA2 (Callahan et al., 2016): chimeras were

removed, Phred score quality cutoffs were implemented (COI:

30, 18s: 25), paired end reads were merged, and identical reads

were collapsed into amplicon sequence variants (ASVs). The

Phred cutoffs differed by marker because read quality was lower

with the 18s primer set, likely because this marker is intended to

cover a broader range of organisms. Finally, singletons—or ASVs

that appeared only once in the dataset—were removed before

taxonomy was assigned (Burgar et al., 2014).

To assign taxonomy to ASVs, two naive Bayes classifiers were

trained (Bokulich et al., 2018). The 18s classifier was based on a

custom 18s dataset of plant, algae, and metazoan sequences and the

COI classifier was comprised of arthropod orders previously found

to make up Seaside Sparrow diet (Snider et al., 2022). Both training

datasets were retrieved from NCBI’s GenBank using RESCRIPt

(Robeson II et al., 2021); training datasets were then trimmed before

each classifier was trained in order to improve ASV identification,

and function feature-classifier fit-classifier-naive-bayes was used to

train the classifiers. Once ASVs were assigned taxonomic IDs with

their respective classifiers, unassigned reads were removed, as were

ASVs that matched to Aves and Mammalia. Next, taxonomic ranks

were edited in the followingway: for COI, identifications were edited

to follow Zeale et al. (2011) so that species-level IDsweremadewhen

they matched a reference at 99.4–100%, genus at 95.0–99.3%, family

at 91.1–94.9%, and order at 86.0–91.0%; any taxonomic assignment

with less than 86% confidence was removed. For 18s, reads were

edited to follow Holovachov et al. (2017), so that species-level IDs

were made when they matched a reference at 99.0–100%, genus at

96.5–98.9%, family at 90.0–96.4%, and order at 84.0–89.9%; any

taxonomic assignment with less than 86% confidence was removed.

Next, ASVs identified in negative controls were removed, duplicate

ASVs were collapsed, and resulting read tables were imported into R

(R Core Team, 2019), using R Studio (version 2022.02.3; RStudio

Team 2020) for further analysis. To create the combined dataset,

duplicate ASVs that were detected by both markers were collapsed

within each sample.

Datasets were first visualized with an NMDS plot,

accompanied by the permutational ANOVA, Adonis, to test

for significance. Both the NMDS and Adonis were performed

on a presence-absence matrix of all ASVs in the diet using Bray-

Curtis dissimilarity in vegan (Oksanen et al., 2019). In addition to

evaluating year and site type, the NMDS and Adonis were also

performed to evaluate “bay” (that is, the bay each site was located

in: Batiste, Sansbois, or Pointe à la Hache) to assess any possible

role that location may play in similarities between diets. The

function pairwise.adonis (Martinez Arbizu, 2017) was used as a

post-hoc test to evaluate which group, if any, was significantly

different from the others. For each year and site type, diversity

indexes were calculated: Shannon-Wiener diversity index (H)

and Simpson’s diversity index (D) were calculated using the

vegan package (Oksanen et al., 2019). For both Shannon and

Simpson’s diversity indexes, means were compared across years

using a Kruskal–Wallis rank sum test, as the data were not

normally distributed (Shapiro-Wilk, Shannon: W = 0.95,

p-value = 3.18 × 10−5; Simpson: W = 0.93, p-value = 6.45 ×

10−7). The mean diversity metrics were then compared across
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year and site type using a pairwise Wilcoxon rank sum test with

the Benjamini–Hochberg (BH) p-value adjustment.

Next the RInSp package (Zaccarelli et al., 2013) was used to

calculate dietary richness (function pop.diet, “average” method)

and total niche width (TNW) (WTdMC function). TNW refers to

the entire suite of resources used by a population (Roughgarden,

1972); TNW values were calculated for each combination of site

type and year, then the values were compared with a two-way

ANOVA, with site type and year as factors (TNW ~ Site Type +

Year). A Tukey’s HSD test was used to evaluate the factors. TNW

can be broken down into two components: the between

individual component (BIC) and within individual component

(WIC), such that BIC + WIC = TNW (Roughgarden, 1972). BIC

refers to the variation in diet between individuals, while WIC

refers to the variation in diet within individuals (Bolnick et al.,

2003). WIC/TNW, or the ratio of the individual/population’s

resource use, is one way to measure individual specialization

(Roughgarden, 1972); the metric produced by RInSp uses the

Roughgarden (1979) formula, which incorporates the Shannon

diversity index (Zaccarelli et al., 2013). Another measure of

individual specialization (IS), based on Bolnick et al. (2002),

was calculated (function PSicalc). IS describes individual

specialization as the “mean proportional similarity (PSi)

between individuals and population” (Bolnick et al., 2002).

Both metrics of individual specialization (WIC/TNW and IS)

range from zero to one, where a value close to zero represents

very little overlap between individuals and the population, and a

value close to one represents complete overlap (Bolnick et al.,

2002).

For both WIC/TNW and IS, the RInSp package (Zaccarelli

et al., 2013) produces a single value for each combination of year

and site type. To assess the significance of these values compared

to the null hypothesis that individuals are sampling equally from

the full suite of resources, a Monte Carlo resampling procedure

was run with 9,999 permutations (Zaccarelli et al., 2013; Lunghi

et al., 2020). WIC/TNW and IS were calculated for each

combination of year and site type (Table 1). A linear

regression model was used to test whether there was any

relationship between TNW and IS or TNW and WIC/TNW.

3 Results

3.1 Seaside Sparrow diet

Overall, 126 ASVs were detected in Seaside Sparrow gut

contents. 121 ASVs were identified as Metazoa, four ASVs as

Viridiplantae (green plants), and one ASV as Fungi. A majority

of the metazoan ASVs were Arthropoda (100/121), while the

remainder were Platyhelminthes (7/121), Mollusca (7/121),

Nematoda (2/121), Annelida (1/121), Acanthocephala (1/121),

Cnidaria (1/121), and Chordata (1/121). Of the 100 ASVs that

were Arthropoda, 73 were identified as Insecta, 15 as Arachnida,

and 10 as Malacostraca.

The most common ASV was Insecta, with a 70.81%

frequency of occurrence (FOO), meaning that Insecta

occurred in 70.81% of samples (Table 2). Of the 18 ASVs

detected in at least 10% of samples, eight were insects,

including the orders Diptera (FOO = 51.55%), Hemiptera

(FOO = 39.75%), and Lepidoptera (FOO = 31.68%).

Additional insect ASVs were identified to the family-level as

Chironomidae (FOO = 34.78%), Crambidae (FOO = 19.88%),

Dolichopodidae (FOO = 16.15%), and Tabanidae (FOO =

11.80%). Four types of Arachnids (including the families

Salticidae and Lycosidae), two types of Malacostraca

(including the family Ocypodidae), and one gastropod were

also detected. Only two of the most common ASVs (defined

as >10% frequency of occurrence) were identified as plants.

3.2 Resource use

A total of 160 birds (of the 168 collected) passed all filtering

and quality control steps for at least one marker and were

TABLE 1 Sample size, TNW, and both metrics of individual
specialization (WIC/TNW and IS) of Seaside Sparrows, broken
down by year and site type. Sparrows that did not produce
metabarcoding results are not included in the sample size. The
average measure of total niche width (TNW) and individual
specialization were calculated by WIC/TNW and through the
PSicalc function (IS). All values of WIC/TNW and IS have p < 0.05.
Note that reference sites were not established until 2013.

Site type Year Sample size TNW WIC/TNW IS

References 2013 3 1.42 0.14 0.37

2014 3 0.90 0.76 0.61

2015 3 1.70 0.42 0.35

2016 8 1.80 0.05 0.25

2017 9 2.70 0.53 0.28

Oiled 2011 4 0.90 0.59 0.73

2012 7 1.76 0.47 0.49

2013 12 1.63 0.28 0.42

2014 12 2.28 0.31 0.23

2015 6 1.05 0.54 0.72

2016 12 2.39 0.36 0.31

2017 10 2.26 0.19 0.33

Unoiled 2011 5 0.96 0.25 0.78

2012 12 2.39 0.39 0.31

2013 9 2.21 0.15 0.32

2014 11 2.01 0.28 0.33

2015 11 2.18 0.30 0.29

2016 11 2.34 0.34 0.25

2017 12 2.80 0.44 0.30
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included in the combined dataset (Table 1). Adonis indicated

both year and site type (oiled sites) to be significant drivers of diet

based on the presence/absence of ASVs (year: pseudo F = 2.79;

R2 = 0.12; df = 6, 153; p = 0.001; site type: pseudo F = 5.40, R2 =

0.06, df = 2, 157 p = 0.001). Bay also appeared to be a significant

driver of diet composition based onAdonis (pseudo F = 5.75, R2 =

0.07, df = 2, 157, p = 0.001). The NMDS plots, which illustrate

each individual bird’s diet composition as a single point based on

the ordination of all birds, show high overlap among years, with

differences in the spread of points so that 2011 and 2012 are

nested within later years (Figure 2A). Post-hoc tests show that

diet composition in 2012 was significantly different from all other

years (all adjusted p-values = 0.02, Supplementary Table S1),

2013 was significantly different from 2014, 2016, and 2017

(adjusted p-value = 2014: 0.04; 2016, 2017: 0.02;

Supplementary Table S1), and 2014 was significantly different

from 2017 (adjusted p-value = 0.04, Supplementary Table S1).

The NMDS plot of site type shows reference points are clustered

separately from both oiled and unoiled points (Figure 2B) and

looks very similar to the NMDS plot organized by bay

(Figure 2C). Post-hoc tests indicate that diet composition is

significantly different among all treatments (all adjusted

p-values = oiled vs. unoiled: 0.02, oiled vs. reference: 0.003,

unoiled vs. reference: 0.003; Supplementary Table S2), as well

TABLE 2 The most commonly occurring (>10% frequency of occurrence, or “FOO”) ASVs detected in Seaside Sparrow diet. Note that each row is one
ASV, independent of the other rows.

Kingdom Phylum Class Order Family FOO (%)

Metazoa Arthropoda Insecta 70.81

Metazoa Arthropoda Malacostraca Decapoda Ocypodidae 59.63

Metazoa Arthropoda Insecta Diptera 51.55

Metazoa Arthropoda Insecta Hemiptera 39.75

Metazoa Arthropoda Malacostraca Decapoda 39.13

Metazoa Arthropoda Insecta Diptera Chironomidae 34.78

Metazoa Arthropoda Insecta Lepidoptera 31.68

Metazoa Arthropoda Arachnida Araneae 30.43

Viridiplantae Streptophyta Magnoliopsida 30.43

Metazoa Arthropoda Arachnida Araneae Salticidae 26.09

Metazoa Arthropoda Arachnida Araneae Lycosidae 25.47

Metazoa Arthropoda Insecta Lepidoptera Crambidae 19.88

Metazoa Arthropoda 16.15

Metazoa Arthropoda Insecta Diptera Dolichopodidae 16.15

Metazoa Mollusca Gastropoda Littorinimorpha Barleeiidae 15.53

Metazoa Arthropoda Arachnida Araneae Linyphiidae 11.80

Metazoa Arthropoda Insecta Diptera Tabanidae 11.80

Viridiplantae Streptophyta 10.56

FIGURE 2
NMDS plot of all diet points coded to show the spread of diet between years (A), site type (B), and bay (C). Samples that are more similar in
composition are closer together. Three outlier points have been removed for the sake of visualization. Stress = 0.17. Ellipses show 95% confidence
level.
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as all bays (all adjusted p-values = 0.003, Supplementary Table

S3). Kruskal–Wallis rank sum tests indicated a significant

difference in both Shannon and Simpson diversity between

years (Shannon: chi-squared = 22.68, df = 6, p-value = 0.0009;

Simpson: chi-squared = 19.92, df = 6, p-value = 0.003). There

were no differences in either index among site type (chi-

squared = 4.20, df = 2, p-value = 0.12; chi-squared = 3.49,

df = 2, p-value = 0.17). Pairwise Wilcoxon rank sum tests

showed similar trends for both Shannon and Simpson

diversity, with low diversity in 2011, an increase in 2012,

followed by a drop in 2013 and little change until diversity

increased in 2017 (Tables 3 and 4, Figures 3A,B). Richness shows

a similar trend, with a drop in the number of ASVs detected in

2013, despite the addition of reference sites that year (Figure 3C).

While there was no statistical difference in TNWbetween site

type (ANOVA; TNW: df = 2; F = 2.21; p = 0.16), year was a

significant factor in determining TNW (ANOVA; TNW: df = 6;

F = 4.56; p = 0.018). Tukey’s HSD indicated that 2011 was

significantly different from 2016 (p = 0.046) and 2017 (p = 0.009).

Across oiling status, TNW was significantly negatively correlated

with individual specialization, when individual specialization was

calculated with PSicalc (IS: Multiple R2 = 0.74, Adjusted R2 = 0.73,

F1,17 = 48.89, p = 2.17 × 10−6; Figure 4D), meaning that, as TNW

increases, individuals become more specialized. When calculated

as WIC/TNW, there was no significant correlation with TNW

(Multiple R2 = 0.07, Adjusted R2 = 0.02, F1,17 = 1.30, p = 0.27;

Figure 4E).

4 Discussion

We used DNA metabarcoding to evaluate resource use by

Seaside Sparrows from 2011 to 2017 on oiled, unoiled, and

reference sites, with the goal of understanding how sparrows

responded to the residual contamination left from the Deepwater

Horizon oil spill and from ecosystem disturbance caused by

Hurricane Isaac. Our DNA metabarcoding study is the most

detailed account of the diet of any animal following the

TABLE 3 Mean Shannon diversity indexes for each year were
compared with a pairwise Wilcoxon rank sum test with the
Benjamini–Hochberg (BH) p-value adjustment. In this table, all site
types (unoiled, oiled, and reference) are pooled within the year they
were collected. Significant values are in italics and indicate a
statistically significant difference in the mean diversity between
two years.

2011 2012 2013 2014 2015 2016

2012 0.04 - - - - -

2013 0.54 0.07 - - - -

2014 0.99 0.04 0.54 - - -

2015 0.54 0.11 0.94 0.54 - -

2016 0.82 0.17 0.82 0.54 0.96 -

2017 0.07 0.54 0.01 0.01 0.02 0.01

TABLE 4 Mean Simpson diversity indexes for each year were
compared with a pairwise Wilcoxon rank sum test with the
Benjamini–Hochberg (BH) p-value adjustment. In this table, all site
types (unoiled, oiled, and reference) are pooled within the year they
were collected. Significant values are in italics and indicate a
statistically significant difference in the mean diversity between
two years.

2011 2012 2013 2014 2015 2016

2012 0.07 - - - - -

2013 0.54 0.32 - - - -

2014 1 0.06 0.37 - - -

2015 0.54 0.22 0.77 0.54 - -

2016 0.77 0.25 0.77 0.56 1 -

2017 0.07 0.54 0.03 0.02 0.06 0.02

FIGURE 3
Diversity and richness trends in Seaside Sparrow diet over time. In figures (A,B), points represent population means and shading
represent ±1 standard error. In figure (C), the total number of ASVs detected per year is represented by the gray dashed line, but note that duplicate
ASVs are only counted once in the overall total richness. For example, an ASV detected in both oiled and unoiled sites would only be counted once
toward the total ASVs in a year. The dashed black line in all figures represents the approximate time of Hurricane Isaac making landfall.
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Deepwater Horizon spill, and the most comprehensive

assessment of Seaside Sparrow diet to date. Previous studies

on Seaside Sparrow diet and resource use have used traditional

methods, manually observing foraging or stomach contents

(Post, 1974; Post and Greenlaw, 2006; Post and Greenlaw,

2020) or isotopic approaches (Johnson, 2017; Olin et al., 2017;

Johnson et al., 2019; Moyo et al., 2021). Our use of

metabarcoding allows for a more detailed evaluation of diet

compared to these approaches, providing a more nuanced

evaluation of resource use than previously attained.

4.1 Seaside Sparrow diet

While we detected three of the prey groups identified

previously via morphology on nearby Grand Isle, Louisiana

[Orthoptera (33%), moth larvae (26%), and spiders (18%) by

volume (cited without attribution in Post and Greenlaw 2020)],

Orthoptera were less common than expected; we only found

Orthoptera in six (out of 160) samples. We detected three

Lepidoptera families (Crambidae, Eriebidae, and Tortricidae)

and while metabarcoding cannot determine if these moths

were consumed as adults or larvae, we expect both life stages

were consumed based on previous work (Post 1974) and field

observations (A. Snider, personal observation). Finally, we

detected five spider families; the two families most commonly

consumed (Lycosidae and Salticidae) are ground-dwelling

spiders, while web-building spiders (i.e., Linyphiidae and

Araneidae) (Döbel et al., 1990) were consumed less frequently.

Interestingly, we found some families of prey that could

represent secondary ingestion, i.e., prey ingested by the sparrow’s

prey, or unintentional ingestion through consuming a parasitized

prey item (da Silva et al., 2019). For example, we detected mites

that could be parasites of both insect (Arrenuridae) or plant

resources (Eriophyidae). We also detected several families that

are presumed to be parasites of sparrows, including feather mites

(Proctophyllodidae) and internal parasites such as

Archiacanthocephala, Microphallidae, Acuariidae, and several

FIGURE 4
Individual specialization (IS), calculated by PSicalc (A) and WIC/TNW (B), was most stable on unoiled sites throughout time, as was total niche
width (TNW), (C). There is a strong correlation between TNW and IS (when is calculated by PSicalc), meaning as a sample group’s TNW increases,
individuals become more specialized (D). As IS values approach one, the more individual diet overlaps with the population, where one represents
complete overlap. As the values approach zero, the less an individual’s diet overlaps with the population and the more specialized individuals
are. However, when IS calculated by WIC/TNW, there is no significant correlation with TNW (E).

Frontiers in Environmental Science frontiersin.org08

Snider et al. 10.3389/fenvs.2022.978325

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.978325


Trematodes. Although we did not detect some prey taxa reported

previously (including amphipods), or only detected them

minimally (isopods) (Post et al., 1983; Post and Greenlaw,

2006), our findings were broadly similar to prior Seaside

Sparrow diet studies throughout their range (Post 1974; Post

and Greenlaw 2020). Additionally, due to primer bias, some taxa

may have been present, but were poorly amplified. For instance,

ants (Formicidae) were not detected in our study, but this taxon

does not amplify well with the Zeale primer set (da Silva et al.,

2019), and may be consumed more frequently than we were able

to determine. This could have implications for our estimates of

resource use if ants are a regular component of Seaside Sparrow

diet, as ant abundance was significantly reduced in 2013 (Bam

et al., 2018).

4.2 Resource use

The overall alpha diversity (both for Shannon and

Simpson diversity metrics) dropped sharply in 2013,

corresponding with the first field season after Hurricane

Isaac. We interpret this as mortality of non-aquatic prey

across all sites caused by storm surge that left the marsh

completely underwater for several days. Alpha diversity then

stayed low and remained relatively stable from 2013 to 2016,

with a sharp increase in 2017. A similar trend was seen with

the overall richness of diet, with the richness declining in

2013 and increasing—possibly due to ecosystem recovery or

stabilization—by the end of the sampling period in 2017.

Assuming that Seaside Sparrow diet is a reflection of the

available prey, both alpha diversity and richness

corroborate previous findings that Hurricane Isaac altered

the invertebrate community in the saltmarsh (Bam et al.,

2018; Chen et al., 2020). Additionally, although TNW was

not significantly different in 2013, other studies conducted

post-DWH in this region have found various indicators of

disturbance to the ecosystem in 2013. These include increased

alkanes and polycyclic aromatic hydrocarbons in marsh

sediment (Turner et al., 2014), corresponding signs of this

increased contamination in different species (Paruk et al.,

2016; Perez-Umphrey et al., 2018), altered invertebrate

communities (Bam et al., 2018), and altered patterns of

resource use (Olin et al., 2017).

We did, however, find that TNW, WIC/TNW, and IS were

less consistent over time on oiled and reference sites compared to

unoiled sites. Oiled and reference sites appear to have greater

fluctuations across time, but these fluctuations were not

synchronized. For example, there was a steep reduction in

TNW on oiled sites in 2015 but not at unoiled sites; previous

work has highlighted similar anomalies in vertebrate diet on

these study sites in 2015 (Moyo et al., 2021). However, with no

major storms or weather incidents, it is unclear what might have

driven these changes.

In evaluating overall diet composition, we found that diets

from oiled, unoiled, and reference sites were all significantly

different from each other. In NMDS plots, the clustering of

sparrows on reference sites was further from birds on both

oiled and unoiled sites, likely due to the underlying ecosystem

differences on either side of the Mississippi River. Reference

sites were located in marshes that are slightly less brackish

than those on the southwest side of the river (oiled and

unoiled sites); these differences in salinity influence the

plant communities on these sites which likely leads to

differences in the invertebrate community and thus,

sparrow diet. This could potentially explain the tighter

clustering of diet in 2011 and 2012, as reference sites had

not yet been established and no samples were collected from

these sites in these years.

Based on data from Louisiana State University’s Coastal

Emergency Risks Assessment (CERA, 2022: https://cera.

coastalrisk.live/), all study sites were flooded for

approximately the same length of time (2–3 days) as

Hurricane Isaac passed through the region (for more

details on the flooding of sites west of the Mississippi river,

see Stouffer et al. (2013)). Due to the counterclockwise

rotation of Hurricane Isaac, sites on the east side of the

Mississippi River (reference sites) experienced a greater

degree of flooding compared to the oiled and unoiled sites

on the west side: at peak flood depth, reference sites were

inundated with over 4 m of water, compared to a peak depth of

2–3 m at oiled and unoiled sites. Since the marsh was

completely submerged at all study sites for approximately

the same length of time (thus affecting prey communities in

the same way), we do not expect that this difference in flood

depth is a contributing factor to any differences detected

between site type in this study.

The difference in diet composition between bays makes it

difficult to determine the underlying cause of what is driving the

difference in diet composition. Sites were selected because of

their degree of oiling, but the oil each site received is directly

related to their location within the larger Barataria Bay system.

Untangling whether diet is driven by hydrologic processes

within each bay or residual contamination is an area of

research that would likely benefit a host of ongoing studies

taking place in this system and provide context to previous

work that took place in Barataria Bay (Olin et al., 2017; Moyo

et al., 2021). While Seaside Sparrows were physiologically

impacted by contamination on oiled sites (Bonisoli-Alquati

et al., 2016; Perez-Umphrey et al., 2018; Bonisoli-Alquati

et al., 2020), diet composition might be impacted for years

beyond the initial disturbance as the saltmarsh

community—and prey species—recover. To know whether

prey communities are inherently different between locations,

or if differences are due to the various recovery processes of

different species (Zengel et al., 2016a; Zengel et al., 2016b;

Zengel et al., 2017; Bam et al., 2018), would require long-term
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community monitoring data that is not currently available. If a

sparrow foraged on one site, then was captured on another

during this study, this would probably cause the two sites to

appear more similar in overall diet composition; since the birds

in this study were not banded, there would be no way to know

whether or not this occurred. In a concurrent banding study at

nearby sites from 2012 to 2017, we recorded 199 recapture

events representing 137 unique individuals. Over the 6 years of

banding data, only 25 of those recaptures were a bird that had

moved between sites, but a bird never was recaptured on the

opposite side of the Mississippi River (Snider et al., unpublished

data). As the banding study was conducted over the course of at

least 4 months each year (March-June, as well as October 2012),

with low movement among sites, we expect the likelihood of

birds moving among sites does not pose a significant issue in the

data presented here. Finally, we found evidence for a

relationship between IS and TNW that appears to support

the NVH. Assuming that oiled sites are poor quality and low

in resources compared to unoiled sites, our findings indicate

that individuals broaden the scope of their diets when resources

are scarce: when individual specialization is measured by

PSicalc, individuals were more generalized when TNW was

low. Further, individuals on unoiled sites remained specialized

and stable after 2011, in conjunction with high, stable TNW.

This suggests that in higher quality areas, presumably due to

reduced competition or a wider variety of resources available,

individuals can specialize on unique resources. This increase in

individual specialization broadens the TNW of the population,

as predicted by the NVH (Bolnick et al., 2007).

Both oiled and unoiled sites showed more generalized

individuals (when measured by PSicalc) in 2011. If oiling

was the driving factor behind reduced TNW in 2011, we

would expect unoiled and oiled sites to be different. This

small TNW for both site types in 2011 could be influenced by a

low sample size, or perhaps additional abiotic factors that were

not considered when setting up the experimental design.

Overall, if we assume that unoiled sites represent higher

quality habitat, and that the years post-2013 represent

more stable environmental conditions on these sites, it

appears that Seaside Sparrows are type B generalists (sensu

Bolnick et al., 2007): a generalist population made up of

relatively specialized individuals when environmental

conditions are stable.

Empirically, populations have responded to reduced

resources with mixed results (niche width increase:

Manlick and Pauli, 2020, Jesmer et al., 2020, Rahman

et al., 2021; niche width decrease after disturbance: di

Lascio et al., 2013). Our findings, however, agree with

previous work from the same geographic area showing that

Seaside Sparrow total niche width was smaller on oiled sites

compared to unoiled sites in 2015 and 2017 (Moyo et al.,

2021); the unoiled and oiled sites presented in this study are

located in the same bays (Sansbois and Batiste) as those

presented in Moyo et al. (2021). This is interesting given

the different temporal scales represented by our studies. DNA

metabarcoding of stomach contents provides a snapshot of

sparrow diet, likely representing diet on the scale of hours or

even single foraging bouts (Snider et al., 2022), whereas the

blood stable isotope approach used by Moyo et al. (2021)

summarizes diet over a scale of days (Podlesak et al., 2005).

While DNA metabarcoding showed Seaside Sparrows had

roughly the same TNW on oiled and unoiled sites in 2016,

Moyo et al. (2021) showed that sparrows on unoiled sites had

a wider TNW than those on oiled sites in 2016. This

underscores the need for further work to assess how

different approaches to studying diet may provide

inconsistent results, as well as how these methods can be

used in conjunction to provide comprehensive

interpretations (Hoenig et al., 2022).

As pointed out by Bolnick et al. (2003), these measures of

resource use (TNW, WIC/TNW, IS) need to be carefully

interpreted in the context of temporal variation: while these

measures can indeed be driven by behavioral or phenotypic

variation between individuals, they can also be influenced by

stochastic events, like patchy resource distribution (e.g., insect

hatches, Hansen et al., 2020). Using blood plasma for a stable

isotope study, Woo et al. (2008) found that these tissue

samples—which describe diet on the scale of weeks—can suffer

from temporal biases, so the stomach contents used here for DNA

metabarcoding (which likely reflect diet on the scale of hours)

almost certainly contain these same biases. When possible, long-

term studies should be used to evaluate the diet from the same

individuals repeatedly to account for this (Bolnick et al., 2003),

which could easily be accomplished by collecting fecal samples

from individuals throughout time. Future work in this system will

benefit from the integration of multiple approaches, such as using

both stable isotope andDNA-basedmethods together, allowing for

a more holistic approach of resource use across multiple time

scales.

Our findings on the resource use of Seaside Sparrows fit into the

larger context of previous work on the resource use by generalists,

such as that of Bolnick et al. (2003), who found support across

several populations and species that generalist populations tend to be

comprised of heterogenous individuals (i.e., type B generalists). Our

description of Seaside Sparrow resource use could also be influenced

by some key factors, including high rates of ecosystem disturbance,

low interspecific competition, and low resource diversity. First, areas

of frequent disturbance should favor generalists (Kassen, 2002) and

it is likely that this is an important factor in the Seaside Sparrow’s

southern range. On average, southeast Louisiana experiences a

tropical storm or hurricane every 3 years (Keim et al., 2007).

Second, Seaside Sparrows are often abundant in the Louisiana

saltmarshes, with few other terrestrial bird species present. Under

the NVH, Seaside Sparrow individuals should be able to take

advantage of the available resources through individuals

specializing on unique resources (Van Valen, 1965). Finally,
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saltmarshes are highly productive habitats; however, they are

surprisingly low in species diversity (Odum, 1988; Silliman,

2014). In low diversity environments, like saltmarshes,

individuals in generalist populations are more specialized (Tinker

et al., 2008; Robinson and Strauss 2020). Given these factors, Seaside

Sparrows may have evolved a generalist dietary strategy, where

individuals are able to take advantage of unique resources in less

disturbed areas, using dietary plasticity as an adaptation to periodic

ecosystem disturbance.
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