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Chapter 13
The Utility of Stable and Radioisotopes 
in Fish Tissues as Biogeochemical Tracers 
of Marine Oil Spill Food Web Effects

William F. Patterson III, Jeffery P. Chanton, David J. Hollander, 
Ethan A. Goddard, Beverly K. Barnett, and Joseph H. Tarnecki

Abstract Direct exposure to petroleum compounds was widely reported for a 
variety of taxa following the DWH. Evidence of exposure ranged from oiling of skin, 
shells, or feathers, depending on the taxa, to observation of ingested oil in small 
translucent, invertebrates, to biomarkers of petroleum compounds within an organ-
ism’s tissues, such as PAHs in the hepatopancreas of invertebrates or the liver of 
fishes, or metabolic products of PAH catabolism in the bile of various vertebrate taxa. 
Development of natural biogeochemical tracers to examine indirect effects, espe-
cially over long (months to years) time scales, can be much more problematic. In this 
chapter, we describe the utility of employing stable isotopes and radioisotopes to 1) 
examine whether food web effects can be inferred from shifts in stable isotope values 
measured in vertebrate taxa; 2) examine the assimilation and trophic transfer of pet-
rocarbon in marine food webs; and, 3) serve as long-term biogeochemical tracers 
either of petrocarbon assimilation or trophic shifts that are indicative of food web 
effects of marine oil spills. Data and analyses are largely drawn from DWH-related 
studies but with broader implications to marine oil spills in general.
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13.1  Introduction

Large-scale marine oil spills such as the Deepwater Horizon (DWH) oil spill have 
caused significant impacts to a broad diversity of taxa, from plankton to marine 
mammals, around the globe. Often, the impacts from these spills receiving the 
greatest attention are direct ones, such as mortality due to oiling of organisms or 
toxicological or physiological effects due to exposure to petroleum compounds, 
such as polycyclic aromatic hydrocarbons (PAHs). While the expression of direct 
impacts of spills is often acute, occurring in the minutes to days after a spill, other 
effects can be chronic and manifested for years thereafter.

Indirect effects of oil spills, such as altered food webs or the bioenergetic conse-
quences of such changes, have received considerably less attention than direct 
effects (but see Gin et al. 2001; Peterson et al. 2003; McCann et al. 2017; Olin et al. 
2018). This is likely due to the fact that direct effects are often easier to diagnose 
and track. One simply needs to find evidence of exposure to petroleum compounds, 
have an understanding of the toxicological or physiological consequences of that 
exposure, and then measure the response at the cellular, tissue, organ, or organismal 
level. Estimating indirect effects on organisms, populations, communities, or eco-
systems is much less tractable for several reasons (Fodrie et al. 2014; Beyer et al. 
2016). First, one must have baseline data to understand pre-spill conditions and 
natural variability (process error) in the parameters of interest. Then, one must have 
a way to measure and track indirect effects over time that is independent of the 
markers utilized to estimate direct exposure to petroleum compounds. Ideally, these 
markers would not be ephemeral but instead would have some level of permanence 
such that chronic impacts of indirect effects could be examined years to decades 
after a spill.

Evidence of direct exposure to petroleum compounds can range from oiling of 
skin, shells, or feathers, depending on the taxa, to observation of ingested oil in 
small translucent, invertebrates, to biomarkers of petroleum compounds within an 
organism’s tissues, such as PAHs in the hepatopancreas of invertebrates or the liver 
of fishes, or metabolic products of PAH catabolism in the bile of various vertebrate 
taxa. Development of natural biogeochemical tracers to examine indirect effects, 
especially over long (months to years) time scales, can be much more problematic. 
However, natural biogeochemical tracers described in earlier chapters of this book, 
in the form of stable isotope ratios measured in tissues of various taxa, may be ideal 
for inferring changes in food web structure and prey resource availability following 
a marine oil spill. Furthermore, depleted Δ14C values in tissues may indicate petro-
carbon assimilated into and transferred through the marine food web, thus providing 
a natural tracer of the footprint of an oil spill’s effects (e.g., Wilson et al. 2016). 
Therefore, the objectives of this chapter are to describe the utility of employing 
stable isotopes and radioisotopes to (1) examine whether food web effects can be 
inferred from shifts in stable isotope values measured in reef fishes, (2) examine the 
assimilation and trophic transfer of petrocarbon in marine food webs, and (3) serve 
as long-term biogeochemical tracers either of petrocarbon assimilation or trophic 
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shifts that are indicative of food web effects of marine oil spills. Data and analyses 
are drawn from DWH-related studies but with broader implications to marine oil 
spills in general.

13.2  Stable Isotopes Utilized to Infer Food Web Effects

Stable isotopes are widely utilized in marine ecology to infer sources of organic 
carbon, estimate trophic position, and examine food web connectivity (Fry 2006). 
The most widely utilized stable isotope ratios in ecology are those of C and N, 
expressed as the delta values δ13C and δ15N. In each case, a stable isotope delta value 
is computed as the ratio of a lighter to heavier stable isotope of a given element in a 
sample relative to a standard with the following equation:

 
δ X R R= ( ) −  ∗sample standard/ ,1 103

 
(13.1)

where X = 13C or 15N, R = 13C/12C or 15N/14N, standards are N in air (δ15NAir) for δ15N 
and Pee Dee Belemnite (δ13CV-PBD) for δ13C, and units of δX are ‰ or per mille. For 
a given element, its stable isotopes only differ by the number of neutrons. Therefore, 
different stable isotopes for that element have different atomic masses but have 
slightly slower chemical reaction kinetics. In turn, this results in the products of 
reactions, including metabolic reactions in organisms, having different (heavier) 
isotopic ratios.

Physiological differences in primary producers drive differences in basal δ13C 
values, which then can be utilized to distinguish different sources of organic C and 
trophic pathways in marine ecosystems. However, on the northern Gulf of Mexico 
(nGoM) shelf, the predominant primary producers are benthic microalgae (BMA, ~ 
−19‰) and phytoplankton (~ −21‰), which differ very little in δ13C (Moncrieff 
and Sullivan 2001; Radabaugh et  al. 2013; Tarnecki and Patterson 2015). 
Furthermore, there is no significant difference in the δ15N values between nGoM 
phytoplankton and BMA (Radabaugh et  al. 2013; Tarnecki and Patterson 2015), 
with mean basal δ15N being 5.82‰ among baseline BMA and phytoplankton sam-
ples collected on the north central GoM shelf prior to the DWH (Tarnecki and 
Patterson 2015).

Having accurate estimates of basal δ13C and δ15N values is critical to examining 
food web dynamics with stable isotope ratios. As organic matter is consumed and 
assimilated by organisms at progressively higher trophic positions, δ13C and δ15N 
values increase due to the metabolic process of trophic fractionation (Fry 2006). 
Given that reaction kinetics of the lighter isotope, 12C in the case of C and 14N in the 
case of N, are slightly faster than with the heavier isotope (13C or 15N), the metabolic 
processes of digestion and assimilation result in the isotopic ratios becoming 
enriched in the heavier isotopes of C and N, thus the δ13C and δ15N values increasing 
at progressively higher trophic positions. If one has an estimate of the basal values, 
particularly for δ15N, and an estimate of the trophic discrimination factor (TDF), or 
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the per mille increase in δ15N per trophic position, then one can estimate the trophic 
position of a given individual from its measured δ15N value.

Trophic discrimination factors differ by element as well as by the tissue being 
examined. In marine ecology, muscle tissue is often analyzed due its relatively long 
(months) turnover time, which implies a trophic signature integrated over that time 
period. In the case of bony fish muscle, the TDF for δ13C (Δ13

C) estimated across a 
range of experiments and studies is approximately 1.5‰ (Sweeting et al. 2007). The 
TDF for δ15N (Δ15

N) is approximately 3.0‰, which is the mean measured for fishes 
feeding on high-protein diets (McCutchan et  al. 2003; Vanderklift and Ponsard 
2003; Rooker et  al. 2006). Therefore, at progressively higher trophic levels, one 
would expect an increase in δ13C of approximately 1.5‰ and an increase in δ15N of 
approximately 3.0‰, resulting in a positive slope in the relationship between δ15N 
and δ13C when a bi-plot of those parameters is constructed across different trophic 
levels within a marine food web (Fig. 13.1).

13.2.1  Temporal Variability in Reef Fish Muscle Stable 
Isotopes

The general relationship between δ15N and δ13C enables the usage of stable isotopes 
to examine food web structure, as well as to examine shifts in that structure result-
ing from disturbance. For example, stable isotopes have been utilized to examine 

1° producers

grazers

small predators

mesopredators

apex predators

�1
5 N

 ‰

�13C ‰

~1.5 ‰

~3.0 ‰

Fig. 13.1 Conceptual model of trophic fractionation of muscle tissue that occurs as organic matter 
is consumed and assimilated by organisms at progressively higher trophic levels. Trophic discrimi-
nation factor estimates are 3.0‰ for δ15N and 1.5‰ for δ13C (see text for details)
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marine trophic shifts due to eutrophic phytoplankton blooms and habitat degrada-
tion (Chasar et al. 2005), effects of chronic trawling and overfishing (Jennings et al. 
2002), and large-scale aquaculture operations (Holmer et al. 2007). Therefore, as 
long as pre-disturbance stable isotope data are available, trophic shifts or food web 
effects can be inferred by examining stable isotopes in post-disturbance samples.

In the case of the DWH, Tarnecki and Patterson (2015) reported significant post- 
DWH diet shifts in red snapper, Lutjanus campechanus, a reef fish that is a ubiquitous 
member of natural and artificial reef communities in the nGoM.  Red snapper are 
extreme generalists, with their diet ranging from swarming zooplankton to fish 
(McCawley et al. 2003; Tarnecki and Patterson 2015). Therefore, they are an ideal 
candidate to examine post-DWH diet shifts. Following the spill, plankton disappeared 
from red snapper diet, and benthic and demersal fishes constituted a much larger per-
centage of observed prey. These diet shifts were also apparent in white muscle stable 
isotope values, as δ15N increased and δ34S declined in post-DWH samples, although 
stable isotope shifts lagged behind diet shifts due to the turnover time in their white 
muscle tissue being approximately 6 months (Nelson et al. 2011). While δ15N is indic-
ative of trophic position, δ34S serves as an effective biomarker of pelagic versus ben-
thic production (Fry 2006). For example, nGoM phytoplankton δ34S is approximately 
20‰, while BMA has a value of approximately 10‰ (Moncrieff and Sullivan 2001; 
Tarnecki and Patterson 2015). These distinctive signatures are due to sulfate, SO4

2−, 
being the predominant source of S in the water column, while it is reduced to sulfide 
(S2−) by bacteria in the benthos (Fry and Chumchal 2011). Given only minimal 
trophic fractionation (~0.5‰ per trophic level) in δ34S, it effectively distinguishes 
pelagic versus benthic production sources (Fry 2006).

The red snapper white muscle stable isotope data reported by Tarnecki and 
Patterson (2015) were updated through April 2015 to demonstrate trends in δ15N 
and δ13C from the year prior to the DWH through 5 years post-spill. Adult red snap-
per samples were collected with hook-and-line sampling at natural and artificial 
reefs across the north central GoM shelf between 15 and 80 m water depths in a 
~7500 km2 region bracketed by 86° 14’ W and 88° 59’ W longitude. White muscle 
tissue was freeze-dried and analyzed for δ15N and δ13C with either a Europa 
Scientific GSL/Geo 20–20 stable isotope ratio-mass spectrometer (SIR-MS) or with 
a Thermo Delta+XL SIR-MS. Both SIR-MS instruments were coupled with ele-
mental analyzers to estimate %C and %N, hence C:N, in each sample. Because 
lipids are depleted in 13C relative to muscle protein, and C:N ratio serves as an effec-
tive proxy of lipid content in fish muscle samples, all δ13C data reported below were 
first corrected for lipid content with the equation reported by Post et al. (2007):

 
CF C N= − + ∗( )3 32 0 99. . : ,

 
(13.2)

where CF is the correction factor applied to δ13C to account for percent lipid in dried 
muscle samples and C:N serves as a proxy for percent lipid.

There were 400 red snapper muscle tissue samples analyzed across 6  years 
(Table 13.1, Fig. 13.2a), with two trends apparent in the data. First, δ15N increased 
approximately 0.7‰, or one-quarter of a trophic position, between the pre-spill 
period and year-3 post-DWH (Fig. 13.2a) and then returned to near pre-DWH levels. 
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Secondly, instead of δ13C increasing with δ15N, which would follow the general 
pattern indicated in Fig. 13.1, δ13C actually decreased (Fig. 13.2a), which indicates 
a lighter source of organic C in the system. Tarnecki and Patterson (2015) inferred 
this trend in δ13C most likely resulted from the trophic transfer and assimilation of 
petrocarbon in the food web. However, understanding δ13C dynamics is complicated 
due to trophic fractionation that occurs in δ13C.  Therefore, trophic position was 
controlled for in δ13C data, by estimating basal δ13C (δ13Cbase) for each muscle sam-
ple with the equation:

 
δ δ13 13 1C C trophic positionbase muscle C= − −( )∗ ∆ ,

 
(13.3)

where δ13Cmuscle is the measured δ13C in a given muscle sample; trophic position is 
the trophic position of sample estimated from the measured δ15N in the sample, a 
δ15Nbase value of 5.82‰, and Δ15N = 3.0‰ per trophic level; and, Δ13C = 1.5‰ per 
trophic level.

Fig. 13.2 Bi-plots of northern Gulf of Mexico red snapper muscle (a) δ15N versus δ13C for fish 
sampled the year prior to and during the 5 years following the Deepwater Horizon oil spill and (b) 
δ15N versus δ13C estimated at the base of the food web (δ13Cbase) to account for shifts in trophic 
position inferred from shifts in δ15N observed following the spill (see text for details). Error bars 
are ± standard error of the mean

Table 13.1 Sample sizes for northern Gulf of Mexico reef fish muscle tissue samples (n = 846) 
analyzed for δ15N and δ 13C in the year prior to and the 5 years following the Deepwater Horizon 
oil spill

Species Pre-DWH Year-1 Year-2 Year-3 Year-4 Year-5 Total

gray triggerfish 8 28 40 18 15 6 115
red porgy 10 42 24 4 22 5 107
red snapper 52 133 71 43 76 25 400
tomtate 19 20 29 17 10 5 100
vermilion snapper 12 35 27 11 28 11 124

Sample locations were between 86° 14′ and 88° 59′ west longitude at depths of 15–80 m across the 
shelf
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The trend in lighter δ13Cbase over the first 3  years post-DWH is more pro-
nounced than that observed for red snapper muscle δ13C without correcting for 
trophic position (Fig. 13.2), thus more clearly indicating 13C depletion following 
the DWH.  Norberg (2015) reported similar patterns for tomtate, Haemulon 
aurolineatum, another ubiquitous reef fish in the nGoM which is predominantly 
an invertivore (Sedberry 1985; Norberg 2015). The narrower diet of tomtate 
meant nonsignificant shifts in muscle δ15N were observed, but post-DWH 
declines in δ13C were similar to those reported by Tarnecki and Patterson (2015).

Here, we report δ15N and δ13Cbase for muscle tissue from additional reef fish spe-
cies sampled in the same study region and during the same period as described above 
for red snapper (Fig. 13.3). These include tomtate; gray triggerfish, Balistes capris-
cus, a demersal grazing invertivore with a diet comprised of benthic and encrusting 
invertebrates (Vose and Nelson 1994; Kurz 1995; Goldman et al. 2016); red porgy, 
Pagrus pagrus, a demersal reef omnivore (Manooch 1977; Goldman et al. 2016); and 
vermilion snapper, Rhomboplites aurorubens, a pelagic reef omnivore with a diet 

Fig. 13.3 Bi-plots of white muscle δ15N versus δ13C estimated at the base of the food web (δ13Cbase) 
for northern Gulf of Mexico reef fishes: (a) gray triggerfish, (b) tomtate, (c) red porgy, and (d) 
vermilion snapper. Error bars are ± standard error of the mean
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nearly as broad as red snapper (Grimes 1979; Tarnecki et al. 2016). In all species, 
the shift in δ15N was ~0.5‰ but was highest for vermilion snapper and lowest for 
tomtate (Fig. 13.3). Like red snapper, muscle δ15N had generally returned to near pre-
DWH values by year-4 post-spill for these other reef fishes as well. However, vermil-
ion snapper muscle δ15N actually decreased below the pre- spill mean (Fig. 13.3d). 
It is unclear what drove that result; however, only 12  pre- spill vermilion snapper 
were sampled, and they came from a somewhat restricted area on the western side 
of the study region. Therefore, it is possible these fish were not representative of the 
entire region.

The shift in δ13Cbase observed among the additional reef fish species ranged from 
approximately 0.5 to 1.0‰ in the years following the DWH (Fig.  13.3), which 
brackets the pattern observed in red snapper samples (Fig. 13.2). However, the over-
all patterns are most easily observed when simply plotting the mean shifts in δ15N 
versus δ13Cbase (Fig.  13.4). Among all species, the decline in mean δ13Cbase was 
approximately 0.6‰ by year-3. A transition back toward pre-spill values occurred 
thereafter, but δ13Cbase never fully returned to pre-DWH values during the 5 post- 
spill years.

The observed difference in δ13Cbase between pre-DWH and year-5 data, which is 
consistent across species, could be explained by a number of possible scenarios. 
Phytoplankton could have contributed a greater proportion of primary production 
relative to BMA in the post-spill time period, hence the lower δ13Cbase values. The 
actual difference (~0.3‰) is so small that it could have been caused by any number 
of factors that potentially affect phytoplankton physiology (Leboulanger et al. 1995; 
Fry 2006). Lastly, if the decline in δ13Cbase observed between pre-DWH and year-3 

Fig. 13.4 Shifts in δ15N versus those in δ13Cbase for (a) red snapper (n = 400) and (b) other reef 
fishes (gray triggerfish, n = 115; red porgy, n = 107; tomtate, n = 100; and vermilion snapper, 
n = 124) observed in the years following the Deepwater Horizon oil spill relative to pre-spill mean 
values. Among the samples depicted in panel B, species-specific shifts were computed relative to 
species-specific mean pre-spill values; then mean annual shifts among all samples across all 
species were computed. Error bars are ± standard error of the mean
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samples was due to trophic transfer and assimilation of petrocarbon, then the 
persistence of organic carbon depleted in 13C could be due to the retention and 
cycling of that signature in the nGoM food web. Evidence is presented below that 
supports the hypothesis that lower post-DWH δ13Cbase values in reef fish muscle 
tissue samples were in fact driven by the assimilation, trophic transfer, and retention 
of petrocarbon in the nGoM food web.

13.3  Petrocarbon Assimilation in the Gulf of Mexico 
Food Web

There are several lines of evidence demonstrating that petrocarbon was assimilated 
into lower trophic levels of the nGoM food web following the DWH.  Micro- 
(1 μm–0.2 mm) and meso-(0.2–20 mm) zooplankton sampled off Alabama (i.e., the 
western edge of the reef fish sample region described above) had depleted δ13C 
signatures in summer 2010 that coincided with the arrival of surface oil slicks dur-
ing the DWH event (Graham et al. 2010). The hydrocarbons released during the 
DWH had a δ13C value of −27.2‰ for petroleum (Graham et al. 2010) and −57.4‰ 
for methane (Chanton et al. 2012), while mean δ13C of nGoM particulate organic 
carbon (POM), which is a proxy for phytoplankton, is ~20‰ (Chanton et al. 2020). 
Therefore, Graham et al. (2010) inferred δ13C values depleted in 13C by ~4‰ in 
microzooplankton and ~1‰ in mesozooplankton relative to pre-spill values were 
indicative of bacterial assimilation of petroleum that was then transferred to two 
levels of consumers: first to microzooplankters, such as ciliates, and then to meso-
zooplankters, such as copepods. The authors discounted the potential for freshwater 
input from Mobile Bay to have affected plankton δ13C values given the sampling 
occurred during a low-flow period and lower zooplankton δ13C values closely cor-
responded with the arrival of surface oil slicks.

Results of subsequent 14C analysis of nGoM plankton samples provide yet stron-
ger evidence of petrocarbon assimilation and transfer in the nGoM food web. 
Radiocarbon (14C) is a radioisotope and thus undergoes radioactive decay. It is typi-
cally reported as Δ14C, which is a measure of the relative difference in 14C activity in 
a sample versus the absolute international standard (base year 1950) and corrected 
for age and fractionation via δ13C (Stuiver and Pollach 1977). Its usage as a bio-
marker for petrocarbon is reviewed earlier in this book by Chanton et al. (2020). 
Briefly, modern surface organic C has a Δ14C value of ~40‰, while petrocarbon, 
which is a fossil carbon that has been buried for millions of years such that all of its 
14C has been lost to radioactive decay, has a value of −1000‰. Therefore, assimi-
lated petrocarbon in nGoM biota following the DWH would cause a much greater 
depletion in Δ14C than would be observed in δ13C given the greater difference in Δ14C 
versus δ13C values of end-members (Wilson et al. 2016; Bosman et al. 2017).

Chanton et al. (2020) report utilizing Δ14C as a biogeochemical tracer to exam-
ine petrocarbon in three different carbon pools in the nGoM: dissolved organic 
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carbon (DOC), sinking particulate organic carbon (POCsink), and sedimentary 
organic matter (SOM). As they point out, these pools play important roles in car-
bon cycling in this ecosystem, as well as in nutrient cycling. However, our interest 
here is in yet another pool, which is assimilated carbon, specifically petrocarbon, 
in the biomass of living organisms (i.e., the food web). Toward that end, plank-
ton sampled from the nGoM in 2010 and 2011 and analyzed by Chanton et  al. 
(2012) for δ13C with SIR-MS and for Δ14C with accelerator mass spectrometry 
(AMS) produced a significant linear relationship between δ13C and Δ14C values. 
The authors concluded these results indicated an admixture existed in zooplankton 
biomass between 13C- and 14C-depleted material and modern organic carbon fixed 
by phytoplankton. Furthermore, they concluded their data supported the inference 
of Graham et  al. (2010) that petrocarbon consumed and assimilated by bacteria 
had been transferred into the metazoan food web via mesozooplankton grazing 
on microzooplankters but suggested methane instead of petroleum might be the 
source of petrocarbon. Later, based on SIR-MS and AMS analysis of POC samples 
taken off the shelf to a depth of 1200 m, Cherrier et al. (2013) clearly demonstrated 
that methane was in fact the most likely source of petrocarbon found in nGoM 
plankton following the DWH. The questions that follow are whether DWH-derived 
petrocarbon was effectively transferred to higher trophic levels and whether more 
permanent biomarkers than muscle protein may have recorded this signal.

13.3.1  Radiocarbon Analysis of Reef Fish Muscle Tissue

The archive of freeze-dried reef fish muscle tissue samples described above pro-
vided an opportunity to examine whether petrocarbon assimilated into the nGoM 
microbial food web, and then transferred via grazing zooplankton into the metazoan 
food web, made it to the level of mesopredator reef fishes. To test this, red snapper 
muscle tissue samples (n = 15) were analyzed for δ13C with SIR-MS and for Δ14C 
with AMS at the Center for Applied Isotope Studies (CAIS) University of Georgia 
or the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) at 
Woods Hole Oceanographic Institution. Samples were randomly selected from 
among the 400 dried tissues and transferred to CAIS or NOSAMS. They were first 
subjected to H3PO4 in closed, evacuated glass vessels. The produced CO2 was then 
stripped and cryogenically purified from H20 vapor and N2. A portion of the purified 
CO2 was analyzed for δ13C with SIR-MS, and the remainder was transferred to a 
reaction tube and reduced to pure C (graphite) in the presence of H2 gas and Fe as a 
catalyst. The graphite was then pressed into target cartridges and analyzed for 14C 
with AMS. Results are reported as Δ14C, which was corrected for natural isotopic 
fractionation via δ13C.

There is a significant linear relationship between Δ14C and δ13Cbase among 
archived red snapper muscle samples, with the regression’s coefficient of determi-
nation (R2) being 0.48 (Fig. 13.5). This relationship confirms the decline in δ13Cbase 
observed in reef fish muscle tissue was due to petrocarbon being assimilated and 
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transferred up the metazoan food web. In fact, the relationship between red snapper 
muscle Δ14C and δ13Cbase is actually slightly stronger than the one reported by 
Chanton et al. (2012) for nGoM zooplankton (R2 = 0.48 versus 0.37). Furthermore, 
the slopes of the two relationships (6.2 for red snapper and 9.1 for plankton) are not 
significantly different, but that mostly owes to wide confidence intervals due to 
substantial unexplained variance in each model.

Red snapper muscle Δ14C in the pre-spill period (2009 through early 2010) was 
higher (mean = 50.7‰) than mean Δ14C reported by Chanton et al. (2012) for nGoM 
dissolved inorganic C (DIC, 41.0‰), which reflects complex dynamics in the 
 system. For starters, shelf water DIC is affected by bomb 14C that was input into the 
global ocean during nuclear weapon testing in the middle of the last century. The 
peak in Δ14C occurred in ~1975, as inferred from coral records, with slight variation 
among ocean basins (Grottoli and Eakin 2007). There has been a linear decline 
since then (~2.6‰ per year in the nGoM; Barnett et al. 2018) due to mixing of bomb 
14C into the deep ocean. The fact that red snapper muscle tissue had higher Δ14C 
than that of DIC reported by Chanton et al. (2012) is likely due to organic carbon 

Fig. 13.5 Plot of red snapper muscle Δ14C versus estimated δ13Cbase for fish sampled in the north-
ern Gulf of Mexico the year before the Deepwater Horizon oil spill through 5 years post-spill. The 
legend indicates the timing of samples. Line indicates linear regression fit to the data. Numbers 
next to symbols on plot indicate years post-DWH; P = pre-spill samples
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fixed with earlier DIC Δ14C signatures being assimilated, transferred, and somewhat 
preserved in the standing stock of various taxa.

The trend in red snapper muscle Δ14C suggests there was a lag of approximately 
1 year between when zooplankton samples depleted in 14C were first observed and 
when Δ14C started declining in red snapper muscle tissue (Fig. 13.5). Furthermore, 
it was not until ~2.5 years post-spill that muscle Δ14C values were at their lowest. 
Muscle Δ14C increased during the last 2 years of the time series, but had not recov-
ered to pre-DWH levels by 2014–2015, and no data currently exist to examine 
whether Δ14C continued to increase after 2015. However, it may be that values of 
muscle Δ14C observed in 2014–2015 did not increase further given Δ14C was 
approximately 11‰ lower in 2014–2015 (year-5 post-DWH) than during 2009–
2010, which is consistent with the predicted rate of decline in DIC Δ14C over that 
time period (Barnett et al. 2018).

Red snapper muscle Δ14C values have greater utility than simply certifying 
declines in reef fish muscle δ13Cbase resulted from petrocarbon or understanding the 
temporal progression of petrocarbon moving through the nGoM food web. Mixing 
models, such as those employed by Chanton et al. (2020), were applied to muscle 
Δ14C, as well as to δ13Cbase, to estimate the percentage of carbon in red snapper 
muscle tissue derived from petrocarbon. The model employed to estimate percent 
petrocarbon from δ13Cbase for a given sample was:

 
δ δ δ13

1
13

2
13C C Cbase meta petrocarbon= ∗( ) + ∗( )f f ,

 
(13.4)

where δ13Cmeta is the δ13C of metabolic carbon at the base of the food web for a given 
red snapper muscle sample, assumed here to be the mean of δ13Cbase estimated from 
the year prior to the DWH (−20.63‰); δ13Cpetrocarbon is δ13C of petrocarbon [−57.4‰ 
for methane (Chanton et al. (2012) or −27.2‰ for petroleum (Graham et al. 2010)]; 
f1 = fraction of δ13Cbase contributed by δ13Cmeta; and f2 = fraction of δ13Cbase contrib-
uted by petrocarbon, which equals 1 − f1. The model was solved for f2 and then the 
percentage of δ13Cbase contributed by petrocarbon estimated as 100*f2. With respect 
to muscle Δ14C, a similar mixing model was utilized:

 
∆ ∆ ∆14

1
14

2
14C f fmuscle meta petrocarbonC C= ∗( ) + ∗( ),  (13.5)

where Δ14Cmuscle is the Δ14C measured in a given red snapper muscle tissue sample; 
Δ14Cmeta is the metabolic Δ14C assimilated in prey ingested by red snapper, assumed 
here to be the mean of pre-DWH red snapper muscle Δ14C (50.7‰) given there is 
no trophic fractionation in Δ14C; Δ14Cpetrocarbon is the Δ14C of petrocarbon, which is 
−1000‰ whether the source is petroleum or methane; f1 =  fraction of Δ14Cmuscle 
contributed by Δ14Cmeta; and f2 = fraction of Δ14Cmuscle contributed by petrocarbon, 
which equals 1 − f1. The model was solved for f2 and then the percentage of Δ14Cmuscle 
contributed by petrocarbon estimated as 100*f2.

The %petrocarbon in red snapper muscle tissue estimated with Δ14C ranged from 
zero prior to the DWH to 2.2% ~2.5 years after the spill (Fig. 13.6a). One potential 
caveat is that utilizing mean pre-spill Δ14Cmuscle as one endpoint in the mixing model 
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would result in an underestimate of red snapper muscle %petrocarbon if petrocar-
bon contributed some percentage of organic carbon assimilated by red snapper prior 
to the DWH.  However, the close correspondence between the pre-DWH mean 
δ13Cbase (±95% CI) of −20.63‰ (±0.09‰) to δ13C of offshore GoM surface DOC 
(−20.7‰; Walker et al. 2017), which is a proxy for phytoplankton δ13C, suggests 
the assumption that zero petrocarbon was assimilated in red snapper muscle in the 
year prior to the DWH is valid.

Clearly, different estimates of %petrocarbon in red snapper muscle tissue com-
puted with δ13C result whether methane (−57.4‰) or petroleum (−27.2‰) is 
assumed to be the source of assimilated petrocarbon (Fig. 13.6b). Given the shorter 
distance in isotope space between δ13Cbase and the δ13C of petroleum, the shifts 
observed in δ13Cbase in the years following the DWH yield higher estimates of %pet-
rocarbon with oil-derived carbon rather than if methane was the source. The peak in 
%petrocarbon occurred in year-2 regardless of the petrocarbon endmember, with a 
mean (±95% CI) of 1.62% (±0.29%) for methane versus 9.06% (±1.61%) for petro-
leum. The estimates produced with methane as an end-member most closely align 
with those produced with Δ14C; thus it is most likely that methane was the predomi-
nant source of petrocarbon assimilated in red snapper muscle tissue. Cherrier et al. 
(2013) similarly concluded that methane was the most likely contributor to petro-
carbon in nGoM POC sampled in 2011 and 2012.

Overall, temporal shifts in red snapper muscle %petrocarbon were similar over 
the 6 study years whether δ13C (assuming methane as the predominant petrocarbon 
source) or Δ14C is examined. Both biomarkers produced peak estimates of ~2% 
petrocarbon contribution to the carbon assimilated in red snapper muscle tissue. 
Chanton et al. (2012) estimated nGoM plankton samples collected in 2010 and 2011 

Fig. 13.6 The percentage (±95% CIs) of adult red snapper muscle carbon with a petrocarbon 
origin estimated with mixing models for (a) Δ14C (n = 15) and (b) δ13Cbase (n = 400) values mea-
sured in muscle tissue samples. Numbers next to symbols on plot indicate years post-DWH; 
P = pre-spill samples. The legend in panel A indicates collection timing for a given sample. In 
panel B, mixing models were computed with both methane (−57.4‰) and petroleum (−27.2‰) as 
potential δ13C; see text for details
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had a peak %petrocarbon of ~5%, while the greatest depletion in plankton δ13C 
(−4‰) reported by Graham et al. (2010) in summer 2010 would yield a methane- 
based %petrocarbon estimate of ~10%. Among fish muscle samples, there was a 
2- year lag between petrocarbon being assimilated by mesoplankton in summer 
2010 and the peak in estimated red snapper muscle %petrocarbon, but the estimates 
for red snapper muscle suggest remarkable conservation of the petrocarbon signal 
through multiple trophic levels in the nGoM food web. This likely reflects not only 
the spatial extent of the spill and the volume of hydrocarbons released but also the 
duration of gas and oil availability to hydrocarbon-consuming bacteria (Joye et al. 
2014). The time period of declining %petrocarbon in red snapper muscle, taking 
into account the ~6 month turnover time in the tissue (Nelson et al. 2011), is also 
consistent with the boom-bust cycle that was apparent in hydrocarbon-consuming 
bacteria populations in the years following the DWH (Dubinsky et al. 2013; Crespo- 
Medina et al. 2014; Joye et al. 2014).

13.3.2  Potential Long-Term Biomarkers

Muscle stable isotope or radioisotope signatures are ephemeral given tissue turn-
over; thus they are unable to provide a long-term biomarker of either trophic effects 
or the spatial extent of petroleum hydrocarbons in a marine ecosystem. Candidate 
structures in bony fishes that might be well suited for this purpose include otoliths 
or ear stones. Otoliths function in the acoustico-lateralis system of bony fishes 
where they occur in three pairs. The largest otoliths are the sagittae, which are rou-
tinely aged by counting annually formed opaque zones. Otoliths occur in a closed 
system, are principally composed (~95%) of aragonite (biogenic CaCO3) in a pro-
tein matrix, and are metabolically inert once formed. The protein in otoliths has 
been extracted and its bulk and amino acid-specific δ13C or δ15N analyzed to esti-
mate trophic position, habitat utilization, and food web structure (Huxam et  al. 
2007; McMahon et al. 2011; Lueders-Dumont et al. 2018). By mass, otoliths are 
~10% C, with ~20–40% of that derived from metabolic carbon and the rest contrib-
uted by DIC (Høie et al. 2003; Tohse and Mugiya 2008). Given the time-keeping 
property of otoliths and the ability to discretely subsample growth zones with 
micromilling techniques (Barnett and Patterson 2010), otoliths may serve as ideal 
natural long-term biomarkers of trophic effects and petrocarbon assimilation fol-
lowing marine oil spills.

The potential for otoliths to serve as biomarkers of DWH-derived petrocarbon 
was tested with age-0 red snapper otoliths. Fish were sampled with trawls in October 
and November 2009–2013 (fish age ~120–150 days; Wells et al. 2008) on the nGoM 
shelf at water depths between 20 and 65 m. Samples were collected in two regions: 
the north central GoM in the region of the DWH spill (87° 30′ W to 88° 45′ W) and 
the southwest US GoM off Texas (94° 10′ W to 95° 50′ W). Fish were frozen in 
plastic bags and then stored in a freezer at −20 ° C. Later, fish (n = 3 per region per 
year) were thawed and their sagittal otoliths extracted with acid-leached glass 
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probes, rinsed of adhering tissue with double-deionized water, air dried under a 
class-10 clean hood, and stored dry in acid-leached polyethylene vials. The surface of 
dried otoliths was cleaned by immersion in 1% ultrapure HNO3 for ~30 seconds and 
then repeatedly flooded with double-deionized water. Otoliths were again placed 
under a class-10 clean hood to air dry; then each was ground to a fine powder with an 
acid-leached mortar and pestle. Otolith powder (~10 mg) was transferred to glass vials 
that had been combusted at 500 ° C for 4 hours and then shipped to NOSAMS for 
δ13C analysis with SIR-MS and Δ14C analysis with AMS. Samples were processed for 
radiocarbon analysis as described above for muscle samples. Results are reported as 
Δ14C, which was corrected for natural isotopic fractionation via δ13C.

No red snapper samples were available for the north central GoM in fall 2011 
due to poor red snapper recruitment in the eastern GoM the year following the 
DWH (SEDAR 2018). Otolith Δ14C declined in both regions over the 5 study years, 
generally following the linear relationship reported by Barnett et  al. (2018) for 
nGoM red snapper otolith Δ14C versus year of formation (Fig. 13.7a). Observed 
otolith Δ14C was subtracted from year-specific otolith Δ14C values predicted from 
the Barnett et al. (2018) function to compute the residual value of individual sam-
ples (Fig. 13.7b). Ninety-five percent confidence intervals demonstrate mean Δ14C 
residuals were not significantly different from zero (i.e., prediction) for both regions 
in all years, except for the north central GoM fish in 2010. In that year and region, 
age-0 red snapper had a mean (±95% CI) otolith Δ14C residual value of −6.13‰ 
(±2.64‰). Age-0 red snapper otoliths have a mean %metabolic carbon of 34% 
(W. Patterson, unpublished data); thus the scaled total decline in metabolic Δ14C 
would have been −18.0‰. Given mixing model end-members of −1000‰ for 

Fig. 13.7 (a) Plot of annual mean Δ14C measured in whole age-0 red snapper otoliths (n = 3 per 
region per year) from the north central (88° 10′ to 88° 45′ west) and southwest (>94° 10′ west) US 
Gulf of Mexico from 2009 to 2013. Dashed line in panel A indicates the annual decline (−2.6‰ 
per year) in otolith core Δ14C reported by Barnett et al. (2018) for northern Gulf of Mexico red 
snapper otoliths. (b) Residuals of annual mean age-0 otolith Δ14C values relative to the predicted 
decline reported by Barnett et al. (2018) and plotted in panel A. Error bars in each panel are 95% 
confidence intervals
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petrocarbon and approximately −40‰ for POM (Chanton et  al. 2020), a scaled 
decline in Δ14C of −18.0‰ would translate to petrocarbon constituting 1.73% of the 
metabolic carbon in fall 2010 north central GoM age-0 red snapper otoliths.

This estimated contribution of petrocarbon to age-0 red snapper otolith aragonite 
in fall 2010 is similar to that estimated for red snapper muscle 2–2.5 years after the 
DWH. This earlier incorporation of petrocarbon is likely due to age-0 red snapper 
feeding on lower trophic level prey, including plankton, that were already depleted 
in 14C in summer and fall 2010 and also due to the fact that recently consumed meta-
bolic carbon is precipitated on the rapidly growing otoliths of juvenile fishes (Høie 
et al. 2003; Tohse and Mugiya 2008). Therefore, there was no lag in petrocarbon 
incorporation in age-0 red snapper otoliths due to assimilation and tissue turnover 
processes like occurs with muscle or other tissues. It is unknown whether north 
central GoM age-0 red snapper had negative Δ14C residual values in 2011 and if so 
whether they were similarly depleted or even to a greater extent than observed in 
fall 2010. One way to potentially examine that would be to analyze otolith cores of 
later-sampled subadult or adult north central GoM red snapper with 2010 birth years, 
but the older the fish, the greater the uncertainty they spent their early life in that 
region (Patterson 2007). What can be inferred from the otolith results is otolith Δ14C 
appears to serve as an effective long-term biomarker of DWH petrocarbon. A larger 
sample, including some 2011 age-class fish from the north central GoM, would 
enable a more robust test of that premise, but results presented here are promising.

13.4  Summary and Implications for Future Marine Oil 
Spills

The clear petrocarbon signature in mesopredator reef fish muscle sampled from a 
broad (~7500 km2) region of the north central GoM shelf in the years following the 
DWH provides strong support that Δ14C and δ13C can be utilized as natural bio-
markers of the spatial extent of food web effects of marine oil spills. The advantages 
of utilizing Δ14C as biomarker in this context are it providing higher resolution due 
to larger differences between tissue and petroleum endmember values, as well as 
having a common end-member value (−1000‰) regardless of the petrocarbon 
source. A key disadvantage is the cost of analysis (~$325US for Δ14C versus 
~$15US for δ13C in 2018), given both stable carbon and radiocarbon isotopes can 
provide valuable information about the extent, timing, and duration of petrocarbon 
assimilation. While assimilation and trophic transfer of petrocarbon in the nGoM 
food web are not evidence, per se, of food web effects, they do indicate in the case 
of the DWH the persistent presence of petroleum hydrocarbons in the ecosystem in 
the years following the spill.

Trophic effects inferred from red snapper muscle δ15N and δ34S, and from δ15N 
alone in muscle samples from a suite of other reef fishes, do clearly demonstrate the 
overlap of food web effects and petrocarbon assimilation in the food web. Muscle 
tissue signatures are ephemeral, given tissue turnover, and thus did not provide a 
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long-term biomarker of either trophic effects or the spatial extent of petroleum 
hydrocarbons in the system. However, chemical signatures in otoliths likely do 
 provide long-term trophic and petrocarbon biomarkers that could be utilized to 
examine temporal and spatial dynamics of DWH food web effects or those caused 
by other large-scale marine oil spills. Regardless of the question, or the tissue or 
structure utilized as a biogeochemical marker to examine it, results here clearly 
indicate the value of baseline data, without which no reference to assess potential 
post-spill shifts would be possible.
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Chapter 14
Modernizing Protocols for Aquatic Toxicity 
Testing of Oil and Dispersant

Carys L. Mitchelmore, Robert J. Griffitt, Gina M. Coelho, 
and Dana L. Wetzel

Abstract The goals of this chapter are to discuss, compare and contrast these new 
or altered protocols with the initial Chemical Response to Oil Spills: Ecological 
Effects Research Forum (CROSERF) methods. Although we do not advocate for 
any specific approach, we do provide a summary of updated guidelines and present 
recommendations for improvements to the standard protocols for future aquatic tox-
icity testing with oil and/or chemical dispersants.

Keywords CROSERF · CEWAF · WAF · Exposure · Chemical analyses · Toxicity 
testing

14.1  Introduction

Performing laboratory toxicity testing with complex hydrocarbon mixtures pres-
ents unique challenges due to inherent difficulties in preparing exposure media 
from two immiscible liquids and in quantifying and interpreting exposure concen-
trations (Coelho et al. 2013; Bejarano et al. 2014; Redman and Parkerton 2015). 
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