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Abstract
Assessing the impacts of the Deepwater Horizon oil spill with a dependable baseline com-

parison can provide reliable insight into environmental stressors on organisms that were po-

tentially affected by the spill. Fluctuating asymmetry (small, non-random deviations from

perfect bilateral symmetry) is an informative metric sensitive to contaminants that can be

used to assess environmental stress levels. For this study, the well-studied and common

Gulf of Mexico estuarine fish,Menidia beryllina, was used with pre and post-oil spill collec-

tions. Comparisons of fluctuating asymmetry in three traits (eye diameter, pectoral fin

length, and pelvic fin length) were made pre and post-oil spill across two sites (Old Fort

Bayou and the Pascagoula River), as well as between years of collection (2011, 2012)-one

and two years, respectfully, after the spill in 2010. We hypothesized that fluctuating asym-

metry would be higher in post-Deepwater Horizon samples, and that this will be replicated

in both study areas along the Mississippi Gulf coast. We also predicted that fluctuating

asymmetry would decrease through time after the oil spill as the oil decomposed and/or

was removed. Analyses performed on 1135 fish (220 pre and 915 post Deepwater Horizon)

showed significantly higher post spill fluctuating asymmetry in the eye but no difference for

the pectoral or pelvic fins. There was also higher fluctuating asymmetry in one of the two

sites both pre and post-spill, indicating observed asymmetry may be the product of multiple

stressors. Fluctuating asymmetry decreased in 2012 compared to 2011. Fluctuating asym-

metry is a sensitive measure of sub lethal stress, and the observed variability in this study

(pre vs. post-spill or between sites) could be due to a combination of oil, dispersants, or

other unknown stressors.

Introduction
Fluctuating asymmetry (FA, small non-random deviations from perfect bilateral symmetry)
has been used in a wide variety of taxa as an indicator of exogenous stressors[1,2]. The
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development of left and right sides of bilateral traits can be viewed as replicates of the same
structure [3,4]. In the absence of stress or other external inputs, development occurs along pre-
determined paths potentially resulting in identical left and right sides-perfect symmetry [2].
However, organisms rarely develop with perfect symmetry as developmental noise (due to a va-
riety of inherently stochastic processes) results in low levels of asymmetry [3,5]. Environmental
stressors that perturb developmental pathways (mechanisms that serve to stabilize develop-
ment) will further increase asymmetry [2]. Fluctuating asymmetry has been shown to be a sen-
sitive indicator of contaminants, and yield reliable and inexpensive data on sub-lethal stress in
wild populations [6], especially fishes [5,7]. One distinct advantage of using FA as an indicator
of environmentally induced stress is that museum specimens can be utilized to establish base-
line levels of FA before a particular disturbance of interest [8]. Pre-disturbance museum speci-
mens can be directly compared with post-disturbance collections provided: 1) the sampling
and treatment of individuals is the same (i.e. individuals are randomly sampled from the envi-
ronment using the same gear in the same habitats across all collections) and 2) storage of speci-
mens in the museum does not alter any of the traits of interest [8].

On April 20, 2010 the Deepwater Horizon (DWH) oil spill began and over the next 89 days
leaked oil into the Gulf of Mexico (GOM) [9–11]. Reports of damage in the media and scientif-
ic literature ranged from direct mortality of charismatic species [12] to changes in ecosystem
services [13–15], developmental anomalies [16], lesions [17] and physiological effects [18,19].
Other research has concluded that recruitment and patterns of fish assemblage structure in the
2010 year class were normal and that attention should focus on delayed responses from longer
term exposure [20,21].

A challenge in assessing impacts is that reliable baseline data (pre DWH in this case) on per-
tinent response variables are often absent, leaving post DWH impact data without meaningful
comparison [12,22]. Approaches to this problem include designating sites as non-contaminat-
ed “controls” because of reported low levels of oilage, or doing controlled experiments in a
common garden. Designation of sites as non-contaminated is problematic for a spill the size
and scope of DWH as this makes tenuous assumptions of: 1) reliable detection in complex eco-
systems, 2) availability of pertinent contamination data, and 3) no dispersal of individuals
among putative contaminated and non-contaminated sites. Overall, the lack of baseline data
leaves reports of biologic effects due to DWH open to criticism as flawed (contaminated con-
trol sites), anecdotal (no control sites) or lacking external validity (common gardens). The use
of museum specimens has the potential of allowing for direct pre and post DWH comparisons
as long as the response variables can be accurately quantified in both groups.

Oil spill impacts are expected to be highest in coastal habitats where oil accumulates and
mixing is facilitated by wave action [22]. The Inland Silverside,Menidia beryllina, occurs in es-
tuaries, coastal rivers and bays throughout the GOM, Mississippi River basin and as far north
as Massachusetts [23]. It is one of the most abundant and widely studied fish in northern
GOM habitats that could have been affected by DWH. Due to its abundance in coastal habitats,
M. beryllina has been used as a model for a variety of oil toxicology studies [24–26] that have
demonstrated lethal and sublethal (morphological and physiological) effects of oil exposure.
The abundance ofM. beryllina also ensures that the life history is well documented [27,28] and
that there is an abundance of specimens available for study in natural history collections.Meni-
dia beryllina spawn in March through July, grow and mature quickly, and are thought to have
a one or two year lifespan [28–30]. As a result, large adults sampled in the spring and summer
of 2011 are expected to have been born and developed during the peak of DWH oil presence
along the northern GOM coast. Specimens collected in 2012 were most likely not born during
the 2010 cohort, and therefore expected to show lower FA due to less direct oil exposure.

FA inM. beryllina pre- and post-DWH
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Menidia beryllina are thought to show high site fidelity with movement restricted to within es-
tuaries [31].

The purpose of this study is to use FA as a metric of environmental stress due to oil contam-
ination from DWH. We measured FA inM. beryllina collected before DWH to establish base-
line levels with which we compared FA in post DWH fish collected at the same locations using
the same sampling gear. We hypothesize that levels of FA will be higher in post DWH samples,
and that this response will be the same in two replicate areas along the Mississippi coast. We
also quantified FA in fish collected one (2011) and two (2012) years post DWH to test the hy-
pothesis that FA would decrease through time after DWH as oil decomposed or was removed
through cleanup efforts and polycyclic aromatic hydrocarbons in tissues decreased [17].

Methods

Fish Collection
We collected fish from two sites in Old Fort Bayou (OFB) and five sites in the lower Pascagoula
River (PAS) (Fig. 1). These sites were chosen because earlier collections had been made for pre-
vious studies in the same locations [32–34], and collected specimens ofM. beryllina were de-
posited into the University of Southern Mississippi Ichthyological Collection. Pre DWH
collections were made during earlier, separate projects in 1985–1986 (for both OFB sites) and
2002–2008 (for all five PAS sites). Post DWH collections for this study were made monthly at
all seven sites fromMay 2011 through November 2012. Both pre and post DWH fish were col-
lected as part of broad community wide sampling that targeted all available habitats with a
seine. Thus,M. beryllina were not targeted in any of the sampling and thus represent a random
selection of individuals from the population. All fish were collected by seine (0.32 cm mesh)
and fixed in 10% formalin before being transferred to 70% ethanol, cataloged, and deposited
into the museum. Post DWH fish remained in ethanol for a minimum of two months before
measurements were made. From each collection, we randomly selected a maximum of 20
individuals that were a minimum of 30 mm in standard length (mean 49.1 mm, maximum
86.9 mm) for FA measurements. Thirty mm was chosen as the minimum length to minimize
measurement error that would arise from variance in repeated measures of small traits (see
below).Menidia beryllina are thought to reach sexual maturity as soon as four to five months
after birth [28], at which time they are expected to be close to 30mm. Methods of collection

Fig 1. Map of the study are with the seven sites shown.Numbers indicate the total sample size (pre/post
DWH) for Old Fort Bayou (OFB) and Pascagoula (PAS).

doi:10.1371/journal.pone.0118742.g001
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and preservation of fish were approved by the University of Southern Mississippi IACUC (pro-
tocol 10100107). A sampling permit (06022011) was issued by the Mississippi Department of
Marine Resources.

Biloxi Bay and the Pascagoula River estuary are about 180 km north of the DWH spill site.
There was documented surface (http://gomex.erma.noaa.gov/: National Oceanic and Atmo-
spheric Administration satellite imagery) or beached oil (SCAT: shoreline cleanup and assess-
ment technique) throughout the Mississippi coast [35]. The NOAA “maximum observed
oiling” data classified shoreline habitat in both Biloxi and Pascagoula Bay as “no oil observed”
to “moderate” while the barrier islands directly offshore were classified as “moderate” or
“heavy”. Both models [35] and satellite imagery indicated oil near sites in both bays in the
spring and summer of 2010. While precise measures of oil contamination would be informa-
tive, they are not particularly useful without corresponding information on the movements of
M. beryllina during this period. Since we were not able to assign specific contamination levels
to individual collections of fish, we regarded all post DWH fish in these collections as exposed
for comparison to pre DWH fish representing the baseline.

Quantifying FA
We used digital calipers (Mitutoyo series 500; Aurora, Illinois) to measure left and right sides of
three bilateral traits: eye diameter (eye), length of longest pectoral fin ray (pectoral) and length of
longest pelvic fin ray (pelvic). These three traits are commonly used in FA studies, and they have
been shown to be effective in assessing FA specifically in fish [5,36–38]. Each fish was measured
twice on separate occasions in order to properly account for measurement error (ME) in analyses
[5,7,39]. After the second measurement, we measured standard length (SL, mm) and weighed the
fish (wet weight, g). We used published age and growth data forM. beryllina [27,28] to construct
a von Bertalanffy growth model to estimate a time of birth for all post DWH collected fish [40]
that were then classified as belonging to the 2010, 2011 or 2012 year classes. We used Fulton’s
condition index (1000�mass/SL3, condition) as an assay of individual fitness [41,42].

Individual signed FA was quantified as the difference between left and right measures divid-
ed by mean trait size to control for size effects and potential directional asymmetry [8,43]. Un-
signed FA was calculated as the absolute value of signed FA. FA values were tested for
normality (signed), directional asymmetry (signed) and used for visualization of the data (un-
signed). We used Grubb’s test to identify and eliminate outliers (any individual that was an
outlier in any of the three signed FA measures)[44]. The final dataset included FA measure-
ments on 1,135 fish: 220 pre and 915 post DWS (Fig. 1). While there were pre and post DWH
samples from all 7 sites, sample sizes varied considerably (ranging from 22 to 240 at individual
sites), reducing power for tests among sites. Thus, we pooled sites within OFB and PAS to test
for location effects (sample sizes in Fig. 1) and included individual site as a random effect in
models. We used mixed model repeated measures ANOVA (with side being fixed, and individ-
ual fish and site random repeated factors) to partition measurement error [7,39] and test for
differences in FA among groups of fish (pre vs. post DWH, OFB vs. PAS and between post
DWH years). The same models were used separately on each of the three FA traits. To assess
the significance of individual terms while controlling for measurement error, we used maxi-
mum likelihood ratio tests of nested models (comparing models with and without the term of
interest). All analyses were performed in R [45].

Results
There were no post DWH individuals estimated to have been part of the 2009 year class. A
small number of individuals (n = 35) were estimated to have been born mid-2010 (after
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DWH). However, there were not enough of these fish for reliable analysis so 2010 fish were
grouped with the 2011 age class. The final post DWH dataset included 735 fish from 2010–
2011 and 180 from 2012.

Measurement error ranged from 6.2 to 8.8%, and there was no indication of directional
asymmetry (Table 1). None of the three FA measures were significantly correlated with Ful-
ton’s condition index (eye: F = 3.51, P = 0.06, pectoral: F = 0.61, P = 0.434, pelvic: F = 0.27, P =
0.61). FA was higher in post DWH than pre DWH fish in the eye, but not in the pectoral or pel-
vic fins (Table 2, Fig. 1). In all three traits, the trend was for higher FA in OFB than PAS sites,
but this was only statistically significant in the eye (Table 2, Fig. 2). For all three traits, FA was
higher in 2010–2011 samples than in 2012 samples (Table 3, Fig. 3).

Discussion
There was an increase in post DWH FA for one of the three traits measured and all three traits
showed decreased levels of FA in 2012 compared to 2011. However, patterns in FA were not
consistent with an exclusive DWH induced stress response. Only one of the three traits was dif-
ferent overall, and the observed higher levels of FA in OFB compared to PAS (both baseline
and post DWH) was not expected. The consistent differences among the two locations may be
the product of other underlying stressors that were not accounted for in the study. The abun-
dance ofM. beryllina was higher in PAS samples (mean of 117.1 +/- 16.1 SE individuals per
collection) than OFB samples (31.4 +/- 7.9 SE) which may indicate PAS habitat was higher
quality for this species. Both areas have a fairly substantial anthropogenic footprint which is

Table 1. Descriptive statistics of FA for each of the three measured traits.

Trait FA ME ICC (%) DA

Eye 0.043 0.00287 93.7 t = −0.214, P = 0.831

Pectoral Fin 0.111 0.00692 94.1 t = 0.125, P = 0.900

Pelvic Fin 0.060 0.00529 91.9 t = −0.171, P = 0.865

FA and ME (measurement error, see text for details) were calculated from linear mixed model analysis. ICC

(interclass correlation coefficient [FA/(FA+ME)]) is an estimate of the repeatability of FA measures. DA are

tests for directional asymmetry (null of mean signed FA = 0).

doi:10.1371/journal.pone.0118742.t001

Table 2. Mixed model ANOVA results comparing FA pre/post DWH and by location with site as a random effect.

Trait MS F P

Eye Pre-Post 5.07 20.49 <0.001 *

Location 0.70 2.84 0.029 *

Pre-Post*Location 0.08 0.34 0.667

Pectoral Pre-Post 0.26 4.22 0.142

Location 0.02 0.25 0.558

Pre-Post*Location 0.00 0.01 0.982

Pelvic Pre-Post 0.20 1.33 0.163

Location 0.18 1.18 0.135

Pre-Post*Location 0.21 1.40 0.308

Significance of F values assessed by maximum likelihood ratio test of nested models (see text for details).

* = significantly different (P<0.05).

doi:10.1371/journal.pone.0118742.t002
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not unusual for the northern Gulf Coast. Biloxi Bay (below OFB sites, Fig. 1) is adjacent to the
cities of Gulfport and Biloxi, Mississippi, while the lower Pascagoula river areas are less popu-
lated but more exposed to pollutants from various industries in the area [46,47]. It is possible
that higher baseline levels of FA in OFB reflect various stressors associated with coastal devel-
opment that differ among areas. The use of museum specimens to assess FA in coastal fishes
presents an opportunity to examine some impacts of coastal development over the last few

Fig 2. Mean unsigned FA (95% confidence intervals) for each trait in pre (open symbols) and post (closed symbols) DWH samples by location.

doi:10.1371/journal.pone.0118742.g002

Table 3. Mixed model ANOVA results comparing FA in 2011 and 2012 samples.

Trait MS F P

Eye Year 2.04 7.57 0.007 *

Pectoral Year 0.45 6.76 0.010 *

Pelvic Year 1.01 6.04 0.016 *

Significance of F values assessed by maximum likelihood ratio test of nested models (see text for details).

* = significantly different (P<0.05).

doi:10.1371/journal.pone.0118742.t003
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decades. The U.S. Census Bureau reported the Gulf Coast as one of the most rapidly developing
areas from 1960–2008. Specimens in natural history collections may be used to investigate in-
creased baseline levels of stress in resident populations.

Fluctuating asymmetry signals were much more pronounced in the eye than either the pec-
toral or pelvic fins. This is consistent with findings from other FA studies on fishes. In review-
ing the topic, Allenbach et al. [5] reported eye diameter as the most sensitive trait (most often
showed significant FA) in fish studies while paired fin lengths were reported as substantially
less sensitive. Fluctuating asymmetry has gained interest in evolutionary applications as re-
searchers have used it as a surrogate for individual fitness [7,43,48,49]. While some progress
has been made at uncovering some of the genetic underpinnings of FA, the expected relation-
ship between FA and individual fitness is not clear, and heritability estimates of FA are minimal
to no heritability at all [4,7,50]. Some research suggests that environmental canalization (devel-
opmental stability) will serve to reduce FA in traits that are under strong stabilizing selection
because they are functionally very important [5,7]. Thus, environmental canalization should
act to reduce phenotypic variation due to environmental inputs, especially in traits where devi-
ations from symmetry would be expensive (such as fin asymmetry).Menidia beryllina is an ac-
tive swimming water column fish with large pectoral fins that play an important role in

Fig 3. Mean unsigned FA (95% confidence intervals) for each trait by year in post DWH samples, pooling location.

doi:10.1371/journal.pone.0118742.g003
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locomotion. One could imagine strong selection for the size, shape, and symmetry of pectoral
fins. While the eyes are also clearly important functionally, it is unlikely that small asymmetries
in eye size would have the same functional cost as fin asymmetries. The likely low cost of small
asymmetries in eye size may be why this has been shown to be one of the most sensitive FA
traits in fishes.

There was no relationship between FA and our assay of fitness. While the measure of fitness
we used (Fulton’s condition index) has been well vetted in the literature [42], our use of it in
this study presents a number of potential problems. First, this index is expected to vary season-
ally with changing patterns of energy allocation [28]; our fish (both pre and post DWH) were
collected at various times of year, and the lack of correlation could stem from this. Other unac-
counted sources of variability in condition were the age and sex of our fish. While most of the
fish we used were adults (mean 49.1mm), some were immature and none of the fish were
sexed. Our general approach in this study was to measure fewer traits on a larger number of
fish to capture baseline FA and post DWH FA in multiple areas through time. As noted above,
the expected relationship between individual fitness and measures of FA is not clear and con-
tinues to be a topic of spirited debate [7,50]. Of the three traits measured, the relationship be-
tween FA and condition was again strongest in the eye, possibly for some of the same reasons
outlined above. Overall, it is likely that seasonal, ontogentic, and sex differences in energy allo-
cation all contributed to substantial variability in our fitness metric, and the lack of a significant
relationship with FA is not surprising.

Fluctuating asymmetry should be most effective at identifying stress resulting from expo-
sure to novel toxins that would not have produced substantial stress in a species’ evolutionary
history. Stressors that are either novel [7] or have only recently produced directional selection
[8] are expected to generate greater levels of FA. Stressors commonly encountered may pro-
duce stabilizing selection that canalize the trait, buffering it against environmental inputs [50].
Natural oil seeps are well documented phenomena in the GOM [17,51], meaning the stress
from DWH oil would be related to the magnitude of the spill and subsequent levels of expo-
sure. The response to DWH also included the use of oil dispersants [9,11], compounds that
would certainly not have produced persistent stress in the evolutionary history ofM. beryllina.
Similar to information regarding oilage levels at specific sites, information on where oil disper-
sants were applied and in what amounts are not available at spatial and temporal scales neces-
sary to link to our collections. Ultimately, observed variability in FA could be due to some
combination of oil, dispersants or other unknown stressors.Menidia beryllina are not known
to be highly mobile fish. The closely related Atlantic Silverside (Menidia menidia) engages in
seasonal offshore migration, and population genetic data indicate little population structuring
at spatial scales pertinent to this study [52].Menidia beryllina are not known to engage in any
kind of large scale directional migration, and documented movement within estuaries is linked
with feeding behavior [31,53].

Fluctuating asymmetry is a sensitive measure of sublethal stress and is not necessarily relat-
ed to declining population levels. The post DWH samples were collected as part of broader
monthly sampling of 30 sites along the MS coast.Menidia beryllina were consistently abundant
and found in 33.1% and 30.4% of collections in 2011 and 2012, respectively. Patterns of mean
abundance per collection were similar in pre and post DWH samples, and abundance was gen-
erally higher at PAS than OFB sites both pre and post DWH (Schaefer et al., in review). Thus,
variability inM. beryllina abundance was consistent with what one might attribute to assem-
blage dynamics, and there was no obvious population decline at these sites associated with
DWH. While there was no data on 2010 abundance available at these sites, other studies of fish
assemblage structure and abundance for that year have reported no obvious DWH impacts
[20].

FA inM. beryllina pre- and post-DWH
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The post DWH sampling that began in March 2011 yielded a surprisingly small number of
fish from the 2010 year class.Menidia beryllina grow rapidly (0.3 mm per day) which means
an individual could reach the mean size of our samples (49.1mm) in just over five months, and
our minimum threshold (30 mm) in just three months. The published life history data for this
species is consistent with most fish not living past one year [28], meaning most of the fish col-
lected in our first sample (March 2011) would be young of the year. The largest fish in our post
DWH sampling were collected in December and January. The fact that we randomly selected
individuals (n = 20) from each collection combined with low survivorship past one year likely
resulted in fewer 2010 class fish. We could have selected the largest fish from early collections
in the study to maximize representation from the 2010 class, but this would have introduced
other biases into the study.
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