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Abstract

This dissertation studies measures of adverse effects in free-ranging pinnipeds associated with 

relatively high total mercury ([THg]) or monomethylmercury ([MeHg+]) concentrations, 

relatively low total selenium ([TSe]) concentrations and/or low TSe:THg molar ratios. Both the 

Steller sea lion (SSL, Eumetopias jubatus) and Pacific harbor seal (HS, Phoca vitulina richardii) 

inhabit coasts of the North Pacific, and are considered important sentinel species for One Health 

(environmental, animal and human health). Relatively high [THg] is reported for some animals 

in both species, causing concern for adverse effects especially in the developing fetus. Maternal 

piscivorous diet can expose the fetus to MeHg+ at a vulnerable developmental stage, with 

potential for adverse effects on several organ systems. This dissertation focused on two of these: 

nervous system development and function and oxidant/antioxidant homeostasis. In Chapter 2 I 

outlined capture and field anesthesia of free-ranging SSL. I found faster induction times for 

sevoflurane over isoflurane, with a significant interaction for anesthetist. Difference among the 

two agents is most likely attributed to the different chemical properties for these gases (blood 

solubility), whereas personal experience/comfort level most likely explains the differences 

between the human operators. Severe hypothermia was also documented, associated with the 

time of year, sex and duration of anesthetic event. There was an overall low mortality rate, and 

the protocols were effective for relatively safe field anesthesia of a large mammal. Chapter 3 

assessed oxidant/antioxidant status and associations with [THg], [MeHg+], [TSe] and TSe:THg 

molar ratio in anesthetized free-ranging SSL pups. The anesthesia protocols described in Chapter 

2 were used as a physiological stressor for measuring oxidative stress in SSL. Pinnipeds as 

diving mammals are naturally adapted with high antioxidant activity to survive long breath-holds 

during foraging. However, the relatively high [THg] found in some SSL cause concern for 

sequestration of Se due to its high binding affinity to Hg, and subsequently decreased antioxidant 

capacity (Se-dependent glutathione peroxidase (GPx)). I found a significant negative relationship 

between lipid peroxidation and [TSe], suggesting the potential for decreased antioxidant 

protection from Se. There were also significant associations between increased GPx activity and 

lipid peroxidation, possibly protecting pups with relatively high [THg] and low TSe:THg molar 

ratios. In Chapter 4 I repeatedly evaluated live-stranded HS pups admitted to The Marine 

Mammal Center, using weekly clinical and behavior assessments, which were analyzed for 

associations with [THg]. There was a significant association between [THg] in hair and/or blood 
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and decreased response to tactile stimulation, less movement and longer stays in rehabilitation. 

These findings will help us better assess similar [THg] in hair and blood of SSL in Alaska that 

we currently study as well as other pinnipeds. In summary, this dissertation confirms the 

potential for adverse effects in two free-ranging species of pinnipeds exposed to MeHg+ in utero.
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Chapter 1: Introduction

1.1 Mercury is a contaminant of global concern

Annual emissions of mercury (Hg) over the last decade has been estimated to be 1,960 

tons, where about 30% comes from current anthropogenic sources, 10% from natural geological 

sources, and 60% as re-emissions built up over decades in surface soils, ice, and oceans (UNEP 

2013). Numerous Hg species include elemental (Hg0), oxidized (Hg+, Hg2+), and organic forms 

such as monomethylmercury (MeHg+, CH3Hg+) and dimethylmercury (CH3HgCH3) 

distinguished by differences in sources, tissue distribution, and risks of adverse effects (Syversen 

and Kaur 2012). After Hg0 is released to the atmosphere it can be transported long distances 

before oxidation makes it water soluble with deposition to land, freshwater, and marine 

ecosystems via precipitation (Driscoll et al. 2013). In the marine environment anaerobic 

microorganisms methylate Hg+, making it bioavailable. MeHg+ easily bioaccumulates and 

biomagnifies up the food web (Driscoll et al. 2013; AMAP 2018), making it a contaminant of 

global concern, considered a threat to human, animal and environmental health (UNEP 2013; 

AMAP 2018) especially for fish consumers (piscivores).

1.2 Mercury concentrations in sentinel species

Pinnipeds are considered sentinel species for ecosystem health (Aguirre and Tabor 2004) 

and target species of concern as strict piscivores in locations with known elevated levels of Hg. 

Many of these upper trophic level predators live in coastal environments close to human 

settlements, and have a piscivorous diet shared with both subsistence and commercial fisheries. 

Thus, pinnipeds serve as a sentinel species for One Health missions, describing how human, 

animal and environmental health are connected (Bossart 2010; Zinsstag et al. 2011). In some 

cases, the pinnipeds represent direct food resources for some regions of the subarctic and Arctic 

(Dietz et al. 2018) further emphasizing the One Health connections. These considerations make 

the relatively high total Hg concentrations ([THg]) found in Steller sea lions (Eumetopias 

jubatus, SSL) and Pacific harbor seals (Phoca vitulina richardii, HS) in the sub-arctic regions 

and in the western north Pacific Ocean concerning on several levels (Brookens et al. 2007; 

Castellini et al. 2012; Rea et al. 2013; Correa et al. 2014; McHuron et al. 2014; Van Hoomissen 

et al. 2015; Peterson et al. 2016; Kennedy et al. 2019; McHuron et al. 2019; Lian et al. 2020). In 

the western Aleutian Islands [THg] documented in approximately 40% of SSL pups sampled at
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Agattu Island, and as many as 80% of SSL pups sampled at Kiska Island (Crawford et al. 2019), 

exceeded the published lower toxicologic threshold of concern for adverse effects in pinnipeds 

(20 μg∕g for hair), and more than 20% of pups sampled on these islands exceeded the upper 

toxicologic threshold (30 μg∕g for hair, O'Hara and Hart 2018; McHuron et al. 2019). More than 

10% of live stranded HS pups in central California had hair and whole blood [THg] greater than 

the lower toxicologic thresholds (Brookens et al. 2007; McHuron et al. 2014; McHuron et al. 

2019), whereas within the estuary of San Francisco Bay the mean [THg] is higher than the upper 

toxicologic threshold (McHuron et al. 2014; McHuron et al. 2019). This highlights why these 

two pinniped groups were the focus of this adverse effects assessment as they both demonstrate a 

wide range of exposures presenting us with an opportunity to take a “dose-response” perspective.

1.3 Steller sea lions, anesthesia and oxidative stress

The western distinct population segment (DPS) of SSL is currently listed as endangered 

under the US Endangered Species Act (ESA), and much emphasis has been attributed to 

investigate the reason(s) for the populations' decline and/or lack of recovery over the last four 

decades (Atkinson et al. 2008; Fritz et al. 2019). The potential impact of contaminants was 

recommended as a priority for research for this DPS (Atkinson et al. 2008). In this dissertation, I 

outline two research projects focusing on SSLs. First, I describe a study on methods for capture 

and anesthesia of juvenile SSL. Over a span of ten years, juvenile SSL (n = 621, 20-232 kg) were 

captured underwater by scuba divers, transported to a ship and anesthetized with either isoflurane 

or sevoflurane. This capture method is specific for juveniles, but the anesthesia method is 

currently used for all age classes of SSL (Haulena 2014; Lian et al. 2017). The Lian et al. (2017) 

publication is Chapter 2. Next, I present the antioxidant and oxidative stress status in 

anesthetized SSL and associations with [THg], MeHg+ concentration [MeHg+], total selenium 

concentration ([TSe]), and the molar ratio (TSe:THg). Oxidative stress has been described as a 

key mechanism for several adverse effects caused by Hg (Farina et al. 2011; Ralston and 

Raymond 2018). SSL with an adequate seafood diet benefit from relatively high levels of 

systemic Se, and normally have exceptionally high levels of antioxidants as an adaptation to high 

oxidative stress levels they are facing every day as a part of their diving behavior (Zenteno-Savin 

et al. 2002). However, relatively low molar ratios of TSe:THg have been found in some SSL 

pups with relatively high [THg] (Correa et al. 2014) which could make them more vulnerable to
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Hg toxicosis and Se deficiency, subsequently leading to antioxidant deficiency with resulting 

oxidative stress. Capture and anesthesia of SSL are necessary tools for conservation, research, 

and management of this species (Lian et al. 2017), and pinnipeds may experience similar 

physiological responses during capture, restraint, and anesthesia as occur during diving and other 

activities, including breath holding, bradycardia, shunting of blood from peripheral tissues and 

elevated CO2 levels (Haulena 2014). I used anesthesia associated with capture and restraint of 

free-ranging SSL as a model for a physiological (oxidative) stressor, under which we assessed 

the interactions between Hg and Se status and the oxidative stress response in SSLs. Specifically, 

I outline interactions between [THg] and [TSe] status, and the oxidative stress and antioxidant 

response in individual SSLs (n = 74). This study was published spring 2020 (Lian et al. 2020), 

and is presented as Chapter 3 in this dissertation.

1.4 Mercury and neurotoxicosis in harbor seals

The neurotoxic outcomes from MeHg+ are well described and documented with 

numerous laboratory studies and accidental human poisonings (Murata et al. 2007; Castoldi et al. 

2008; Ralston and Raymond 2018). Lastly in this dissertation (Chapter 4), I outline a research 

study where live-stranded HS pups admitted to The Marine Mammal Center (TMMC) were 

monitored weekly for neurological behavior changes, clinical outcomes and associations with 

[THg] measured in hair (mostly lanugo developed in utero) and whole blood when sampled on 

admission. This work follows up on efforts by Van Hoomissen et al. (2015), who found 

significantly higher [THg] in pups classified as neurologically abnormal at any time following 

admittance to TMMC. In this study, I have included observations collected over four separate 

years, a robust sample size (n =267) and specific behaviors analyzed (response to tactile 

stimulation, movement, swimming, interactions with other seals, hand feeding and independent 

feeding) along with more severe clinical outcomes (e.g., euthanasia, mortality while in captivity). 

The study additionally demonstrates how wild animals in rehabilitation can be used as a model to 

study adverse effects from [THg] in a biomedical setting at TMMC, with relevant results that can 

be interpreted as a surrogate for free-ranging SSLs and HSs located in remote areas.
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1.5 A One Health perspective

Hg continues to be a global problem. Recently global emission regulations were 

implemented with the Minimata Convention on Mercury (Evers et al. 2016), but future 

challenges are expected with the ecological changes following climate change, including additive 

re-emissions of Hg from glaciers and sea-ice. (McKinney et al. 2015; Dietz et al. 2019). By 

establishing how Hg adversely affects pinniped sentinel species (SSLs and HSs) from chronic 

gestational exposure through their dam's piscivorous diet, I relate my findings to the One Health 

paradigm and human populations consuming seafood.
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Chapter 2: Field anesthesia of juvenile Steller sea lions (Eumetopias jubatus) using 

inhalation anesthesia1

1 Lian, M., Johnson, S., Gelatt, T., O'Hara, T.M., Beckmen, K. B., Rea, L. D., 2017. Field 
anesthesia of juvenile Steller sea lions (Eumetopias jubatus) using inhalation anesthesia. Marine 
Mammal Science 34, 125-135.

2.1 Abstract

Between 1998 and 2008, 621 Steller sea lions (Eumetopias jubatus, SSL) were captured 

underwater by SCUBA divers and anesthetized with isoflurane (n = 602) or sevoflurane (n = 19). 

We found significantly faster induction time (x ±SD) for sevoflurane (11±6 min) compared to 

isoflurane (14±6 min), as well as an interaction between anesthetists using the isoflurane 

protocol. Severe hypothermia with temperatures <35 °C were measured in 22% of all animals, 

and had significant associations with month, length of anesthesia and sex. Mortality rate was low 

(0.33%). We conclude that both isoflurane and sevoflurane anesthesia were effective for field 

anesthesia to safely handle and sample SSL.
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2.2 Introduction

The Steller sea lion (Eumetopias jubatus, SSL) is a marine apex predator inhabiting the 

Alaskan coastline (Castellini et al. 2012). Two genetically distinct population segments (DPS) of 

SSL are recognized; the western DPS found west of 144°W and the eastern DPS found east of 

144°W. The National Marine Fisheries Service listed the western DPS as endangered under the 

US Endangered Species Act (ESA), whereas the eastern DPS was recently delisted (NMFS

2013) . The reasons for this population decline, and subsequent failure of some regions in the 

western DPS to recover are still uncertain (Beckmen et al. 2002; Burek et al. 2005; Atkinson et 

al. 2008; Castellini et al. 2012; Rea et al. 2013). Several management-oriented research programs 

have sought to understand why segments of the western DPS population have failed to recover, 

and biological samples and specimens are routinely collected (Burek et al. 2005; Pitcher et al. 

2005; Rehberg et al. 2008; Castellini et al. 2012; Rea et al. 2013, 2016; Correa et al. 2014; 

Lander et al. 2014; Spitz et al. 2015).

Field anesthesia is needed for sampling and satellite tagging wild pinnipeds (Haulena

2014) , thus development of safe anesthesia protocols is of paramount importance. Remote drug 

delivery with a dart projector carries the risk that the animal will escape to the water after darting 

and possibly drown once anesthetized (Heath et al. 1996; Haulena 2014). Darting is also 

considered a less efficient capture technique, because only one animal can be captured per 

rookery or haul-out per event, as the remaining animals are disturbed and escape to water. Older 

young of the year and yearling animals (juveniles) can occasionally be physically restrained 

onshore using a net, but with a lower success rate, due to the difficulty of approach and safe 

handling of these animals which range between 50 to 184 kg in mass (Haulena 2014). Juvenile 

pinnipeds are curious and playful animals, and will often approach recreational divers. This 

behavior allowed development of an underwater capture technique for SSL (Raum-Suryan et al. 

2004).

In addition to risks associated with capturing wild SSLs, anesthetizing pinnipeds presents 

many challenges. Pinnipeds have a strong dive response that can be triggered by anesthesia and 

lead to breath-holding, apnea, and bradycardia (Haulena and Heath 2001; Haulena 2014). 

Additionally, field conditions without sophisticated monitoring equipment and difficulties 

obtaining intravenous access also pose challenges for anesthetizing pinnipeds in the field. To 

address these challenges, a protocol for inhalation anesthesia to replace remote delivery of 
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tiletamine-zolazepam, was developed using a portable field anesthesia machine (Heath et al. 

1997).

In this study, our goal was to describe the anesthetic drug protocols used for juvenile SSL 

live captured under water by SCUBA divers. Here we describe the use of isoflurane for field 

anesthesia of this species over a ten-year research period (1998-2008). We also provide a 

comparison of induction and recovery times and document vital signs in a subset of animals that 

were induced under sevoflurane during the first two years of protocol development.

2.3 Methods

Study area

A total of 621 free-ranging Steller sea lions aged 2 - 45 months with a body mass of 73 ± 

6 kg (x ± SD; range 20 - 232 kg) were live-captured by SCUBA divers near rookeries and 

haulouts over a 10-year period from 1998 to 2008 in coastal Alaska. Sea lions were captured and 

studied in Southeast Alaska (SEA, n = 279), Prince Williams Sound (PWS, n = 311), central 

Gulf of Alaska (n = 13), eastern Aleutian Islands (EAI, n = 5) and central Aleutian Islands (CAI, 

n = 14) (Figure 2.1). More males (n = 364) were captured than females (n = 256), and for two 

animals the sex was not recorded.

Anesthesia

Juvenile SSLs were captured by SCUBA divers interacting with inquisitive animals 

underwater to place a lasso (or “noose”) around the sea lion's neck (Raum Suryan et al. 2004). 

The distal end of this capture line was attached to a floating buoy that could be retrieved from the 

water follow underwater connection to a SSL, or in calm weather was connected directly to the 

capture skiff for faster retrieval of the captured animal. The lasso portion of the capture line had 

a corroding pin, which would dissolve over time in the event that an animal escaped the capture 

crew.

The capture team manually placed the animal into a capture box in a nearby skiff. The 

capture box containing the animal was then transported to and loaded onto a research vessel and 

weighed as described in Rea et al. (2016). Animals were allowed to rest before being 

anesthetized. The rest time between capture and anesthesia varied from less than one hour in 

some of the early years, to up to several hours for some animals.
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Inhalation anesthesia was administered using a portable field anesthesia machine (RB 

Heath, DVM) delivering either isoflurane (n = 602) or sevoflurane (n = 19) via a mask. The 

mask was a plastic or rubber traffic cone modified to snugly fit a range of SSL head diameters 

and fitted to the anesthesia machine (Figure 2.2). Prior to anesthesia, bars and wedges were used 

to provide safe restraint within the capture box and safe access to the head during mask 

induction. Animals were intubated with an endotracheal tube (9-16 mm for animals < 100 kg and 

14-24 mm for animals > 100 kg) after induction. Gas anesthetic was delivered at 4%-5% 

vaporizer setting with 5-10 L/min oxygen flowrate. The concentration of the gas anesthetic was 

reduced to 1%-2% with 2-3 L/min oxygen flow to maintain anesthesia after induction (loss of 

swallow reflex and following intubation). The waste gas tube was either vented to the 

environment outside of the working area or a canister scavenger system was used. During colder 

periods the vaporizer was heated with external heat sources. The vaporizer was kept in an 

insulated cover with chemical hand warmers enclosed in contact, and during the winter electric 

heaters were kept nearby in the work area to maintain appropriate working temperatures for the 

equipment, animals and people. The heat sources (i.e., heat lamps, or high voltage heaters) were 

positioned at a distance from the vaporizer unit, to avoid affecting delivery rates of anesthetic.

Time variables recorded included induction time (defined as the time from applying the 

mask to intubation), recovery time (time from when the vaporizer was turned off to extubation), 

and length of anesthesia (time from applying the mask to regaining all reflexes and extubation). 

Most animals underwent a lighter initial anesthesia event using mask only after the resting period 

to allow for collection of minimal blood samples and intramuscular (IM) injection of deuterium 

oxide for estimation of body fat content (Rea et al. 2016). Data for these anesthesia events were 

not included in this study as animals were not fully anesthetized, and were not intubated. We 

monitored vital signs throughout the anesthetic period, measuring core body temperature with an 

esophageal digital thermometer, heart rate with a pulse oximeter (Nellcor® 20P, Nellcor Inc., 

Pleasanton, California, USA) or an esophageal stethoscope, and respiratory rate by counting 

thoracic excursions or rebreathing bag contractions. Apnea was defined as halted respiration (no 

visible breaths) > 1 min. Capillary refill time (CRT) was measured by applying pressure to the 

oral mucosa and counting the seconds until the mucosa was perfused again (returned to pinkish 

color). The color of the mucus membrane and CRT was assessed throughout the anesthetic 

period. Hypothermic (<36.5 °C) animals were actively heated with artificial heat sources 
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including wraps, insulating pads, warm water, and hot water bottles. Severe hypothermia was 

defined as <35.0°C (Ko and Krimins 2014).

A dose of 0.3 mg/kg diazepam (Diazepam injection USP 5 mg/mL, Hospira, Inc., Illinois, 

USA) was administered IM for sedation in 11 animals that were too aggressive for safe handling 

in the capture box. We removed these animals from the analysis for induction time and recovery 

time. In cases of respiratory depression or severe apnea, the sea lion was manually ventilated 

and/or administered 1 mg/kg doxapram (Dopram Injection 20 mg/mL, New Jersey, USA) IM or 

sublingually to stimulate respiration. For resuscitation from respiratory arrest, a dose of 0.02 

mg/kg atropine (Atropine Sulfate Injection 1/120 Grain, 0.54 mg/mL, Med-Pharmex Inc., CA, 

USA) and 0.08 mg/kg epinephrine (Epinephrine Injection USP, 1 mg/mL, International 

Medication Systems, Limited, CA, USA), were administered IM or intratracheally through the 

endotracheal tube, in addition to mechanical assistance with respirations and doxapram.

After extubation the animals were kept unrestrained on the rear deck of the ship for visual 

monitoring and undisturbed recovery. Recovery qualities were subjectively assessed by the 

anesthetists. When the sea lions were assessed to be fully recovered, they were allowed to leave 

the ship under their own power.

Statistical analysis

All statistical analyses were performed as linear models in the statistical software R, 

version 3.1.1 (R Development Core Team 2014). Variables analyzed included drug type 

(isoflurane and sevoflurane), induction time, recovery time, body temperature, anesthetist, year, 

month, region, sex, body weight, time from capture to anesthesia, and duration of anesthesia. We 

tested for normal distribution of data using a Shapiro Wilks Test and, if necessary, log 

transformed to achieve normality.

The difference between the drug types was tested with a two-tailed t-test. Due to the large 

difference in sample size between the two drug types for induction and recovery time and body 

temperature, the analysis was run twice; once with all the animals (n=19 sevoflurane, n=602 

isoflurane), and again with a random subsample of 19 individuals in the same age and weight 

class, anesthetized in the same region (SEA) and equal number of individuals from the same 

seasons (March, May, and November) receiving the isoflurane protocol (only from the first two 

years, when sevoflurane also was used and with the same anesthetist performing the anesthesia 
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for both protocols) to have equal sample sizes. Variables including year, month, region, sex, 

body weight, time from capture to anesthesia, and duration of anesthesia were tested for 

association with body temperature using linear regression and ANOVA. Interaction between the 

variables was tested with an ANOVA. Nine anesthetists were involved in the project during the 

ten-year period, with two anesthetists present for most captures. Each anesthetist anesthetized at 

least 20 animals. The difference in induction time and recovery time between anesthetists (for 

isoflurane protocol only) was compared using an ANOVA. The interaction between induction 

time, recovery time, and anesthetists was also tested with an ANOVA.

For all statistical analysis, we considered P values less than 0.05 significant. 

Additionally, summary statistics were calculated for all measured vital signs and are reported as 

x ±SD (range) in the results section. The complete data set included records of 621 anesthesia 

events, but due to some lost or unrecorded data, there is periodically unequal sample sizes in 

results presented.

2.4 Results

Capture technique and drug combinations

Of the 621 juvenile SSL that were captured and anesthetized with either isoflurane or 

sevoflurane, there was a significantly faster induction time for sevoflurane than isoflurane (t = - 

2.6, P = 0.0182), but no difference in recovery time (Table 2.1). When equal sample sizes from 

the two drug types were compared, there was still a significantly faster induction time (t = -2.2, P 

= 0.038) for sevoflurane and no difference in recovery time between the two protocols (Table 

2.1).

The mean induction and recovery times ranged from 9-18 min and 2-10 min respectively, 

among the anesthetists. We found a significant difference in induction (F7,582 = 4.5, P <0.001) 

and recovery (F7,485 = 8.6, P <0.001) between anesthetists, with a significant interaction (F7,461 = 

33.0, P <0.001). The rest time between capture and anesthesia was 111±62 (17-558) min. The 

anesthesia time was 61±18 (22 - 147) min for isoflurane and 75±22 (46 - 117) for sevoflurane 

(Table 2.1).

Vital signs

The most prevalent complication of isoflurane and sevoflurane anesthesia was 

hypothermia, while apnea occurred during some isoflurane events. Severe hypothermia with 
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temperatures <35 °C were measured in 132 (21.9%) of all animals. Hypothermia was 

significantly associated with month (r2 = 0.29, F9,455 = 21.3, P < 0.01), with the majority of 

events occurring in February and March. Hypothermia also had a significant but weak 

association with length of anesthesia (slope = -0.02, r2 = 0.02, F1,439 = 8.4, P < 0.01) and sex 

(F2,462 = 8.6, P < 0.01), but no association with year, region, body weight, and time spent resting 

from capture to start of anesthesia. The mean body temperature was 36.4 °C for isoflurane and 

35.0 °C for sevoflurane (Table 2.2). There was a significant difference between the two drug 

types for body temperature when all animals were compared (t = 4.06, P < 0.001) with warmer 

animals on the isoflurane protocol, however, this difference was not apparent when equal sample 

sizes from the two drug types were compered (t = 1.42, P = 0.17). The mean respiratory rate 

throughout the anesthesia period was 7 breaths/min for both drug types (Table 2.2). Apnea 

occasionally occurred at the time of intubation or at the end of the procedure after turning off the 

vaporizer but before extubation. Some of these animals needed mechanical assistance with 

respirations. Additionally, doxapram was used to stimulate respirations in 21 animals (3%). Two 

animals experienced respiratory arrest during anesthesia. These animals were successfully 

resuscitated with atropine and epinephrine. The average heart rates measured in beats per minute 

were 109±15 (55 - 170) for isoflurane and 102±11 (87 - 121) for sevoflurane (Table 2.2).

Mortalities

We had two mortalities (0.33 %). One 7-month old female died during recovery 

following a sevoflurane procedure. The animal was found dead in the capture box with its head 

twisted and nose pressed into a corner. Necropsy confirmed asphyxiation as cause of death. A 

23-month old female died during initial masking with isoflurane anesthesia. The necropsy 

confirmed asphyxiation due to aspiration of gastric contents. As a part of other studies satellite 

data recorders were deployed on a majority of the animals. No mortalities were reported 

postcapture (Raum-Suryan et al. 2004; Pitcher et al. 2005; Call et al. 2007; Rehberg et al. 2008; 

Lander et al. 2014; Hui et al. 2015; Spitz et al. 2015; Rea et al. 2016).

2.5 Discussion

Here we present data for a novel procedure describing successful gas anesthesia after 

underwater captures of juvenile SSLs. During a span of ten years, 621 animals were anesthetized 

in the field, with a very low mortality rate. These results demonstrate an effective and reliable 
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capture method and field anesthesia for SSL, which resulted in limited disturbance to other 

animals on the haulout.

The significantly faster induction time for sevoflurane was most likely attributed to blood 

solubility qualities and thereby potency. Potency of inhalation gases is related to their minimal 

alveolar concentration (MAC) and blood solubility that affects gas availability to blood and thus 

to the brain. A low MAC and blood solubility induces a rapid anesthetic effect on the central 

nervous system. Both sevoflurane and isoflurane have a low solubility, with less than 0.2% 

metabolized, while sevoflurane is less soluble than isoflurane (Steffey 2001). Isoflurane has a 

lower MAC than sevoflurane (Steffey and Mama 2007), but the lower solubility of sevoflurane 

likely accounted for faster induction times via faster delivery to the brain. The same 

characteristics should also lead to a faster recovery for sevoflurane. The relatively fast mean 

recovery times of 5 and 4 min, respectively, for isoflurane and sevoflurane in our study were not 

significantly different. However, sevoflurane recoveries were subjectively assessed as resulting 

in more alert animals at the time of extubation. Isoflurane and sevoflurane have very similar 

characteristics and similar actions on the cardiovascular and respiratory systems, but isoflurane is 

more potent with a lower MAC (Steffey 2001). Since MAC was not titrated, we did not compare 

heart and respiratory rates statistically between the two protocols. When we compared body 

temperature, although animals appeared warmer on the isoflurane protocol, the difference was 

not significant. Given our findings of stable heart and respiratory rates for both protocols, higher 

cost associated with sevoflurane at the time of the study outweighed the benefit of slightly 

shorter induction times for sevoflurane over isoflurane.

The significant difference between anesthetists, both for induction and recovery times, 

were probably related to different levels of experience and comfort for having animals in deeper 

anesthetic planes. These small differences are inconsequential for research outcome and animal 

safety, however, for research studies evaluating or optimizing anesthetic protocols human 

operator should be accounted for and included as an explanatory variable.

Normal body temperature in SSL has been established to 36-38.2°C (Horning and 

Mellish 2014). The low temperatures in the current study were more pronounced from January - 

March, most likely due to seasonably lower ambient temperatures during winter. There was also 

a correlation with longer anesthesia times and hypothermia, with temperatures dropping below 

35 °C after 110 min of anesthesia time. These low body temperatures could arise from 
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isoflurane-induced vasodilation (Steffey 2001; Haulena 2014), which would continue to decrease 

the body temperature of the animal the longer vasodilation exists. Despite no difference in body 

fat between the sexes (Rea et al. 2016) we found that females had higher average body 

temperature under anesthesia than males. There was also no association with body weight, which 

was expected to make smaller animals more susceptible to heat loss and hypothermia (Ko and 

Krimins 2014). This could have been mitigated by the attending anesthetist, providing extra 

external heating to smaller animals, which probably prevented hypothermia-related mortalities.

In addition to hypothermia, apnea was another severe side effect. Isoflurane is a 

respiratory depressant (Steffey 2001) which likely led to apnea. The controlled field environment 

with endotracheal intubation and manual positive pressure anesthesia allowed for management of 

these respiratory emergencies and may have prevented additional mortalities (McDonell and 

Kerr 2015).

This study had an exceptionally low mortality rate (0.33%), nearing the mortality rate for 

cats and dogs undergoing anesthetic procedures in veterinary hospitals (Muir 2007). The general 

recommendation for field anesthesia is that mortality rates above 2% are unacceptable (Arnemo 

et al. 2006; Kreeger and Arnemo 2012). Our results show that the capture method and anesthesia 

protocol are well below this benchmark, although we recognize that capture myopathy and 

related mortality can occur up to four weeks post capture. A study based on animals represented 

in our study investigated mortality up to 14 d post capture with telemetry tracking, and found an 

estimated mortality rate of ≤1.6% (Fadely et al. 2008). No direct mortalities were reported from 

animals with satellite data recorders.

2.6 Conclusion

Safe capture and anesthesia procedures are essential to assure safe handling in the field. If 

capture and anesthesia are required during the colder months of January through March, 

increased risk of hypothermia during anesthesia should be considered and mitigated. The capture 

method and field anesthesia protocol with either isoflurane or sevoflurane can be used by 

researchers and managers to continue research efforts to conserve this species.
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2.8 Figures

Figure 2.1. Map with study area and sample sizes for SSL captures.

Free-ranging Steller sea lions (Eumetopias jubatus) were live captured by divers in the following locations: 
southeast Alaska (SEA, n = 279), Prince Williams Sound (PWS, n = 311), central Gulf of Alaska (C GULF, n = 13), 
eastern Aleutian Islands (EAI, n = 5) and central Aleutian Islands (CAI, n = 14), for a total of 621 SSL captures
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Figure 2.2. Traffic cone anesthesia mask.

A juvenile Steller sea lion receives isoflurane anesthesia through a mask, which is a modified traffic cone fitted to 
the portable anesthesia unit.
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2.9 Tables
Table 2.1. Induction and recovery times.

Comparison of induction times and recovery times in min between Isoflurane (n = 602) and 

Sevoflurane (n = 19) anesthesia for free-ranging Steller sea lions, after being live captured by 

divers in the Gulf of Alaska and near the Aleutian Islands. Degrees of freedom is abbreviated as 

df. Values are presented as x ± SD (range).

Time variable Isoflurane Sevoflurane p t df

Induction time 14 ± 6 (3 - 70) 11 ± 6 (5 - 26) 0.018 -2.60 18.66

Recovery time 5 ± 3 (1 - 42) 4 ± 2 (0 - 9) 0.638 -0.48 20.86

Anesthesia time 61±18 (22 - 147) 75±22 (46 - 117) N/A N/A N/A

Induction time 15 ± 8 (5 - 38) n = 19 11± 6 (5 - 26) n = 19 0.038 -2.20 35.88

Recovery time 4 ± 2 (0 - 8) n = 19 4 ± 2 (0 - 9) n = 19 0.323 1.00 30.60

Table 2.2. Vital signs for anesthetized SSLs.

Vital signs recorded for free-ranging Steller sea lions during isoflurane and sevoflurane 

anesthesia, after being live captured by divers in the Gulf of Alaska and near the Aleutian 

Islands. Values are presented as x ± SD (range).

Variable Unit n Isoflurane n Sevoflurane

Body temperature oC 582 36.4±2.6 (29.4 - 40.5) 17 35.0±1.0 (33.3 - 37.7)

Heart rate beats/min 588 109±15 (55 - 170) 17 102±11 (87 - 121)

Respiratory rate breaths/min 589 7±5 (0 - 40) 17 7±2 (2 - 11)
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Chapter 3: Assessing oxidative stress in Steller sea lions (Eumetopias jubatus): Associations 

with mercury and selenium concentrations2

3.1 Abstract
Selenium (Se) bioavailability is required for synthesis and function of essential Se- 

dependent antioxidants, including the enzyme glutathione peroxidase (GPx). Strong interactions 

between monomethyl mercury and Se impair the critical antioxidant role of Se. Approximately 

20% of Steller sea lion (Eumetopias jubatus, SSL) pups sampled in the western Aleutian Islands, 

Alaska, had total Hg concentrations ([THg]) measured in hair and whole blood above thresholds 

of concern for adverse physiologic effects in pinnipeds. Importantly, low molar ratios of 

TSe:THg, in some cases < 1 in several tissues (hair, liver, pelt, muscle, spleen, intestine, heart, 

lungs, brain) were documented for one SSL pup with [THg] above threshold of concern, which 

may lead to antioxidant deficiency. Our aim with this study was to evaluate the relationship 

between circulating [THg], [MeHg+], [TSe] and TSe:THg molar ratio status relative to oxidative 

stress and antioxidants measured during general anesthesia in free-ranging SSL. We captured, 

anesthetized and sampled newborn SSL pups at rookeries located in the Aleutian Islands or Gulf 

of Alaska. Biomarkers analyzed for oxidative stress included 4-hydroxynenonal and 

thiobarbituric acid reactive substances (4-HNE and TBARS, respectively, lipid peroxidation), 

protein carbonyl content (PCC, protein oxidation), and GPx activity as a key indicator for Se- 

dependent antioxidant defense levels. We found a negative association between TBARS and 

[TSe], and SSL with low [TSe] had higher concentrations of 4-HNE than those with intermediate 

[TSe]. These results suggest that SSL with lower [TSe] experience increased lipid peroxidation 

potentially associated with [THg] status.

Lian, M., J. Castellini, T. Kuhn, L. Rea, L. Bishop, M. Keogh, S. Kennedy, B. Fadely, E. v. 
Wijngaarden, J. Maniscalco, and T. O'Hara. 2020. Assessing oxidative stress in Steller sea lions 
(Eumetopias jubatus): Associations with mercury and selenium concentrations. Comparative 
Biochemistry and Physiology Part C: Toxicology & Pharmacology:108786.
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3.2 Introduction
The Steller sea lion (Eumetopias jubatus, SSL) is a marine apex predator recognized as 

an important sentinel species for One Health in the North Pacific (Castellini et al. 2012). The 

One Health concept focuses on the intricate linkages between human, animal and environmental 

health. SSLs share coastal ecosystems with humans, and consume fish and seafood species 

commonly harvested for subsistence and commercial use (Cyr et al. 2019; Fritz et al. 2019). For 

SSL, two distinct population segments (DPS) are recognized within the US, divided into a 

western DPS and eastern DPS at 144°W latitude (Figure 3.1). The National Marine Fisheries 

Service (NMFS) has listed the western DPS endangered under the US Endangered Species Act 

(ESA), whereas the eastern DPS was delisted in 2013 following population recovery (NMFS, 

1997). The reasons for the population decline, and subsequent failure of some regions in the 

western DPS to recover are still uncertain (Atkinson et al. 2008; Altukhov et al. 2015; Fritz et al. 

2019).

High total mercury concentrations ([THg]) found in animals in the western and central 

Aleutian Islands (Rea et al. 2013) have led to concern over potential health and reproduction 

impacts to these metapopulations. Approximately 20% of sampled pups in these regions (Rea et 

al. 2013) had [THg] above suggested lower toxicologic threshold (> 0.2 μg∕g for whole blood 

and 20 μg∕g for hair) of concern for adverse effects in pinnipeds (O'Hara and Hart, 2018; 

McHuron et al. 2019). Few studies have investigated if relatively high [THg] have adverse 

effects on SSLs, but Kennedy et al. (2019) found lower haptoglobin levels in SSLs with [THg] 

above thresholds of concerns. Levin et al. (2020) using SSL samples and in vitro approaches 

indicated potential adverse effects of MeHg+ on the immune system. Another possible adverse 

effect from relatively high [THg] are relatively low molar ratios of total selenium (TSe) and THg 

(TSe:THg) in some SSL pups (Correa et al. 2014), potentially making them vulnerable to Hg 

toxicosis and/or Se deficiency. Indeed, Correa et al. (2014) documented one SSL pup (with 

[THg] measured in hair to 59.17 μg∕g) with TSe:THg molar ratios < 1.0 in several organs (liver, 

brain, heart, spleen and lungs). Se modulates Hg toxicity, and animals with low molar ratios may 

be functionally Se deficient (O'Hara and Hart, 2018).

Se is an essential element and a component of several critical biomolecules that function 

as antioxidants and immunomodulators including the antioxidant family of glutathione 

peroxidases (GPx) which comprises four distinct mammalian selenoproteins (Brigelius-Flohe, 
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1999, Farina et al. 2011). The interaction between Se and Hg partly involves strong affinity for 

binding with selenol (—SeHg) groups of endogenous molecules. In the case of selenol- 

containing proteins and enzymes, this formation of the Se—Hg bond can impair protein function 

(Farina et al. 2011). Monomethylmercury (MeHg+)-selenocysteine interaction may impair Se 

bioavailability affecting synthesis and function of the Se-dependent antioxidant GPx (Ralston 

and Raymond, 2018). Due to strong binding affinity, Se is an important biochemical target for 

MeHg+ toxicity. When Se is in relatively high excess of MeHg+, MeHg+ is biologically inactive 

(Berry and Ralston, 2008, Ralston and Raymond, 2018).

Pinnipeds are adapted to cope with oxidative stress, mainly due to the piscivorous diet 

containing high amounts of Se and other antioxidants (Zenteno-Savin et al. 2002). Breath 

holding during dives leads to hypercapnia and hypoxia in peripheral tissues and vital organs. The 

reperfusion of hypoxic tissues and organs with oxygenated blood post-dive leads to formation of 

reactive oxygen species, free radical formation and produces oxidative stress in several organ 

systems. The antioxidant effect of Se and selenol-containing proteins minimizes reperfusion 

damage (Vázquez-Medina et al. 2007) as part of a complicated antioxidant system. If antioxidant 

capacities are inadequate, the diving pinniped is vulnerable to oxidative stress derived from 

numerous interacting sources (Vázquez-Medina et al. 2012). The high [THg] in free-ranging 

SSLs in the Aleutian Islands are concerning in this context. While some adverse effects from Hg 

may be counteracted by Se, the relatively low molar ratios of TSe:THg found in some SSL pups 

with relatively high [THg] suggests these animals are more vulnerable to Hg toxicosis and 

oxidative damage. A significant association between Hg and oxidative stress has been 

established in free-ranging blue shark (Prionace glauca) (Barrera-García et al. 2012) and in 

laboratory studies (Su et al. 2007; Farina et al. 2011). In this study, we investigate associations 

between biomarkers of oxidative and antioxidant status, and whole blood [THg] and [TSe] in 

free ranging SSL pups in areas of population decline and recovery.

Capture and anesthesia of SSL are necessary tools for conservation, research, and 

management of this species (Lian et al. 2017). Pinnipeds may experience similar physiological 

responses during capture, restraint, and anesthesia as occur during diving and other activities, 

including breath holding, bradycardia, shunting of blood from peripheral tissues and elevated 

CO2 levels (Haulena, 2014, Lian et al. 2017). Specifically, this study evaluated the relationship 

between circulating [THg], [MeHg+], [TSe] and TSe:THg molar ratio status relative to oxidative 
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stress and antioxidants measured during general anesthesia in free-ranging SSL. With a mutual 

link between oxidative stress and chronic inflammatory stress (Angelini et al. 2017), it is 

imperative to also assess inflammatory stress biomarkers such as haptoglobin (Kennedy et al. 

2019), tumor necrosis factor-alpha (TNF-α Sharick et al. 2015), and interleukin-6 (IL-6). 

Oxidative damage can be associated with a number of biomarkers already validated for 

pinnipeds, including protein carbonyl content (PCC, protein oxidation), 4-hydroxynonenal (4- 

HNE, lipid oxidation) and, thiobarbituric acid reactive substances (TBARS, lipid oxidation, 

Vázquez-Medina et al. 2006; Vázquez-Medina et al. 2010; Vázquez-Medina et al. 2011). The 

negative effects of oxidative stress may be prevented by GPx activity which is a Se-dependent 

antioxidant, also validated for pinnipeds (Vázquez-Medina et al. 2007).

3.3 Methods
Restraint and Sampling

All SSL pups included in this study were anesthetized for general management and 

research needs, and blood samples were collected opportunistically for this study (IACUC 

883669-1, ADF&G Permit # 18537-01, and ASLC Permit #18438-00). Young SSL pups were 

sampled at Chiswell Island in June 2016 (n = 17); and at Agattu Island (n = 12), Ulak Island (n = 

11) and Ugamak Island (n = 34), during the last week of June/first week of July 2017 (Figure 

3.1).

Pups were physically restrained, weighed and anesthetized with isoflurane gas via mask 

induction for branding (Lian et al. 2017). The anesthesia lasted ≤ 10 minutes for each animal. 

Due to logistical constraints, the pups at Chiswell Island were sampled while anesthetized, 

whereas the pups in Aleutian Islands were sampled immediately following anesthesia, while the 

pup was recovering, still in a sedate state. Blood samples were collected from the caudal gluteal 

plexus using Vacutainer® assemblage with 20 gauge × 1½" needle (Becton-Dickinson, 

Franklin Lakes, NJ, USA) and collected into three different evacuated blood collection tubes 

containing either sodium heparin (trace element free tubes), ethylenediaminetetraacetic (EDTA) 

anticoagulants or into serum tubes with no additive. Within 20 minutes of sampling, EDTA tubes 

were centrifuged (battery operated clinical centrifuge) to separate plasma from the packed cells. 

EDTA plasma samples were immediately aliquoted into 0.5 ml cryovials and frozen on dry ice 

on the rookery and subsequently stored in nitrogen gas. Remaining packed cells in EDTA tubes, 
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whole blood samples in sodium heparin tubes, and serum separator tubes (SST) were all stored 

chilled in a cooler for 3-10 hours until processing.

Sample processing

Within 12 hours of sampling at the rookery, the chilled packed cells were washed 3x with 

cold phosphate buffered saline (PBS) (1:2, vol:vol) by centrifugation (10000 x g, 10 min) and 

supernatants (PBS with remnant white blood cells) discarded. Erythrocytes (1 ml) were 

transferred to 1 ml cold distilled water (10 ml glass tube), resulting cell lysates centrifuged 

(10000 x g, 10 min), and supernatants (intracellular content) aliquoted into cryovials (0.5 ml). 

Whole blood samples collected in trace element free tubes were aliquoted into 2 ml cryovials, 

whereas SSTs were centrifuged, and serum samples pipetted into 2 ml cryovials. All aliquots 

were stored initially in nitrogen gas (-78.5°C) and transferred to a -80 °C freezer until analysis.

Chemical and biomarker analyses.

We analyzed oxidative stress biomarkers from EDTA plasma (Vázquez-Medina et al.

2010, Vázquez-Medina et al. 2011) at the Wildlife Toxicology Laboratory (WTL), University of 

Alaska Fairbanks (UAF), using commercially available assay kits. These included OxiSelectTM 

HNE Adduct Competitive ELISA kit for 4-hydroxynonenal (4-HNE, Cell Biolabs, Inc, Vázquez- 

Medina et al. 2011), thiobarbituric acid reactive substances (TBARS) measured with Cayman 

Chemicals' TBARS (TCA Method) Assay Kit (Vázquez-Medina et al. 2010), and OxiSelect™ 

protein carbonyl content ELISA kit (PCC, Cell Biolabs, Inc, Vázquez-Medina et al. 2011) using 

spectrophotometry (Spectramax, 340PC, Molecular Devices, San Jose, California, USA). Total 

protein was determined in EDTA plasma samples analyzed for PCC (Quick StartTM Bradford 

Protein Assay, Bio Rad) to normalize PCC values per mg total protein (Vázquez-Medina et al. 

2007). Erythrocyte lysates were analyzed for GPx activity using a commercially available 

colorimetric assay (GPx, Analytical Sciences Laboratory University of Idaho). Briefly, the 

catalysis of peroxide to water by GPx in the presence by glutathione (GSH) was quantified at 

340 nm via coupled NADPH oxidation by the enzyme glutathione reductase (GSH-RED). The 

BiomateTM 3 spectrophotometer detected the absorbance change per fifteen seconds and the 

average absorbance change per minute was calculated. Catalytic activity of GPx was normalized 

per gram of hemoglobin. Hemoglobin (Hb) was determined by recording the absorbance at 540 

nm as follows:
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Whole blood [THg] was measured in duplicate using a Direct Mercury Analyzer 

(DMA80; Milestone Inc., 25 Controls Drive, Shelton, CT 06484, USA) following Kennedy et al. 

(2019), including quality control (QC) standards and certified reference materials in each run. 

Percent recoveries for quality control samples were 94.1 ± 0.1% for liquid standard (0.1 μg∕g 

HgCl2), 101.2 ± 0.5% for seronorm L-3 (Accurate Chemical and Scientific Corp.) and 103.1 ± 

0.5% for DORM4 (National Research Council, Canada). For [MeHg+] analysis whole blood 

aliquots (200 μl) were digested in 10 ml 25% KOH in methanol for 24-36 hrs, followed by 

addition of 20 ml methanol and analysis by cold vapor atomic fluorescence spectroscopy 

(CVAFS) using a Brooks Rand MERX-M automated system, according to modified EPA 

method 1630 (Woshner et al. 2008). Percent recoveries for QC samples were 97.7 ± 8.9% for 

blank spike (1 μg∕g MeHgOH), 108.1 ± 7.0 for Toxic Elements in Caprine Blood L-3 (NIST 

955c), 94.7 ± 9.8% for DORM4, 91.1 ± 16.2% for sample spikes. Relative standard deviation 

(%RSD) for duplicate digests was 5.8 ± 2.7%.

For [TSe] analysis whole blood aliquots (400-500 μl) were digested in 8 ml nitric acid 

and 2 ml of 30% hydrogen peroxide using a Milestone ETHOS UP high-performance microwave 

system at WTL (UAF). Samples were digested at 170°C for 15 min and diluted with ultrapure 

water to a final volume of 25 ml. For samples from 2016 (Chiswell) aliquots of the first digest 
were reduced (Se6+ to Se4+) in the presence of excess HCl at 95°C for 60 minutes and analyzed 

using mercury/hydride flow injection atomic spectroscopy (MHS-FIAS, Perkin Elmer Analyst 

800, Knott et al. 2011, Correa et al. 2013). For samples from 2017 (Aleutian Islands) aliquots (5 

ml) of the first digest were shipped with ice packs to the Washington Animal Disease Diagnostic
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Laboratory (WADDL) and analyzed by inductively coupled plasma mass spectrometry (ICP- 

MS). Quality control included analysis of standard reference material seronorm L-3, DORM4, 

blank spikes (1 μg∕g), sample spikes, and duplicate digests for each digestion batch.

Percent recovery of the sample spike and certified reference materials (CRM) were high 

for samples run by ICP-MS relative to those run by MHS-FIAS, particularly for Seronorm L-3, 

which is the matrix-matched CRM (Table 3.1). For each digestion batch we calculated a 

correction factor for ICP-MS samples based on the average % recovery for the blank spike, 

Seronorm L-3 and DORM4 where Correction Factor = 100∕Average %Recovery for the 3 QC 

samples. The correction factor (0.796 - 0.881) was applied to each sample within that digestion 

batch. Percent recoveries for FIAS, ICP-MS and ICP-MScorr are reported in Table 3.1.

Immune biomarkers analyzed included EDTA plasma samples for haptoglobin 

(University of Miami Miller School of Medicine, Department of Pathology) and serum for 

interleukin-6 and tumor necrosis factor-a (IL-6 and TNFα) were measured using the 

commercially available Millipore Canine Cytokine∕Chemokine Magnetic Bead Panel and the 

Bio-Plex® 100/200™ System (University of Connecticut) previously validated to measure 

cytokines in several pinniped species (Levin et al. 2014).

Statistical Analyses

All statistical analysis were computed with the statistical program R version 3.5.2 (R 

Development Core Team 2014). A p value less than 0.05 was considered significant for all 

analyses. To test the hypothesis that [MeHg+], [THg], [TSe] or TSe:THg molar ratio are 

associated with markers of oxidative stress under simulated oxidative stress conditions of 

anesthesia, we used multiple linear regression with a normal (Gaussian) linear model. The 

response variables tested (4-HNE, TBARS, PCC and GPx) and the predictor variables ([MeHg+], 

[THg], [TSe] and TSe:THg molar ratio) were analyzed for normality with histogram and 

theoretical quantiles (Normal Q-Q plot). Assumptions for normality were fulfilled with well- 

fitted and normally distributed residuals for the model with homoscedasticity and linearity. A 

correlation matrix showed an expected correlation between [THg] and [MeHg+] (r2 = 1.0), 

indicating collinearity, and [THg] was removed from the model. In addition, the response 

variables of interest (4-HNE, TBARS, PCC and GPx) were tested with all variables measured. 

To test these covariates we used backwards selection, ultimately providing a final model of 
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significant variables. The variables tested included: sex, rookery, [THg], [MeHg+], [TSe], 

TSe:THg molar ratio, IL-6, TNFα, GPx, and haptoglobin. A correlation matrix showed that in 

addition to [THg] and [MeHg+] being correlated, IL-6 and TNFα were correlated (r2 = 0.83). 

TNFα was only measurable in 6/74 animals, all which were also elevated in IL-6, explaining this 

correlation. Hence, [THg] and TNFα were removed from the full model.

The oxidative stress variables were additionally compared between different 

concentration categories of [MeHg+], [TSe] and TSe:THg molar ratio. Whole blood [MeHg+] 

was defined as low (< 0.055 μg∕g), intermediate (IM, 0.055 - 0.099 μg∕g) and high (> 0.099 

μg∕g), and these assessments were based on thresholds of concern for whole blood [THg] 

(AMAP, 2018; O'Hara and Hart, 2018; McHuron et al. 2019). Similar information is not 

available for [TSe], and the categories were based on a box plot and quartiles of whole blood 

[TSe] for all animals in this study, where high concentrations were the top 25%, intermediate 

concentrations were the middle 50%, and low concentrations were the bottom 25% of the 

animals. Accordingly, [TSe] was defined as low (< 0.30 μg∕g), intermediate (0.30 - 0.41 μg∕g), 

and high (> 0.41 μg∕g). The categories for TSe:THg molar ratios were defined in a similar 

manner to [TSe] from a box plot of TSe:THg for all animals in the study and TSe:THg molar 

ratio was defined as low (< 18), intermediate (18-41) and high (> 41).

Differences in oxidative stress and antioxidants, [THg], [MeHg+], [TSe] and TSe:THg 

molar ratio among the different rookeries were assessed. These comparisons, in addition to the 

different categories of [MeHg+], [TSe] and TSe:THg molar ratio, were conducted with an 

ANOVA or a Kruskal Wallis test. For these analyses, the dataset was tested for normality with a 

Shapiro Wilks test. If a variable did not meet the requirements for normality, it was log- 

transformed, and the test for normality repeated. Variables that did not comply with normal 

distribution were analyzed using non-parametric tests. A post hoc test was conducted on all 

significant tests with either a Tukey Honest Significant Difference test or a Kruskal Multiple 

Comparison test. Statistically significant differences between analytical methods were 

determined by one-way analysis of variance followed by Holm-Sidak pairwise comparison 

(Table 3.1).
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3.4 Results

Our study included 74 samples from 35 male and 39 female SSL pups. Of these, all were 

analyzed for oxidative stress biomarkers, 61 SSL pups were analyzed for [THg] and [MeHg+], 

and 53 for [TSe]. Of the 61 pups analyzed for [THg], six categorized as having high (> 0.099) 

[THg] and [MeHg+], and out of the 53 pups analyzed for [TSe], 11 categorized as having low 

[TSe]. None of the pups studied were categorized as both high [THg] and low [TSe]. We noted 

significant differences in [THg] (chi-squared = 17.171, df = 3, p < 0.001), among rookeries, with 

higher [THg] in Agattu, Ulak, and Chiswell, than Ugamak. A similar observation was made for 

[MeHg+] (chi-squared = 21.88, df = 3, p < 0.001), where Agattu and Chiswell had higher 

concentrations than Ugamak (Table 3.2). Rea et al. (2013) also showed the highest [THg] at 

Agattu in the western Aleutian Islands. There was no significant difference (chi-squared = 

4.0758, df = 3, p = 0.25) in [TSe] among rookeries, but there was a significant difference (F3,49 = 

6.4, p < 0.001) in TSe:THg molar ratio. The lowest TSe:THg molar ratios were at Agattu, with 

higher molar ratios at Ugamak and Chiswell. All biomarkers summarized in Table 3.2.

Correlates of oxidative stress and glutathione peroxidase

TBARS was significantly negatively correlated with [TSe] (slope = -11.59, R2 = 0.15, 

F1,50 = 6.09, p = 0.017, plotted with quantile regression in Figure 3.2), TSe:THg molar ratio 

(slope = 0.08, R2 = 0.15, F1,50 = 5.51, p = 0.023), and GPx (slope = 0.17, R2 = 0.11, F1,66 = 7.76, 

p = 0.007). No significant model for 4-HNE or PCC was identified while testing predictor 

variables related to the hypothesis. The model including 4-HNE and all predictor variables 

showed a significant association between 4-HNE and rookery (R2 = 0.25, F3,68 = 7.65, p < 

0.001), and between PCC and rookery (R2 = 0.34, F3.69 = 12.08, p < 0.001). The full suite of 

statistical results for hypothesis testing are summarized in Table 3.3.

When all predictor variables were included in the model, there was a significant 

association between GPx, rookery (R2 = 0.34, F3,66 = 9.32, p < 0.001), and sex, with GPx activity 

higher in females than males. (R2 = 0.34, F1,69 = 6.71, p = 0.012).

Categories of [MeHg+], [TSe] and TSe:THg molar ratio.

There was a significant difference in 4-HNE between the [TSe] categories (chi-squared = 

6.75, df = 2, p = 0.034, Figure 3.3). Animals with low [TSe] had higher 4-HNE concentrations 
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than pups with intermediate [TSe]. The categories of [MeHg+] and TSe:THg molar ratio had no 

significant differences in oxidative stress biomarkers.

Differences among rookeries

All biomarkers of oxidative stress differed among rookeries. Ugamak had higher lipid 

oxidation biomarkers than Chiswell; both 4-HNE (chi-squared = 18.39, df = 3, p < 0.001), and 

TBARS (F3,67 = 3.74, p = 0.01). All rookeries in the Aleutian Islands also had higher PCC than 

found at Chiswell Island (chi-squared = 38.34, df = 3, p < 0.001). GPx varied significantly (F3,66 

= 8.09, p < 0.001) among rookeries, with Agattu and Ugamak being higher than Chiswell. The 

immune biomarker IL-6 was also higher on Ulak and Ugamak Islands than on Chiswell Island 

(chi-squared = 13.89, df = 3, p = 0.003).

3.5 Discussion
Our study revealed that animals with relatively low [TSe] exhibited increased 

concentrations of lipid peroxidation biomarkers (4-HNE and TBARS), possibly due to decreased 

protection against oxidative stress. The importance of Se-metabolism is evident through the 

functions of selenoproteins, including GPx enzymes and thioredoxin reductases (Lu and 

Holmgren, 2014; Bj0rklund et al. 2017). For example: GPx intercept and detoxify hydroxyl 

radicals, while thioredoxins restore vital cellular redox molecules that have become oxidized 

back into their functional forms for the prevention of oxidative damage in the cell (Branco et al. 

2012; Branco et al. 2014). The Hg-dependent sequestration of Se, and irreversible inhibition of 

selenoenzymes required to prevent and reverse oxidative damage, seems to be primarily 

responsible for the characteristic effects of Hg toxicity (Ralston and Raymond, 2018). This may 

describe the observed association with increased lipid peroxidation in animals with lower [TSe] 

concentrations in this study.

Pinnipeds may have a higher tolerance for MeHg+ exposure than non-piscivorous 

terrestrial mammals. This is possibly linked to evolution of biochemical mechanisms involving 

Se and other antioxidant systems needed to handle everyday oxidative stress (e.g. diving, fasting) 

(O'Hara and Hart, 2018). Se sequesters MeHg+ making it biologically inactive, and thereby 

protect against Hg toxicity in pinnipeds (Ralston and Raymond, 2018). The high capacity for 

antioxidant defenses in pinnipeds (Vázquez-Medina et al. 2012), along with the protective role of 
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Se (Berry and Ralston, 2008), probably ameliorated some of the oxidative stress expected in 

animals with low TSe:THg molar ratios. This is supported by the significant association between 

GPx and TBARS found in this study, suggesting increased GPx activity with increased lipid 

peroxidation. Our study did not find a direct relationship between [THg] concentration and 

oxidative stress. While 6 of 74 animals had high [THg] (>0.099 μg/g), none of these animals had 

low [TSe] (<0.30 μg/g), supporting the supposition that [TSe] or [TSe]:[THg] are key to 

oxidative stress responses.

Lipid peroxidation results from many external and internal stressors (Halliwell and 

Gutteridge, 2015). The susceptibility of polyunsaturated fatty acids (PUFA) to peroxidation 

corresponds to the number of double bonds in the lipid molecules. Some of the primary 

substrates for peroxidation in the lipid membrane are also mainly responsible for maintenance of 

physiologically crucial properties including permeability and fluidity (Zoidis et al. 2018). The 

newborn pups are suckling lipid-rich milk, interrupted with bouts of fasting while the dam is 

foraging (Pitcher et al. 2001), and the lipid peroxidation detected in these pups may be related to 

fasting status (Sharick et al. 2015) and/or plasma lipid content (Zoidis et al. 2018). The levels of 

lipid peroxidation measured in this study by 4-HNE analysis are comparable with levels found in 

breeding northern elephant seals (Mirounga angustirostris, NES, Sharick et al. 2015), but higher 

than found in resting and voluntarily submerged NES (Vázquez-Medina et al. 2011). The 

TBARS levels found in this study are comparable with levels found in other otariids (Righetti et 

al. 2014). Pinnipeds are repeatedly exposed to apnea-induced protein and lipid peroxidation, but 

are evolutionarily adapted to avoid oxidative damage via several antioxidant mechanisms 

(Zenteno-Savin et al. 2002; Vázquez-Medina et al. 2011). The protein oxidation measured in this 

study averaged between 1.39 - 2.25 nmol/mg among pups at the rookeries in the Aleutians 

Islands, all significantly higher than pups at Chiswell Island. Other studies have found protein 

oxidation in resting and voluntarily submerged NES (Vázquez-Medina et al. 2011) and ringed 

seal (Pusa hispida) (Vázquez-Medina et al. 2007) tissues to be comparable with the animals at 

Chiswell Island, and ten times lower than the values presented from the Aleutians Islands SSL 

pups in this study. Although our study noted relatively high levels of lipid and protein oxidation, 

a possibly apnea-induced link between oxidative stress associated with capture and anesthesia 

physiologic (and oxidative) stress, was not evident.
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There was a significant difference in all oxidative stress biomarkers among the different 

rookeries with the highest lipid peroxidation at Ugamak (Eastern Aleutian Islands), and higher 

protein peroxidation at all rookeries in the Aleutian Islands, compared with Chiswell Island in 

the Gulf of Alaska. A similar difference was noted for GPx, with higher activities at Agattu and 

Ugamak Islands, compared to Chiswell Island. For immune biomarkers, there was a difference 

among rookeries with significantly increased concentrations of IL-6 at Ulak and Ugamak, 

compared with pups on Chiswell Island. Noting this repeated geographic difference in several 

biomarkers emphasizes the multiple drivers for the differences among rookeries, including 

possible differences in external and internal stressors (Kennedy et al. 2019), but also in diet 

(Scherer et al. 2015; Fritz et al. 2019), and possibly other environmental and ecological factors. 

Which specific factors contribute to higher levels of lipid and protein oxidation in the Aleutian 

Islands compared with the Gulf of Alaska is not clear.

3.6 Conclusion

In summary, we found a significant relationship between declining [TSe] and increased 

lipid peroxidation. There was a negative association between TBARS and [TSe], and animals 

with low [TSe] had higher concentrations of 4-HNE than animals with intermediate [TSe]. The 

significant association between GPx and TBARS found in this study suggest increased GPx 

activity with increased lipid peroxidation, possibly protecting pups with relatively high [THg] 

and low TSe:THg molar ratios from oxidative stress.
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3.8 Figures

Figure 3.1. Map with study area and sample sizes.
Steller sea lion pups sampled on rookeries from four different regions; Western Aleutian Islands (Agattu Island), 

Central Aleutian Islands (Ulak Island), Eastern Aleutian Islands (Ugamak Island) and Gulf of Alaska (Chiswell 

Island), along coastal Alaska, USA.
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Figure 3.2. Negative relationship between [TSe] and TBARS,
A significant negative association (slope = -11.59, R2 = 0.15, F1,50 = 6.09, p = 0.017) between [TSe] in whole blood 

and TBARS μM measured in plasma collected from Steller sea lion pups at three different rookeries in the Aleutian 

Islands (Agattu, Ulak and Ugamak Islands) and in the Gulf of Alaska (Chiswell Island).
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Figure 3.3. Higher 4-HNE in animals with low [TSe].
Significantly higher concentrations of 4-hydroxynenonal (4-HNE) in animals with low [TSe] compared animals with 

intermediate [TSe] (chi-squared = 6.75, df = 2, p = 0.034). Categories based on distribution of whole blood [TSe] for 

all animals in the study, where high concentrations were the top 25%, intermediate concentrations were the middle 

50%, and low concentrations were the bottom 25% of the animals. Accordingly, [TSe] was defined as low (< 0.30 

μg∕g), intermediate (IM, 0.30 - 0.41 μg∕g), and high (> 0.41 μg∕g). All samples collected from Steller sea lion pups 

at three different rookeries in the Aleutian Islands (Agattu, Ulak and Ugamak Islands) and in the Gulf of Alaska 

(Chiswell Island).
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3.9 Tables

Table 3.1. Quality assurance and control for Hg standards.

Percent recovery of quality control samples using mercury/hydride flow injection atomic 

spectroscopy (MHS-FIAS), inductively couple plasma mass spectrometry (ICP-MS) and ICP- 

MS with a correction factor applied (ICP-MScorr) for each digestion batch. Correction factor = 

100/Average % Recovery for 3 quality control sample types (blank spike, seronorm, DORM4) 

within each digestion batch. Values represent the Mean ± S.D. for all digestion batches. 

Combined Recovery represents the Mean ± SD % recovery for the combined control sample 

types. Statistically significant differences between analytical methods were determined by one

way analysis of variance followed by Holm-Sidak pairwise comparison (p < 0.05) and are 

indicated by different letters (A, B) for each QC sample type.

% Recovery

Mean ± SD
MHS-FIAS ICP-MS ICP-MScorr

Blank Spike (1μg∕g) 107.0 ± 9.6 112.7 ± 3.3 92.2 ± 3.3

B B A

Seronorm L-3 94.4 ± 2.7 128.9 ± 4.5 105.1 ± 2.9

A C B

DORM4 108.7 ± 7.9 116.4 ± 6.2 94.9 ± 2.9

AB B A

Sample Spike 90.7 ± 11.0 118.5 ± 2.3 97.2 ± 5.1

A B A

Combined Recovery 103.4 ± 6.7 122.7 ± 4.5 97.4 ± 6.8
Blank Spike, Seronorm, DORM4 A B A
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Table 3.2. SSL biomarkers from different rookeries.

Biomarkers for lipid peroxidation (4-hydroxynonenal (4-HNE), and thiobarbituric acid reactive substances (TBARS)), protein 

oxidation (protein carbonyl content (PCC)), antioxidant (glutathione peroxidase (GPx)), elements ([THg], [[MeHg+] ], [TSe] and 

TSe:THg molar ratio), and immune system (interleukin-6 (IL-6), tumor necrosis factor α (TNF- α), and haptoglobin), measured in 

Steller sea lion pups sampled in Aleutian Islands at Agattu, Ulak and Ugamak, and in the Gulf of Alaska at the Chiswell Islands.

Rookery
Biomarker Unit N Agattu N Ulak N Ugamak N Chiswell
Oxidative 

stress
4-HNE μg/mL 12 8.9 ± 3.3 (3.1 - 14.6) 11 8.7 ± 4.1 (4.0 - 17.3) 34 21.0 ± 9.2 (3.1 - 32.5)° 17 3.9 ± 33.4 (0.9 - 134.1)°
TBARS μM7mL 12 16.9 ± 1.5 (14.8 - 19.5) 11 16.1 ± 3.6 (12.1 - 23.4) 33 19.5 ± 5.4 (9.85 - 32.5)¤ 16 14.2 ± 3.2 (8.9 - 20.9)°

PCC nmol/mg 12 1.6 ± 0.7 (0.6 - 2.8)* 10 2.3 ± 1.3 (0.7 - 4.5)# 34 1.4 ± 1.1 (0.5 - 5.3)° 17 0.3 ± 0.2 (0 - 0.8)* ,#,°

Antioxidant

GPx
mUnits/mg

Hgb 10 70.9 ± 7.7 (56 - 82)* 10 63.4 ± 3.2 (58 - 67) 33 68±7.7 (49 - 85)¤ 17 59 ± 6.7 (51-76)* ,°
Metals and 
Selenium

[THg] μg∕g 12 0.12 ± 0.09 (0.014 - 0.28)* 11 0.04 ± 0.02 (0.01 - 0.07)# 23 0.02 ± 0.01 (0.01 - 0.06)* ·#·¤ 17 0.04 ± 0.01 (0.03 - 0.06)°
[MeHg+] μg∕g 12 0.11 ± 0.08 (0.014 - 0.26)* 11 0.04 ± 0.01 (0.02 - 0.06) 21 0.03 ± 0.01 (0.01 - 0.04)* ,¤ 17 0.04 ± 0.01 (0.03 - 0.07)°

[TSe] μg∕g 12 0.40 ± 0.12 (0.30 - 0.67) 10 0.38 ± 0.07 (0.28 - 0.58) 18 0.30 ± 0.15 (0.24 - 0.89) 15 0.36 ± 0.22 (0.22-1.07)
TSe:THg

molar ratio 12 20.3 ± 18.9 (3.9 - 60.4)* ∙¤ 10 26.9 ± 13.6 (12.7 - 65.0) 18 36.1 ± 19.5 (18.9 - 90.9)* 15 25.7 ± 22.6 (14.6 - 99.5)°
Inflammation

IL-6 pg/mL 12 19.5 ± 20.6 (0 - 68.6) 11 55.1 ± 110.5 (0 - 401.6)# 34 9.5 ± 50.0 (0 - 256.9)° 17 0 ± 246.5 (0 - 1051.0)#,°
TNF-α pg/mL 12 3.7 ± 12.3 (0 - 44.4) 11 21.7 ± 48.6 (0 - 155.5) 34 0 ± 18.9 (0 - 112.0) 17 0 ± 58.6 (0 - 249.1)

Haptoglobin mg/mL 12 2.7 ± 1.2 (1.3 - 4.8) 11 2.7 ± 1.0 (1.7 - 4.3) 33 1.9 ± 1.0 (0.9 - 4.4) 17 2.4 ± 2.2 (0.9 - 9.1)

*, #, ¤ Significant (p < 0.05) difference between rookeries.



Table 3.3. Hypotheses testing for 4-HNE, TBARS, PCC and GPx.

For 4-hydroxynonenal (4-HNE), thiobarbituric acid reactive substances (TBARS), protein 

carbonyl content (PCC), and glutathione peroxidase (GPx), hypotheses testing was done with 

multiple linear regression, where each of these variables were tested with the predictor variables 

monomethyl mercury (MeHg+), total selenium (TSe) and the molar ratio between TSe and total 

Hg (TSe:THg molar ratio). For each model slope, R2, F, degrees of freedom and p is reported.

Statistical variables Slope R2 F Degrees of freedom p

4-HNE

MeHg -23.08 0.038 0.48 1, 49 0.491

TSe 0.13 0.038 <0.01 1, 49 0.991

TSe:THg molar ratio 0.04 0.038 0.17 1, 49 0.68

TBARS

MeHg 23.50 0.149 3.24 1, 50 0.078

TSe* -11.59 0.149 6.09 1, 50 0.017
TSe:THg molar

ratio* 0.08 0.149 5.51 1, 50 0.023

PCC
MeHg 0.76 0.033 0.02 1, 50 0.864

TSe -1.41 0.033 0.77 1, 50 0.382

TSe:THg molar ratio 0.01 0.033 0.78 1, 50 0.379

GPx

MeHg 47.08 0.053 2.42 1, 48 0.126

TSe -9.23 0.053 0.72 1, 48 0.399

TSe:THg molar ratio 0.11 0.053 1.75 1, 48 0.192

* Significant (p < 0.05) predictor variable.
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Chapter 4: Assessment of clinical outcomes associated with mercury concentrations in 

harbor seal pups (Phoca vitulina richardii) in central California3

3 Lian, M., C. L. Field, E. v. Wijngaarden, C. Rios, J. M. Castellini, D. J. Greig, L. D. Rea, D. J. Coleman, 
C. E. Thomson, F. M. D. Gulland, and T. M. O'Hara. 2020. Assessment of clinical outcomes associated 
with mercury concentrations in harbor seal pups (Phoca vitulina richardii) in central California. In 
preparation for journal submission.

4.1 Abstract

Monomethyl mercury (MeHg+) from the diet can cause mild to severe neurotoxicosis in 

fish-eating mammals. Chronic and low-level in utero exposure also can be neurotoxic, as 

documented in laboratory animal studies and epidemiologic investigations. In free-ranging 

animals, it is challenging to study low-level exposure related neurotoxicosis, and few studies 

have investigated the relationship between mercury (Hg) and adverse outcomes in wild 

populations. Relative to Hg concentrations on admission we evaluated different types of 

behaviors for 267 Pacific harbor seal (HS; Phoca vitulina richardii) pups at The Marine 

Mammal Center from 2015 to 2019 during rehabilitation after stranding and maternal separation. 

Admitted HS pups underwent a clinical exam, including sex and weight determination, and hair 

(partly lanugo grown in utero) and blood samples were collected for total Hg concentration 

([THg]) determination. All pups were monitored weekly (behavior assessments included 

response to tactile stimulation, movement, swimming, interactions with other seals, hand 

feeding, and feeding independently), and days in rehabilitation and survival were recorded. 

There was a significant negative correlation between [THg] and responses to tactile stimulation 

and movements. Additionally, there was a significant association between greater [THg] and 

number of days spent in rehabilitation, although there was no relationship between [THg] and 

survival. There was a significant sex difference, with greater [THg] in female pups, which 

contrasts with previously published findings in juvenile and adult harbor seals. Our findings 

support small, but significant associations between gestational THg exposure and clinical effects 

for tactile sensory response and movement, and longer rehabilitation durations for HS pups, 

although there was considerable variability amongst animals.
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4.2 Introduction

Neurotoxicity of monomethyl mercury (MeHg+) is well-characterized following 

investigations of human poisoning incidents in Japan, Iraq and Brazil (Bakir et al. 1980; Mergler 

et al. 2007), and can occur at lower doses than in these established cases through repeated 

consumption of contaminated food (Basu et al. 2006; Basu et al. 2007; Basu et al. 2009; 

Sakamoto et al. 2013; Van Hoomissen et al. 2015). The MeHg+ form of Hg readily 

bioaccumulates and biomagnifies in the aquatic and marine food webs (Dietz et al. 2013), which 

is concerning for piscivorous populations. MeHg+ readily crosses placental and blood brain 

barriers often resulting in higher concentrations of mercury in the fetal than maternal brain 

(Sakamoto et al. 2002), with potential adverse effects on the developing central nervous system 

(Castoldi et al. 2008). Once in the brain, one major mechanisms responsible for the characteristic 

effects of Hg toxicosis is the mercury-dependent sequestration of the essential element selenium 

(Se), and the irreversible inhibition of selenoenzymes, especially those required to prevent and 

reverse oxidative damage (e.g. Ralston and Raymond 2018). Neurotoxicosis from chronic in 

utero exposure has been studied extensively in laboratory animals (Castoldi et al. 2008). Adverse 

effects can include subtle learning disabilities and altered behavior (Onishchenko et al. 2007), 

decreased sensory (Rice 1996) and locomotor abilities (Rocha et al. 1993; Carvalho et al. 2007), 

altered intra-species interactions (Albanus et al. 1972), and a variety of other neurological 

deficits including reduced brain size, and damage to the cortex and basal ganglia (Castoldi et al. 

2008).

More than 10% of live stranded newborn Pacific harbor seal (HS, Phoca vitulina 

richardii) pups in Northern and Central California have reported total Hg concentrations ([THg]) 

in whole blood ([THg]WB) and hair ([THg]hair) above a lower toxicologic threshold (> 0.2 μg∕g 

for [THg]WB and 20 μg ∕g for [THg]hair) of concern for adverse effects in pinnipeds (O'Hara and 

Hart 2018; McHuron et al. 2019). Within the San Francisco Bay estuary, the mean [THg] in HS 

pups are higher than upper toxicologic thresholds (> 0.3 μg∕g for WB and 30 μg∕g for hair) 

(McHuron et al. 2014; McHuron et al. 2019). These thresholds previously used for pinnipeds are 

twice as high as toxicologic thresholds set by the World Health Organization for humans (WHO 

1990). The seemingly higher tolerance for Hg observed in pinnipeds is possibly linked to the 

protective mechanisms from the relatively high concentrations of Se in these animals (O'Hara 

and Hart 2018). Although, as the molar concentration of Se is exceeded by the molar 
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concentration of Hg, this protective mechanism most likely declines (Correa et al. 2014; O'Hara 

and Hart 2018), making the [THg] found in HS within the San Francisco Bay area concerning.

In free-ranging animals it can be challenging to study neurotoxicosis, and few studies 

have investigated the relationship between Hg and toxicosis in pinnipeds. This study follows up 

on the Van Hoomissen et al. (2015) investigation that evaluated a cohort of stranded HS pups 

admitted to The Marine Mammal Center (TMMC) in Sausalito, CA. In this previous study, pups 

(n = 57) were clinically assessed and lanugo (hair grown in utero) and blood samples were 

collected for [THg] analyses. Over the next two months, pups were observed until they 

independently started to catch and consume fish, or were deemed not releasable or died. This 

previous study found that [THg]WB was significantly higher in pups categorized as having 

abnormal neurological signs than in pups without abnormal neurological signs. Abnormal 

clinical signs included seizures, myoclonus or muscle fasciculations, head-shaking, head

bobbing, decreased response to tactile stimulation, nystagmus and jaw smacking.

In our follow up study, we expand upon this work by evaluating many different types of 

neurological and behavior metrics for each animal for which [THg] was determined in blood and 

hair, through weekly behavior∕clinical assessment and evaluation. Our primary aim was to 

determine if any behavioral signs were consistent with in utero exposure to Hg (as documented 

in other mammalian studies) using [THg]hair (primarily lanugo) and [THg]WB at admission. We 

analyzed [THg] as the biomarker describing exposure to MeHg+, due to their tight correlation in 

blood (Sakamoto et al. 2007).

4.3 Methods

Animals included in the study

In this study we included live-stranded HS pups from central California (Santa Barbara to 

Mendocino), admitted to TMMC during the years of 2015, 2016, 2017 and 2019. Pup age was 

defined by admission date, mass, pelage, stage of tooth eruption, and the presence of an 

umbilical cord remnant or patent umbilicus (Colegrove et al. 2005). Admissions occurred 

January - July in 2015 (n = 102), February - June in 2016 (n = 54), February to July in 2017 (n = 

57) and February to June (n = 54) in 2019, for a total of 267 animals. All seals and samples were 

handled under MMPA permit No. 932-1905∕MA-009526. No IACUC approval was needed as 

these samples were collected during routine veterinary examinations at admission, with 

51



subsamples provided for this diagnostic assessment. During the first three weeks following 

admission, animals were housed with one or two conspecifics in an intensive care unit (ICU) and 

gastric tube-fed a herring-based mash three - five times daily. Once deemed stable by attending 

veterinary staff, animals were moved to a salt-water pool with 3-7 conspecifics where they were 

initially hand fed whole herring, and subsequently progressed to foraging on dead fish 3-4 times 

daily in the pool. All animals received daily intramuscular injections of vitamin B complex for 

the first 3 days following admission, and an oral multi-vitamin (Pinnivites®, Mazuri, Richmond, 

Indiana, USA) daily for the duration of rehabilitation.

Sample collection

Upon admission each pup underwent a clinical examination, including collection of hair 

and whole blood (WB). Hair was collected to skin level using electric clippers from the midline 

of the lumbar area, was transferred to 3” x 5” Whirl-Pak bags and stored at -80°C until 

processing for analysis. Blood was collected from the epidural sinus using a Vacutainer® 

assemblage with 20 gauge x 1 or 1½" needle (Becton-Dickinson, Franklin Lakes, NJ, USA) and 

collected into an evacuated blood collection tube containing sodium heparin anticoagulant (trace 

element free tubes), and stored at -80°C until shipped to the Wildlife Toxicology Laboratory, 

University of Alaska Fairbanks for analysis.

Objective data collected

Each pup received an identification number and a hind-flipper tag, and objective data 

were collected including stranding location, admission date, admission weight, sex, number of 

days in treatment, disposition (released/died in treatment /euthanized), and disposition date. Pups 

were euthanized if they had severe injuries, congenital defects, or other disease not considered 

compatible with life as a free-ranging animal.

Behavior assessments

Each pup was assessed once per week. During the ICU stage three different metrics were 

evaluated: response to tactile stimulation (light touch on back); ability to move; and any major 

abnormal movement/behaviors. Each clinical observation was scored (Table 4.1): where 1 was 

normal and 2, 3 or 4 were progressively worse (adverse), showing less normal behavior. 

Abnormal behaviors (collapse during tube-feed, body tremors, abnormal head tilt or shake) were 
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noted as present/not present and scored as 3. During the pool stage we evaluated normal 

functions including response to tactile stimulation, locomotor ability outside of the pool, ability 

to swim, interaction with other seals, and ability to eat initially from hand-feeding on deck or in 

the pool, with subsequent independent eating of fish in the pool. We also noted any abnormal 

movements/behaviors (Table 4.2), with the same scoring system described above: exceptions 

were swimming, interactions, and hand feeding which were scored 1-3, and feeding in pool was 

scored 2-4.

Hg analysis

We analyzed [THg]hair and [THg]WB at the Wildlife Toxicology Laboratory, University of 

Alaska Fairbanks, USA. [THg]hair and [THg]WB were measured using a Direct Mercury Analyzer 

(DMA80; Milestone Inc., 25 Controls Drive, Shelton, CT 06484, USA) following standard 

methods (McHuron et al. 2014, Peterson et al. 2016). Prior to analysis, hair samples were washed 

with 1% Triton X-100, rinsed 5 times with ultrapure water and freeze-dried for 24 hr (Labconco 

FreeZone 6L, Labconco Corp, Kansas City, MO). Whole blood aliquots were thawed and mixed 

gently. Hair (0.01 - 0.02 g) and WB (0.05 - 0.10 g) were measured in triplicate; samples with 

high variability (>15% RSD) or [THg]hair > 40 μg∕g were re-analyzed. Certified reference 

materials, calibration verifications, and method blanks were included in each run for quality 

control and assurance, including 0.1 μg∕g liquid standard, DORM4 (National Research Council 

Canada) and Seronorm L-2 or L-3 (Accurate Chemical & Scientific Corporation, Westbury, NY) 

for WB and 0.1 and 1.0 μg∕g liquid standards, IAEA-085 and IAEA-086 (International Atomic 

Energy Agency, Vienna, Austria) for hair. Recovery of THg liquid standards was 90.71 ± 3.93% 

and 97.99 ± 1.90% (0.1 μg∕g and 1.0 μg∕g, respectively); recovery for certified reference 

materials was (98.67 ± 4.41% (Seronorm), 93.30 ± 5.29% DORM4, and 100.20 ± 3.57% (IAEA- 

086) and 98 ± 1.78% (IAEA-085).

Statistical Analyses

All statistical analyses were computed with the statistical program R version 3.5.2 (R 

Development Core Team 2014), and NCSS Statistical Software (NCSS 2020). A p value less 

than 0.05 was considered significant for all analyses. Quantitative variables were tested for 

normality with Shapiro Wilkes test. Variables not normally distributed were log transformed and 

re-tested. To test if [THg]hair and [THg]WB were significantly associated with each other, or with 
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clinical outcome measurements (body weight, days in treatment) we used linear regression with a 

normal (Gaussian) linear model, Spearman rank for non-parametric data, or Generalized Linear 

Model (GLM) Poisson regression for ordinal variables. Additional clinical outcome 

measurements included categorical variables such as sex, survival (yes/no), or released/died in 

treatment/euthanized, and were analyzed for associations with [THg]hair and [THg]WB with 

logistic or Cox regressions.

Associations between [THg]hair and [THg]WB and all behavior observations were assessed 

with GLM Poisson regression analysis. The behavior scores (where 1 was normal, and >1 to 4 is 

increasingly abnormal) assigned to the pup were compared with [THg]hair and [THg]WB during 

the first and the last week the pup was in the ICU or in the pool unit at TMMC. The average total 

value for the pup's time in recovery was calculated as a percent rate, where 100% equaled 

completely normal. The number of weeks in which any pup had scores higher than 1 were stated 

as a percentage of total number of weeks in rehabilitation, which was subtracted from 100%, to 

calculate the final behavior percent score. For example: if the animal had a score >1 for 2 out of 

10 weeks = 2/10 *100  = 20% of the stay was scored >1, 100%-20% = 80% in average behavior 

score. If pups were observed as abnormal at any point of the stay at TMMC (initially scored as 3, 

but changed to yes or no, categorical variable) we assessed whether that score was significantly 

associated with [THg]hair and [THg]WB with a logistic regression. Behavior and clinical outcomes 

significantly associated with Hg were additionally tested for relationship with other covariates 

(survival, sex, admission weight, abnormal behavior) with GLM Poisson regression. Lastly, we 

tested if human observer had an influence on the different behavior assessments, and if [THg]hair 

and [THg]WB varied amongst years.

4.4 Results

Total mercury concentrations

As expected, [THg]hair and [THg]WB were significantly associated (β = 0.04, R2 = 0.65, 

F1,226 = 420.4, p < 0.001). The mean ± SD and range for [THg]hair was 14.81±12.87 (0.46 - 

81.98) μg∕g dw, and for [THg]wB 0.19±0.17 (0.04 - 1.13) μg∕g ww. For 22% of the animals 

[THg]hair > the lower toxicologic threshold of 20 μg∕g, and 10.1% > the upper toxicologic 

threshold of 30 μg∕g. For 31.1% of the animals [THg]wB > the lower toxicologic threshold of 0.2 

μg∕g ww, while 17.4% > the upper toxicologic threshold of 0.3 μg∕g ww.
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Clinical outcome data

There were no significant associations between body weight at admission and [THg]hair or 

[THg]WB. All clinical outcome data are summarized in Table 4.3. A significant relationship was 

established between number of days in rehabilitation and [THg]hair (β = 0.02, p < 0.01), 

indicating animals with greater [THg]hair had longer stays. Significant relationships between days 

in treatment for non-surviving seals and [THg]hair (β = 0.02, p < 0.001), and [THg]WB (β = 1.73, p 

< 0.001) were observed. There was no significant relationship between [THg]hair or [THg]WB and 

survival. There was a significant difference between sexes, with greater [THg]hair (β = 0.04, p = 

0.001) and [THg]WB (β = 2.67, p = 0.003) in females.

Mercury and behavior observations in the ICU

There was a significant negative relationship between response to tactile stimulation and 

[THg]WB during the stay in the ICU (β = -0.2, p < 0.001; Table 4.4), where pups with higher 

[THg] were less responsive to tactile stimulation. We also observed a significant negative 

relationship between movement and [THg]WB during the stay in the ICU (β = -0.4, p < 0.001), 

where pups with higher [THg] showed less movement. There were no significant relationships 

between [THg]hair and average behavior scores during rehabilitation in the ICU.

Mercury and behavior observations in the pool

There were significant negative relationships between response to tactile stimulation and 

[THg]hair (β = -0.002, p = 0.01) and [THg]WB (β = -0.15, p = 0.002) scored during the period of 

rehabilitation in the pool, where pups with higher [THg] were less responsive to tactile 

stimulation. All statistical analyses for average percent rate behavior scores are summarized in 

Table 4.4. We observed a significant negative relationship between movement and [THg]WB 

during rehabilitation in the pool (β = -0.1, p = 0.04), where pups with higher [THg] showed less 

movement.

There were no significant associations between the behavior observations scored in the 

first and last week in the ICU or pool. Nor was there any difference in [THg] between animals 

noted as abnormal compared to normal at any time during rehabilitation.
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Variables associated with significant findings

Days in treatment had a significant negative association with admission weight (β = - 

0.01, p = 0.03), and with sex (β = 0.11, p < 0.001, longer stays for males). All covariates of 

significant behavior findings summarized in Table 4.5. Sensory responsiveness to tactile 

stimulation in the ICU had significant relationships with admission weight (β = 0.03, p < 0.001, 

lighter pups had less response to tactile sensation), sex (β = 0.06, p < 0.001, males had more 

response to tactile sensation), pups noted with abnormal behavior (β = -0.79, p < 0.001, less 

response to tactile sensation in abnormal pups), and survival (β = 0.14, p < 0.001, less response 

to tactile sensation in non-surviving pups). Movement in the ICU had significant relationships 

with admission weight (β = 0.03, p < 0.001, less in lighter pups), pups noted with abnormal 

behavior (β = -0.79, p < 0.001, less in abnormal pups), and survival (β = 0.24, p < 0.001, less in 

non-surviving pups).

4.5 Discussion

The outcome for some clinical parameters and behavior assessments were significantly 

associated with increasing [THg]hair (lanugo) and/or [THg]WB from stranded harbor seal pups 

admitted to TMMC. Hair from these young pups is mixed with lanugo, which represents hair 

grown in utero, and thus in part represents in utero MeHg+ exposure. This study followed 

extended the efforts of Van Hoomissen et al. (2015), with a more robust sample size over 

multiple years. We identified significant relationships between [THg] and decreased response to 

tactile stimulation, reduced movement, and the number of days in rehabilitation. These 

relationships were found both for [THg]hair and [THg]WB. Albeit statistically significant, some of 

these relationships have relatively small slopes, reflecting the large variability among the 

sampled animals and possibly limited biological significance. We note that [THg]hair and 

[THg]WB were associated with a moderately high coefficient of determination (R2 = 0.65), 

highlighting that both matrices are important to sample. The moderate R2 in this relationship is 

likely related to the dam's diet and in utero exposure when lanugo is formed and/or to the onset 

of molt. At time of admission many HS pups have started molting lanugo, making hair samples a 

mix of natal lanugo and recently grown hair. When considering lanugo, some of the clinical 

effects (response to tactile stimulation) seem to be associated with prenatal exposure, rather than 

the immediate diet of the newborn pup (suckling milk, which is partly represented by the
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[THg]WB), although at this young age the [THg]WB will partially represent prenatal exposure. 

Due to the mixture of new postnatal hair, the measured [THg] in some hair samples may be an 

underestimate of the actual in utero exposure. Prenatal exposure of the developing brain to 

MeHg+ has been extensively investigated in laboratory animal studies (Castoldi et al. 2008), but 

few studies have presented adverse outcomes from Hg exposure in a free-ranging population. It 

has also been suggested that studies on rodents will greatly underestimate the actual effect from 

in utero MeHg+ exposure in other mammals due to the significantly shorter gestation period, as 

the rodent brain's final development happens during the first ten days after birth (Sakamoto et al. 

2002; Castoldi et al. 2008).

Decreased cognitive and sensory abilities, including subtle behavior abnormalities, 

decreased exploratory behavior, impaired habituation and working memory (Carratu et al. 2006), 

mental disturbances, and visual and auditory sensory functions (Murata et al. 2007; Castoldi et 

al. 2008) have all been reported from prenatal MeHg+ toxicosis. We found greater [THg] was 

associated with decreased tactile sensory responsiveness and less movement. Decreases in 

somatosensory functions have been reported from intoxication with MeHg+ in humans (Mergler 

et al. 2007; Murata et al. 2007), monkeys (Rice 1996), and rats (Elsner 1991). Studies in humans 

affected by both fetal and acquired MeHg+ intoxication measured somatosensory evoked 

potentials, which revealed delayed central conduction time of the somatosensory pathway. This 

neurophysiological effect appears mainly associated with delays in nerve conduction, that is, 

deceleration in neural circuits (Murata et al. 2007). The decreased responsiveness to tactile 

sensation in the seals is possibly explained by the same mechanism. Clinical studies in humans 

with fetal and acquired MeHg+ intoxication also documented motor disturbances and unsteady 

gait (Murata et al. 2007), while laboratory studies with in utero exposure have found decreased 

exploratory behavior (Carratu et al. 2006), decreased locomotion in open field and decreased 

latency to falling off a rotarod in mice (Carvalho et al. 2007), impaired motor performance in rats 

(Rocha et al. 1993), decreased locomotor activity and retardation of swim maze performance in 

mice (Newland et al. 2008), and slowed movements in primates (Rice 1996). A study in mice 

experimentally treated with MeHg+ in utero found reduced spontaneous movement. Histological 

examinations found the nucleus caudate putamen slightly reduced in size leaving the lateral 

ventricles dilated (Inouye et al. 1985). The mechanism behind the impaired movement we 

observed in the HS pups can possibly be related to similar basal nuclei changes in the forebrain.
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There were significant relationships between number of rehabilitation days for all pups 

(regardless of whether they survived or not) and increasing [THg]. If decreased cognitive and/or 

sensory abilities described here presented in the recovering HS pups, it is likely that the recovery 

phase would be prolonged. For the non-surviving pups, it is possible that these deficits solidified 

further into the recovery period and euthanasia was elected once it was deemed that the pup's 

deficits were not compatible with successful survival in the wild. There were no significant 

relationships between the pups' admission weight or survival and [THg], nor between animals 

that died during treatment versus euthanized animals and [THg].

All pups included in this study were born in the wild. This means that the study design 

cannot exclude possible effects from other disease agents and physiologic status of the mother, 

including domoic acid or other biotoxin poisoning, organohalogen contamination, viruses, 

bacteria, genetic variability, and nutritional disturbances (especially prenatal). Additionally, all 

pups were admitted after stranding and maternal separation, which made them a cohort of the 

free-ranging population already undergoing severe stress. We recognize domoic acid exposure 

has been documented in harbor seal urine, feces, milk and amniotic fluid (McHuron et al. 2013). 

The clinical presentation of domoic acid poisoning documented in adult harbor seals includes 

disorientation, seizures and uncoordinated movements (McHuron et al. 2013). These 

neurological signs may overlap with signs attributed to in utero exposure of MeHg+, and it is 

uncertain how these neurotoxicants may be associated (interact) with one another. Response to 

tactile stimulation and movement were the behaviors significantly associated with greater [THg], 

and covariates of decreased response to tactile sensation and movement included decreased 

admission weight, survival and abnormal behavior at any time during admission. Similarly, there 

was a negative relationship between number of days in treatment and admission weight. 

Although neither admission weight, survival nor abnormal behavior were associated directly 

with [THg], these variables can all be related to emaciation and maternal separation. It is 

possible these relationships represent the many factors that contribute to stranding, number of 

days in treatment, and rehabilitation success that may include higher Hg exposure as a 

predisposing and interacting factor.

We detected a significant sex difference, with greater [THg] in females than in males for 

both tissue types. This is in contrast to previous findings in juvenile (> 1 year) and adult harbor 

seals (Brookens et al. 2007, McHuron et al. 2014), where males were reported to have greater 
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[THg]. These previous findings most likely demonstrate how females can transfer Hg to pups via 

gestation and lactation (Wagemann et al. 1988). In our study, the newborn pups acquired 

mercury from the dam during fetal development, and the observed sex difference between pups 

might be related to different absorption, distribution and∕or excretion rates between the sexes 

(Klaassen and Rozman 1991). Interestingly, sex covaried with decreased tactile sensory response 

(decreased in females) and amount of days in rehabilitation (longer for males). The sex 

difference in tactile sensory response can possibly be explained by the greater [THg] measured in 

females over males, and the decreased tactile sensory response associated with greater [THg] that 

this study has described. Our study also describes longer stays in rehabilitation for pups with 

greater [THg]. It is unclear why male pups have longer stays in rehabilitation, but it does not 

seem to be related to [THg] for the years represented.

The [THg]hair and [THg]WB measured in this study are similar to or greater than average 

concentrations reported previously for seals in central California without closer spatial analyses 

(McHuron et al. 2014; McHuron et al. 2019), and continues to be higher than values reported in 

previous decades (Moser 1996; Brookens et al. 2007). For [THg]hair, more than 20% of the 

animals were above the suggested lower toxicologic threshold for pinnipeds of 20 μg∕g, and half 

of these were above the upper toxicologic threshold of 30 μg∕g. Similarly in [THg]wB more than 

30% of the animals were above the lower toxicologic threshold of 0.2 μg∕g, and over half of 

these were above the upper toxicologic threshold of 0.3 μg∕g (O'Hara and Hart 2018; McHuron 

et al. 2019). After several laboratory and accidental exposure studies have documented the 

neurotoxicological effects from MeHg+ following the disastrous Minimata Bay intoxication 

(Newman 2014), it is not surprising that we have been able to document adverse effects such as 

decreased tactile sensory response, less movement, and longer stays in rehabilitation for HS 

pups. What is concerning, is that we have documented these adverse effects in a free-ranging 

species, exposed in utero, by the piscivorous dam diet.

4.6 Conclusion

This study documents potentially adverse effects in wild-born HS pups from in utero Hg 

exposure measured in both hair and whole blood. These adverse effects included decreased 

response to tactile stimulation and decreased movement. We also found greater [THg] led to 

longer stays in rehabilitation for stranded pups. These longer rehabilitation stays might be 

59



explained by the adverse deficits documented by this study. Thus, environmental exposure to 

mercury can put wild populations of animals at risk for neurodevelopmental abnormalities due to 

in utero exposure to mercury.
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4.8 Tables

Table 4.1. Behavior scoring in the intensive care unit.

Clinical signs and behavior assessments collected weekly from Pacific harbor seal pups (Phoca 

vitulina richardii) admitted to the intensive care unit during rehabilitation at The Marine 

Mammal Center, Sausalito, California. Variables were scored, where 1 was normal, and >1 was 

increasingly worse.

65

Clinical Signs Score

Response to stimulation (light touch on back)
None 4

Moves head only 3

Attempts to move body but unable 2

Moves body 1

Ability to Move on Land
None 4

Moves only when encouraged by human 3

Moves voluntarily but slowly 2

Moves voluntarily and normally 1

Abnormal Movements/Behaviors
Collapses when tubed 3

Whole body tremors 3

Partial body tremors 3

Abnormal head tilt or shake 3

TOTAL SCORE



Table 4.2. Behavior scoring in the pool unit.

Clinical signs and behavior assessments collected once per week from Pacific harbor seal pups 

(Phoca vitulina richardii) during the pool life stage, undergoing rehabilitation at The Marine 

Mammal Center, Sausalito, California. Variables were scored, where 1 was normal, and >1 was 

increasingly worse.
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Clinical Signs Scor
Response to stimulation (light touch on back)
None 4
Moves head only 3
Attempts to move body but unable 2
Moves body 1
Ability to Move on Land
None 4
Moves only when encouraged by human 3
Moves voluntarily but slowly 2
Moves voluntarily and normally 1
Ability to Swim
None 3
Minimally- can stay afloat if necessary 2
Swims normally 1
Interacts with other seals
Never 3
Sometimes 2
Often 1
Abnormal Movements/Behaviors
Collapses when tubed 3
Whole body tremors 3
Partial body tremors 3
Abnormal head tilt or shake 3
Hand Feeding on Deck/In Pool
No interest 3
Able to swallow but has difficulty 2
Swallows fish easily 1
Eating Fish in Pool
No interest 4
Pursues dead fish in pool 3
Catches but doesn't swallow dead fish in pool 2
Eats dead fish in pool 2
Pursues live fish in pool 2
Catches but doesn't swallow live fish in pool 2
Eats live fish in pool 2
TOTAL SCORE



Table 4.3. Clinical values and associations with Hg.

Clinical outcome parameters and associations with reported total Hg concentrations 

([THg]) in whole blood ([THg]wB) and hair ([THg]hair) in stranded Pacific harbor seal 

pups (Phoca vitulina richardii) admitted to The Marine Mammal Center, Sausalito, 

California. *Significant.
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Outcome variable (Y)
Input variable

(X)
Statistical 
analysis Slope/β R2 F

Degrees 
of 

freedom

Lower 95.0%
Confidence 

Limit

Upper 95.0%
Confidence 

Limit rho
Odds
ratio p value

Admission weight

Admission weight

Days in treatment all seals

[THg]hair 

log([THg]WB)

[THg]hair

Spearman
Rank
Linear

Regression 
Poisson

Regression

-0.18 0.005 1.09

0.002

1, 240

0.0007 0.003

0.0
8 0.24

0.29

0.0027*
Days in treatment surviving Poisson

seals [THg]hair Regression -0.0005 -0.002 0.0008 0.47
Days in treatment non- Poisson

surviving seals [THg]hair Regression 0.02 0.013 0.029 <0.001*
Poisson

Days in treatment all seals [THg]WB Regression 0.02 -0.07 0.13 0.57
Days in treatment surviving Poisson

seals [THg]WB Regression -0.007 -0.11 0.09 0.88
Days in treatment non- Poisson

surviving seals [THg]WB Regression 1.73 1.25 2.19 <0.001*
Cox

Survival (yes/no) [THg]hair Regression 0.0001 0 0 1
Cox

Survival (yes/no) [THg]WB Regression -0.27 -0.27 0.76 0.34
Logistic

Survival (yes/no) [THg]hair Regression -0.02 -0.05 0.01 0.98 0.21
Logistic

Survival (yes/no) [THg]WB Regression 0.19 -1.87 2.26 1.21 0.85
Released/Euthanized/Died in Cox -0.37, -

treatment [THg]hair Regression 0.49 -1.12, -0.49 0.38, -0.49 0.33
Released/Euthanized/Died in Cox -0.59, -

treatment [THg]WB Regression 0.16 -1.42, -0.87 0.22, 0.86 0.33
Released/Euthanized/Died in Logistic -0.02, -

treatment [THg]hair Regression 0.001 -0.06, -0.04 0.02, 0.05 0.98 0.45
Released/Euthanized/Died in Logistic -0.07,

treatment [THg]WB Regression 1.19 -2.66, -1.83 2.5, 4.19 0.92 0.76
Logistic

Sex [THg]hair Regression 0.04 0.02 0.07 1.04 0.001*
Logistic

Sex [THg]WB Regression 2.67 0.88 4.45 14.38 0.003*



Table 4.4. Behavior and associations with Hg.

Behavior assessments and associations with total Hg concentrations ([THg]) in whole blood 

([THg]WB) and hair ([THg]hair) in stranded Pacific harbor seal pups (Phoca vitulina richardii) 

admitted to The Marine Mammal Center, Sausalito, California. All analyses are conducted with 

Poisson regression, except the relationship between presence of abnormal behavior (collapse 

during tubing, body tremors, abnormal head tilt or shake) and [THg] which is performed with a 

logistic regression. *Significant.

Outcome variable (Y)

Input 
variable

(X) Slope/β

Lower
95.0%

Confidence
Limit

Upper
95.0% 

Confidenc 
e Limit p value

Odds
Ratio

Sensitivity to touch 
(ICU stage)

Sensitivity to touch
[THg]hair 0.001 -0.0005 0.003 0.21

(ICU stage) [THg]WB -0.2 -0.32 -0.09 <0.001*
Movement (ICU stage) [THg]hair -0.001 -0.003 0.0003 0.11
Movement (ICU stage) [THg]WB -0.4 -0.53 -0.28 <0.001*

Sensitivity to touch 
(pool stage)

Sensitivity to touch
[THg]hair -0.002 -0.003 -0.0004 0.01*

(pool stage) [THg]WB -0.15 -0.25 -0.06 0.002*
Movement (pool stage) [THg]hair -0.0007 -0.002 0.0006 0.29
Movement (pool stage) [THg]WB -0.1 -0.19 -0.001 0.04*

Swimming [THg]hair 0.0001 -0.00128 0.00129 0.99
Swimming [THg]WB -0.009 -0.101 0.082 0.83

Interactions with
other seals [THg]hair -0.001 -0.003 0.0002 0.09

Interactions with
other seals [THg]WB -0.08 -0.18 0.01 0.09

Feeding by hand [THg]hair 0.0004 -0.001 0.002 0.67
Feeding by hand

Feeding independently
[THg]WB 0.067 -0.088 0.22 0.39

in pool [THg]hair 0.0006 -0.0007 0.002 0.34
Feeding independently

in pool [THg]WB 0.04 -0.06 0.14 0.44
Abnormal behavior [THg]hair -0.02 -0.05 0.007 0.16 0.97
Abnormal behavior [THg]WB -1.54 -3.91 0.83 0.23 0.21
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Table 4.5. Covariates of the behaviors and clinical values, which were associated with Hg.

Behaviors and clinical outcomes significantly associated with total Hg concentrations ([THg]) in 

whole blood ([THg]wB) and hair ([THg]hair) and significant associations with covariates. All data 

from stranded Pacific harbor seal pups (Phoca vitulina richardii) admitted to The Marine 

Mammal Center, Sausalito, California. All analyses conducted with Poisson regression.

Outcome variable
(Y)

Days in treatment

Input variable 
(X) 

Admission 
weight 

Sex

Slope/β

-0.01
0.11

Lower 95.0%
Confidence 

Limit

-0.02
0.07

Upper 95.0%
Confidence 

Limit

0.00
0.14

p
value

0.03 
<0.001

Sensitivity to touch Admission
(ICU stage) weight 0.03 0.03 0.04 <0.001

Sex 0.06 0.03 0.10 <0.001
Abnormal -0.71 -0.80 -0.63 <0.001
Survival 0.14 0.09 0.19 <0.001

Movement (ICU Admission
stage) weight 0.03 0.02 0.04 <0.001

Abnormal -0.79 -0.88 -0.7 <0.001
Survival 0.24 0.19 0.29 <0.001
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Chapter 5: Conclusion

5.1 Overview

This dissertation represents three scientifically independent pinniped health research 

studies (manuscripts) focusing on anesthesia, and biochemical and clinical toxicology integrated 

to assess potential adverse effects of mercury exposure through a marine diet. The sample 

numbers (individual animals assessed) for each project are relatively robust for this type of work 

(621, 74 and 267, respectively) contributing to significant advances in knowledge of adverse 

effects of Hg on free-ranging pinnipeds. This required a multidisciplinary and multiagency team 

effort that was a key part of my graduate education. The first study (Chapter 2) presented capture 

and field anesthesia protocols using isoflurane or sevoflurane for juvenile Steller sea lions (SSL, 

Eumetopias jubatus). Main findings included faster induction times for sevoflurane compared to 

isoflurane, with an interaction between different anesthetists (e.g., clinical judgement). Severe 

hypothermia was the most prevalent undesired effect. Thus, caution is advised when 

anesthetizing juvenile SSL during the winter months and for prolonged anesthetic events. With a 

mortality rate <1% it was concluded that these protocols are effective and safe for field 

anesthesia of SSL (Lian et al. 2017). This Chapter additionally outlined the method used for 

Chapter 3, where anesthesia was used as a physiological stressor for measuring oxidative stress.

5.2 Lipid peroxidation associated with lower whole blood selenium

Chapter 3 presented associations between gestational methylmercury (MeHg+) exposure, 

total selenium concentration ([TSe]), oxidative stress and antioxidant status measured in SSL 

pups during anesthesia as a physiological stressor (possibly mimicking diving). The main 

findings were increased lipid peroxidation noted by increased concentrations of thiobarbituric 

acid reactive substances (TBARS) and 4-hydroxynonenal (4-HNE) in pups with lower whole 

blood [TSe]. Additionally, a significant association between antioxidant glutathione peroxidase 

(GPx) activity and TBARS suggests that the increased TBARS concentration stimulates an 

increase in GPx. Increased GPx activity is possibly protecting pups with relatively high total Hg 

concentration ([THg]) and low TSe:THg molar ratios (Lian et al. 2020). This study had the 

lowest sample size (n = 74) in this dissertation, and future studies should target sampling animals 

in the Western and Central Aleutian Islands to increase sample size for animals with relatively 

higher [THg] and lower [TSe]. This cohort (higher [THg] and lower [TSe]) needs to be better 
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represented to further elucidate the complicated relationship between [TSe], [THg], TSe:THg 

molar ratios and oxidative stress.

5.3 Mercury induced neurotoxicosis in harbor seal pups

Chapter 4 presented an assessment of clinical outcomes and adverse effects associated 

with in utero Hg exposure in live-stranded HS pups admitted to The Marine Mammal Center 

(TMMC, central California) for rehabilitation. The adverse effects associated with this 

neurotoxicant (MeHg+) exposure included decreased response to tactile stimulation, less 

movement, and longer stays in rehabilitation, albeit with an expected relatively large variability 

among the animals. The mechanisms behind the observed adverse effects probably relate to 

decreased somatosensory functions (e.g., impulse deceleration in neural circuits impairing 

response to tactile stimulation) and changes in the basal nuclei in the forebrain (involved in 

movement initiation) based on controlled laboratory studies and intensive clinical studies. The 

prolonged recovery phase in rehabilitation probably related to decreased cognitive and∕or 

sensory abilities described in Chapter 4, delaying release criteria milestones. The [THg] 

measured for HS pups from central California in this study were similar to, or greater than 

average concentrations reported previously for seals in this area. Our study confirmed that 

gestational Hg exposure from the dam's fish-diet likely contributes to adverse neurological 

effects in some wild HS pups.

5.4 Sex differences

Sex (male and female) as statistically significant drivers were noted in all chapters. In 

Chapter 2, we found that a larger proportion of juvenile SSL males were more hypothermic than 

females. In Chapter 3, we noted lower GPx activity in SSL male pups. In Chapter 4, greater 

[THg] and decreased tactile sensation in HS female pups was determined, whereas longer stays 

in treatment for HS male pups. The biological importance of these specific sex differences are 

uncertain, but the results do emphasize that sex should be included as an interaction and∕or 

covariate for epidemiological approaches to SSL and HS pup health studies.
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5.5 Recommendations and conclusions

Following the dramatic decline in SSL population in Alaska, several studies have focused 

on SSL health. The relatively high [THg] found in pups of the Central and Western Aleutian 

Islands have motivated combined investigations into adverse effects from Hg exposure in free- 

ranging SSL. In addition to the findings reported in this dissertation, these efforts have 

documented changes in gene expression (Harley 2017), and an association with increasing [THg] 

and decline in serum haptoglobin concentrations (Kennedy et al. 2019). Additionally, in vitro 

studies on SSL immune cells reported changes in mitogen-induced lymphocyte proliferation and 

cytokine expression (Levin et al. 2020). These combined research efforts document potential 

indicators of adverse effects in SSL pups from in utero MeHg+ exposure, with several 

unanswered questions. Future studies on adverse effects from Hg should target animals from the 

Central and Western Aleutian Islands, where the greatest Hg exposure with apparent lower Se 

concentrations (potentially decreased protection) is documented. The neurological adverse 

effects documented in harbor seals in this dissertation will be problematic to study in the free- 

ranging SSL populations in remote regions of the North Pacific. However, these two pinniped 

species with precoccial offspring and very similarly reported [THg] in blood and hair are likely 

affected in similar ways by gestational Hg exposure. Based on these assumptions, I recommend 

continued use of rehabilitating pinnipeds at TMMC as a pinniped-based model (surrogate) for 

SSL health related to Hg exposure, and future adverse effects studies can be implemented in a 

biomedical intensive clinical setting at TMMC (Van Hoomissen et al. 2015, Chapter 4). 

Additionally, the pinniped is a sentinel species for One Health. One Health is the concept that the 

health of environmental systems, animals and humans are connected. This dissertation 

contributes knowledge about Hg in 1) environmental systems (where the dam is exposed via 

fish-diet), 2) animals (biomagnification in food webs with the pinniped as an upper trophic level 

predator), and 3) human health (consuming the same fish and seafood species, including 

pinnipeds in diet of Alaskans).

In this dissertation, I have documented significant associations between [MeHg+], [THg] 

and/or [TSe] and adverse effects in SSL and HS pups. Significant associations from MeHg+ 

exposure and adverse effects, including oxidative stress and neurotoxicosis have previously been 

documented by accidental poisonings in humans and extensive laboratory animal research. The 
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novelty described in this dissertation is finding these adverse effects in two different free-ranging 

pinniped species, both exposed in utero to Hg by the piscivorous dam diet.
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the documents it contains; it does not imply approval for other revisions or renewals you may have 
submitted to the IACUC previously

• Ensure animal research personnel are aware of the reporting procedures on the following page.
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(The following information is also available in a printable format in the IRBNet Forms and Templates)

HOW DO I REPORT CONCERNS ABOUT ANIMALS IN A UAF RESEARCH FACILITY?

• All ’live’ animal concerns related to care and use should be reported to the IACUC
• Email: uaf-iacuc@alaska.edu Phone: 474-7800

■ Report form: www.uaf.edu/iacuc/report-concems/
• IACUC Committee Members: www.uaf.edu/iacuc/iacuc-info/
• Additional information: www.uaf.edu/ori/responsible-conduct/research-misconduct/ and 

www.uaf.edu/ori/responsible-conduct/conflict-of-interest/

WHAT SHOULD I DO IF AN ACCIDENT OR INCIDENT OCCURS IN AN UAF ANIMAL FACILITY?

• For all immediate human emergencies call 911 or UAF Dispatch at 474-7721 for less immediate 
emergencies.

• If you have suffered an animal bite or other injury, complete an "Acciden/Incident Investigation 
form’ (personal injury) form available at www.uaf.edu/safety/incidentreport-2012.pdf.

• If an accident such as a chemical spill occurs, contact the Environmental Health, Safety, and Risk 
Management (EHS&RM) Supervisor at 474-5617 or the Hazmat Coordinator at 474-7889.

WHO DO I CONTACT IF I FIND A DEAD, INJURED, OR DISTRESSED ANIMAL IN A UAF RESEARCH 
FACILITY?

• During regular business hours, immediately contact facility staff and/or Veterinary Services Staff at 
474-7020.

• After hours or on weekends, immediately contact facility staff and/or Veterinary Services Staff using
the contact numbers posted on the "Emergency Contact Information" in the facility or call UAF 
Dispatch at 474-7721. '

• Contact the IACUC at 474-7800 or uaf-iacuc@alaska.edu if an "Emergency Contact Information" 
sign is NOT posted in the facility.

• Contact the IACUC if you are not satisfied with the response from Vet Services.

HOW DO I REPORT ANY CONCERNS REGARDING WORK HAZARDS OR ANY GENERAL UNSAFE 
CONDITIONS?

• Complete an ’Unsafe Condition Reporting Program’ form, available at the EHS&RM website: 
www.uaf.edu∕safety∕unsafe-condition/

WHERE CAN I OBTAIN GENERAL OCCUPATIONAL SAFETY INFORMATION?

• www.uaf.edu/iacuc/occupational-health/
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Appendix D

Copyright permission announced online from Elsevier.
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