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ABSTRACT

Following population declines in species of concern, wildlife managers often seek to identify 
underlying causes to understand and predict population dynamics for better future management. 

Often, physiological and/or behavioral metrics are measurable markers of decline, and these are 

often detectable well before declines are measurable through population surveys. During the 

1970's, 80's, and 90's Steller sea lion (SSL; Eumetopias jubatus) populations in the western 

portion of their breeding range declined by ~85%. Though declines in most regions have since 
stabilized or exhibited modest recovery, some subpopulations breeding in the Aleutian Islands 

continue to decline. In contrast, SSL subpopulations in eastern regions of their range have 
steadily grown since the 1970s.

Prior studies on the maternal attendance behaviors of SSL have noted differe nc e s in the timing of 

parturition, the duration of the perinatal period, foraging trip duration of nursing females, and the 
duration of periods dams spend ashore tending their pups. Variability in these metrics has been 

associated with year, location, the dam's age and parity, environmental oscillations (i.e. El Nino 
Southern Oscillation), and pup age over the lactation period. This study utilized prior findings of 

predictable changes in metabolite concentrations while pups fasted during their mother's 

foraging trips as a new approach for assessing maternal attendance patterns. The distributions of 
fasting phase categories, assigned based on the relative concentrations of plasma β- 

hydroxybutyrate and blood urea nitrogen, were compared across 12 subpopulations extending 

from eastern Russia along the coastal northern Pacific into southeastern Alaska from blood 

samples of 1528 SSL pups. Fasting phase categories were merged into Short and Long fasting 

durations to compare pups sparing critical proteins (relying on lipid reserves) to those with 

plasma profiles indicative of metabolic protein reliance (muscle & organ breakdown), 

respectively. Notably the subpopulations with the maximal (western Aleutian Islands) and 
minimal (eastern Aleutian Islands) observed proportions of Long fasting pups were in the same 

broad Aleutian Island region. Three metapopulations had significantly greater proportions of 

Long fasting pups: the western and central Aleutian Islands and the southern portion of 

southeastern Alaska. Due to contrasting population trends among these metapopulations, we 

suggest that both density-dependent and density-independent factors contributed to extended 

fasting durations in SSL pups.
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Chapter 1 General Introduction

Income-breeding pinnipeds, such as Steller sea lions (SSL, Eumetopias jubatus), have a lactation 

strategy characterized by a brief perinatal period that precedes the cyclic alternation of the dam 

at the rookery or foraging sea (Boness and Don Bowen 1996). As pup surviva l to weaning is an 

important metric in the assessment of population status, many studies have quantified different 

aspects of maternal attendance over the first few months of the lactation period (including timing 

of parturition, perinatal period duration, foraging trip duration, and shore-visit duration) to more 
fully understand the viability of the species.

1.1 MATERNAL ATTENDANCE METRICS

1.1a Parturition Timing

Prior studies noted both interannual and geographic differences in the timing of SSL parturition.

Pitcher et al. (2001) documented mean birth dates ranging from June 4-21 at seven rookeries 
distributed from the southern extent of the SSL range in California, USA, northward to Alaska, 

and then westward along the Pacific Rim (e.g., Aleutian Islands) to the Commander Islands in 
eastern Russia (Figure 1-1). Synchrony in parturition was present at each rookery, with 90% of 

pups born within a 25-day period. There were no clear longitudinal nor latitudinal patterns; the 

most southerly rookery (California) had the latest mean pupping date, and the southern portion of 
southeastern Alaska had the earliest (Figure 1-1; Pitcher et al. 2001). Kuhn et al. (2017) 

observed parturition dates between 2003-2013 at a rookery in the central Gulf of Alaska and at 

another in the eastern Aleutian Islands; mean parturition dates were June 9 and June 8, 

respectively. The dates for which 90% of annual pup production had occurred for these two 

rookeries were June 20 and June 19, respectively. Maniscalco and Parker (2018) reported the 

earliest and latest observed parturition dates as 5 May and 31 July at Chiswell Island in the Gulf 

of Alaska. Multiparous dams were found to pup later than primiparous females (Hastings and 
Jemison 2016, Maniscalco and Parker 2018, Maniscalco et al. 2006). Maniscalco et al. (2006) 

further identified a negative correlation between parturition date and the duration of the perinatal 

period (i.e., later parturition yields shorter perinatal periods).
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1.1b Perinatal Period

The perinatal period is the duration a dam spends attending to her pup onshore immediately 
following parturition until the dam departs on the first foraging trip (Hood and Ono 1997). Brief 

perinatal periods are suggestive of females in relatively poor body condition that could be related 

to age, foraging experience, and/or other factors influencing body condition. For these reasons, 

Burkanov et al. (2011) suggested that the perinatal period duration could serve as an index of the 

prior season's overwintering condition for reproductive-aged females. This would likely be 
reflected in the pup's neonatal body condition as well. Interannual differences in perinatal 

period were also detected in some studies (Burkanov et al. 2011, Maniscalco et al. 2006, Milette 
and Trites 2003). Rookeries in eastern Russia were found to have longer perinatal periods than 

those reported in California and Alaska (Burkanov et al. 2011). Burkanov et al. (2011) further 

identified that older females have longer perinatal periods than younger females. Longer 
perinatal periods have been associated with females presumed to be multiparous after 6 years of 

age (Burkanov et al. 2011, Maniscalco et al. 2006) and are expected to result in a more robust 
pup prior to the initial fasting interval.

1.1c Foraging Trip Duration

During the lactation period, dams function as central place foragers, whereby the available 
offshore foraging range is limited by the distance to their pup fasting on the rookery. Foraging 

trip duration shows more variability than other maternal attendance metrics (Table 1-1). As 

such, it is expected to be more responsive to ephemeral or local changes in food availability and 

other environmental conditions adjacent to rookeries. Sea lions and other long-lived, large

bodied, meso/apex predators are often utilized as sentinels of ecosystem health, due to these 

sensitivities to flux in coastal marine environmental conditions (Ross 2000, Moore 2008, Bossart 

2011). Older females (>6 years of age) had shorter foraging trip durations than younger females, 
and foraging trip durations of dams from rookeries in eastern Russia were shorter than those 

observed at California and Alaska rookeries (Burkanov et al. 2011).

In addition to changes associated with local conditions and dam age, other studies have 

associated increases in foraging trip duration with pup age. Over four breeding seasons, 

Maniscalco et al. (2006) found significant variation in the dam's trip duration with pup age at the 

Chiswell Island rookery. Foraging trip durations were similar throughout June until mid-late 
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July (~10-25 hours duration); beyond July, mean trip duration increased steadily through mid

September to 59 hours (maximal observation 72 hours duration). Maniscalco et al. (2006) 

suggested that this abrupt change in foraging cycle could due to be a combination of factors 

related to food availability, pups becoming more independent, and/or increases in pup or dam 

energetic demands during the lactation period. In contrast, at six rookeries in eastern Russia, 

Burkanov et al. (2011) found that the dam's foraging trip durations were consistent throughout 

the breeding season, however, the shore visit duration decreased as the pup aged, allowing for 
more frequent foraging trips of the approximately same duration. Morphometric data collected 

from pups on rookeries indicate that there was variation in pup size within a rookery, by sex, and 
across broad geographic zones, not attributable to differences in age (when <3 months) or body 
condition (Keogh et al. 2013, Merrick et al. 1995, Rea et al. 1998, Rea et al. 2016). For these 

reasons, pup age cannot simply be inferred from pup size.

1.1d Shore Visit Duration

Burkanov et al. (2011) observed a decrease in the duration of shore visits, consistent with other 
studies that identified this highly significant pattern with increasing pup age (Higgins et al. 1988, 

Milette and Trites 2003). Shore visit durations were also found to vary with respect to dam age, 

year, and location, with dams at rookeries in eastern Russia having longer shore visits than dams 
in other areas (e.g. California and Alaska; Burkanov et al. 2011).

As pups age, their suckling efficiency increases (Higgins et al. 1988). The reduction in shore 

visit duration could be due to a reduction in the amount of time required for a pup to intake 

greater milk volumes, perhaps requiring fewer individual feedings to accomplish the same net 

energy transfer via milk. Pup energetic demands also increase with age and growth, further 

increasing the demands upon the lactating dam.

1.2 PUP FASTING

During each dam foraging trip, the pup remains on the rookery digesting and assimilating their 

most recent milk meal. P ost-absorptive pups, now fasting, systematically utilize a combination 

of carbohydrates, lipids, and proteins that shifts progressively to lipid and eventually towards 
protein to fuel metabolism (Castellini and Rea 1992). The relative concentrations of metabolites 

and metabolic by-products of macronutrient oxidation in the blood signify the predominant fuel 
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resource being utilized to meet energetic needs. The relative concentrations of metabolites 

change predictably over time in SSL pups (Rea et al. 2000) relative to physiological and 

homeostatic requirements, and therefore can be related to the length of the fasting interval, the 

time between meals during the dam's foraging trip to sea.

Fasting pups depend on endogenous energy stores until their next meal. Once refed, new 

resources must be diverted towards compensatory growth and energy storage products to support 

subsequent fasts. Rea et al. (2000) measured a reduction in mean body mass of 0.7±0.1 kg/day, 

approximately a 5% decrease from their pre-fasting mass over a 2.5 day experimental fast.

1.3 SUMMARY

Information gained via maternal attendance studies has provided valuable insight into many 

factors that might influence pup survival, and therefore population growth (Figure 1-2). 
Metabolite measurements from pups sampled on a rookery on a particular date may enhance our 

understanding of the fasting status on an individ ua l basis. By translating this information to an 

estimated fasting duration, rookeries or metapopulations can be compared. While this will not 

specify what factor(s) is driving differences, it represents a valuable metric related to maternal 

attendance. This allows for a retrospective assessment of fasting duration at rookeries where no 
traditional maternal attendance studies were conducted, but where blood samples were collected. 

The following study expands upon two previous studies measuring free-ranging SSL pup 

metabolite concentrations in two regions with contrasting population trends (Castellini et al. 

1993, Rea et al. 1998). These studies yielded no support to the hypothesis that nutritional stress 

was present in the study areas where the population had sharply declined. Rather, these 
metabolite profiles suggested the presence of nutritional stress in the area of population growth, 

southeastern Alaska (Rea et al. 1998), with respect to dams and their pups during the breeding 

season.
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Breeding Range of the Steller Sea Lion

Figure 1-1 Map of the northern Pacific Ocean, indicating locations within the Steller sea lion breeding range referenced in maternal 

attendance studies.



Trends Observed In Prior Maternal Attendance Studies

Figure 1-2 Trends in parturition period onset and duration, foraging trip duration, and shore visit duration of 
observed in Steller sea lion dams, with respect to time, dam age, pup age, dam prior parity, and geography, compiled 
from prior studies



Prior Studies of Steller Sea Lion Dam Foraging Trip Duration

Table 1-1 Comparison of mean foraging trip duration (hours) in prior studies. G grey/italiced 
rows indicate metapopulations with no prior studies. Techniques varied from observers onshore 
at rookery (visual), applying transmitters (VHF/SAT), or via remote video surveillance (video).

Mean Foraging
Metapopulation* Rookery Trip (hr) Year(s) Technique
Sea of Okhotsk Yamsky 23.3 2005-07 visual1
Kuril Islands Brat Chirpoev 13.3 2005-07 visual1

Raykoke 24.9 2005-07 visual1
Lovushki 10.0 2005-07 visual1
Antiserov 16.4 2005-07 visual1

Kamchatka Peninsula
Commander Is. Medny 20.0 2005-07 visual1
Western Aleutian Is.
Central Aleutian Is. Seguam 7.1 1997 VHF3
Eastern Aleutian Is. Ugamak 25.0 1990-93 VHF7
Western Gulf of AK Undisclosed 18.0 1990-93 SAT7
Central Gulf of AK Chirikof 11.2 1993 VHF3

Marmot 21.0 1990-93 VHF7
Sugarloaf 19.5 1994, 1995 visual8

Eastern Gulf of AK Fish 19.4 1995 VHF3
Montague 16.7 1967-68 visual10
Chiswell 15.1 2001 video6
Chiswell 11.5 2002 video6
Chiswell 19.3 2003 video6
Chiswell 18.1 2004 video6

Northern Southeast AK
Southern Southeast AK Hazy/Forrester 20.8 1992-93 SAT9

Lowrie 22.3 1993-94/1996-97 VHF3
Forrester 25.6 1997 VHF2
Lowrie 24.9 1994, 1995 visual8

Washington / Oregon
California Ano Nuevo 22 1973 visual5

Ano Nuevo 36 1983 visual4
Ano Nuevo 50 1992 visual5

* metapopulations ordered northwest to northeast Pacific Ocean

Studies Referenced
1 Burkanov et al. 2011
2 Brandon 2000
3 Davis et al. 2006
4 Higgins et al 1988
5 Hood and Ono 1997

6 Maniscalco et al. 2006
7 Merrick and Loughlin 1995
8 Milette and Trites 2003
9 Rehberg et al. 2009
10 Sandegren 1970

7



1.4 REFERENCES

Boness DJ, Don Bowen W (1996) The evolution of maternal care in pinnipeds: new findings 
raise questions about the evolution of maternal feeding strategies. Bioscience 46:645
654.

Bossart GD (2011) Marine mammals as sentinel species for oceans and human health. Vet Pathol 
48:676-690.

Brandon EEA (2000) Maternal Investment in Steller sea lions in Alaska. PhD Dissertation, 
Texas A&M University, College Station Texas. 137 pages.

Burkanov VN, Gurarie ED, Altukhov AV, Mamaev EG, Permyakov PA, Trukhin A, Waite J, 
Gelatt TA (2011) Environmental and biological factors influencing maternal attendance 

patterns of Steller sea lions (Eumetopias jubatus) in Russia. J Mammal 92:352-366.

Castellini MA, Davis RW, Loughlin TR, Williams TM (1993) Blood chemistries and body 

condition of Steller sea lion pups at Marmot Island, Alaska. Mar Mammal Sci 9:202-208

Castellini MA, Rea LD (1992) The biochemistry of natural fasting at its limits. Experientia 
48:575-582.

Davis RW, Brandon EA, Calkins DG, Loughlin TR (2006) Female Attendance and Neonatal Pup 

Growth in Steller Sea Lions (Eumetopias jubatus). In: Trites AW, Atkinson SK, 
DeMaster DP, Fritz LW, Gelatt TS, Rea LD, Wynne KM, eds. Sea Lions of the World. 

Alaska Sea Grant Publications, Fairbanks, Alaska AK-SG-06-01, pp 13-29.

Hastings KK, Jemison LA (2016) Age-specific variation in timing of parturition in Steller sea 

lions at Forrester Island Complex, Alaska. Mar Mammal Sci 32:777-785.

Higgins LV, Costa D, Huntley A, Le Boeuf BJ (1988) Behavioral and physiological 

measurements of maternal investment in the Steller sea lion, Eumetopias jubatus. Mar 
Mammal Sci 41:44-58.

Hood WR, Ono KA (1997) Variation in maternal attendance patterns and pup behaviour in a 

declining population of Steller sea lions (Eumetopias jubatus). Can J Zool 75:1241-1246.

8



Keogh MJ, Atkinson S, Maniscalco JM (2013) Body condition and endocrine profiles of Steller 

sea lion (Eumetopias jubatus) pups during the early postnatal period. Gen Comp 
Endocrinol 184:42-50.

Kuhn CE, C humble y K, Johnson D, Fritz L (2017) A re-examination of the timing of pupping 

for Steller sea lions Eumetopias jubatus breeding on two islands in Alaska. Endanger 
Species Res 32:213-222.

Maniscalco JM, Parker P (2018) Maternal and offspring effects on the timing of parturition in 

western Steller sea lions (Eumetopias jubatus). Can J Zool 96:333-339.

Maniscalco JM, Parker P, Atkinson S (2006) Interseasonal and interannual measures of maternal 

care among individual Steller sea lions (Eumetopias jubatus). J Mammal 87:304-311.

Merrick RL, Brown R, Calkins DG, Loughlin TR (1995) A comparison of Steller sea lion, 

Eumetopias jubatus, pup masses between rookeries with increasing and decreasing 
populations. Fish Bull Natl Oc At 93:753-758.

Milette LL, Trites AW (2003) Maternal attendance patterns of Steller sea lions (Eumetopias 

jubatus) from stable and declining populations in Alaska. Can J Zool 81:340-348.

Moore, SE (2008) Marine mammals as ecosystem sentinels. J Mammal 89:534-540.

Pitcher KW, Burkanov VN, Calkins DG, Le Boeuf BJ, Mamaev EG, Merrick RL, Pendleton GW 

(2001) Spatial and temporal variation in the timing of births of Steller sea lions. J 
Mammal 82:1047-1053.

Rea LD, Castellini MA, Fadely BS, Loughlin TR (1998) Health status of young Alaska Steller 

sea lion pups (Eumetopias jubatus) as indicated by blood chemistry and hematology. 
Comp Biochem Phys A 120:617-623.

Rea LD, Fadely BS, Farley SD, Avery JP, Dunlap-Harding WS, Stegall VK, Eischens CAB, 

Gelatt TS, Pitcher KW (2016) Comparing total body lipid content of young-of-the-year 

Steller sea lions among regions of contrasting population trends. Mar Mammal Sci 
32:1200-1218.

Rea LD, Rosen DAS, Trites AW (2000) Metabolic response to fasting in 6-week-old Steller sea 

lion pups (Eumetopias jubatus). Can J Zool 78:890-894.

9



Rehberg MJ, Andrews RD, Swain UG, Calkins DG (2009) Foraging behavior of adult female 

Steller sea lions during the breeding season in Southeast Alaska. Mar Mammal Sci 

25:588-604.

Ross PS (2000) Marine ma mma ls as sentinels in ecological risk assessment. Hum Ecol Risk 
Assess 6:29-46.

Sandegren FE (1970) Breeding and Maternal Behavio r of the Steller Sea Lion (Eumetopias 

jubatus) in Alaska. MSc Thesis, University of Alaska Fairbanks, Fairbanks, AK. 138 p.

10



Chapter 2 Fasting Status of Free-Ranging Steller Sea Lion Pups1

1 SG Crawford, RH Coker, TM O'Hara, GA Breed, T Gelatt, B Fadely, V Burkanov, M Castellini, P Rivera, LD Rea.
In Preparation for Submission: Young Steller sea lion pups fast for longer durations in some metapopulations, as 
indicated by plasma metabolite concentrations. Conservation Physiology.

ABSTRACT

During the foraging trips of dam Steller sea lions (SSL, Eumetopius jubatus), pups on the 

rookery move predictably through three phases of fasting, varying by the predominant 

macronutrient supplying energy. Using standardized ranges of blood urea nitrogen and β- 

hydroxybutyrate in plasma, we assigned pups (n=1528, 1990-2016, from 12 metapopulations) 

into a fasting category: Recently Fed (digestion & assimilation) through Phase I fasting (hepatic 
and muscle glycogen carbohydrate usage), Phase II fasting (lipid catabolism), transitioning 

between Phase II-III (increased use of proteins as lipid stores diminish), or Phase III 
(predominantly protein catabolism). The majority of pups were classified as Recently Fed- 

Phase I fasting (overall mean proportion=0.72), while few pups were identified in Phase III 

(overall mean proportion=0.04). Further, a binomial regression model was applied to compare 
pups in Short (Recently Fed-Phase II) and Long (all other pups) fasting duration, differentiating 

between pups relying predominantly on endogenous carbohydrate or lipid sources and those 
transiting into or already reliant on proteins to fuel metabolic demands. Four of 66 

metapopulation contrasts identified significant differences between metapopulations (p<0.03 for 

all): the eastern Aleutian Islands had greater proportions of pups in Long fasts than the 1) central 

and 2) western Aleutian Islands (declining population trend) and 3) southern Southeast Alaska 

(increasing population trend), and the Kuril Islands also had greater proportion of pups in Long 

fasts than 4) southern Southeast Alaska. Significantly greater proportions of female pups were 

classified into Long fasts than males (p=0.005); no post-hoc comparisons, however, were 

significant with respect to observed sex ratios (overall sex ratio = 54♂ : 46♀). Due to 
contrasting population trends among metapopulations over the past 50 years, we propose that 

both density-independent and density-dependent factors influence fasting duration. C omp aring 

fasting phase distribution among metapopulations may serve as a useful tool to identify rookeries 

of concern, locations where the ability of pups to thrive may be negatively impacted for a larger 

proportion of the cohort, as compared to other locations.
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2.1 INTRODUCTION

2.1a Background

As a fasting-adapted species, all age and sex classes of Steller sea lions (SSL; Eumetopias 

jubatus) enter fasting states as part of their annual cycle. Following parturition onshore during 

the late spring, SSL dams fast on the rookery during the perinatal period while provisioning 

neonatal pups (Hastings and Jemison 2016, Kuhn et al. 2017, Maniscalco and Parker 2018, 

Maniscalco et al. 2006, Pitcher et al. 2001). After ~1-2 weeks, females depart to forage, leaving 
the newborn pup onshore to digest and assimilate the latest meal and likely begin the first fast, 

depending upon the duration of the dam's foraging trip (Burkanov et al. 2011, Maniscalco et al. 
2006, Milette and Trites 2003). Within a day, the dam typically returns to nurse her newborn 
pup (Burkanov et al. 2011, Maniscalco et al. 2006, Milette and Trites 2003). This alternation 

between foraging and fasting, for both the dam and her pup, continues for approximately a year, 
and sometimes longer, with some observations of dams concurrently nursing a yearling and 

newborn (Maniscalco et al. 2006, Pitcher and Calkins 1981). These elements of the maternal 
attendance pattern - the perinatal nursing period, foraging trip duration, and shore visit duration 

- influence a pup's body condition and subsequent fasting status. To successfully raise a pup 

through weaning, dams must simultaneously balance energetic demands of traveling, foraging, 

and producing an energy-rich milk (S chulz and Bowen 2004) while minimizing consequences to 

pup health and growth.

Of these maternal attendance metrics, the greatest variation occurs in foraging trip duration. 

Differences in dam age, pup age, rookery, year, local bathymetry, and local prey availability 

have been shown to significantly influence foraging trip duration (Burkanov et al. 2011, Higgins 
et al.1988, Hood and Ono 1997, Maniscalco et al. 2002, Maniscalco et al. 2006, Milette and 

Trites 2003). Field studies designed to compute and compare maternal attendance metrics have 

contributed greatly to the understanding of a species' life history. These studies are, however, 

logistically complicated (NRC 2003), and in order to be comprehensive, often lengthy and cost- 

prohibitive. Methods have included relying upon on-site observers throughout early breeding 
season (Brandon 2000, Burkanov et al. 2011, Higgins et al. 1988, Hood and Ono 1997, Milette 

and Trites 2003, Sandegren 1970), installation and maintenance of remote video surveillance 
systems (Maniscalco et al. 2006), and deployment of VHF and/or satellite transmitters on adult 
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lactating females (Davis et al. 2006, Merrick and Loughlin 1997, Rehberg et al. 2009) to gather 

maternal attendance data.

2.1b Biomarkers of Metabolic Status

Blood of young pups on rookeries contain markers indicative of their metabolic state: feeding, 

fasting, or starvation (Figure 2-1). As pups transition into a fasting state onshore during the 

dam's foraging trips, they transition through three distinct fasting phases to maintain metabolic 

homeostasis by systematically catabolizing endogenous energy sources (Castellini and Rea 
1992), resulting in predictable changes in blood metabolite concentrations, as observed by Rea et 

al. (2000) in young SSL pups under experimental fasting conditions. Blood urea nitrogen 
concentration ([BUN]) and β-hydroxybutyrate concentration ([β-HBA]) are two easily- 

measurable metabolites produced through the catabolism of proteins and lipids, respectively; the 

relative concentration of BUN to β-HBA indicates which energy source was being 
predominantly utilized by the fasting pup (Cherel et al. 1988).

2.1c Distinctions Among Fasting Phases

The primary macronutrient fueling a pup's energetic demands changes with fasting duration and 

characterizes the three phases of fasting (Figure 2-1). Following the departure of the dam to 

forage at-sea, pups digest and assimilate their most recent milk meal. In the absence of 

additional meals, Phase I begins, characterized by the catabolism of a readily available, but very 

limited, supply of carbohydrates (stored as glycogen in liver and muscle) (Cherel et al. 1988). 

Pups who recently were fed or have begun Phase I fasting had elevated [BUN] as a result of the 

catabolism of both dietary and endogenous proteins (Rosen 2009) and undetectable to very low 
plasma [β-HBA] (Robin et al. 1988).

Rea et al. (2000) observed a quick transition of SSL pups into Phase II fasting, often referred to 

as the protein-sparing phase, within 16 hours onset of an experimental fast. This shift to utilizing 

energy-dense stores of lipids as the primary fuel source was demonstrated through increased [β- 

HBA] concurrent to a decreased [BUN]. While ketone bodies serve as a fuel source for much of 

the nervous system and some other cells, [BUN] did not decrease below detection limits, as 
gluconeogenesis continued to support certain portions of the central nervous system (Castellini 
and Rea 1992).
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Newborn SSL pups have relatively limited lipid stores (Davis et al. 2006). When the fasting 

interval continued for an extended period, pups reverted to catabolizing proteins to meet 

energetic demands prior to exhaustion of lipids stores - thus entering Phase III fasting. During 

this transition from Phase II-III, [BUN] increased, while the metabolic by-products of lipid 
mobilization remained elevated. Once pups fully transitioned into Phase III, [BUN] increased 

further and [β-HBA] decreased to levels observed prior to Phase II (Castellini and Rea 1992). 

During Phase II, minimal protein is lost from lean body mass while predominantly lipids are 
catabolized (Verrier et al. 2009). During Phase III, animals can very quickly lose significant 

lean body mass and function, leading to a transition from a fasting state into a starvation state 
(Verrier et al. 2012). While Phase III is rarely observed in free-ranging pinnipeds (Houser and 

Costa 2003), an individual pup's departure from Phase II and subsequent entry into Phase III can 

depend upon pre-fasting adiposity (Rea 1995). Pups in the Rea et al. (2000) study, robust and in 
good body condition prior to the experimental fast (personal communication, Rea 2020), reverted 

to protein catabolism (Phase III) towards the end of a 2½ day experimental fast, suggesting 
physiologically-significant proportions of their lipid stores were catabolized during this brief 

period.

There is an important distinction between the state of prolonged fasting and a state of starvation 

(Figure 2-1). During all phases of fasting, homeostasis is maintained and essential organ 

functions are supported (Castellini and Rea 1992). Fasting, while predictable, can only continue 

for a discrete period. When endogenous stores can no longer maintain homeostasis, starvation 

commences, potentially resulting in multiple concurrent and cascading organ failures that can 

progress to irreversible injury, and ultimately death. While the state of starvation is unlikely to be 

reversed in free-ranging pups, Phase III can potentially be reversed following refeeding (Lignot 

and LeMaho 2012); after significant time in Phase III, however, even refed pups may have a 

poor prognosis, eventually leading to mortality via starvation (Lignot and LeMaho 2012, Rosen 

and Worthy 2018). This failure to thrive once fed following a prolonged absence of food is well- 

documented in human (see reviews in Boateng et al. 2010, McKnight et al. 2019) and 
domesticated animal medicine (Chan 2015, Luethy et al. 2020), as well as in some wildlife 
(Fravel et al. 2016, Gerlach et al. 2013, McRuer and Ingraham 2019, Winn 2006). Indications of 

refeeding syndrome include a combination of electrolyte imbalances, often characterized by 

hypophosphatemia, hypomagnesemia, and hypokalemia (Boateng et al. 2010, Crook et al. 2001, 
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Crook 2014, Mehanna et al. 2008). Possible associations with thiamine and other vitamin 

deficiencies (Crook et al. 2001), as well as trace element deficiencies (e.g. selenium and copper, 

Boateng et al. 2010) have been suggested as additive and causative agents. Cardiac and renal 

function are often compromised following a disruption of water balance and associated 

abnormalities in blood pressure (Crook et al. 2001, Crook 2014).

2.1d Study Importance

We were interested in whether metabolite data could identify potential drivers of the continued 
population decline of SSLs within discrete portions of their western range (Altukhov et al. 2015, 
Atkinson et al. 2008, DeMaster 2011, DeMaster 2012, Fritz and Stinchcomb 2005, Fritz et al. 
2008, Fritz et al. 2015a, Fritz et al. 2013, Fritz et al. 2015b, Fritz et al. 2016, Fritz et al. 2014, 

Fritz et al. 2019, Holmes et al. 2007, Loughlin 1984, Sease et al. 2001, Sweeney et al. 2016, 

Sweeney et al. 2017, York 1994). During the last quarter of the 20th century, the detection of a 
precipitous decline in SSL population abundance prompted listing the species under the U.S. 

Endangered Species Act in 1990 (U.S. legal protections well-summarized in NRC 2003). In 
1997, two Distinct Population Segments (DPS) were delineated within the U.S. SSL range: the 

western (wDPS, listed as endangered) and eastern (eDPS, listed as threatened) Distinct 

Population Segments (NMFS 2013). Subsequent research and surveys determined that the eDPS 
SSL population has been steadily increasing for the past 50 years at ~3% annually, and the 

threatened status of the eDPS was removed in 2013. The decline observed throughout most of 

the wDPS ceased over the 1990s, and most metapopulations have been stable to modestly 

increasing for approximately the past 2-3 decades; there are some locations in the wDPS, 

however, where the population continues to decline.

This study categorized individual pups into a discrete fasting category using relative [BUN] and 

[β-HBA] of plasma, applying thresholds reported by Rea et al. (2000). We expected to identify 

pups along the entire fasting continuum illustrated in Figure 2-1. The proportion of pups in these 

fasting phases was further compared over four broad geographic regions, divided into 12 

metapopulations along the SSL range from eastern Russia, eastward along the Pacific Rim into 
southeastern Alaska. Due to variation reported in population trends throughout the SSL range, 

we expected to detect differences in pup fasting duration at the metapopulation level.
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2.2 METHODS

2.2a Study Area

This study utilized plasma samples collected during routine capture operations of Steller sea lion 

pups, born at 38 natal rookeries within four broad regions including eastern Russia and the 

Aleutian Islands, Gulf of Alaska, and southeastern Alaska within the United States (Figure 2-2, 

Table 2-1, n=1528, captured 1990-2016). Within these four regions, 12 metapopulations were 
represented in this study (Altukhov et al. 2015, Mathews et al. 2011, NMFS 2008, Raum-Suryan 

et al. 2002, York et al. 1996): from west to east within eastern Russia, the 1) Sea of Okhotsk, 2) 

Kuril Islands, 3) Kamchatka Peninsula, and 4) Commander Islands, and within the United States, 
the 5) western, 6) central, and 7) eastern Aleutian Islands, the 8) western, 9) central, and 10) 

eastern Gulf of Alaska, and the 11) northern and 12) southern portions of southeastern Alaska 
(Figure 2-2).

2.2b Sample Collection

Free-ranging Steller sea lion pups were physically (Castellini et al. 2012, Keogh et al. 2013, 
Merrick et al. 1995) or chemically restrained via gas anesthesia (Haulena 2014, Heath et al. 

1997) at their natal rookeries. Blood samples obtained from the vein of the caudal gluteal plexus 

were kept chilled in the field until processing, typically within four hours of collection (Keogh et 

al. 2013, Rea et al. 1998). Plasma aliquots were stored at -20°C during the remainder of the field 

research trips and at -80°C thereafter following return to the laboratory. Morphometrics (mass, 

standard length, axillary girth) and sex were recorded for most pups. Sampling dates ranged 

between May 26-August 26. Due to the semi-synchronous nature and geographic variation of 

parturition in Steller sea lions, pups on a rookery could have been within six weeks of age of 

each another (Maniscalco and Parker 2018, Pitcher et al. 2001).

2.2c Metabolite Assays

Plasma [BUN] and [β-HBA] were measured via spectrophotometer (SpectraMax 340PC384, 

Molecular Devices, San Jose, CA) using commercially-available endpoint assay kits: [BUN] via 
StanBio Kit #2050 and Sigma Aldrich Kit #66-20 and #MAK006; [β-HBA] via StanBio Kit 
#2440 and Sigma Aldrich Kits #310 and #MAK001 (StanBio, EKF Diagnostics USA, Boerne, 

TX; Sigma Aldrich, now Millipore Sigma, St. Louis, MO) (Castellini and Costa 1990, Castellini 
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et al. 1993). Technical replicates were ≤10% coefficient of variation; assays were repeated for 

samples exceeding this threshold. Calculations of metabolite concentrations were made using 

Softmax Pro (v. 4.8) software or the open-access interface MyAssays.com, applying a four- 

parameter logistic curve. Beginning in 2016, a handheld ketometer (Precision Xtra™, Abbott 

Laboratories, Abbott Park, IL, ketometer precision = 0.1 mmol/L [β-HBA]), was used to identify 

samples with [β-HBA] above and below a 0.3 mmol/L threshold needed to categorize fasting 

phase (see Appendix). Samples measuring between 0.2-0.4 mmol/L via ketometer were further 
analyzed via the biochemical assay to improve precision around that threshold (assay precision ≈ 
0.01 mmol/L [β-HBA]).

2.2d Fasting Phase Categorization

Thresholds defined for each fasting state were based upon the changes observed in [BUN] and 

[β-HBA] during an experimental fast imposed upon captive six-week old Steller sea lion pups 
(Rea et al. 2000, Table 2-2). Using these thresholds, one of four fasting categories was assigned 

to each individual pup: 1) Recently Fed-Phase I fasting (Fed-I), 2) Phase II fasting (II), 3) 
transitioning between Phases II and III fasting (II-III), 4) Phase III fasting (III).

Using additional information available for 87 SSL pups, a priori expectations of fasting 

classification were compared to classification assigned using metabolite thresholds. The 

additional information was obtained via field records identifying individuals as neonates, 

emaciated/starveling/orphaned, skinny/thin, or having milk in their stomachs (sampled via 

gastric lavage during another study, Beckmen et al. 2016).

2.2e Data Selection

Quantitative analyses were conducted using freely-availab le program R (R Core Team 2019). 

Criteria for inclusion in this study required a minimum of five pups sampled on each 

location/date combination to assess the proportion of pups in different fasting phases (Table 2-1). 

Previously published results from 16 pups sampled during 1990 and 1991 in the Gulf of Alaska 

(Castellini et al. 1993) and an additional 220 pups sampled in southeastern Alaska, the Gulf of 

Alaska, and the Aleutian Islands between 1991-1996 (Rea et al. 1998) were included in this 

study for comparison.
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2.2g Data Analysis

Within-Phase Comparisons

Initial comparisons were made at the metapopulation level within each of the four fasting 

categories using Kruskal-Wallis nonparametric tests, followed by a Dunn test for multiple 

comparisons and using a Bonferroni correction (FSA R package).

Comparison of Fasting Durations

To identify differences in pup fasting duration among metapopulations, we further classified 

pups into Short or Long fast categories. Pups initially characterized as Fed-I or II were 

combined into the Short category; all other pups were combined into the Long category (Table 2

2). In this way, pups were distinguished between those relying on stores of carbohydrates and/or 

lipids (Short) and those in the process of transitioning to or already reliant upon protein 

catabolism (Long) to support energetic demands. This allowed us to fit a binomial regression to 

assess differences attributed to pups in Short or Long fasts with respect to body condition index, 

sex, and/or metapopulation (Warton and Hui 2011; stats R package). Using the response 

variable of fasting duration category (Short or Long), the global model included the fixed-effects
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Maniscalco et al. (2006) identified an inflection point in the maternal attendance cycle when dam 

foraging trip durations significantly increased, occurring around July 19th at the Chiswell rookery 

(eastern Gulf of Alaska). Before including pups sampled after July 19th into the current study, a 

Kruskal-Wallis nonparametric one-way ANOVA on ranks (stats R package) was used to 

compare the proportion of pups categorized as Fed-I phase before and after July 19th for 

metapopulations where such late summer samples were collected.

2.2f Body Condition Indices

Body condition indices have proven more useful for assessing Otariid condition than length: 

mass relationships, as SSL are a highly sexually dimorphic species, even distinguishable as 
young pups (Brown et al.1995, Higgins et al.1988, Ono and Boness, 1996). Though there are 

multiple published calculations of body condition applied to SSL pups, this study used an index 
detailed by Trites and Jonker (2000):



of the body condition index, metapopulation, sex, timing of sampling (before or after July 19th) 

and interactions between variables. The top model was selected using a backward selection 

process. Statistical significance was identified using α=0.05. Parameter estimates were 

calculated for the marginal means (95% confidence interval). Tukey contrasts were used to 
assess differences between each combination of the 12 metapopulations. Post-hoc Chi-square 

tests were used to test for differences in sex distribution within fasting phases with respect to 

metapopulation (stats R package).

Temporal Comparisons

Statistical comparisons for temporal changes in fasting state across the range or within rookery 
were not made, due to few rookeries with robust multi-annual sampling regimes (Table 2-1). 

Unfortunately, the resulting dataset was discontinuous and unbalanced and not appropriate for 
statistical analysis as a time series.

2.3 RESULTS

Before applying the binomial model, fasting phase distributions in three metapopulations with 

pups sampled post-July 19th were examined. No significant differences in the proportion of pups 

categorized as Fed-I were observed between pups sampled post-July 19th in northern 
southeastern Alaska (Fed-I proportion = 0.70, n=19) or in the eastern Gulf of Alaska (Fed-I 

proportion = 0.83, n=12) when compared to all other pre-July 19th samples (Fed-I proportion = 

0.72, n=1468), providing no support of longer dam foraging trips resulting in less frequent pup 

attendance in these areas. Southern southeastern Alaska, however, exhibited a significantly 

lower proportion of pups in Fed-I in this same comparison (Fed-I proportion = 0.38, n=29; 

Kruskal-Wallis: H=10.72, p<0.01). Further comparisons between two southern southeastern 

Alaska rookeries, Forrester Island Complex and Hazy Island, sampled between June-August 

indicated post-July 19th proportions of Fed-I were not significantly different than those observed 
pre-July 19th within this metapopulation (Kruskal-Wallis: H=1.62, p=0.445, Figure 2-3).

The a priori expectations regarding fasting phase were largely met, with some exceptions (Table 

2-3). Pups noted as emaciated/starveling/orphaned (n=10) were all classified as either Phase II

III or III, fully meeting our expectations, while three pups described as skinny/thin were 

categorized as Fed-I. Pups identified as neonates were expected to be classified as Fed-I 
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(n=33), but only 59% of cases matched expectations. Similarly, 58% of the pups identified with 

stomachs containing milk were categorized as Fed-I (n=27). Pups observed with dam via video 

surveillance within 8.2 hours prior to blood sampling met our expectations of Fed-I (Figure 2-4). 

However, expectations based upon observations in Rea et al. (2000), were not met for the 

interval 8.2-16 hours. Pups with last known observation with the dam ranging from 16-48 hours 

only met expectations in two of five cases (Table 2-3).

Of 1528 pups included in this study, only 21 individuals (1.4%) were unable to be categorized 
into one of the four discrete fasting categories. Each unclassifiable pup had elevated [β-HBA] 

(indicative of lipid oxidation) and [BUN] (indicative of protein catabolism); we therefore 
categorized these 21 pups into the Long fast category for inclusion in the binomial model only.

2.3a Within-Phase Comparisons

The majority of pups in each metapopulation were classified as Fed-I (Figure 2-5A); a grand 
mean proportion of 0.72 within Fed-I was observed (n=1507). The greatest proportion of pups in 

Fed-I was observed in both the Kamchatka Peninsula and western Gulf of Alaska 
metapopulations (proportion=0.83), while the lowest proportion of pups observed in Fed-I were 

in the western Aleutian Islands (proportion=0.57). A significant difference among 

metapopulations was detected (Kruskal-Wallis X2=29.502, df=11, p=0.0019); post-hoc tests 

identified that the Eastern Aleutian Islands nearly had significantly greater proportions of pup in 

Fed-I than the southern portion of Southeast Alaska (Dunn test with Bonferroni adjustments Z= 

3.3307, p=0.0571). No significant differences were identified among metapopulations within 

Phase II of fasting (Kruskal-Wallis X2 16.935, df=11, p=0.1098); the range of proportions was 

0.02-0.12 among metapopulations (Figure 2-5B). Notably, all metapopulations had higher 

proportions of pups categorized as transitioning II-III than into the prior chronological category 
II. Significant differences were detected for pups transitioning between II-III (Kruskal-Wallis 

X2=44.903, df=11, p<0.0001). While three metapopulations had more than 20% of pups in the 

transition phase (the central and western Aleutian Islands and southern southeastern Alaska), 

post-hoc tests revealed that the western Aleutian Islands (Dunn test with Bonferroni adjustments 

Z=-3.8538, p=0.0077) and southern southeastern Alaska (Dunn test with Bonferroni adjustments 

Z=-5.2350, p<0.0001) pups were significantly more prevalent in this transition phase than the 

eastern Aleutian Islands (Figure 2-5C). Southern southeastern Alaska also had a higher 
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proportion of pups in II-III, when compared to the Kuril Islands (Dunn test with Bonferroni 

adjustments Z=-3.7774, p=0.0105). No significant differences were identified among 

metapopulations within Phase III of fasting (Kruskal-Wallis X2 14.800, df=11, p=0.1919; Figure 

2-5D). Phase III had the lowest proportions of pups observed (4% of total observations, n=55), 

and two metapopulations in Russia were unrepresented within Phase III (Kamchatka Peninsula 

and Commander Islands).

2.3b Binomial Model of Fasting Duration

The most parsimonious model identified both sex (Z=2.8987, p=0.0038, df=1524) and 

metapopulation (Z=3.0409, p=0.0024, df=1524) as highly significant explanatory variables for 

fasting duration (Top model, Table 2-4). The parameter estimates (+ 95% confidence intervals) 
for each metapopulation (proportion Long fast), with corrections for sex are reported in Table 2

5. The parameter estimates within the Aleutian Island metapopulations include both the highest 

and lowest proportions of Long fasting pups, within a relatively small portion of the overall SSL 

range. Only four of 66 contrasts were highly significant (Tukey, p<0.03 for all four; Figure 2-6): 

the eastern Aleutian Islands had a lower proportion of Long fasting pups than 1) the western 
Aleutian Islands, 2) the central Aleutian Islands, and 3) the southern portion of Southeast Alaska; 

the Kuril Islands also had a significantly lower proportion of Long fasting pups in contrast to 4) 

the southern portion of Southeast Alaska. While a significantly greater proportion of female 

pups were categorized into a Long fasting durations (Table 2-6), no post-hoc comparisons, 

however, were significant when comparing distribution into fasting phases by metapopulation 

with respect to the observed sex ratios. The overall observed sex ratio was 54♂ : 46♀. Observed 

sex ratios within each metapopulation followed the same trend in all but two cases: a 50:50 sex 
ratio was observed in the Sea of Okhotsk, and the western Aleutian Islands had more females 

than males (45 ♂ : 55♀, Table 2-6).

2.4 DISCUSSION

As expected, the majority of pups in this study and within each metapopulation were categorized 

as Fed-I and having Short fasting durations. Consistent with other fasting studies, very few pups 

were classified into Phase III (Houser and Costa 2003), which was expected for a fasting- 

adapted species that tends to extend Phase II (Verrier et al. 2009). Also as expected, pups were 

distributed into all categories described across the fasting continuum (Figure 2-1).
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Both the within-phase comparisons and the binomial model identified three metapopulations 

with greater proportions of pups in the more prolonged fasting categories: 1) the western and 2) 

central Aleutian Islands and 3) southern southeastern Alaska metapopulations. As previously 

mentioned, these areas of the Aleutian Islands and southeastern Alaska have experienced 

divergent population growth patterns for the past 50 years: SSL populations in southeastern 

Alaska have been steadily increasing, while populations in the western Aleutians and portions of 

the central Aleutians continue to decline.

2.4a Potential Drivers for Extended Foraging Trip Durations

During lactation, Otariid dams function as central place foragers. Therefore, the simplest 
proximate explanation for longer pup fasting intervals is an increased duration of foraging trips, 

which further suggests an increased foraging effort (foraging effort includes all aspects of 

foraging-travel ing, searching, pursuing, consuming). Ultimately, however, increased foraging 
effort may be influenced by one or more factors related to local conditions (i.e., prey availability, 

competition, predation), and/or the health of an individual SSL. Research into many of these 
factors exists in the literature as researchers extensively searched for the cause(s) of the wDPS 

SSL population decline that began in the 1970s.

Differences in Prey Availability

A change in prey availabil ity could involve several components, including species abundance, 

diversity, distribution, and/or quality. Previous pinniped maternal attendance studies have found 

that dams extended their foraging trips when prey resources were limited or had an atypical 

geographic distribution (i.e., during El Nino southern oscillations); this phenomenon is well 

summarized for Otariids in Milette and Trites (2003), Trites and Donnelly (2003), Maniscalco et 

al. (2006), and Burkanov et al. (2011). Understanding local trophic structure is complicated by 

the cascading effects of dynamic oceanographic regimes and climate change which can influence 
timing of phytoplankton blooms, fish distribution, winter ice extent in adjacent waters, and storm 
frequency and intensity (Benson and Trites 2002, Hipfner et al. 2020, Pena et al. 2019). The 

nutritional stress hypothesis was suggested as an explanation for the continued population 
decline in some portions of the SSL range (Calkins and Goodwin 1988); while studies have had 

mixed results, evidence largely does not support that nutritional stress was a leading cause (see 
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Atkinson et al. 2008, Fritz and Hinckley 2005, Trites and Donnelly 2003 for an extensive 

discussion).

Several sympatric piscivores, including other pinnipeds, cetaceans, sharks, and some sea birds, 

have dietary overlap with Steller sea lions. Conspecific competition may be significant in some 

portions of the SSL's range. Commercial fisheries have also been considered as a source of 

competition to SSL. Some studies conclude that it is unlikely that competition with the 

commercial fisheries was a significant factor in the initial decline of SSL (Hennen 2006), while 
others suggest that changes in fish biomass and/or fish size class structure due to commercial 

fishing have effectively altered local carrying capacity for some meso/apex predators (McHuron 

et al. 2020).

Presence of Predators

The presence of predators has a well-known effect of increasing vigilance behaviors which 
subtract time allocated towards other behaviors, such as foraging (Fortin et al. 2005, Ripple and 
Beschta 2012, Ripple et al. 2016, Ripple et al. 2001, Suraci et al. 2016). Killer whales (Orcinus 

orca) are known predators of SSL (Barrett-Lennard et al. 1995, Dahlheim and White 2010, Heise 
et al. 2003, Maniscalco et al. 2007, Permyakov and Burkanov 2009, Saulitis et al. 2000). Prior 

studies have modeled the potential for killer whales to be solely responsible for the decline of the 
wDPS SSL, as part of the hypothesis regarding a large megafauna collapse in the north Pacific 

Ocean in the last century (DeMaster et al. 2006, Estes et al. 2009, Estes et al. 2016, Estes et al. 

2011, Springer et al. 2008, Springer et al. 2003). More recent studies have identified a functional 

range expansion of killer whales associated with absence of sea ice (Higdon and Ferguson 2009, 

Lefort et al. 2020); increasing availability of suitable habitat and prey resources could result in 

increased killer whale populations and/or changes in their seasonal distribution adjacent to sea 

lion rookeries. Fate studies of juvenile SSL and other studies have also provided convincing 

evidence for SSL predation by Pacific sleeper sharks (Somniosus pacificus; Bishop et al. 2019, 
Horning and Mellish 2014, Sigler et al. 2006).

Morbidities

The impacts of morbidities caused by disease, biotoxins, or environmental contaminants are very 

difficult to demonstrate, quantify, and interpret. Environmental contaminants, such as 

organochlorines, heavy metals, and plastics, have been identified in marine wildlife within the 
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SSL's range. Several studies have identified an elevated presence of organochlorines in SSL 
tissues (Beckmen et al. 2016, Keogh et al. 2020, Myers et al. 2008, Wang et al. 2011). 

Additionally, higher proportions of elevated total mercury concentrations have been found in 
SSL pups (Rea et al. 2020, Rea et al. 2013) and some fish (Cyr et al. 2019) within the same 

discrete portion of the Aleutian Islands (western and central Aleutian Islands) where we 

identified greater proportions of pups in Long duration fasts. Mercury in these SSL pups was 

derived from the dam primarily during gestation, therefore reflective of the dam's dietary 
mercury accumulation (Rea et al. 2013). Plastics have been observed in sediments, invertebrates, 

and vertebrate species in the subarctic North Pacific (Desforges et al. 2015, Doyle et al. 2011, 
Mu et al. 2019a, Mu et al. 2019b, Padula et al. 2020, Zhang et al. 2020).

Serological studies have documented SSL exposure to several pathogens, but provided little 

evidence to suggest that diseases had a significant, population-level effect (Burek et al. 2003, 
Burek et al. 2005). Kennedy et al. (2019) recently found, however, evidence that the function of 

the acute phase inflammatory response of the immune system may be depressed in free-ranging 
SSL with higher mercury concentrations.

2.4b Alternate Interpretation of Increased Dam Foraging Effort

Pups with greatly reduced adiposity could move in an accelerated fashion through Phases I and II 
into the protein catabolism phase (II-III, III), resulting in a metabolic profile of a Long fasting 

pup over a shorter elapsed time than expected. Pup characteristics such as suckling efficiency 

and stomach volume, both which increase as a pup ages, place upper limits upon the quantity of 

milk ingested (Higgins et al. 1988). A decreased milk volume delivery by the dam and/or a 

decreased nutritive quality of the milk could further impede pup somatic growth and 

development, allocation to lipid storage, and ultimately the pup's ability to prolong a protein

sparing fasting phase. SSL pup adiposity prior to the first fast is expected to vary as a broad 

range of perinatal period durations have been observed, from 3.2 days (Ano Nuevo, CA in 1973; 
Hood and Ono 1997) to 17 days (Medny Island, Russia in 2007; Burkanov et al. 2011). Prior 

studies suggest that many maternal attendance factors are further influenced by the dam's prior 
parity history and age (Burkanov et al. 2011, Maniscalco et al. 2002, Maniscalco et al. 2006, 

Milette and Trites 2003). Burkanov et al. (2011) found that younger dams had perinatal periods 
of approximately 30% shorter duration than dams >6 years of age on rookeries in Russia. Due to 
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findings from prior studies (Figure 2-1) we expect that dam age, prior experience, and condition 

are positively correlated with pup condition, and would therefore influence pup fasting 

physiology.

2.4c Future Directions

This preliminary assessment of the performance of the metabolite thresholds serves to highlight 

the need for a better understanding of young SSL pup metabolism to shape a priori expectations. 

Specifically, information regarding the changes in metabolite concentrations during the transition 
out of fasting following refeeding is absent in the literature. Additionally, age-specific fasting 

investigations would assist in the interpretation of these data. Without known-age (in days) at 
time of sampling, we could not compare fasting phase distribution with age, nor did we find 

evidence to exclude samples collected post-July 19th from this study. Future studies could be 

developed to utilize carbon stable isotope profiles measured along the length of a pup's vibrissae 
to provide an estimate of pup age at time of blood sample collection (Rea et al. 2015).

2.5 CONCLUSIONS

Plasma metabolite measurements used to characterize fasting phase can provide insight into 

variability in maternal attendance at the metapopulation level. Where archived plasma samples 

exist, the distribution of fasting phases for a snapshot in time can be created retrospectively 

where traditional maternal attendance studies were not conducted. We suggest this application of 

plasma metabolite comparisons, used in combination with other health assessment metrics, is a 

valuable long-term monitoring tool for examining interannual variability in fasting duration and 

condition in pups at a given rookery.

While results for most pups from most metapopulations in this study are not a cause for concern, 

this study highlights three metapopulations where further investigations into maternal attendance 

and resultant pup condition are warranted. Due to vast differences in population growth within 

the western and central Aleutian Islands and the southern portion of southeastern Alaska, we 

suspect that the elevated proportion of Long fasts (pups reverted to catabolizing proteins to 

support energetic demands) in these areas are influenced by different drivers. Conspecific 
competition should be considered as a leading contributing factor in southeastern Alaska, while a 

density independent factor(s) is more likely within the western and central Aleutian Islands.
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Metabolite Changes Along Continuum of Fed, Fasting, and Starvation States

27

Figure 2-1 Illustration of an animal’s consumption states (fed, fasting starvation) and the phases an animal progresses 
through during each state. With respect to the current study, changes in the relative plasma concentrations of blood urea 
nitrogen ([BUN]) and β-hydroxybutyrate ([β-HBA]) are indicated by arrow direction (up = increase, down = decrease in 
concentrations) and arrow magnitude. The final two rows show the corresponding fasting categorizations applied in this 
study. Homeostasis is maintained throughout both fed and fasting states; when homeostasis is unable to be maintained, a 
state of starvation ensues.
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Study Area

Figure 2-2 Steller sea lion natal rookeries (dots) sampled in this study. Pups from four regions were included: eastern 
Russia (blues), Aleutian Islands (greens), Gulf of Alaska (purples), and Southeast Alaska (aquas). The 12 metapopulations 
represented are color coded in different shades of the regional color. Within the USA, the designation at Cape Suckling 
separates the western and eastern Distinct Population Segments at 144o longitude.



Recently Fed-Phase I Pups in Southern Southeast Alaska

Figure 2-3 Proportion of Steller sea lion pups categorized as Recently Fed-Phase I fasting for 
samples collected before (white) and after (black) July 19th at two rookeries in the southern 
Southeast Alaska metapopulation: Forrester Island complex (circles) and Hazy Island (triangles. 
In the Gulf of Alaska, July 19th was found to be an inflec tio n point at which adult females began 
extending the duration of their foraging trips (Maniscalco et al. 2006).
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Dam Sightings and a priori Expectations

Figure 2-4 Fasting phase classification of Steller sea lion pups by number of hours since 
observed with adult female via video camera surveillance at Chiswell Island rookery, eastern 
Gulf of Alaska in 2016. Black dots indicate classifications for individual pups that met a priori 
predictions (Table 2-3). Triangles indicate pups classified farther into the fasting process, and 
those not fasting when a fasting state was expected are indicated by crosses.
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Distribution of Fastiug Category Assignments By Metapopulation

Figure 2-5 Proportion of pups categorized as (A) Recently Fed ∕ Phase I fasting, (B) Phase II, (C) Transitioning Phase II-III, and 
(D) Phase III for each metapopulation, organized from the northwestern to northeastern Pacific Ocean. Metapopulations 
significantly different from others within each fasting category are denoted by lowercase letters. Note, the y-axis in (A, range 0.0
1.0) is different than that shown for (B), (C), and (D) with range 0.0-0.3. Sum of proportions for each metapopulation in (A), (B), 
(C), and (D) sums to 1.



Binomial Model Long Fast Parameter Estimates

Figure 2-6 Long Fast duration binomial model parameter estimates by metapopulation, 
corrected for sex and ordered from northwestern to northeastern Pacific Ocean. Sample sizes are 
displayed above error bars. Metapopulations labeled “a” were significantly different than those 
labeled “b”, and those labeled “c” were significantly different from those labeled “d” (p<0.03).
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Table 2-1 Annual numbers (n) of plasma samples from individual Steller sea lion pups. Sampling breaks 
in the sequence of years are indicated by a thick grey line.

UJ
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Metabolic Thresholds Characterizing Fasting Phase Category

Table 2-2 Thresholds used to assign fasting phase of Steller sea lion pups, based on changes in relative 
concentration of blood urea nitrogen (BUN) and β-hydroxybutryrate (β-HBA) measured in plasma during a 
fast imposed upon 6-week old captive Steller sea lions (Rea et al. 2000).

Fasting Phase 
Category

[BUN] 
(mmol/L)

[β HBA] 
(mmol/L) Description

Duration Category 
(binomial model)

Recently Fed / Phase I <10 <0.3 Digestion and assimilation of milk 
Carbohydrate stores of glycogen depleted Short Fast

Phase II <4.5 ≥0.3 Transitioned to mobilizing stored lipids 
(protein sparing phase)

Transitioning Phase
II-III 4.5-9.9 ≥0.3 Lipid stores largely utilized

Protein catabolism recommences

Phase III ≥10 <0.3 Lipid stores depleted
Protein greatest remaining energy source Long Fast

Unclassifiable ≥10 ≥0.3 [β-HBA] elevated indicative of fasting; elevated [BUN] 
attributed to refeeding or transition to Phase III



Outcomes for a priori Expectations

Table 2-3 Comparison of a priori expected fasting phase classifications to outcomes following 
application of the thresholds (Table 2) for a subset of pups with field records indicating a certain 
status (n=87).

Field Note Doeumentation 
or Known Status

a priori
Expectation

Proportions by Fasting Category
n Fed-I II II-III III Unclassified

Neonate 33 Fed-I 0.59 0.03 0.25 0.13 n=l
Orphan 5 II-III+ 0.40 0.60
Starving ∕ emaciated 5 II-III+ 0.60 0.40
Skinny ∕ thin 3 II+ 1.00
Milk collected via gastric tube 27 Fed I 0.58 0.31 0.12 n=l
Minimum # hours since last observed with dam prior to blood sampling (via remote video)

<16 hours 9 Fed I 0.78 0.11 0.11
16-48 hours 5 II+ 0.60 0.40
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Table 2-4 Variables evaluated using backward selection for the binomial model comparing Short 
and Long fasts

Binomial Model Selection

Explanatory Variables
Model Additive Interactive
Full Metapopulation Metapopulation*Sex

Sex Metapopulation*Body Condition Index
Timing Metapopulation*Timing
Body Condition Index Sex*Body Condition Index

Top Metapopulation
Sex
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Table 2-5 Parameter estimates and 95% confidence interval for the mean proportion of pups in 
Long fasting duration by metapopulation from the binomial regression model.

Binomial Model Long Fast Parameter Estimates

95% Confidence Interval
Region Metapopulation n Mean Lower Upper

Sea of Okhotsk 121 0.17 0.10 0.23

Russia Kuril Islands 314 0.17 0.13 0.21
Kamchatka 40 0.15 0.03 0.27
Commander Islands 37 0.14 0.02 0.25

Aleutian 
Islands

Western Aleutian Islands 53 0.36 0.23 0.49
Central Aleutian Islands 84 0.27 0.18 0.37
Eastern Aleutian Islands 186 0.10 0.06 0.15

Gulf of
Alaska

Western Gulf of Alaska 54 0.15 0.05 0.25
Central Gulf of Alaska 132 0.21 0.14 0.28
Eastern Gulf of Alaska 69 0.13 0.05 0.21

Southeast Northern Southeast Alaska 128 0.23 0.15 0.30
Alaska Southern Southeast Alaska 307 0.32 0.26 0.37

37



Study Sex Ratios

Table 2-6 Comparison of ♂:♀sex ratios by metapopulation and overall. Further comparison of 
sex ratios observed by metapopulation and overall with respect to fasting duration. Long fasts 
were distinguished from Short fasts by metabolite concentrations indicative of pups utilizing the 
majority of stored lipids and proteins were now serving as the primary source of energy.

All Pups Short Fast Long Fast
Region Metapopulation M F M F M F

Sea of Okhotsk 0.50 0.50 0.53 0.47 0.35 0.65

RUSSIA Kuril Islands 0.53 0.47 0.54 0.46 0.45 0.55
Kamchatka 0.55 0.45 0.63 0.38 0.33 0.67
Commander Islands 0.58 0.42 0.56 0.44 0.50 0.50

ALEUTIAN 
ISLANDS

Western Aleutian Islands 0.45 0.55 0.50 0.50 0.35 0.65
Central Aleutian Islands 0.56 0.44 0.56 0.44 0.57 0.43
Eastern Aleutian Islands 0.58 0.42 0.56 0.44 0.76 0.24

GULF OF 
ALASKA

Western Gulf of Alaska 0.57 0.43 0.54 0.46 0.80 0.20
Central Gulf of Alaska 0.52 0.48 0.56 0.44 0.36 0.64
Eastern Gulf of Alaska 0.54 0.46 0.53 0.47 0.57 0.43

SOUTHEAST Northern Southeast Alaska 0.55 0.45 0.59 0.41 0.39 0.61
ALASKA Southern Southeast Alaska 0.54 0.46 0.56 0.44 0.48 0.52

ALL 0.54 0.46 0.55 0.45 0.47 0.53
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Chapter 3 General Conclusions

3.1 STUDY SIGNIFICANCE

Following the precipitous decline of Steller sea lion (SSL; Eumetopias jubatus) populations 

throughout the western Distinct Population Segment (Altukhov et al. 2015, Atkinson et al. 2008, 
DeMaster 2011, DeMaster 2012, Fritz and Stinchcomb 2005, Fritz et al. 2008, Fritz et al. 2015a, 
Fritz et al. 2013, Fritz et al. 2015b, Fritz et al. 2016, Fritz et al. 2014, Fritz et al. 2019, Holmes et 

al. 2007, Loughlin 1984, Sease et al. 2001, Sweeney et al. 2016, Sweeney et al. 2017, York 

1994), researchers retrospectively used the limited data and samples available from the pre

decline era to determine if there were behavioral and/or physiological indicators (biomarkers) 

that might have predicted the decline (see NRC 2003 for review of studies). The limited 

information available from the pre-decline era complicated these investigations; much research 

was restricted to evaluating post-decline SSLs to search for causative factors of the decline. 
When stressors become biologically significant within an area, behavioral adaptations (e.g., 

changes in foraging ecology) and decreases in health or body condition would have been evident 
well before population growth metrics identified significant population reductions (via 

population surveys, pup counts, and noted mortalities). For these reasons, hands-on and 

observational studies must continue to document behaviors, collect tissue samples, and continue 
to search for behavioral and physiological markers that implicate the impact of different 

stressors.

Though the SSL population in southeastern Alaska may seem at lower risk, as it been growing 

steadily for ~fifty years (Calkins et al. 1999, Jemison et al. 2013, Jemison et al. 2018, Mathews 

et al. 2011, Sweeney et al. 2017), studies for at least the past 25 years have produced somewhat 

counterintuitive results. Pups were found to be smaller and in relatively poorer body condition in 
this region (Brandon et al. 2005, Merrick et al. 1995, Rea et al. 1998, Rea et al. 2016). Maternal 

foraging trips were found to be longer in this region (Davis et al. 2006, Milette and Trites 2003, 

Rehberg et al. 2009). During the same time period as the aforementioned studies, three new 

rookeries were established in the northern portion of Southeast Alaska (Mathews et al. 2011). 
Population declines were noted in sympatric harbor seals (Phoca vitulina; Womble and Gende 

2009). Consumption of harbor seals by SSL adults was observed and further postulated as a 
significant source of mortality for harbor seals (Mathews and Adkison 2010, Pitcher 1982,
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Womble and Conlon 2010). Those findings, in combination with our categorization of greater 

proportions of Long fasting pups (transitioning into or in Phase III fasting) in southern 

southeastern Alaska, suggest that behavioral, physical, and physiological parameters differ from 

other portions of the SSL range. The dynamics observed in this region could be influenced by 

intraspecific competition for resources in an increasing population, potentially approaching 

carrying capacity.

3.2 STUDY CONTRIBUTIONS

While the majority of SSL pups in this study were classified as fasting for Short durations 

(Recently Fed through Phase II fasting), we did observe pups that fell on all points along a 
fasting continuum ranging from recently fed, switching to lipid catabolism to conserve proteins, 

and reverting to the catabolism of proteins to meet energetic demands. Beyond documenting 

these naturally-occurring and expected physiological changes in fasting-adapted, free-ranging 
SSL, one major study contribution was highlighting the importance of making spatial 

comparisons at the metapopulation level, rather than at a broad regional scale. Both the greatest 
and smalle s t proportions of pups in Long fasts were identified in metapopulations within the 

Aleutian Islands region (western Aleutian Islands and eastern Aleutian Islands, respectively). In 

contrast to southern southeastern Alaska, two metapopulations in the Aleutian Islands (western 

and central Aleutian Islands) have remained in a declining population growth trend for the past 

five decades (Altukhov et al. 2015, Atkinson et al. 2008, DeMaster 2011, DeMaster 2012, Fritz 
and S tinc hc o mb 2005, Fritz et al. 2008, Fritz et al. 2005, Fritz et al. 2015a, Fritz et al. 2013, Fritz 

et al. 2005b, Fritz et al. 2016, Fritz et al. 2014, Fritz et al. 2019, Holmes et al. 2007, Loughlin 

1984, Sease et al. 2001, Sweeney et al. 2016, Sweeney et al. 2017, York 1994). It seems 

reasonable that the environmental drivers that influenced the dams' maternal attendance 

behaviors differ between these areas, though regardless, the physiological outcome for pups was 

the same. In considering future research designs, we see an opportunity to further refine and 

improve the use of metabolite profiles as an indicator of differences in maternal attendance.
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3.3 FUTURE RESEARCH DIRECTIONS

Pairing metabolite profiles with other metrics of maternal attendance obtained from traditional 
study methods (on-site observers, satellite/VHF transmitters, and/or remote video) would allow 

for further evaluation of this study's method. This would allow for assessment of whether 

individual pups are repeatedly subjected to Short or Long fasts. Further, long-term questions, 

such as whether time of weaning or pup survival probability relates to fasting durations, can be 

addressed. Answers to these questions ultimately could help determine whether metabolite 
profile snapshots at a rookery are valuable in predicting future outcomes for cohorts of pups. The 

underlying question they address is whether the detection of these behavioral changes (regardless 
of method) improves our ability to predict a population's growth response, potentially years in 

advance. Future longitudinal work (both retrospectively where samples exist and for future 

collections) would also build a dataset with which temporal variation in fasting duration at the 
rookery or metapopulation level could be evaluated statistically. The ability to evaluate these 

patterns temporally would enable more precise evaluation of the most influential drivers in 

different metapopulations over time.

Studies of young captive and/or rehabilitating SSL pups could help to refine our categorization 

process. Studies designed to frequently collect blood samples from pups following feedings as 

they enter Short or Long fasts would increase our understanding of the rates of change of 

circulating metabolite concentrations following digestion and assimilation. Methodological 

approaches that enable opportunities for sample collection from pups arriving at a rehabilitation 

facility in late Phase III fasting or in a suspected starvation state would help quantify a pup's 

ability to allocate resources towards compensatory growth and replenishment of lipid stores 

following a Long fast.

3.4 SUMMARY

In summary, we found the use of metabolic profiles to compare pups in Short and Long fasting 

states over 12 metapopulations to be a valuable tool. Three of the 12 metapopulations 

demonstrated a different pattern, highly suggestive of behavioral changes by dams in these areas 
resulting in increased foraging trip durations. While our technique could not isolate the cause(s) 

of such behaviors, identifying the locations where pups may be less able to dedicate resources to 

growth and energy storage should prove useful to those managing SSL populations and 
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developing conservation plans. We further recommend the continuation of blood sample 

collection from young SSL pups throughout their range as a surveillance tool and to provide the 
basis for future spatiotemporal comparisons.
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Appendix Assessment of a Point-of-Care Ketometer for Sea Lion Blood and Plasma2

2 SG Crawford, LD Rea, RH Coker. In Preparation for Submission: Assessment of a commercially-available, point- 
of-care ketometer to measure [β-HBA] in Steller sea lion pup whole blood and plasma. Journal of Wildlife Diseases.

INTRODUCTION

In fasting-adapted wildlife species, a normal, expected homeostatic state occurs during routine 

fasting where ketone bodies circulate in the blood. To classify the fasting phase of Steller sea 

lion (Eumetopias jubatus) pups, it is necessary to identify pup plasma samples with beta
hydroxybutyrate concentrations ([β-HBA]) < and ≥ 0.3 mmol/L (Castellini et al. 1993, Rea et al. 

1998, Rea et al. 2000) . Previously [β-HBA] has been measured using a commercially-availab le 
assay kit. Handheld point-of-care ketometers were originally developed to monitor human 

diabetic ketoacidosis. In recent years, this patient-side instrument has become routinely utilized 
by veterinarians and dairy producers to monitor ketosis in domesticated dairy animals, such as 

cows, sheep, and goats (Burke et al. 2008, Caldwell and Martineau 2007, Endecott et al. 2004, 
Fiorentin et al. 2017, Ghanem et al. 2016, Oetzel and McGuirk 2008, Panousis et al. 2012, 

Panousis et al. 2017, Panousis et al. 2018). No published application of a patient-side ketometer 

for any wildlife species was identified.

Point-of-Care Ketometer

Of the numerous handheld ketometers availab le, we selected the Precision Xtra™ (Abbott 

Laboratories, Abbott Park, IL) to evaluate Steller sea lion pup whole blood and plasma. Other 

studies have demonstrated this meter's high accuracy when used to monitor ketosis in dairy 
cattle (Burke et al. 2008, Caldwell and Martineau 2007, Oetzel and McGuirk 2008), finding 

agreement between ketometer and laboratory results for β-HBA and sensitivity and specificity 
>90%).

Technical Specifications of the Precision Xtra™

The Precision Xtra™ ketometer requires 1.5 μL of sample and produces a [β-HBA] between 

0.0-8.0 mmol/L within ten seconds. As the intended user of this meter is a diabetic human, it is 
designed to measure [β-HBA] in capillary whole blood, however, the package insert indicates 

that venous whole blood collected into sodium heparin (NaHep) or ethylenediamineterraacetic 
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acid (EDTA) blood tubes can be tested on this meter within 30 minutes of collection. Per 

manufacturer, this meter was not designed for testing serum or plasma. It is calibrated by the 

manufacturer to plasma [β-HBA] obtained via the Randox assay kit (Randox Laboratories, 

Antrim, United Kingdom, Kit #RB1007). This meter also has a broad functional temperature 

range (0-30°C), making it ideal for many field settings.

Test Mechanism

The Precision Xtra™ is a direct electrochemical test. When in contact with the test strip, the β- 
HBA in the sample results in an oxidation reaction with an enzyme on the test strip 

(hydroxybutyrate dehydrogenase). β-HBA is oxidized into acetoacetate, NAD+ is reduced to 
NADH, and finally an electron transfer mediated molecule re-oxidizes NADH to NAD+, 

resulting in a measurable electrical current. The current is proportional to the [β-HBA], and the 

ketometer displays the conversion.

METHODS

Study Subjects

The study animals for this initial evaluation were free-ranging Steller sea lion pups <6 weeks of 

age, born on the Chiswell Rookery in southcentral Alaska in 2016 (n=14). These pups were 

being handled as part of ongoing research and monitoring by the Alaska SeaLife Center and the 
Alaska Department of Fish and Game under Marine Mammal Protection Act permit numbers 

18537-00 and 18438-00.

Ketometer Calibration

The calibration of the ketometer was tested at the beginning of each day of use using low (0.4

0.8 mmol/L) and high (3.1-5.1 mmol/L) control solutions provided by the manufacturer.

Field Tests

Within ten minutes of collecting a blood sample from the vein of the caudal gluteal plexus 
(Keogh et al. 2013, Rea et al. 1998) of an anesthetized pup (Heath et al. 1997), the whole blood 

[β-HBA] was measured by the Precision Xtra™ ketometer in triplicate following manufacturer 

instructions for both NaHep and EDTA blood tubes. Samples were kept chilled in the field until 
processing. Plasma aliquots were frozen and stored at -80°C.
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Laboratory Tests

Weeks after the field collections, the [β-HBA] of thawed (Thaw 1) NaHep plasma samples were 

measured using both the Precision Xtra™ ketometer and our laboratory's standard technique, a 

commercially-available assay kit (S igma Aldrich, now Millipore Sigma, St. Louis, MO, Kit 
#MAK041); both tests were conducted on the same day in triplicate. Data were reported as the 

mean (mmol/L) of the technical replicates. Four months later, these same plasma samples (Thaw 

2) were again tested using the Precision Xtra™ to evaluate the effect of additional freeze-thaw 

cycles on the accuracy of the results.

Data Analysis

Ketometer results were compared to measurements obtained via the assay technique using 

plasma samples at first thaw. Simple linear regression was used to evaluate associations between 

measurements using Program R (R Core Team 2019). Sensitivity, defined as the meter's ability 
to correctly identify true positives (i.e. [β-HBA] ≥0.3 mmol/L) and specificity, defined as the 

meter's ability to correctly identify true negatives (i.e. [β-HBA] <0.3 mmol/L) were also 

evaluated.

RESULTS

A.3a Calibration Tests

The Precision Xtra™ ketometer passed all daily calibration tests using the low and high 

concentration controls.

Observed [β-HBA] Range

While the potential range of the Precision Xtra™ was 0.0-8.0 mmol/L β-HBA, observations 

from Steller sea lion pups in this study were all within the lower 20% of this range (Figures A-1 

and A-2, 0.0-1.6 mmol/L); we were therefore unable to evaluate this meter's performance over 

the upper 80% of its range.
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Repeatability of Measurements

Technical replicates run on the Precision Xtra™ ketometer had a maximal observed coefficient 
of variation (CV) of 9.1%. The majority (82%) of technical replicates had a CV=0.0%. The 

mean [β-HBA] of technical replicates was > 0.62 mmol/L for all cases where CV exceeded 
0.0%.

Anticoagulant Effect

When comparing field ketometer measurements of whole blood collected into EDTA and NaHep 
blood tubes, we found no difference in fresh whole blood [β-HBA] attributable to anticoagulant 
(Figures A-1 and A-2, R2=0.988).

Whole Blood to Plasma Comparisons Using Ketometer

Although the manufacturer specifies that the Precision Xtra™ ketometer was not designed for 

use with plasma or serum, we found excellent agreement between this ketometer's [β-HBA] 

measurements on freshly-collected whole blood and the first-thaw of plasma collected in a 
NaHep blood tube (Figures A-1 and A-2, R2=0.973).

Ketometer to Assay Comparisons

When compared to the reference values for plasma [β-HBA] obtained via assay, the Precision 

Xtra's™ performance varied along the observed range (0.0-1.6 mmoL/L, Figure A-3, plasma 

R2=0.982, whole blood R2=0.985). For both whole blood and plasma, the ketometer 

underestimated the [β-HBA] when the assay [β-HBA] results were <0.25 mmol/L and 

overestimated the [β-HBA] when the [β-HBA] via assay were ≥0.25 mmol/L; the magnitude of 

under- and overestimation was greater for plasma than whole blood. This inflection point was 

nearly coincident with the threshold used to categorize sea lion pup fasting phase (samples < and 

≥0.3mmol/L β-HBA).

Freeze-Thaw Cycle Comparisons

We also found no significant change in [β-HBA] following two freeze-thaw cycles of NaHep 

plasma (Figure A-1). Eleven of 14 samples showed no change, while the three other samples 
decreased in [β-HBA] by 0.03-0.10 mmol/L. In each case, the classification of sea lion pup 

fasting phase would not differ as a result of change in [β-HBA] following Thaw 2 (R2=0.9953).
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Sensitivity and Specificity

Sensitivity and specificity exceeded 85% over the observed range of [β-HBA] in Steller sea lion 

pups. One false negative (plasma) and one false positive (whole blood) were identified, both at 

concentrations near the 0.3 mmol/L β-HBA fasting classification threshold; all other 

classifications were assigned correctly.

CONCLUSIONS

We find the Precision Xtra™ ketometer to be a simple, accurate, and cost-effective preliminary 
analysis tool for the range of measurements used to classify the fasting phases of sea lion pups. 

To ensure the accuracy of our fasting classifications, we modified our future procedures. First, 
each plasma sample will be tested using the Precision Xtra™ ketometer. Any samples with a 

ketometer result between 0.2-0.4 mmol/L will be further analyzed via the assay technique which 

has greater precision. Removing samples with 0.2-0.4 mmol/L [β-HBA] via ketometer, 
increases the sensitivity and specificity to 100% for all remaining samples classified into fasting 

categories (for both whole blood and plasma). If we had applied this analysis strategy to the 
same samples used in this study, 21% of would have required further analysis via assay due to 

ketometer measurement. Ultimately our new approach results in fewer samples requiring 

analysis through the more costly, less shelf stable assay kit, resulting in ~73% cost-reduction for 

this portion of our research project (cost reduction using 2016 pricing). We also suggest that this 

ketometer could become a valuable pup-side tool for those rehabilitating orphaned pinniped 

pups, aiding in the development of re-feeding plans.
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Comparison of [B-HBA] Measured By Assay and Ketometer in Plasma and Whole Blood

Figure A-1 Boxplot comparison of five different measurements of β-hydroxybutyrate 
concentrations ([β-HBA]). [β-HBA] was measured in whole blood collected with both sodium 
heparin (NaHep) and ethylenediamineterraacetic acid (EDTA) blood tubes. Plasma aliquoted 
from the NaHep blood tubes was tested via the biochemical assay and via ketometer at first thaw, 
and again via ketometer following a second thaw.
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Figure A-2 Reference mean [β-HBA] values obtained via assay are shown as open circles, o. The remaining 
mean [β-BHA] data were generated by the Precision Xtra™ ketometer for fresh whole blood (□ NaHep, Δ 
EDTA) and plasma (□Thaw 1, × Thaw 2). The ketometer tends to underestimate [β-HBA] when < 0.25 
mmol/L and overestimate when ≥ 0.25 mmol∕L. The dashed blue line represents the metabolite threshold 
applied to categorize fasting status of sea lion pups.



Comparison of Reference Assay and Ketometer[β-HBA]

Figure A-3 β-HBA concentrations obtained via assay (plasma) and ketometer (plasma and 
whole blood) collected in sodium heparin blood tubes (n=14 SSL pups). Trendlines for each 
tissue intersected each other and the 1:1 ratio line (black) near the 0.3 mmol/L [β-HBA] 
threshold (light grey lines that form a +) used to categorize Steller sea lion pup fasting phases.
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