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Abstract: Live-stranded pinnipeds often present to rehabilitation centers systemically debilitated with

dehydration and poor perfusion. In many terrestrial mammals, blood lactate elevation has been correlated with

global tissue hypoxia and decreased circulating blood volume. Serial blood lactate measurements in companion

animals and humans have been used to guide fluid resuscitation therapy and evaluate prognosis. The primary

objective of this study was to evaluate the prognostic value of serial blood lactate levels in live-stranded pinnipeds

in a rehabilitation setting. The secondary objectives were to evaluate the use of a point-of-care lactate meter, and

potassium oxalate–sodium fluoride (gray-top) tubes for storing samples for lactate analysis in pinniped patients.

Fifty-five live-stranded pinnipeds (30 northern elephant seals [Mirounga angustirostris], 21 Pacific harbor seals

[Phoca vitulina richardsi], and four California sea lions [Zalophus californianus]) that presented to a rehabilitation

center were manually restrained for blood collection and lactate measurement using a point-of-care analyzer

(Lactate PlusTM) prior to fluid or other medical therapy. Lactate measurements were repeated 72 hr post admission

and prior to euthanasia or release. Plasma samples from gray-top tubes were frozen for 30–100 days at�808C, then

thawed and evaluated using both the LactatePlus and bench-top (ABL 815) analyzers. The point-of-care analyzer

was successful in measuring lactate in pinnipeds. Gray-top tubes were effective at preserving lactate levels in

frozen plasma samples for up to 100 days. Released animals had significantly greater lactate clearance at 72 hr (P¼
0.039) than animals that died or were euthanized. Therefore, lactate clearance, determined by serial blood lactate

measurements, may be useful for evaluating prognosis in live-stranded pinnipeds. Initial lactate and lactate values

prior to euthanasia or release were not significantly associated with outcome. Given these findings, clinicians

should interpret isolated lactate values in pinnipeds with caution.

Key words: Lactate clearance, LactatePlus, Mirounga angustirostris, pinniped rehabilitation, Phoca vitulina

richardsi, Zalophus californianus.

INTRODUCTION

Blood lactate, a product of anaerobic metabo-

lism, is used as a marker of global tissue hypoxia

and impaired tissue perfusion in critically ill

patients. Initial lactate measurements have been

used prognostically in humans suffering from

shock of multiple etiologies.42 Elevated lactate

levels in humans have been associated with an

increased risk for the development of acute

respiratory distress syndrome and multiple organ

dysfunction.2,19,35,46 Serial lactate measurements

and lactate clearance, as defined by ([initial lactate

� serial lactate measurement] 3 100 / initial

lactate) is highly predictive of outcome in humans

hospitalized in an Intensive Care Unit (ICU).2,41

Specifically, failure to clear lactate is strongly

associated with increased mortality in critically ill

humans.1,40

Multiple studies have evaluated blood lactate

changes in domestic species. Elevation in initial

lactate in horses (Equus ferus caballus) with 360-

degree colonic volvulus was associated with

increased mortality.30 Lactate was shown to be

an early predictor of hypovolemia in horses with

experimental blood loss.36 Both initial lactate and

percent change in lactate during hospitalization

have been shown to be predictors of survival in

dogs (Canis familiaris) with gastric dilatation and

volvulus.3,16,54 Dogs presenting to an emergency

room with an elevated lactate 6 hr post admission

were 16 times more likely to die, and failure to

clear lactate by at least 50% at 6 hr post admission

was strongly associated with mortality.49

Studies evaluating blood lactate have also been

performed in a diverse range of zoological species.

Blood lactate levels (using point-of-care or bench-
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top analyzers) have been measured in moose

(Alces alces), rhinoceros (Ceratotherium simum),

captive flamingos (Phoenicopterus ruber), and free-

ranging avian species to determine the effects of

different types of immobilization or restraint

methods on circulating lactate.7,8,22,24 Serial lactate

monitoring has been performed in stranded

juvenile loggerhead sea turtles (Caretta caretta)

and three species of fish. In sea turtles, lactate

values decreased over time following presentation

and fluid therapy, and fish lactate levels post

surgery were higher in individuals that did not

survive.9,23

Lactate has been studied extensively in several

diving species including penguins and pinnipeds

to investigate normal anaerobic metabolism and

physiology of the dive response.5,6,15,44 In diving

harbor seals (Phoca vitulina), lactate levels in-

creased nine fold following a 10 min dive, and

normalized within 40 min.15 Seals also have a

greater tissue distribution of lactate dehydroge-

nase isoenzymes compared with terrestrial mam-

mals and their cardiac muscle is uniquely adapted

to participate in anaerobic metabolism.5,6 Fur-

thermore, based on the atypical distribution of

lactate dehydrogenase isoenzymes within the

brain, it is suspected that seals are relatively

tolerant of cerebral hypoxia during extended

dives.28

For the present study, it was hypothesized that a

pinniped’s inherent ability to process and clear

lactate under normal physiologic conditions

could also apply to the metabolism of lactate

under pathologic conditions, leading to a lower

calculated lactate clearance (due to a lower initial

lactate value) compared with terrestrial mammals.

Normal blood lactate levels for wild pinnipeds

have been reported.43,50 One study evaluated blood

lactate in eight immobilized, recently weaned,

healthy northern elephant seal pups (Mirounga

angustirostris) before and after the postweaning

fast; mean lactate levels were 3.21 mM/L and 1.98

mM/L, respectively.50 A second study measured

lactate in 30 healthy, juvenile Galápagos sea lions

(Zalophus wollebaeki) in order to develop normal

reference intervals. The mean reported blood

lactate in this study was 2.7 mM/L.43 Despite

the abundance of data describing lactate levels

during the dive response and normal physiologic

conditions, there have been no studies that have

evaluated lactate levels in clinically ill pinnipeds.

Hundreds to thousands of seals and sea lions

live-strand along the California coast every year.

According to the National Oceanic and Atmo-

spheric Association (NOAA), 3,340 California

sea lions (Zalophus californianus) stranded off the

coast of California between the months of January

and May in 2015 alone.39 Many of these live-

stranded pinnipeds are presented to marine

mammal rescue and rehabilitation centers. These

facilities are tasked with the management of

critically ill animals, many of which require

aggressive medical interventions. Common caus-

es of live-stranding in pinnipeds in California

include malnutrition, parasitic infections, and

trauma2,21—all conditions that can negatively

impact tissue perfusion and lead to hyperlactate-

mia. In these cases, resuscitation therapy is often

directed at restoring circulating blood volume

through the use of crystalloid fluids. As blood

volume increases, tissue perfusion is restored, and

lactate is cleared from the blood stream.40

The primary objective of the study reported

here was to evaluate the relationship between

lactate clearance, using serial blood lactate values

(prior to, and after resuscitation therapy), and

survival in live-stranded pinnipeds in a rehabili-

tation setting. The secondary objectives were to

evaluate the use of a portable, poolside, lactate

meter and potassium oxalate–sodium fluoride

(gray-top) tubes as a means of measuring and

preserving pinniped lactate levels, respectively.

MATERIALS AND METHODS

Point-of-care serial lactate evaluations

The study protocol was approved by the

Institutional Animal Care and Use Committees

at The University of California, Davis (Protocol

No. 19677) and The Marine Mammal Center

(TMMC), Sausalito, California. Pacific harbor

seals (HS; Phoca vitulina richardsi), northern

elephant seals (NES; Mirounga angustirostris),

and California sea lions (CSL; Zalophus california-

nus) that stranded within a 600-mile range of

Northern and Central California coastline and

presented to TMMC were eligible for the study.

On presentation to the rehabilitation clinic, all

animals were manually restrained for a physical

examination, mentation assessment (bright, quiet,

obtunded, stuporous, or comatose), and blood

collection. The age, species, and sex of every

individual admitted into the study were recorded.

Based on examination findings, a general primary

cause of stranding for each animal was designated

using the following categories: malnutrition, ma-

ternal separation, trauma, infectious disease,

toxicity, and other.

A venous blood sample was collected prior to

administration of any medications or fluids (in-
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travenous, subcutaneous, oral) and prior to feed-

ing. For blood collection, study animals were

restrained for less than 5 min to collect the

sample, and no more than three attempts to

acquire the sample were performed. Blood was

collected either with the use of a needle (18–22 ga,

1–1.5 inch depending on patient size) and syringe

(3–12 ml) or by using a vacutainer system (Becton

Dickinson, Franklin Lakes, NJ 07417, USA) into

a single 6-ml potassium oxalate–sodium fluoride

(gray-top) tube (Becton Dickinson). Sampling

sites included the extradural vein (NES and HS)

and the caudal gluteal vein (CSL). Harbor seal

and California sea lion samples were run within 5

min by placing one drop of whole blood from the

gray-top tube directly onto the portable Lactate-

PlusTM analyzer (Nova Biomedical, Waltham, MA

02454, USA) test strip. If any of the blood was

clotted in the tube before lactate was measured,

the samples were discarded without analysis. Due

to the presence of high hematocrit values (normal

for this species but higher than is typical for

companion animals), northern elephant seal

whole blood samples would routinely result in

error messages on the LactatePlus meter. There-

fore, all NES blood samples were centrifuged for

10 min at 3,000 3 g and lactate was measured

using plasma. Following point-of-care lactate

measurement, blood samples from HS and CSL

were also centrifuged at 3,000 3 g for 10 min, and

all plasma was collected and stored at �808C for

further analysis.

Following the initial blood sample, all animals

received parenteral fluids for at least 3 days, in

addition to enteral tube feedings according to

previously established TMMC protocols. For HS

(weight range 5–12 kg), fluid therapy included

either Lactated Ringer’s Solution (LRS) with

2.5% dextrose (Baxter, Deerfield, IL 60015,

USA), or 0.45% NaCl with 2.5% dextrose (Baxter)

subcutaneously (SC), at 250 ml twice daily.

Northern elephant seals that were 30–35 kg

received 500 ml 0.9% sodium chloride (Baxter)

SC twice daily; animals that were 35–40 kg

received 750 ml SC twice daily. California sea

lions up to 15 kg received LRS (Baxter) 250 ml SC

twice daily; animals between 15 and 20 kg

received 500 ml SC twice daily. For every

additional 5 kg body weight, CSLs were adminis-

tered an additional 250 ml SC.

Venous blood samples for serial point-of-care

lactate measurement were repeated as above for

study animals at approximately 72 hr post admis-

sion to the center as well as within 24 hr of

euthanasia or being cleared for release.

LactatePlus and potassium oxalate–sodium

fluoride tube evaluation

Forty-three frozen plasma samples, represent-

ing a range of values (0.3–12.8 mM/L), from all

three species, were thawed for the lactate evalu-

ation study. Within 5 min of reaching room

temperature, the plasma lactate was determined

for each sample by using both the LactatePlus

analyzer and an established bench-top lactate

analyzer18 (Radiometer ABL 815 Blood Gas

Analyzer, 2700 Bronshoj, Denmark) at the Uni-

versity of California, Davis Veterinary Medical

Teaching Hospital (VMTH). The prefreezing and

postthaw LactatePlus values were compared to

determine the effectiveness of gray-top tubes for

preserving pinniped lactate samples. The post-

thaw LactatePlus values were compared with the

bench-top analyzer to determine the effectiveness

of the LactatePlus meter for pinniped lactate

evaluation. The percent bias for each evaluation

study was then determined using the difference of

the means from paired samples.

Statistical analysis

Statistical analysis was performed using Stata

IC/13.1 software (StataCorp LLC, College Sta-

tion, TX 77845, USA). Changes in initial and

serial lactate measurements for each species of

pinniped were evaluated using the Kruskal–Wallis

nonparametric analysis of variance, with compar-

isons based on two traits: (1) their final disposi-

tion—i.e., whether they were ultimately released

or were euthanized or died at the facility, and (2)

one of six primary causes of stranding. P-values ,

0.05 were considered statistically significant. For

the meter and tube evaluation studies, linear

regression analysis was performed to calculate a

Pearson correlation coefficient. Passing and Ba-

blok regression was performed to further com-

pare the methods using MedValc software

(MedCalc, v. 17.6, 9030 Mariakerke, Belgium).

Bland–Altman plots were also generated to eval-

uate potential bias, which plotted the differences

in the prefreezing and postthaw LactatePlus

values, as well as the differences in postthaw

LactatePlus and postthaw bench-top ABL 815

analyzer versus the means of the respective two

values.

RESULTS

Serial lactate evaluation

From April to June 2016, initial lactate mea-

surements were performed in 55 live-stranded

MARINKOVICH ET AL—PINNIPED SERIAL LACTATE 139



pinnipeds (30 NES, 4 CSL, 21 HS) that met

inclusion criteria for admittance into the study.

Sex distribution, age class, outcome, and cause of

stranding for all study animals are depicted in

Table 1. Causes of stranding listed as ‘‘other’’

included ocular disease (n¼ 3), congenital abnor-

malities (n ¼ 2), premature birth (n ¼ 1), and

gastrointestinal perforation (n ¼ 1). ‘‘Infectious’’

causes included Otostrongylus sp. parasitic pneu-

monia (n¼ 5), Parafilaroides sp. parasitic pneumo-

nia (n¼ 1), and fungal gastritis (n¼ 1). The single

‘‘neoplasia’’ case was an animal with urogenital

carcinoma. Forty-four study animals had a second

lactate measurement performed at 72 hr post

presentation and 34 lactate measurements were

performed in study animals prior to euthanasia or

release. Mean lactate values at each time point

and for each species are shown in Table 2. Lactate

values for both outcomes at all time points are

depicted in Table 3. Both absolute and percent

lactate clearance are shown in Table 4. Released

animals had significantly greater lactate clearance

at 72 hr (P¼0.039) than animals that died or were

euthanized. All other parameters evaluated, in-

cluding presenting lactate, lactate prior to eutha-

nasia or release, sex, age class, mentation, and

cause of stranding were not significantly associ-

ated with outcome.

LactatePlus and potassium oxalate–sodium

fluoride tube evaluation

Plasma samples from 43 potassium oxalate–

sodium fluoride tubes, frozen for 30 to 100 days,

were thawed and evaluated for the meter and tube

evaluation studies. Twenty-two HS and 21 NES

plasma samples, with a wide range of lactate

values (0.3–12.8 mM/L), were submitted for

analysis. Prefreezing LactatePlus values were

positively correlated with postthaw LactatePlus

values. Linear regression of the prefreezing and

postthaw LactatePlus values showed a correlation

coefficient of 0.93. Passing and Bablok linear

regression analysis had a slope of 1.33 (95%
confidence interval [CI]: 1.12–1.55), an intercept

of �0.53 (95% CI: –0.84 to –0.11), and an R2 ¼
0.92. The Bland–Altman plot of the potassium

oxalate–sodium fluoride tube evaluation study

(Fig. 1) showed a mild proportional bias. Calcu-

lated percent bias for the tube evaluation study

was 11.14%. Postthaw LactatePlus values were

positively correlated with postthaw bench-top

(ABL 815) lactate values. Linear regression of

the postthaw LactatePlus and bench-top ABL 815

lactate values showed a correlation coefficient of

0.97. Passing and Bablok linear regression anal-

ysis had a slope of 1.09 (95% CI: 1.00–1.21), an

intercept of�0.20 (95% CI:�0.37 to 0), and an R2

¼ 0.96. The Bland–Altman plot of the LactatePlus

evaluation study (Fig. 2) showed a mild propor-

tional bias. Calculated percent bias for the meter

evaluation study was 0.49%.

DISCUSSION

This study showed that a greater 72-hr blood

lactate clearance was associated with a positive

outcome (release) in live-stranded pinnipeds at a

rehabilitation center. Animals that were released

had an average negative trend in their blood

lactate (�0.16 mMol/L), compared with an aver-

age positive lactate trend (þ0.35 mM/L) in

pinnipeds that died or were euthanized. Based

on these findings, patients that fail to show a

decrease in blood lactate following 72 hr of

appropriate resuscitation therapy (parenteral flu-

ids and enteral nutrition), may have a worse

prognosis for release. These results are consistent

with similar studies in humans and companion

animals. In humans with severe sepsis and septic

shock, 24-hr lactate clearance was the best

predictor of 28-day mortality rate.38 Further, a

greater lactate clearance within the first 6 hr of

admittance to an ICU was associated with de-

creased mortality in septic people and those with

significant trauma.42,51

Lactate clearance serves as a surrogate for both

the magnitude and duration of global tissue

hypoxia and is associated with an overall im-

provement in inflammatory biomarkers and organ

dysfunction scoring.40 Blood lactate elevation

results from decreased oxygen delivery capabili-

ties in the body during circulatory shock. Oxida-

tive phosphorylation declines as mitochondrial

hypoxia occurs, and anaerobic glycolysis becomes

the primary means for energy metabolism. Lac-

tate is produced within the cell as a result of

anaerobic gylcolysis, which ultimately enters the

blood stream as cells adapt to a hypoxic environ-

ment.32,52 Lactate clearance is a reflection of

increased tissue oxygenation, often secondary to

an increase in circulating blood volume, following

the administration of crystalloid fluids. Fluid

therapy can restore adequate peripheral perfu-

sion, allowing cells to convert back to oxidative

phosphorylation, thereby decreasing anaerobic

glycolysis and the production of lactate.32

Along with being used diagnostically and

prognostically, lactate clearance is used in humans

as a guide for early goal-directed therapy for

patients in septic shock.1,40 It has been as useful as

central venous saturation, another established
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resuscitation end point, as a parameter for goal-

directed therapy.31 The generally accepted target

clearance in humans is .10% lactate improve-

ment at a minimum of 2 hr, with lactate normal-

ization being the most powerful indicator of

resuscitation success.31 One study placed the

optimal survival cut-off value as high as 36%
lactate improvement.51 In systemically ill dogs, a

lactate decrease of .50% six hr after the onset of

resuscitation was associated with increased sur-

vival.49 In the present study, animals that survived

showed a mean lactate decrease of 2.6%, while

patients that died or were euthanized had a mean

increase in their blood lactate of 48.4%. These

data suggest that a significant yet reduced lactate

clearance, when compared with terrestrial mam-

mals, may be expected in ill pinnipeds. Further,

the degree of lactate increase should be consid-

ered alongside lactate improvement when evalu-

ating prognosis in live-stranded pinnipeds.

In this study, the ability to clear lactate, albeit

by a lower percentage than has shown to be

prognostic in people and dogs, was associated

with a positive outcome. This finding is not

surprising, as live-stranded pinnipeds often pre-

sent to rehabilitation centers dehydrated and with

evidence of poor perfusion. There is a general

paucity of published prognostic indicators for

stranded marine mammals under medical care.

A recent study showed that cardiac troponin 1

levels were increased in harbor seal (Phoca

vitulina) pups that died, while in pups that

survived, troponin 1 levels decreased over the

course of rehabilitation.20 Similarly, the present

study aims to equip wildlife veterinarians with an

additional prognostic parameter for pinnipeds

undergoing medical care at rehabilitation facili-

ties.

When interpreting the pinniped lactate clear-

ance in this study, the temporal and technical

differences from human and companion animal

studies should be acknowledged. Previous studies

have evaluated lactate clearance from 6 hr up until

24 hr post admission, with fluids being adminis-

tered by the intravenous route. In the present

study, fluids were primarily administered SC for

logistical and practical reasons. A 72-hr postad-

mission time point was elected for the second

lactate measurement to allow for multiple SC

fluid treatments to be administered prior to the

second lactate evaluation. It is therefore unknown

if any significant changes to the blood lactate

occurred following the first administration of

fluids up until 72 hr later. However, from a

Table 1. Sex, age class, cause of stranding, and
outcome for northern elephant seals (Mirounga angus-
tirostris; NES), California sea lions (Zalophus california-
nus; CSL), and Pacific harbor seals (Phoca vitulina
richardsi; HS) that presented live-stranded to a reha-
bilitation facility and met inclusion criteria for the
study. Age class was determined using a combination
of standard body length, tooth development, and life
history stages.

NES CSL HS Total

Sex

Male 18 2 11 31

Female 12 2 10 24

Age class

Pup 0 2 21 22

Weanling 30 0 0 30

Juvenile 0 0 0 0

Subadult 0 1 0 1

Adult 0 1 0 1

Cause of stranding

Malnutrition 17 0 0 17

Maternal separation 0 0 18 18

Infectious disease 8 1 1 10

Toxin 0 0 0 0

Trauma 0 1 1 2

Neoplasia 0 1 0 1

Other 5 1 1 7

Outcome

Release 21 1 16 38

Death or euthanasia 9 3 5 17

Table 2. Mean 6 standard deviation serial lactate of northern elephant seals (Mirounga angustirostris),
California sea lions (Zalophus californianus), and Pacific harbor seals (Phoca vitulina richardsi) that presented live-
stranded to a rehabilitation facility. Measurements were performed at presentation, 72 hr post admission and prior
to euthanasia or release. The number of animals at each time point is included in parentheses.

Species

Serial lactate measurement (mM/l)

Initial 72 hr
Euthanasia or

release

NES 1.28 6 0.46 (30) 1.36 6 0.53 (24) 2.86 6 1.3 (20)

CSL 2.1 6 0.91 (4) 1.45 6 0.21 (2) 0.9 (1)

HS 1.64 6 0.61 (21) 1.46 6 0.80 (18) 2.96 6 1.8 (13)

All 1.48 6 0.60 (55) 1.41 6 0.64 (44) 2.84 6 1.5 (34)
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subjective clinical perspective, pinnipeds at the

72-hr time point were better hydrated and per-

fused than at admission, making 72-hr lactate

clearance a reasonable parameter to evaluate.

While lactate clearance was significantly asso-

ciated with outcome, initial lactate and lactate

values prior to euthanasia or release were not.

This is in contrast to studies in humans and

companion animals that have shown prognostic

value (although typically less than serial lactate

measurements) for initial lactate values, prior to

resuscitation therapy. A potential reason for this

is the inherent ability of pinnipeds to tolerate

hypoxia and anaerobic glycolysis as a result of

their unique physiologic adaptations that make up

the dive response. Adaptations for prolonged

dives in seals and sea lions include bradycardia,

peripheral vasoconstriction, apnea, and changes

in the distribution of cardiac output.26 These

adaptations result in peripheral tissue hypoperfu-

sion, anaerobic glycolysis, and lactate generation

under normal physiologic conditions. Following

just 7 min under water, tissue oxygen and

glycogen stores—the primary substrates for aero-

bic glycolysis—are depleted and lactate produc-

tion increases.15 Historical simulated diving

experiments have shown that the peak lactate

production does not occur during the dive due to

a relative systemic hypometabolism, but rather

shortly after the dive during the initial recovery

period, once peripheral tissues are re-perfused.15

When compared with mice, hooded seals (Cysto-

phora cristata) also had a three-fold increase in

cerebral glycogen stores, providing additional fuel

for aerobic metabolism and delaying the onset of

anaerobic generation of blood lactate.14 Once

lactate is produced, an enhanced distribution

(compared with terrestrial mammals) of lactate

dehydrogenase isoenzymes helps to promote the

clearance and normalization of blood lactate. The

summation of these adaptations may contribute

to a pinniped’s ability to process and clear lactate

even while dehydrated and malperfused and may

explain the lack of association between initial

lactate and outcome in this study.

Initial lactate levels were lower overall in

dehydrated live-stranded pinnipeds compared

with ill companion animals. A mean initial lactate

for seals and sea lions that died in the present

study was 1.49 mM/L, while a study in dogs that

died after presentation to an ICU had a mean

initial lactate of 5.07 mM/L.35 This further

supports the hypothesis that pinnipeds are able

to process and clear lactate under pathologic

conditions better than terrestrial mammals, and

in connection with the serial lactate data in this

Table 4. Mean 6 standard deviation serial lactate clearance, striated by outcome, of northern elephant seals
(Mirounga angustirostris), California sea lions (Zalophus californianus), and Pacific harbor seals (Phoca vitulina
richardsi) that presented live-stranded to a rehabilitation facility. Released animals had significantly greater lactate
clearance at 72 hr (P¼0.039) than animals that died or were euthanized. Percent lactate clearance was determined
using ([initial lactate � serial lactate measurement] 3 100 / initial lactate). The number of animals at each time
point is included in parentheses.

Species
Lactate clearance alive

(mM/L)
Lactate clearance deceased

(mM/L)
Lactate clearance alive

(%)
Lactate clearance deceased

(%)

NES �0.05 6 0.43 (17) 0.6 6 0.91 (7) þ5.89 6 48.8 (17) þ71.07 6 100.6 (7)

CSL �1 (1) 0.6 (1) �43.5 (1) þ60 (1)

HS �0.24 6 0.84 (16) �0.23 6 0.68 (5) �9.43 6 51.7 (16) �8.44 6 40.6 (5)

All �0.16 6 0.66 (38) 0.37 6 0.86 (17) �2.3 6 49.7 (38) þ48.4 6 88.0 (17)

Table 3. Mean 6 standard deviation serial lactate measurements of northern elephant seals (Mirounga
angustirostris), California sea lions (Zalophus californianus), and Pacific harbor seals (Phoca vitulina richardsi) that
presented live-stranded to a rehabilitation facility. Measurements were performed at presentation, 72 hr post
admission, and prior to euthanasia or release. The number of animals at each time point is included in
parentheses. Serial lactate measurements are striated based on outcome.

Species Initial, alive

Serial lactate measurement by outcome (mM/L)

Initial,
deceased 72 hr, alive 72 hr, deceased Release

Death or
euthanasia

NES 1.33 6 0.46 (21) 1.49 6 0.47 (9) 1.24 6 0.33 (17) 1.67 þ/1 0.79 (7) 2.7 6 1.3 (17) 3.7 6 1.7 (3)

CSL 2.3 (1) 2.03 6 1.1 (3) 1.3 (1) 1.6 (1) 0.9 (1)

HS 1.73 6 0.63 (16) 1.32 6 0.41 (5) 1.5 6 0.87 (15) 1.3 6 0.36 (3) 2.96 6 1.8(13)

All 1.58 6 0.58 (38) 1.36 60.65 (17) 1.36 6 0.63 (33) 1.56 60.65 (11) 2.75 6 1.5(31) 3.7 6 1.7 (3)
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study, exemplifies the importance of using lactate

clearance to assess prognosis, rather than evalu-

ating single lactate measurements in isolation.

Interestingly, lactate levels in surviving animals

prior to release were higher (mean 2.75 mM/L)

than their initial lactate (mean 1.58 mM/L). In

order to be candidates for release, these animals

had finished a course of treatment and were

considered systemically healthy by veterinary

staff. Lactate levels in manually restrained cats

(Felis catus) have been shown to temporarily spike

secondary to agitation, excitement, and prolonged

restraint.11,45,47 Every attempt to limit the time and

force required to restrain animals for blood

collection was used in this study. However, when

compared with the debilitated condition of most

study subjects at presentation, animals had gained

significant size and strength through the course of

their rehabilitation, requiring more firm restraint

for safe blood collection prior to release. This

restraint likely resulted in a sudden spike in blood

lactate levels that the animals were not able to

clear by the previously described mechanisms

prior to blood collection. The impact of restraint

may explain the lack of significance between

outcome and lactate prior to euthanasia or

release. While caution in the interpretation of a

single lactate measurement is again emphasized,

the release lactate for these 31 stranded pinnipeds

may be considered as a general guideline for

normal healthy pinniped lactate levels in a

rehabilitation setting.

The present study demonstrated that the point-

of-care LactatePlus analyzer was effective in

measuring lactate in pinnipeds. This portable

meter has previously been validated in humans25,34

and has been used in Galápagos sea lions

(Zalophus wollebaeki), pinfish (Lagodon rhomboids),

and American martens (Martes Americana).13,43,48

A point-of-care lactate meter has applications for

both wild and captive pinnipeds, providing near

instantaneous results without the need for bulky

laboratory equipment.

Potassium oxalate–sodium fluoride tubes were

effective at preserving lactate levels in frozen

pinniped plasma samples for up to 100 days.

These tubes are considered the gold standard for

blood lactate preservation in people.17 In humans,

lactate concentrations remain stable for up to 8 hr

at room temperature and over 24 mo once

frozen.4,18 These tubes include potassium oxalate

as an anticoagulant and sodium fluoride as a

preservative agent. While not evaluated in this

study, potassium oxalate–sodium fluoride tubes

have been used in human medicine as a means to

preserve glucose levels as well.10 These tubes have

been used in various species, including for glucose

preservation in Northern fur seals (Callorhinus

ursinus), sea otters (Enhydra lutris), and other

wildlife.27,29,37,53 This study shows the further

potential field utility of potassium oxalate–sodi-

Figure 1. Bland–Altman plot for lactate values of

pinnipeds obtained with the LactatePlus meter imme-

diately after sample collection (before freezing) and

after thawing following frozen storage at�808C for 30–

100 days (post thaw). Bias (solid line) and limits of

agreement (dashed lines) and are shown. Other than

one outlier, the values were within or nearly within the

limits of agreement.

Figure 2. Bland–Altman plot for pinniped serum

lactate values obtained using the LactatePlus and ABL

815 bench-top analyzers following frozen storage of

samples at �808C for 30–100 days (post thaw). Bias

(solid line) and limits of agreement (dashed lines) are

shown. Other than one outlier, the values were within

or nearly within the limits of agreement.
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um fluoride tubes for use in wildlife blood

collection and delayed lactate analysis.

Limitations to this study include sample size

and age class constraints. Pups are generally the

most common HS age class, and weanlings the

most common NES age class presenting live-

stranded to The Marine Mammal Center. Cali-

fornia sea lions present with a more diverse age

distribution, however only a limited number of

this species presented for rehabilitation during

the study period. There is little published infor-

mation on the effect of age on lactate production

under pathologic conditions; however, in exercis-

ing horses lactate did not significantly change

with age.33 Inclusion criteria for the study includ-

ed blood sampling prior to fluid therapy, which is

generally more technically challenging, especially

in debilitated and dehydrated animals, from the

caudal gluteal vein (as is performed in sea lions)

compared with the extradural vein used in HS and

NES, thus decreasing the number of animals

available for inclusion in this study. Additionally,

larger sea lions (greater than approximately 60 kg)

usually require sedation or full anesthesia for

examination rather than manual restraint, which

could have an additional effect on lactate values,

thus these animals were not included in the study.

Limitations of the meter evaluation study includ-

ed lack of quality control data (quality control was

performed but not recorded) from the LactatePlus

and ABL815 analyzers during the course of this

study. While percent bias was computed, the lack

of quality control data prevented evaluation and

calculation of total error. However, the veterinary

guideline for allowable total error is 40% and

given the low percent bias in this study (0.49%), it

is likely that the bias plus twice precision would

fall under this limit. Further studies would be

needed to verify this suggestion.

Future study considerations would include

further evaluating lactate clearance in pinnipeds

and other diving species. Investigations compar-

ing deep diving (NES) and more shallow diving

(CSL) marine mammals may elucidate the degree

to which diving adaptations influence lactate

clearance. All animals in this study were admin-

istered parenteral fluids by species-specific proto-

cols. Future studies may look into the effect that

different resuscitation protocols may have on

lactate clearance and outcome.

CONCLUSION

The present study shows the effectiveness of

the LactatePlus meter for lactate measurement in

pinnipeds and potassium oxalate–sodium fluoride

tubes for preserving lactate levels in frozen

plasma samples for up to 100 days. The results

from this study suggest that clinicians should

interpret isolated lactate values in pinnipeds with

caution, and that there is likely greater clinical

utility in evaluating serial blood lactate values in

these species. Lactate clearance may be consid-

ered when assessing overall prognosis in live-

stranded pinnipeds undergoing rehabilitation.
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