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Abstract
Adult Pacific salmon Oncorhynchus spp. undertake energetically demanding migrations where they must have ade-

quate energy reserves to survive to reach spawning locations and reproduce. Lethal proximate analysis provides insight
into available energy stores (e.g., lipids), but the ability to monitor energetic status nonlethally may be useful for man-
agers. Nonlethal monitoring may be more cost effective, reduce harm to sensitive populations, allow for more fish to be
sampled, and assessments can be done relatively quickly. Chinook Salmon Oncorhynchus tshawytscha (N= 129) were
sampled for proximate analysis from four populations in Alaska to examine variation in energetic status before and after
spawning migration and to create predictive bioelectrical impedance analysis (BIA) models for this species. In addition to
proximate analysis we tested the variability between two BIA devices (Q2 and CQR), whether BIA models were general-
izable to a congener, Chum Salmon Oncorhynchus keta, and the feasibility of integrating BIA into field studies. The pop-
ulations that were sampled at prespawning migration had higher %lipid (N= 77; mean= 43%) than those that were
collected at postspawning migration (N= 52; mean= 20%). Total %lipid and %water was more accurately predicted
based on BIA measurements that were made by using the Q2 device (RMSE = 5.33 and RMSE = 2.43, respectively)
than on those that were made by using the CQR device measurements (RMSE = 6.27; RMSE = 2.66). The between-spe-
cies (Chinook Salmon to Chum Salmon RMSE = 19.47; Chum to Chinook RMSE = 7.69) models were less accurate
than species-specific models that were created for Chinook Salmon and Chum Salmon, suggesting that single-species
models should be used. We field-tested the BIA model to predict %lipid and %water for Chinook Salmon on a remote
Southeast Alaska river. The range of predicted values of %lipid and %water was similar to the results that are obtained
via proximate composition from the other populations. Our results indicate that BIA could be a valuable tool for assess-
ing the spatial and temporal patterns of energetic status for Chinook Salmon populations.
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To survive, individual fish must maintain a balance
between energetic stores that are gained through feeding
and energy that is used during growth, reproduction, and
movement (Brett 1995; Quinn 2005). Estimations of the
energetic status of fish (i.e., the mass of lipid and protein
that are stored for surplus energy) and growth are often
used in management practices to assess the body condition
of fish and its effects on their rates of survival, recruit-
ment, and abundance (Bolger and Connolly 1989; Brandt
and Hartman 1993; Hansen et al. 1993). Lipids make up
the majority of energetic stores for Pacific salmon Oncor-
hynchus spp., and they are critical fuel for upstream
migration because semelparous adults stop feeding upon
entering freshwater (Brett 1995; Quinn 2005; Mesa and
Magie 2006; Bowerman et al. 2017). Once lipid and pro-
tein stores have been depleted, they are replaced with
water to maintain body shape (Hartman and Margraf
2008; Stolarski et al. 2014). Lipid content in spawning sal-
mon varies by sex and spawning location distance due to
differences in energy needs (Crossin et al. 2004; Quinn
2005; Minke-Martin et al. 2018). Chinook Salmon Oncor-
hynchus tshawytscha, which must endure longer, more
arduous migrations, typically have higher energy content
(Quinn 2005; O'Neill et al. 2014). Female salmon have
higher energetic demands than males do because they need
to produce energy-rich eggs and thus require additional
lipid stores for successful migration and spawning activi-
ties (Kinnison et al. 2001; Hearsey and Kinziger 2015).
Males divert any lipid stores that are not used for swim-
ming into secondary sexual characteristics and competitive
interactions (Kinnison et al. 2003; Hendry and Beall 2004;
Mesa and Magie 2006). Therefore, the energetic status of
individuals during spawning migrations is an important
factor to consider when monitoring stock health that may
play a large role in successful spawning activities.

Fish body condition is often determined by measuring
length and weight, where heavier fish at a given length are
assumed to be in better condition (i.e., have higher energy
reserves; Pope and Kruse 2007). Condition indices such as
Fulton's condition factor (K), relative weight (Wr; Neu-
mann et al. 2012), and the analysis of the residuals from
species- or population-specific length–weight regressions
(Bentley and Schindler 2013) can be calculated from
length and weight measurements. Such condition indices
work well for relative comparisons of growth rates within
a population at a single point (Blackwell et al. 2000).
However, several studies have indicated that morphologi-
cal condition indices are unable to distinguish between
lipid and water mass and are not representative of ener-
getic status (Sutton et al. 2000; Simpkins et al. 2003; Tru-
del et al. 2005). Proximate composition (PC) analysis
(AOAC 2005) has long been used to estimate the energetic
status of individual fish in a laboratory setting, and
although highly accurate the technique is lethal (Hartman

et al. 2015). Thus, PC methods may be inappropriate for
sensitive populations that are experiencing declines, listed
as a species of concern, or endangered. Furthermore, PC
methods do not allow for repeated measurements on an
individual over time. Methods that provide accurate field
measurements of lipid content will help managers evaluate
the energetic demands of migration and reproduction and
to assess how fish respond energetically to environmental
changes, such as warming stream temperatures.

Bioelectrical impedance analysis (BIA) is a nonlethal
alternative to PC for generating condition indices that uses
the properties of electrical conductivity to predict indices
of energetic status in fish such as total body lipids and
water (Kyle et al. 2004). A handheld device is used to
measure specific electrical properties (e.g., resistance and
reactance) with electrodes that depress into the fish. As
lipid is nonconductive, resistance and reactance measure-
ments are a measure of lipid content. Electrical metrics
are then used to build species-specific models to predict
their energetic status via calibration with laboratory PC
estimates (Cox and Hartman 2005; Cox and Heintz 2009;
Stolarski et al. 2014). Calibrating electrical models with
PC-derived estimates has been shown to be accurate and
precise for estimating the energetic status of fish in a num-
ber of studies where an adequate sample size and total
lipid range of fish have been used to build the models
(Hartman et al. 2015). Although there is some evidence
that BIA predictive models are transferrable among clo-
sely related species (e.g., within families; Duncan 2008),
the utility of predicting energetic status among large-bod-
ied salmonid (salmon and trout) species, many of which
are sensitive or endangered, remains unknown. The ability
to predict energetic status nonlethally for a sensitive spe-
cies based on models that have been developed for closely
related species (e.g., congenerics) may be highly useful for
the conservation and monitoring of threatened popula-
tions or species.

Chinook Salmon provide invaluable ecological, eco-
nomic, and cultural resources for Alaska (Clark et al.
2006; Bottom et al. 2009), but many populations are cur-
rently in decline and the mechanisms that are driving these
declines are not completely understood (ADFG Chinook
Salmon Research Team 2013; Pacific Salmon Commission
Joint Chinook Technical Committee 2018). The rivers and
streams in Alaska are expected to experience increases in
temperature and discharge variability due to climate
change (van Vliet et al. 2013; Shanley and Albert 2014;
Sloat et al. 2016). Increases in temperature and discharge
variability pose threats to salmon that are migrating
upstream, where energy expenditure may increase due to
changing flow regimes and higher temperatures (Keefer et
al. 2004, 2014). Some Alaska salmon populations have
exhibited trends toward declining body size (Lewis et al.
2015). Decreased body size could indicate decreased body
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condition and energetic status during spawning migrations
(Kilduff et al. 2015), which may have far-reaching implica-
tions. Improving the ability to monitor energetic status
will allow researchers to assess how fluctuations in Chi-
nook Salmon abundances are influenced by changes in
energetic status. Furthermore, we can determine whether
these changes are tied to conditions within the environ-
ment such as water temperature, food availability, and
river discharge rates. For example, if increases in tempera-
ture and discharge lead to increased metabolism and
energy expenditure during spawning migrations, the pro-
duction of offspring from that year may suffer. Fisheries
managers could not anticipate poor production without
knowing how energetic status is influenced by increased
temperature or discharge, and the effects of poor produc-
tion could be experienced for years afterwards because fish
from that brood year may return in lower abundances
than anticipated. As it is clearly important to understand
variation in energetic status among Chinook Salmon pop-
ulations, the development of quick, simple techniques for
accurately and nonlethally monitoring the energetic status
of fish in remote systems will be important for more
informed future management strategies in the remote and
logistically challenging Alaskan rivers.

The overall goals of this study were to quantify patterns
in energetic status in populations of Alaskan Chinook Sal-
mon and develop BIA models to provide fisheries managers
and researchers with nonlethal tools for predicting the ener-
getic status of this important species. Such methods may be
particularly useful in light of the sensitive status of Chinook
Salmon populations in Alaska and elsewhere (Crozier et al.
2019). Our specific objectives were to (1) estimate and
examine among-population differences in proximate com-
position (lipid, water, and protein content) for four popula-
tions of Alaskan Chinook Salmon; (2) build and evaluate
predictive models based on the relationship between proxi-
mate components and BIA electrical measurements for the
four populations; (3) assess the utility of using the models to
predict energetic status among species by using Chinook
Salmon and Chum Salmon Oncorhynchus keta BIA models;
and (4) quantify the relationships among BIA-predicted
energetic status, sex, and spawning location for a remote
Chinook Salmon population in Southeast Alaska to evalu-
ate the feasibility of using BIA in the field.

METHODS
Sample sites.—Chinook Salmon were lethally sampled

and collected for BIA model development at four locations
across Alaska that included Emmonak near the mouth of
the Yukon River (62.776°, −164.555°), the mouth of the
Nushagak River near Dillingham (59.023°, −158.443°), the
Chena River near Fairbanks (64.963°, −146.238°), and
Whitman Lake Hatchery near Ketchikan (55.328°,

−131.529°; Figure 1). The fish were captured over one to
three days at each location by using drift gill nets (at
Emmonak and the Nushagak River), electrofishing (in the
Chena River), and from a hatchery facility (at Whitman
Lake). Fish were sampled from Emmonak and the Nusha-
gak River at the end of June, from the Chena River in the
first week of August, and from Whitman Lake Hatchery in
the second week of August 2016. The Yukon River is the
largest river in Alaska, with a watershed area of 832,700
km2. The Nushagak River watershed area is 34,700 km2,
and it is one of the largest rivers in western Alaska. The
Chena River (5,300 km2) is a tributary of the Tanana River,
which flows into the Yukon River, and it is located approxi-
mately 1,300 km from the mouth of the Yukon River. Whit-
man Lake Hatchery is one of the largest of the hatcheries
that is operating in Southeast Alaska, and Chinook Salmon
broodstock for this hatchery are sourced from the nearby
Chickamin River (Stopha 2016). Our study sites were
selected to ensure the capture of individuals that represented
a range of total body lipid conditions as was suggested by
Hartman et al. (2015), and the predictive BIA models that
were developed were evaluated based on the suggested R2 ≥
0.80 threshold for the relationship between observed and
predicted lipid and water values. We anticipated that fish
that were collected near their freshwater entry point (from
the Nushagak River and Emmonak) would have high lipid
content and those that were collected at or near terminal
locations (spawning grounds or hatchery; the Chena River
or Whitman Lake Hatchery) would have moderate or low
lipid content.

To investigate the between-species predictive ability of
the BIA models, Chum Salmon were lethally collected
from Emmonak on the Yukon River and near spawning
locations at the confluence of the Delta and Tanana rivers
(64.156°, −145.852°; Margraf et al. 2005; Cox and Heintz
2009; Hartman et al. 2015). These two locations were
selected to maximize the range of lipid content.

Chinook Salmon were sampled nonlethally from the Sti-
kine River near the river mouth (Kakwan point; 56.691°,
−132.226°) during a radio-tagging study (Richards et al.
2015; Neuneker 2017) to assess the feasibility of using BIA
methods in a remote field setting. The Stikine River is the
largest transboundary (flowing from Canada into the Uni-
ted States) river in Southeast Alaska, with a watershed area
of 51,593 km2 and an anadromous watershed area of
15,377 km2. Estimates of lipid and water content were gen-
erated by using the Chinook Salmon BIA model (see
Results). No previous estimates of the energetic status of
Chinook Salmon in the Stikine River were available. We
used BIA-derived lipid and water content estimates to inves-
tigate how energetic status differed between sexes and
among spawning locations for this population.

Field methods.—Upon capture, the Chinook Salmon
that were used for BIA model development from
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Emmonak, the Nushagak River, Chena River, and Whit-
man Lake Hatchery were sacrificed via cranial concussion
and biological and electrical measurements were subse-
quently taken. Immediately after death, each fish was blot-
ted dry and placed on a nonconductive surface. The
individuals were measured for fork length (FL) and classi-
fied to sex, and an internal temperature was then taken
through the vent to the nearest 0.1°C by using a meat
thermometer. To investigate variability in the electrical
measurements within and between BIA devices, three
replicate resistance and reactance measurements were
taken by the same individual on the dorsal side of the
same fish by using the Seafood Analytics Certified Quality
Reader (CQR; CQ Foods, Clinton Township, Michigan)
device and the Quantum II Bioelectrical Body Composi-
tion Analyzer (Q2; RJL Systems Detroit, Michigan) was
used to take measurements at the dorsal midline and ven-
tral total length positions (Hafs and Hartman 2011; Fig-
ure 2). These body positions were standardized to match
previous BIA work (Margraf et al. 2005). For the mea-
surements that were made with the Q2 device, the distance
between the electrodes was measured to the nearest mil-
limeter to standardize the resistance and reactance mea-
surements (Cox and Hartman 2005). No distance
measurement was taken with the CQR device because the
detector locations were fixed. The fish were weighed to the
nearest 0.1 kg, individually tagged for identification, and

immediately transported to a freezer for return to the lab-
oratory for proximate analysis.

Resistance and reactance values were measured on the
Chinook Salmon that were captured on the Stikine River
in 2016 during a radio-tagging study to field test the appli-
cation of the BIA model. The Chinook Salmon were cap-
tured using drift gill nets. Upon capture, as indicated by a
bobbing motion of gillnet corks, the fish were placed into
a neoprene cradle and immersed in a live well that con-
tained fresh river water (Richards et al. 2015). Fish that
were deemed to be healthy (e.g., no bleeding injuries or
loss of color or equilibrium) were measured (from mid-eye
to fork length [mm]) and classified to sex based on mor-
phology. A radio telemetry transmitter was inserted into
the esophagus, and the CQR device was used to collect
BIA measurements from the dorsal side as is described
above. The fish were then released alive back into the
river and tracked to six primary spawning tributaries by
using aerial telemetry surveys. These six locations included
the Tahltan River (240 km upstream of the tagging site),
Chutine River (215 km upstream), Christina Creek (103
km upstream), Verrett River (79 km upstream), Iskut
River, (40 km upstream), and Andrew Creek (5 km down-
stream). We hypothesized that the fish that were tracked
to the farthest upriver destination, the Tahltan River,
would have higher lipid and lower water content at river
entry than those that were spawning in the farther

FIGURE 1. Map of sites in Alaska where Chinook Salmon were sampled for proximate analysis and bioelectrical impedance analysis (BIA; filled
circles) and BIA only (open circle). Chum Salmon were sampled for BIA and proximate analysis at Emmonak, Alaska and the confluence of the
Tanana and Delta rivers (filled circle in open circle).
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downstream locations such as Andrew Creek. Chinook
Salmon were sampled by using the CQR device only at
initial capture because access to the spawning locations
was not practical and recapturing tagged individual fish is
very difficult. See Neuneker (2017) for detailed radio-tag-
ging methods.

Proximate composition methods.—After collection for
BIA analysis, the whole Chinook Salmon, including gonad
tissue, from Emmonak, the Nushagak River, Chena River,
and Whitman Hatchery were individually homogenized by
using an industrial grinder. A subsample from each fish
was sent to the University of Idaho, Hagerman Station
for proximate composition analysis to determine the per-
centage of water content as well as lipid, protein, and ash
content as a percentage of wet weight and dry weight
(AOAC 2005). These measurements were taken in tripli-
cate, and mean values for the percentage of dry lipid (%
lipid) and percentage of water (%water) were used to
develop the models (Cox and Hartman 2005). Energy den-
sity was calculated by multiplying each sample location's
mean %lipid and dry percentage of protein (%protein)
estimates from the proximate composition analysis by
their respective energy equivalents (36.4 kJ/g for lipids and
20.1 kJ/g for protein; Brett 1995) and then adding together
the lipid and protein estimates.

Statistical methods.—We compared %water and dry %
lipid, dry %protein, and dry %ash as was determined by
proximate composition analysis among the four sample
locations (Emmonak, Nushagak, Chena, and Whitman)
and between sexes by using an analysis of variance
(ANOVA). An initial two-way ANOVA between sex and
location resulted in no significant interaction, so we ran a
two-way ANOVA without the interaction effect to assess
differences among the sample locations and between sexes.
If significant differences (α= 0.05) were detected, a post
hoc Tukey's honestly significant difference (HSD) test was
used to test for differences among the sample locations
and between sexes. The relationship between %lipid and

fish length and %water and fish length was tested and
yielded no significant relationship, so we did not include
fish length as a covariate in our analysis.

Averaged resistance and reactance values from the
CQR and Q2 devices were corrected for fish temperature
with equations that were developed in a previous study on
Chum Salmon and were used to calculate a variety of
electrical parameters to develop a predictive model for %
lipid and %water (Margraf et al. 2005; Hartman et al.
2015; Table 1). The temperature correction equations are
listed below:

dres correctedð Þ ¼ dres�
�10:866� Tþ 460:41ð Þ½ �= �10:866� 10þ 460:41ð Þ½ �f g

drea correctedð Þ ¼ drea�
�3:1723� Tþ 160:78ð Þ½ �= �3:1723� 10þ 160:78ð Þ½ �f g

vres correctedð Þ ¼ vres�
�10:243� T þ 447:25ð Þ½ �= �10:243� 10þ 447:25ð Þ½ �f g

vrea correctedð Þ ¼ vrea;

where dres and drea are dorsal resistance and reactance
measurements in Ohms, vres and vrea are ventral resis-
tance and reactance measurements in Ohms, and T is the
internal temperature in °C.

The electrical parameters were divided into groups of
measurements by the device with which they were col-
lected (CQR or Q2) to compare precision between the two
devices by using the coefficient of variation (CV), and then
they were added to data sets that included the biological
variables that were collected from the fish (i.e., fork
length, weight, and sex). The models were fit to the two
observed responses (%water and dry %lipid) as a function
of the biological and electrical variables by using ordinary
least squares (OLS) regression (Stolarski et al. 2014) in the

FIGURE 2. Diagram of electrode placement for electrical measurements by using the Quantum II device at (A), (B) dorsal midline and (C), (D)
ventral total length locations (Hafs and Hartman 2011) and (E), (F) by using the Certified Quality Reader device placing the leftmost electrodes
forward of the dorsal fin. [Color figure can be viewed at afsjournals.org]
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statistical program R version 3.5 (R Development Core
Team 2012). Four candidate model sets were created: (1)
a model containing fork length and weight only, (2) com-
bined dorsal, ventral, and biological measurements, (3)
dorsal and biological measurements only, and (4) ventral
and biological measurements only. The model sets were
developed to investigate whether both dorsal and ventral
measurements are needed and to see how BIA predictive
models compared with the models that contain only length
and weight that are often used to assess fish condition.
The Mallows’ Cp score was estimated for all subsets of the
candidate model sets by using the R package “leaps”
(Lumley 2017), and the models were organized by the
number of covariates (e.g., all of the model combinations
with two covariates, followed by all of the model combi-
nations with three covariates, etc.). The models with the
lowest Mallows’ Cp score for each number of covariates
were retained for further analysis. Akaike's Information
Criterion, corrected for small sample size (AICc), was used
to select the best model of the four candidate sets for pre-
dicting %water and %lipid (Burnham and Anderson
2002).

Because Chinook Salmon and Chum Salmon are con-
generic species and similar in size and body shape, we
investigated whether the BIA model parameters from one
species were interchangeable with the other, based on the
top BIA model for Chinook Salmon (see Results) and a
BIA model that was parameterized for Chum Salmon
(Hartman et al. 2015). We compared R2 values and root
mean squared error (RMSE) between (1) the model coeffi-
cients for Chum Salmon that were used to predict %lipid
and %water for Chinook Salmon (i.e., with Chinook Sal-
mon data), (2) the model coefficients for Chinook Salmon
that were used to predict %lipid and %water for Chum
Salmon (i.e., with Chum Salmon data), (3) the

single-species models for Chinook and Chum salmon, and
(4) a model with the data for Chinook and Chum salmon
combined to predict %lipid and %water for individuals of
both species.

Finally, we used the top BIA model for Chinook Salmon
from the CQR device to predict %lipid and %water from
the field-collected resistance and reactance measurements
for individuals that were captured from the Stikine River.
The predicted %lipid and %water contents were compared
between sexes and among spawning locations by using
ANOVA and Tukey's HSD test as is described above.

RESULTS
A total of 129 Chinook Salmon (Emmonak = 46,

Nushagak = 30, Whitman= 30, Chena= 23) were sampled
to develop the BIA models (Table 2), of which 80 were
male and 49 were female. Fork lengths ranged from 541
to 998 mm (mean = 796 mm, SD= 100), and weight from
2 to 14 kg (mean = 7 kg, SD= 3). All of the fish were mea-
sured with the Q2 device, while a subset of 83 (males= 53,
females = 30) were measured with the CQR device. Of this
subset, the fork lengths ranged from 610 to 990 mm,
(mean = 793 mm, SD= 92) and weight from 3 to 12 kg
(mean = 6 kg, SD= 2). In addition to the 129 fish that
were sampled for BIA model development and proximate
analysis, 127 Chinook Salmon were sampled nonlethally
on the Stikine River in 2016 by using the CQR device
(males = 43, females= 84). The length of the fish ranged
from 660 to 980 mm (mean = 762 mm, SD= 60). A total
of 87 Chum Salmon (males= 41, females = 46) were col-
lected for this study, 46 from Emmonak and 40 from the
Delta River. The Chum Salmon ranged from 545 to 668
mm FL (mean = 604mm, SD= 26) and ranged from 3 to
5 kg in weight (mean = 3 kg, SD= 0.5).

TABLE 1. Electrical parameters from the bioelectrical impedance analysis measurements that were made by using the Quantum II (Q2) and Certified
Quality Reader (CQR) devices that were used in model development to predict the energetic status of Chinook Salmon. DL = detector length (mm),
x= reactance (Ohms), r= resistance (Ohms).

Parameter Symbol Units Equation

Reactance X Ohms Measured by Q2 and CQR device
Resistance R Ohms Measured by Q2 and CQR device
Reactance in parallel Xcp Ohms DL2/[x+ (r2/x)]
Resistance in parallel Rp Ohms DL2/[x+ (r2/x)]
Impedance in parallel Zp Ohms DL2/[(r·x)/(r2 + x2)0.5]
Reactance in series Xc Ohms DL2/x
Resistance in series Rs Ohms DL2/r
Impedance in series Zs Ohms DL2/(r2 + x2)0.5

Phase angle PA Degrees Arctan(x/r)·180/π
Standardized phase angle DLPA Degrees DL·[arctan(x/r)·180/π)]
Length len mm NA
Weight wt kg NA
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Proximate Composition
Proximate composition differed among the populations

and between pre- (from Emmonak and Nushagak) and
postspawning (from Chena and Whitman) migration.
Water content for all of the Chinook Salmon (N= 129)
ranged from 50% to 77% (mean = 66%, SD= 5). Dry %
lipid ranged from 6% to 51% (mean = 30%, SD= 13), dry
%protein from 44% to 87% (mean = 63%, SD= 11), and
%ash from 4% to 13% (mean = 8%, SD= 2). The proxi-
mate components of the Chinook Salmon differed among
the four populations (Figure 3). Mean water content (%)
differed among locations (ANOVA: F = 129.4, df= 3, P<
0.001), though no differences were found between the pop-
ulations from Emmonak (N= 46; mean = 63%) and
Nushagak (N= 30; mean = 61%) at their freshwater entry
points (Tukey's HSD: P= 0.14) or the populations from
Chena (N= 23; mean = 72%) and Whitman (N= 30; mean
= 70%) at their terminal spawning locations (Tukey's
HSD: P= 0.13). Lipid content differed among the four
populations (ANOVA: F= 200.7, df = 3, P< 0.001), with
the population from Emmonak (mean = 43%) having the
highest dry %lipid, followed by those from Nushagak
(mean = 35%), Chena (mean = 20%), and Whitman (mean
= 15%; Tukey's HSD: P< 0.001). Protein levels differed
among three of the populations (ANOVA: F = 192.9, df=
3, P< 0.001), with fish from Emmonak (mean = 52%) hav-
ing the lowest protein content, followed by fish from the
Nushagak River (mean = 60%), while fish from Chena
(mean = 73%) and Whitman (mean = 75%) had similar
means (Tukey's HSD: P= 0.58). Percent ash differed
among all four of the populations, where Emmonak
(mean = 6%) had the lowest %ash, followed by fish from
the Nushagak (mean = 8%), Chena (mean = 9%), and
Whitman (mean = 10%; ANOVA: F= 62, df= 3, P<
0.001) populations. Total body energy density from dry %
lipid and dry %protein (kJ/g) followed a similar pattern,
where Chinook Salmon from Emmonak had the highest
energy density (mean = 26 kJ/g), followed by fish from
Nushagak (mean = 24 kJ/g), Chena (mean = 22 kJ/g), and
Whitman (mean = 21 kJ/g) populations (Table 2).

The proximate composition components were similar
between males and females in all of the components with

the exception of %water. The fish were pooled across all
of the locations to examine differences between sexes so as
not to confound sample location differences with sex dif-
ferences. Dry %lipid (mean males= 30%, females= 31%;
F= 0.17, df= 1, P= 0.69), dry %protein (mean males=
64%, females= 61%; F = 2.18, df = 1, P = 0.16), and dry %
ash (mean males= 8%, females= 8%; F= 0.56, df = 1, P=
0.47) did not differ between sexes for the data that were
pooled across all of the locations. Percent water was sig-
nificantly higher in males than in females (mean males=
67%, females = 64%; F = 11.08, df= 1, P = 0.0018).

BIA Model Development
The top model for the Q2 device explained 82% of the

total variability between observed and predicted %lipid
content and 78% of the total variability between observed
and predicted %water content (Table 3; Figure 4). The top
models for the CQR device explained less variability in %
lipid (61%) and %water (71%) content (Table 4; Figure 5).
The model coefficients for the top performing model for
the Q2 device included parameters from both ventral and
dorsal electrical measurements as well as the biological
variables (Table 4), while the top performing model for
the CQR device was the global model, which included 11
variables (Table 5). Handling time was estimated at one
minute per individual for the Q2 device and 30 s for the
CQR device.

The measurement variability among the three repeated
measurements from the two devices based on CV was gen-
erally low. The CV values ranged from 0.2% to 35% for
Q2 device dorsal midline measurements (mean resistance
CV= 4%, SD= 5; mean reactance CV= 6%, SD= 5), and
from 1% to 50% (mean resistance CV= 6%, SD= 6.3;
mean reactance CV= 13%, SD= 12) for ventral total
length. The CV values for the CQR device ranged from
0.1% to 47% (mean resistance CV= 4%, SD= 5; mean
reactance CV= 5%, SD= 7).

Cross Species Comparisons
The predictions of lipid content in Chinook Salmon

that were generated by using the coefficients that were
derived from the Chum Salmon (Chum–Chinook) model

TABLE 2. Number of Chinook Salmon that were sampled for proximate composition analysis and bioelectrical impedance analysis model develop-
ment (N) by location and sex (male = M; female = F). The means and standard deviations (mean ± SD) for fork length (FL; mm), weight (WT; kg),
%water, dry mass %lipid, dry mass %protein, and total body energy density (36.4 kJ/g for %lipid and 20.1 kJ/g %protein) are shown.

Location N M F Mean FL Weight %water %lipid %protein Energy density (kJ/g)

Emmonak 46 27 19 803± 113 7.3± 2.8 63± 3 43± 4 52± 4 26± 0.95
Nushagak 30 17 13 811± 99 7.3± 2.5 61± 2 34± 4 60± 3 24± 0.71
Whitman 30 15 15 820± 64 6.3± 1.6 70± 2 15± 5 75± 5 21± 1.1
Chena 23 21 2 733± 82 4.1± 1.6 72± 3 20± 8 73± 7 22± 1.6
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FIGURE 3. Proximate composition (A) percent water; (B) dry percent lipid; (C) dry percent protein, and (D) dry percent ash of Chinook Salmon
that were collected from four locations in Alaska. Lipid, protein, and ash content were all derived as a percentage of dry weight. The letters above the
box plots indicate the results of ANOVA and Tukey's post hoc HSD tests. Letters that are the same indicate no statistically significant difference
between means with an alpha< 0.05. The box dimensions represent the 25th and 75th percentiles, the whiskers represent the 10th and 90th percentiles,
the solid lines inside the boxes are the medians, and the dots represent outliers.

TABLE 3. Summary of the BIA models that were used to predict water and lipid content in Chinook Salmon by using the Quantum II (Q2) and Cer-
tified Quality Reader (CQR) devices including the number of model parameters (K), Akaike information criterion (AICc), coefficient of determination
(R2), and root mean square error (RMSE). The models were developed from (1) dorsal and ventral combined BIA data sets, (2) dorsal data only, (3)
ventral data only, and (4) length and weight data. The CQR device measurements were taken on the dorsal surface only.

Device Component Data set K AICc R2 RMSE

Q2
Water Combined 10 593.4 0.78 2.43

Length and weight 4 657.9 0.58 3.25
Ventral 10 662.1 0.61 3.17
Dorsal 9 674.5 0.56 3.30

Lipid Combined 9 788.6 0.82 5.33
Dorsal 10 826.8 0.76 6.05
Ventral 11 843.1 0.73 6.40
Length and weight 4 902.9 0.59 8.58

CQR
Water Combined 13 429.3 0.71 2.66

Length and weight 4 439.5 0.58 3.25
Lipid Combined 13 571.6 0.61 6.27

Length and weight 4 588.9 0.38 7.98

216 COURTNEY ETAL.



explained the lowest amount of variability in %lipid from
proximate analysis and had the highest RMSE when com-
pared with the other models that were tested (R2 = 0.53;
RMSE = 19.47). The model for predicting the energetic
status of Chum Salmon by using the coefficients from the
Chinook Salmon (Chinook–Chum) model had a higher R2

value and lower RMSE (R2 = 0.63; RMSE= 7.69) than
the Chum–Chinook model did, but it did not perform as
well as the species-specific Chum–Chum model (R2 =
0.93; RMSE = 3.21) or the species-specific Chinook–Chi-
nook model (R2 = 0.78; RMSE = 2.43; Table 3) did. There
was a similar pattern in the predictions of %water content,

FIGURE 4. Observed (A), (C) percent dry lipid and (B), (D) percent water determined by proximate analysis (x-axes) versus predicted values (y-axes)
from (A), (B) the top Quantum II device BIA model and (C), (D) the length and weight regressions. The shapes indicate the sample locations and are
listed in order of distance from the ocean. The gray shaded areas indicate the 95% confidence intervals.

TABLE 4. Model coefficients and standard errors (in parentheses) for the top predictive BIA model (Table 2) for water and lipid content for Chinook
Salmon, developed by dorsal and ventral combined data sets that were collected by using the Quantum II device. The blank cells indicate that the
variable was not included in the top model.

Variable set Variable Water Lipid

Intercept 84.7467 (1.5761) 22.1664 (6.3050)
Biological Fork length −0.0427 (0.0095)

Weight −0.5608 (0.2308)
Resistance in parallel 0.0383 (0.0028)

Dorsal Impedance in parallel −0.0032 (0.0005)
Capacitance 7.8−26 (0.000)
Reactance in parallel 0.0930 (0.0388)
Resistance in parallel −0.5760 (0.1834) 1.3275 (0.3042)

Ventral Impedance in parallel −0.0004 (0.0002)
Impedance in series 0.5811 (0.1851) −1.3674 (0.2993)
Capacitance −1.59−26 (0.000) 1.56−25 (0.000)
Standardized phase angle −0.0063 (0.0006) 0.0099 (0.0014)
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where the Chinook–Chum model had the lowest R2 and
highest RMSE values and the Chum–Chinook model had
R2 and RMSE values that were between those of the Chi-
nook–Chum and the species-specific models. The model
that used combined Chinook and Chum salmon data pro-
duced R2 (lipid = 0.84; water= 0.81) and RMSE (lipid =
4.99; water= 2.48) values that were similar to those that

were obtained with the Chinook–Chinook and Chum–
Chum models.

Stikine River BIA Model Application
The lipid (%lipid) and %water contents of Chinook Sal-

mon from the Stikine River (N= 127, males= 43, females
= 84) were predicted with the top CQR device model

FIGURE 5. Observed (A), (C) percent dry lipid and (B), (D) percent water determined by proximate analysis (x-axes) versus predicted values (y-axes)
from (A), (B) the top Certified Quality Reader device BIA model and (C), (D) the length and weight regressions. The shapes indicate the sample
locations and are listed in order of distance from the ocean. The gray shaded areas indicate the 95% confidence intervals.

TABLE 5. Model coefficients and standard errors (in parentheses) for the top predictive BIA model (Table 2) for water and lipid content for Chinook
Salmon, developed with the BIA data that were collected by using the CQR device.

Variable set Variable Water Lipid

Intercept 17.6975 (−15.5931) 115.5685 (−36.7515)
Biological Fork length 0.0525 (−0.0116) −0.0959 (−0.0273)

Weight −1.5281 (−0.7240) 2.8004 (−1.7063)
Body mass index −0.0209 (−0.0075) 0.0326 (−0.0177)

Electrical Reactance in parallel 8.0703 (−7.6689) −11.7362 (−18.0748)
Reactance in series 909.9931 (−871.5416) −1,522.7540 (−2,054.1430)
Resistance in parallel −41.3376 (−34.9375) 117.6620 (−82.3445)
Resistance in series 818.8484 (−793.7104) −1,285.6570 (−1,870.7020)
Impedance in parallel −646.8353 (−621.3633) 1,113.8360 (−1,464.4960)
Impedance in series −852.1781 (−833.3435) 1,279.5750 (−1,964.1140)
Capacitance 3.849820 (−1.445920) −1.058821 (−3.407920)
Phase angle −0.0781 (−0.5974) 0.5480 (−1.4081)
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(Table 4; Table 6). The measurements that were taken
from the CQR device added approximately 30 s of time to
the length-measurement and radio-tagging process. The
CQR model predicted that %lipid for this population ran-
ged from 10% to 42% (mean = 21%, SD= 3) and %water
from 62% to 79% (mean = 74%, SD= 2), with %lipid of
40% of the individuals in the 10–20% range and 57% in
the 20–30% range. For the majority (96%) of individuals,
%water ranged from 70% to 80%. The ANOVA indicated
no differences between sexes (%lipid: F= 0.3, df= 1, P=
0.6; %water: F = 0.5, df= 1, P= 0.8) or among the six
spawning locations that were determined by using radio
telemetry (%lipid: F= 1.4, df= 5, P= 0.2; %water: F = 0.3,
df= 5, P= 0.6).

DISCUSSION
The ability to predict energetic status in fish accurately

and nonlethally can be an important aspect of manage-
ment, as energetic status can be correlated to the relative
reproductive capacity of a population, prespawn mortality
rates, and the ability of fish to survive periods of low food
abundance (Biro et al. 2004; Mesa and Magie 2006). Our
study examined energetic status among four populations
of Chinook Salmon in remote locations in Alaska and
offers a new model for predicting energetic status in Chi-
nook Salmon. We found that using nonlethal BIA mea-
surements from the Q2 device in a predictive model
accurately predicted the body condition of Chinook Sal-
mon. Once the model was developed, we were able to
apply the BIA measurement technique in the field with a
tagging study of Chinook Salmon on a remote Alaskan
river and predict lipid and water content for this popula-
tion. The top BIA model for Chinook Salmon did not
perform as well as the species-specific BIA model for
Chum Salmon did, indicating that species-specific models
should be used. The results of this study provide fisheries
researchers and managers with the ability to nonlethally
and accurately monitor trends in energetic status among
life history stages and between populations for Pacific sal-
mon, including those in remote river systems.

Proximate Composition
As was expected, the energetic status of Chinook Sal-

mon was higher during the early stages of spawning
migration (Emmonak, Nushagak) than at the end of the
spawning migration (Whitman, Chena). Similar to our
results, other studies have documented decreases in ener-
getic status (decreased lipid content and increased water
content) over the spawning migration, as fish use energy
reserves to fuel their upstream migrations (Crossin et al.
2004; Mesa and Magie 2006; Cox and Heintz 2009; Hear-
sey and Kinziger 2015). Energetic status also differed
among the four populations of Alaskan Chinook Salmon

that were observed in this study. For example, the fish
that were sampled at the initial stages of their spawning
migration at Emmonak (near the mouth of the Yukon
River) had significantly higher lipid reserves and energy
density estimates than those that were sampled at the
same stage in the Nushagak River did (Figure 3). Popula-
tions of Chinook Salmon in the large Yukon River basin
likely have higher energetic costs of migration due to a
longer, more arduous migration relative to the populations
in the smaller Nushagak River basin. When compared
with Chinook Salmon lipid content estimates that were
measured using whole body proximate composition analy-
sis (similar to this study) and collected at the beginning of
their spawning migrations in Puget Sound and the Colum-
bia, Sacramento, Skeena, and Fraser rivers (mean total
wet %lipid= 11%; O'Neill et al. 2014), our study indicates
that the total lipids of Chinook Salmon that were cap-
tured near western Alaska river mouths (Emmonak and
Nushagak) were much higher (mean dry %lipid= 38%;
mean wet %lipid = 22%). This includes two fish for which
proximate analysis estimated dry %lipid greater than 50%.
These fish were both large females, measured at the
Emmonak site at the mouth of the Yukon River, which
may indicate that these fish need high energy stores to
produce eggs and successfully migrate far upstream to
their spawning locations.

TABLE 6. Coefficient of determination (R2) values and root mean
squared error (RMSE) for the bioelectrical impedance analysis (BIA)
models from Chinook and Chum salmon, measured by using the Quan-
tum 2 device. The species column indicates the species for which %lipid
or %water were predicted, whereas the model column indicates the spe-
cies model that was used for prediction. The R2 and RMSE values for
the Chinook Salmon model that was used for comparison are in Table 3.

Model
Species
predicted Model used R2 RMSE

Lipid
Chinook
Salmon

Chum Salmon 0.53 19.47

Chum Salmon Chinook Salmon 0.63 7.69
Chinook
Salmon

Chinook Salmon 0.78 2.43

Combined Combined 0.84 4.99
Chum Salmon Chum Salmon 0.93 3.21

Water
Chinook
Salmon

Chum Salmon 0.18 12.08

Chum Salmon Chinook Salmon 0.52 3.91
Combined Combined 0.81 2.48
Chinook
Salmon

Chinook
Salmon

0.82 5.33

Chum Salmon Chum Salmon 0.84 2.24
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The Chinook Salmon population from Whitman
Hatchery was expected to represent the mid-range of ener-
getic status between the populations that were sampled
near the beginning (Emmonak and Nushagak) and at the
end (Chena) of their spawning migrations. The Whitman
Hatchery facility was within 0.5 km of the freshwater
entry point for this population, and once Chinook Salmon
reach the facility they are held until they are ready to
spawn. Therefore, we anticipated that these fish would
have lower energetic status levels than the fish that were
sampled immediately upon their freshwater entry point
would have (Emmonak and Nushagak) but higher levels
than fish that had migrated 1,300 km to the Chena River
would have. Interestingly, the Whitman Hatchery popula-
tion had some of the lowest lipid content and highest
water content compared with the other populations. The
lower lipid content may be a result of their hatchery ori-
gin. Specifically, hatchery individuals may not need to
have high energy storage requirements relative to wild-
origin fish that swim thousands of kilometers upstream to
spawn (Haring et al. 2016). Chinook Salmon from Whit-
man Hatchery are also sourced from wild Chinook Sal-
mon in the nearby Chickamin River, which is relatively
short compared with the other rivers that were evaluated
in this study. As a result, Whitman Hatchery fish may not
need to store as much energy for their freshwater migra-
tions as the salmon from larger river systems (Stopha
2016) do. Alternatively, the lower lipid content may have
resulted from inherent differences between sample loca-
tions or differences based on the time of year that the
population was sampled. The Whitman Hatchery popula-
tion was sampled in mid-August, near the time that these
fish would be spawning in the wild, and this was the last
group of fish to be sampled. Fish have been shown to
decrease in lipid content over the maturation period and
can begin this maturation process while still in the ocean
(Hearsey and Kinziger 2015). This information highlights
the importance of developing simple and nonlethal meth-
ods to accurately and precisely estimate the proximate
components of these populations.

In contrast to other studies that have indicated differ-
ences in gonad tissue energy stores between male and
female salmon at the beginning of upstream migrations,
where females had higher energy stores than males did
(Idler and Clemens 1959; Crossin et al. 2004; Mesa and
Magie 2006; Hearsey and Kinziger 2015), we found no
differences in lipid content between sexes. It is possible
that we did not observe sex-based differences in lipid con-
tent because we did not sample gonad tissue separately
from somatic tissues. Other studies have shown that male
and female changes in proximate composition were simi-
lar, with the exception of the gonad tissue (Bowerman et
al. 2017). Alternatively, the similarity of the whole body
lipids between sexes that we observed in our study could

have resulted because the populations were sampled over
a short period at each location and spawning stage. Stud-
ies have shown that Chinook Salmon that return to a river
earlier have higher lipid reserves than those that return
later in the season (Hearsey and Kinziger 2015). For
example, fish were collected from Chena River and Whit-
man Hatchery over 1 d each, while Chinook Salmon from
the Nushagak River were caught over a 3-d period. The
fish from the Nushagak River were most likely traveling
to similar spawning locations because individuals that
enter the river at similar times are often groups that are
moving to the same spawning grounds (Clark et al. 2015;
Eiler et al. 2015; Neuneker 2017), while individuals from
Chena River and Whitman Hatchery had reached their
spawning location at similar times and expended compara-
ble amounts of energy en route. The short sampling per-
iod could explain the lack of differences that was observed
in energetic status between sexes and may indicate that
fish from similar spawning groups need comparable
amounts of lipid reserves in their upstream migrations and
adult maturation period, regardless of sex (Quinn 2005).

BIA Model Development
Using BIA, we were able to develop a predictive model

for energetic status in Chinook Salmon based on the
thresholds that were suggested by Hartman et al. (2015),
who indicated that minimum values of the coefficient of
determination (R2) of ≥0.8, a sample size of >60 fish, and
a minimum lipid range of 29% are needed for a successful
BIA predictive model. Based on these criteria, %lipid and
%water models from the Q2 device electrical measure-
ments were the most successful and met the model valida-
tion criteria. While the same models developed for the
CQR device outperformed the models that contained only
length and weight, their predictive ability was lower than
that of the Q2-based models. In contrast, Dibble et al.
(2017) found that the addition of BIA values that were
taken on juvenile Humpback Gila cypha, Bonytail G. ele-
gans, and Roundtail G. robusta chub into models with
length and weight did not greatly increase the coefficient
of determination values. Predictive body composition
models that use BIA may differ in their utility based on
what species is being studied. However, the larger degree
of variation explained by the models that included BIA,
when compared with the length and weight only models,
indicated that the BIA method for Chinook Salmon that
is proposed here can provide a more accurate prediction
method for energetic status in this species.

The observed differences in the predictive performance
of the models between the two devices could be due to
electrode placement and type. The Q2 device has needle
electrodes that can be placed at variable lengths along the
body with larger distances for longer fish, allowing the
current to pass through more body tissues and thus
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providing a better estimate of lipid content throughout the
whole body. Moreover, we also used electrode placement
locations (dorsal midline and ventral total length) that
were determined in a previous study to give the best repre-
sentation of whole body tissue composition (Hafs and
Hartman 2011). In contrast, the CQR device has rod elec-
trodes that depress onto the fish's body, as opposed to
contacting the fish through needle punctures. The elec-
trodes are at fixed locations, so they may not be represen-
tative of whole body resistance and reactance values (Cox
et al. 2011). Another factor that influences these differ-
ences could be that the best-performing Q2 device model
contained BIA measurements from both the dorsal and
ventral surfaces, whereas CQR measurements were taken
on only the dorsal surface. Previous studies have found
that combining dorsal and ventral surface BIA measure-
ments provides a better representation of energetic status
and predictive power in BIA models (Hafs and Hartman
2011; Stolarski et al. 2014; Hartman et al. 2015). Including
both dorsal and ventral measurements ensures that the
entire body is sampled, as the electrical current will only
sample the path between the two electrodes. Ventral mea-
surements represent much of the gonads and viscera that
store important energy reserves for migrating Chinook
Salmon, and they should be included in BIA measure-
ments. Though the CQR model had a lower coefficient of
determination, the device is more portable and easier to
use than the Q2 is because the fixed, rod electrodes, as
opposed to the needle electrodes in the Q2 that need to be
placed at different lengths for every fish, require less train-
ing to use the device. Users will need to consider trade-
offs in predictive precision and handling time between the
two devices, as the Q2 device explained 7% and 21% more
variability and RMSE was 0.23 and 0.94 lower for water
and fat, respectively, compared with the CQR device.

Cross Species Comparisons
The bioelectrical impedance analysis models that were

developed for a single species performed much better than
the models between two species did (Chinook and Chum
salmon in this case). Although Chinook and Chum sal-
mon are similar in body shape, using the models inter-
changeably did not produce coefficients of determination
that were above the model validation threshold that is
suggested by Hartman et al. (2015). However, the pre-
dicted values from the congeneric model were close to
those that were predicted by the species-specific model and
may be useful for populations of Pacific salmon without
predictive BIA models that are in periods of reduced
abundance and if lethal sampling from the population is
not possible. The model that was developed by using com-
bined Chinook and Chum salmon data had R2 and
RMSE values that were comparable to those of the spe-
cies-specific models. This could be an alternative method

for creating species-specific models for sensitive popula-
tions, as a smaller number of individuals would have to
be removed from the population to calibrate such a
model.

Stikine River BIA Model Application
The BIA model that was developed by using the CQR

device was applied to Chinook Salmon on the Stikine
River to investigate differences in energetic status in rela-
tion to sex and spawning location (Neuneker 2017). We
found that including the BIA measurements had little
influence on the workflow of capturing and tagging the
fish. The electrical measurements added only 30 s to the
procedure, and the fish showed no signs of stress or injury
during or after the measurement process. However, by
necessity we used the less precise BIA device (CQR) for
our field test. Although the field-derived estimates of %
lipid and %water were realistic compared with the PC-
and BIA-predicted estimates from the other populations,
we found no relationship between %lipid or %water and
distance traveled to a spawning location within the Stikine
River drainage. For future studies and monitoring, we
suggest using the Q2 device and collecting resistance and
reactance values from both dorsal and ventral locations
on the fish. Additional variation in the field was likely a
result of our inability to weigh and completely dry the live
Chinook Salmon before taking the electrical measure-
ments. We found no difference in predicted %lipid or %
water between sexes for Chinook Salmon from the Stikine
River, which was consistent with results from the other
sample locations in Alaska that were used in this study.
Moreover, the range of %lipid for fish from the Stikine
River that were captured at the beginning of their fresh-
water spawning migration was lower than that for fish
from the Nushagak and Yukon Rivers (%lipid range: 10–
42% and %lipid range: 26–51%, respectively, and the
ranges for %water also differed between these populations
(%water range: 59–77% and %water range: 49–69%,
respectively). These differences may have resulted from
the shorter migration distances for Chinook Salmon in the
Stikine River (mean = 190 km, SD= 65), where fish may
not need to have high energy stores for their spawning
migrations relative to those in the larger Nushagak and
Yukon River systems.

Management Implications
This study provides a platform for future studies of

energetic status in Chinook Salmon and other Pacific Sal-
mon species as well as the means to develop monitoring
studies and determine energetic status levels in Chinook
Salmon populations. Managers can use the results from
this study to establish benchmark estimates of energetic
status for Chinook Salmon populations over space and
through time. The proximate composition estimates
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provide benchmarks for four salmon populations in
Alaska, and BI-estimated energetic status for one popula-
tion. In the future, using the BIA approach will allow
benchmark energetic status estimates to be collected non-
lethally and more quickly relative to proximate analysis
methods. This is an important consideration for manage-
ment, as understanding differences in energetic status
among populations could be used to develop more special-
ized management recommendations for different locations.
The ability to monitor the energetic status of populations
over time could be useful for assessing the mechanisms
that are behind observed changes in population character-
istics such as body size or age composition. For example,
body size has decreased in Alaskan salmon populations
over time but the reasons for these changes are unknown
(Lewis et al. 2015). A combined analysis of data on shifts
in body size, age structure, and energetic status over time
may lead to a better understanding of what is driving the
population dynamics of Chinook Salmon in Alaska and
elsewhere. However, critical benchmark information that
describes the energy resources that Alaskan salmon
require to travel to their spawning streams and reproduce
is currently lacking but could be collected using a field-
based BIA approach.

Energetic status samples from populations and life
stages of Chinook Salmon beyond those that were used in
this study would be valuable for assessing whether there
are similar patterns in body composition among locations
and across spawning stages. The nonlethal sampling
approach of BIA will allow researchers and managers to
assess how lipid and water content changes over the
course of the spawning migration for salmon populations,
in contrast to other studies that have used lethal proxi-
mate analysis to determine energy content at different
stages of spawning migrations (Bowerman et al. 2017).
Researchers could use nonlethal BIA models to continue
to assess variability in population-level %lipid, %water,
and energy density. The ability to use BIA to collect lipid
and water content values quickly in Chinook Salmon pop-
ulations will allow managers to make management deci-
sions that are based on the most recent available data
rapidly. An additional application of the techniques that
we used in this study would be to assess the energetic sta-
tus of individual fish across different life stages. Though
our field test of the BIA model was not able to distinguish
differences among Stikine River populations, we believe
that continued study can improve methods of sampling
live fish in the field. To assess differences in energetic sta-
tus within and among individual fish, sampling methods
must be refined to decrease measurement variation. An
important potential application of individual BIA data
would be to measure the decrease in lipid content and
increase in water content of individuals over spawning
migrations to provide empirical estimates that could be

used to inform bioenergetics models for salmon species
(Plumb 2018). Additionally, improved methods for weigh-
ing large, live fish in the field will be important and we
would suggest using a nonconductive board upon which
to measure length, weight, and electrical variables. We
also suggest that using the Q2 device will provide more
precise estimates of %lipid and %water in live fish.

Monitoring energetic status across life stages and loca-
tions will be important for the future management of Chi-
nook Salmon, as we can now study how environmental
and biological characteristics contribute to deviations from
these values at a population level. Improved knowledge of
the influence of the environment on energetic status and
how this relates to migration behavior, prespawn mortal-
ity, and fecundity may be useful for managers that are
regulating fisheries on Chinook Salmon populations.
Long-term, consistent monitoring of energetic status could
lead to a better understanding of the effects of climate
change and habitat alterations on populations of Chinook
Salmon, and the BIA technique could easily be integrated
into existing population monitoring studies.
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