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Abstract.—Traditional methodsfor determining theen-
ergy content of fish involve either chemical assays of
lipid and protein levels (proximate analyses) or tissue
combustion (bomb calorimetry). In studies of migrating
Pacific salmon Oncorhynchus spp., entire fish need to
be homogenized prior to analysis, as energy reservesare
stored along a head-to-tail gradient and change along
this gradient depending on the stage of upriver migra-
tion. The logistics and costs associated with transporting
carcasses to the laboratory can be prohibitive. Also,
many populations of Pacific salmon are at risk of ex-
tinction, so lethal sampling is often not an option. Few
reliable and practical methods exist that enable rapid
and nonlethal energy determinations of large fish in the
field. We evaluated a handheld microwave energy meter
as a means of estimating whole-body energy concentra-
tions. In 2002 and 2003, we collected sockeye salmon
O. nerka from several stocks during their coastal and
upriver migration through the Fraser River watershed
(British Columbia). For each stock, we sampled fish
from various locales ranging from ocean to spawning
areas. Fish somatic tissues were interrogated at four
body positions; however, the two most anterior positions
produced the most accurate energy information. It took
less than 30 s per fish to collect these data. We found
strong regression relationships between somatic lipid
percentage (R? = 0.93; P < 0.001) and gross somatic
energy density (R? = 0.94; P < 0.001) measured by
whol e-carcass proximate analyses and |og, transformed
energy meter readings. The slopes and intercepts of these
relationships did not differ among stocks or years.

Anadromous adult Pacific salmon Oncorhynchus
spp. undertake remarkable migrations, traveling
long distances from ocean feeding areas to fresh-
water spawning beds. Their upriver migrations are
particularly fascinating, as they are powered ex-
clusively with endogenous energy reserves ac-
crued at sea. Thus, adult Pacific salmon provide
an excellent model for studying energy use and
allocation patterns and life history variation. Sev-
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eral recent studies (Hendry and Berg 1999; Kin-
nison et al. 2001, 2003; Crossin et al. 2003, 2004)
have measured the energy content of Pacific salm-
on sampled at different locales along upriver mi-
gration routes as a means to assess how environ-
mental factors (e.g., river distance, elevation gain,
river velocity) influence patterns of energy use,
metabolism, and fecundity. Similar studies of At-
lantic salmon Salmo salar have also been con-
ducted (Jonsson et al. 1991, 1997; Jonsson and
Jonsson 2003).

The two standard methods for determining en-
ergy content of fish (and those used in the studies
above) are proximate body constituent analyses
and bomb calorimetry (Higgs et al. 1979). In prox-
imate body constituent analyses, energy concen-
trations in a target tissue (e.g., soma, gonads) are
derived from lipid, protein, water, and carbohy-
drate estimations. The bomb calorimetry method
involves the combustion of tissue samples to de-
rive its caloric content. Both methods provide re-
liable energetic estimates but have several limi-
tations. I'n studies of migrating salmon, these meth-
ods necessitate killing fish to obtain the required
tissues for analysis. The entire fish needs to be
homogenized prior to analyses, as body constitu-
ents tend to be stored along a head-to-tail gradient
(Herbinger and Friars 1991) and constituent levels
change along this gradient depending on the stage
and locale of upriver migration. Thus, using only
sections of tissue in the analysis could result in
bias. In addition, large numbers of salmon car-
casses must be transported, often from remote lo-
cales, to the laboratory for processing. The logis-
tics and costs associated with this can be prohib-
itive, and the homogenization of whole carcasses
is a time-consuming and odious task. Moreover,
many populations of Pacific salmon are at risk of
extinction, so lethal sampling is often not an op-
tion. Techniques are needed for rapid, nonlethal in
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situ assessments of somatic energy concentrations
in migrating adult fish.

There are several techniques available for non-
destructively assessing energy levelsin fish. Total
body electrical conductivity estimates somatic wa-
ter concentrations (which is inversely related to
lipid concentrations). Though allowing in situ
measures, this approach has not been proven ac-
curate (e.g., Brown et al. 1993; Lantry et al. 1999).
Near-infrared spectroscopy measures the reflec-
tance, interactance, and absorption of specific
wavelengths that can be related to water, lipid, and
protein concentrations. Though a promising tech-
nology (e.g., Downey 1996), equipment for this
approach is expensive and not appropriate for field
use. Computerized tomography (X-rays; Rye
1991) and nuclear magnetic resonance (Burgetz et
al. 1998) approaches have also been used to ex-
amine lipids and other by-products of energy use
in whole fish. However, these approaches are also
expensive and the equipment is not designed for
field use.

Microwave transmission is used widely in the
finfish aquaculture industry for assessing the fat
content of market fish. Handheld microwave me-
ters are commercially available and relatively in-
expensive, but there has been little evaluation of
this tool in studies of wild, freely migrating fish.
A recent study demonstrated that a microwave me-
ter could be used to assess lipid levels in adult
Chinook salmon O. tshawytscha; however, the au-
thors (Colt and Shearer 2001) concluded that the
accuracy of the device could resolve fish into only
“high” or “low” lipid content categories. Their
study had several design limitations that affected
the power of their analyses and interpretations.
Most notably, many of their measurements were
taken from postspawned fish with energy levels
near the lower detection limits of the meter. Ad-
ditionally, sex ratios were skewed toward females.

We collected sockeye salmon O. nerka from sev-
eral stocks at various locales along their coastal
and upriver migration through the Fraser River
watershed (British Columbia; Figure 1). We then
compared lipid content of somatic tissues (deter-
mined by a handheld microwave energy meter) to
lipid and somatic energy values from the same fish
(determined through whole-carcass proximate
analysis). Our objectives were to determine if this
tool could provide accurate predictions across the
range of somatic energy levels observed in wild,
migrating adult salmon and, specifically, to de-
velop a protocol and numerical models for rapid,
accurate energy assessments of wild sockeye salm-
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on. We also tested the robustness of these models
among stocks, genders, and years.

Methods

Sudy system and animals.—We collected 171
(in 2002) and 54 (in 2003) adult sockeye salmon
from 10 Fraser River stocks at several |ocations
throughout coastal British Columbia and upriver
areas of the Fraser River watershed (Figure 1). All
stocks collected had approximately equal sex ra-
tiosin each year during their spawning migrations.
Of these stocks, three were sampled in 2002 across
their full migratory range, from marine to fresh-
water spawning environments. The Adams (n =
74), Horsefly (n = 25), and Early Stuart (n = 22)
stocks traverse broad distances and elevation gra-
dients to reach spawning areas, and all possess
unique morphological and energetic traits that
economize energy use in the face of difficult mi-
grations (Crossin et al. 2004). Adams sockeye
salmon migrate 484 km upriver and ascend 366 m
in late summer, when river flows arerelatively low
and temperatures are high. Early Stuart and Horse-
fly sockeye salmon migrate considerably longer
distances and to higher elevationsin early summer
under converse environmental conditions. Early
Stuart sockeye salmon migrate 807 km upriver and
ascend 762 m and Horsefly sockeye salmon mi-
grate 1,100 km upriver and ascend 701 m. Fish
were captured in (1) continental shelf waters at the
entrance to Juan de Fuca Strait; (2) the Strait of
Georgia as they approach the Fraser River mouth;
(3) upstream of the Fraser River mouth at Whon-
nock, British Columbia (termed here ‘“‘river en-
try’"); (4) the Thompson River at Ashcroft, British
Columbia (Adams stock only); and (5) at their re-
spective spawning grounds prior to spawning, Ad-
ams River and Stuart—Takla. Marine areafish were
collected by Pacific Salmon Commission (PSC)
purse seine and gill-net test-fishing vessels. River
fish were collected by beach seine or dip net. Stock
identification was determined by a combination of
run timing, DNA (Beacham et al. 2004), and scale
analyses (Gable and Cox-Rogers 1993) conducted
by the PSC. At each site, 10 males and 10 females
were collected from each stock.

Microwave device and energy measurements.—
We used aDistell Model 692 Fish Fatmeter (Distell
Inc., West Lothian, Scotland), termed the ** energy
meter’” in our analyses. This cordless, handheld
unit houses a microwave oscillator that emits a
low-powered wave (frequency, 2 GHz = 2,000
MHz; power, 2 mW) that interacts with water in
the somatic tissues at a given location (Figure 2).
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Ficure 1.—Map of British Columbiaindicating the sampling locations of the wild sockeye salmon used to assess

somatic energy content.

Ficure 2.—Side-view drawing of a salmon that in-
dicates the four positions at which energy meter readings
were taken to assess the somatic energy content of wild
sockeye salmon during their upriver migrations through
the Fraser River watershed.

Drawing from the strong inverse relationship be-
tween the water and lipid content in fish tissues
(Craig et al. 1978; Higgs et al. 1979), microwave
Sensors convert water concentration to estimates
of lipid concentration. The energy meter contains
four to six channels for estimating somatic lipids
in different species (which can be chosen from the
manufacturer). The manufacturer’s species cali-
brations are preprogrammed in the meter’s micro-
processor and were derived through regressions of
somatic lipid percentages determined through
chemical methods (Foss-let method; e.g., Doman-
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ski et al. 1974) against energy meter readings.
However, the Foss-let method of lipid determi-
nation employed by the manufacturer only deter-
mined lipid concentrations in a muscular section
of the fish; thus, the calibrations preprogrammed
in the energy meter relates meter readings to the
lipid content in aparticular fillet section rather than
for the whole animal. In ecological and energetic
studies of salmon, it is common to estimate lipid
and gross energy content in the entire fish (e.g.,
the somatic compartment) because migratory
salmon draw on reserve energy stored not only in
the muscle *“fillets,” but also in other places, like
the visceral cavity. Thus, whole fish (less gonads)
tend to be homogenized, and subsamples of ho-
mogenized tissue are used in analyses. To relate
energy meter readings to the whole somatic com-
partment of salmon in this study, we developed
our own sockeye salmon calibration by relating
energy meter readings to lipid and gross energy
estimates derived from proximate constituent anal -
yses in whole salmon (methods outlined below).
We also felt the need to generate our own cali-
bration, as we were unsure of the identity of the
sockeye salmon (i.e., wild or hatchery) used in the
manufacturer’s calibration, as well as the range of
lipid—water values covered in their analyses.

Upon capture, live sockeye salmon were
weighed and measured for body length (postor-
bital-to-hypural length) and interrogated with the
energy meter at four positions (Figure 2). Inter-
rogation did not require anesthesia. Salmon were
placed in a live-box cradle containing ambient,
circulating water that submerged the fish to its
lateral line and allowed water to cover the gills.
One person held the fish, exposing its left side,
while another swept the exposed dorsal surface
with awet hand to remove excess water. Following
suggestionsin Colt and Shearer (2001), the energy
meter’s sensor was placed along the dorsal surface
at four positions just above the lateral line (Figure
2). Interrogation generally took less than 30 s.
Salmon were then euthanized by concussion,
sealed in airtight bags, and transported on ice to
the laboratory for comparative proximate analyses.
To determine which position (or positions) pro-
vided the best reflection of a whole salmon’s so-
matic lipid and energy content, we regressed en-
ergy meter readings at each individual position
(and at mean values calculated for all possible po-
sition combinations) against proximate somatic
lipid and gross energy values.

Proximate analyses.—Carcasses (less gonads)
were homogenized in an industrial food processor
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(Robot Coupe Blixer, Model BX6V). An approx-
imately 250-g subsample of each homogenate was
packed separately in airtight plastic freezer bags
and stored at—20°C until analysis. We then ex-
amined 2 g of tissue for proximate constituency
(lipids, protein, water, and ash) according to the
methods outlined by Higgs et al. (1979). Body
constituents were calculated as percentages (and
derivatively as g/kg). Water content was deter-
mined by drying a 2-g sample of each homogenate
at 100°C for 24 h. Carbohydrate (ash) was deter-
mined by combusting the dried sample at 600°C
for 2 h. Water and ash content were calculated as
percentages by wet mass. Lipid content was de-
termined by wet mass through a chloroform: meth-
anol (1:1) extraction of a 2-g subsample of tissue
homogenate. Protein percentage was calculated as
the difference between 100 and the summed water,
ash, and lipid percentages. This indirect protein
method has been employed in previous studies and
has been found to be accurate and reliable (Berg
et al. 1998; Hendry and Berg 1999; Hendry et al.
1999; Crossin et al. 2004). Protein and lipid per-
centages were converted to their energetic equiv-
alents by multiplying percentages (by wet mass)
by 0.02364 MJ/kg for protein and 0.03954 MJkg
for lipid (Higgs et al. 1979). Converted lipid and
protein values were then summed for gross somatic
energy (MJkQ).

Satistical analyses—We used analysis of co-
variance (ANCOVA; SAS 1998) to adjust within-
year, stock-specific lipid and gross energy esti-
mates for differences in fish length, as in Hendry
and Berg (1999). We found homogeneous slopes
in each analysis (P > 0.05), thus least-squares
means were used to generate stock-specific,
length-corrected means and standard errorsfor use
in subsequent analyses. Differences in lipid and
gross energy estimates between males and females
were examined though analysis of variance (AN-
OVA). This was done within stocks, locales, and
years. Data were pooled if no significant differ-
ences between the sexes were found. The energy
meter technical specifications indicate that when
fish soma have extremely low energy levels (e.g.,
~2.5% lipid or less), the meter’s sensors may ** sat-
urate.”” In practice, this means that energy meter
readings do not show the same linear response to
fish water content at low lipid levels as they do
when lipid levels are modest to high. Colt and
Shearer (2001) identified a logarithmic relation-
ship between energy meter estimates and proxi-
mate lipid measures in adult Chinook salmon due
to heterogeneity of energy meter data. We log-



188

normally transformed all energy meter data prior
to analyses and were able to generate strong linear
relationships between energy meter output and
proximate energy data across the full range of me-
ter values in our study. All proximate constituent
data (lipid percentages and gross somatic energy)
were normally distributed and, thus, were left un-
transformed.

Focusing just on the 2002 data, as the sample
size in 2002 was much larger than that in 2003,
we used linear regression to examine the relation-
ships between lipids (%) and water (%), gross en-
ergy (MJkg) and lipid (%), and gross energy (MJ/
kg) and water (%) for the intensively sampled
stocks (Adams, Horsefly, and Early Stuart). Using
ANCOVA, we compared the slopes and intercepts
of the regressions among those stocksto determine
if stock-specific differences existed in these body
constituent relationships.

With the 2002 multistock data set, we used lin-
ear regression to examine relationships between
mean energy meter readings from individual po-
sitions and combinations of multiple positions (av-
erages of readings for two, three, and four posi-
tions) with somatic lipid (%) and gross somatic
energy values (MJkg) derived through proximate
constituent analyses. The purpose of these anal-
yses was to evaluate which positions, or combi-
nations of positions, generate the strongest pre-
dictive relationships and are best to use for rapid
field applications of the energy meter. For each of
the intensively sampled stocks, we separately re-
gressed somatic lipid and gross energy on energy
meter readings using data based on the ‘‘best”
position, or positions, identified above, to evaluate
whether stocks differed in these predictive rela-
tionships. Slopes and intercepts of the regressions
were compared among stocks using ANCOVA. If
no differences among stocks were identified, we
compared the pooled multistock regression rela-
tionships from 2002 to the pooled multistock re-
gression relationships from 2003 using ANCOVA.

Results

All proximate constituent data (lipid percent-
ages and gross somatic energy) were normally dis-
tributed and thus were not transformed. Energy
meter readings were log, transformed as per Colt
and Shearer (2001; see Methods). Within stocks
and years, males and females did not differ in their
somatic lipid, water, or gross energy levels at any
locale during their migration (ANOVA, al P >
0.05), thus sexes were pooled for all subsequent
analyses. There were no differences among stocks
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either in the slopes or intercepts of the regressions
of lipid and water, gross energy and lipids, and
gross energy and water (all P > 0.05). Because
water content is so strongly related to lipid and
gross energy content, water estimates can be used
to predict these parameters. Pooled 2002 multis-
tock data (n = 171) revealed strong negative cor-
relations between lipids and water (r = —0.96; P
< 0.001) and gross energy and water (r = —0.99;
P < 0.001) and a strong positive correlation be-
tween gross energy and lipids (r = 0.98; P <
0.001; Figure 3).

We used the entire 2002 data set to evaluate
which positions produced the strongest predictive
relationships for lipids and gross energy. Re-
gressions of somatic lipids and gross energy on
lognormally transformed energy meter readings
produced very strong coefficients of determina-
tion, regardless of whether single or multiple po-
sitions were used in obtaining energy meter read-
ings (all R? > 0.82, P < 0.001; Table 1). The best
coefficients were generated from regressions using
the average of positions 1 and 2 (lipid, R> = 0.93;
gross energy, R?2 = 0.94; Figure 4). Therefore, we
used energy meter data based on the average of
positions 1 and 2 for subsequent analyses. We found
no differences in intercepts (ANCOVA; n = 121,
F = 408, P = 0.09) for regressions of somatic
lipid and gross energy on energy meter readings
among the three intensively sampled stocks. We
also found no differencesin intercepts (ANCOVA;
n = 225, F = 429, P = 0.11) for regressions of
somatic lipid and gross energy on energy meter
readings between pooled stocks collected in 2002
and 2003.

Discussion

Our results demonstrate that handheld micro-
wave energy meters can be used to generate highly
accurate measures of gross somatic energy and lip-
id level percentages in migratory Pacific salmon.
This technology is effective because microwave
meters can accurately estimate the water content
of somatic tissues. In addition, strong proportional
relationships between water, lipid, and gross so-
matic energy exist in fish, relationships that we
confirmed in sockeye salmon and that have been
reported in several other salmon energetic studies
(e.g., Gilhousen 1980; Brett 1995; Hendry and
Berg 1999; Kinnison et al. 2001; Crossin et al.
2003, 2004). As salmon migrate upriver, they draw
predominantly on somatic lipid reserves to power
migration and develop reproductive tissues. At the
cellular level, the space generated by lipid catab-
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Ficure 3.—Relationships between (a) percentagelip-
id and percentage water, (b) gross energy density and
percentage lipid, and (c) gross energy density and per-
centage water for all sockeye salmon collected in 2002
from various locations in British Columbia to assess
somatic energy content. Linear regression lines are pre-
sented for each panel.

olism is occupied by water, thus water levels rise
in salmon as they migrate upriver. Lipid levels are
usually near depletion by the time salmon reach
their spawning grounds. Protein catabolism thus
ensues to provide the necessary energy for final
maturation, courtship, and spawning. Water again
fills the space generated when proteins oxidize.
Thus, energy meter estimates of gross somatic en-
ergy reflect the contribution of both lipid- and pro-
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FIGURE 4.—Relationships of (a) gross somatic energy
density and (b) percentage somatic lipid to log, trans-
formed energy meter readings (average of positions 1
and 2) based on all sockeye salmon collected in 2002
from various locations in British Columbia to assess
somatic energy content. The linear regression lines,
equations, coefficients of determination, and probability
values are presented for each relationship.

tein-derived water. Interestingly, the lipid and
gross energy relationshipswe examined had nearly
identical coefficients of determination, indicating
that protein catabolism was arelatively small com-
ponent of thetotal energy budget used by the sock-
eye salmon in this study.

Unlike calorimetry or proximate analyses, mi-
crowave energy meters enable a rapid assessment
of energy states. We measured each fish at four
positions, requiring approximately 30 s per fish.
However, our results indicate that the strongest
predictive relationships between gross energy den-
sity (or lipid percentage) and energy meter read-
ings occurred at the average of two positions (po-
sitions 1 and 2). By taking only two readings, sam-
pling time can be reduced to less than 15 s per
fish. Because the handling time is so short, the
energy meter can be used to estimate energy den-
sity on live salmon with negligible handling ef-
fects. Using a flow-through cradle to hold indi-
vidual fish, we have used the energy meter to mea-
sure and release hundreds of sockeye salmon from
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TabLE 1.—Coefficients of determination (R2) from lin-
ear regressions of somatic lipid (%) and gross somatic en-
ergy (MJKg) versus loge transformed energy meter read-
ings from individual positions and averages of readings
for two, three, and four positions. The entire 2002 multi-
stock dataset (n = 171) is used. For al regressions, P <
0.001.

Fish Gross

Position(s) position Lipid energy
Individual positions 1 0.917 0.941
2 0.919 0.934

3 0.883 0.891

4 0.821 0.840

Two positions 1,2 0.927 0.944
1,3 0.910 0.931

1,4 0.919 0.940

2,3 0.915 0.927

2,4 0.915 0.929

3,4 0.880 0.890

Three positions 1,2,3 0.923 0.941
1,24 0.922 0.942

1,34 0.910 0.929

2,3,4 0.912 0.924

Four positions 1,2,3,4 0.924 0.940

sampling platforms aboard vessels and on stream-
sides (S. J. Cooke, University of British Columbia,
unpublished data). Because this approach is non-
invasive and relatively benign, it is appropriate for
energy determinations on wild stocks that are en-
dangered, and on fish that are to be used in ex-
periments in which estimates of initial energy
could help explain performance or success of fish
throughout atrial (e.g., swim tunnel respirometry,
radiotelemetry). Though their sample sizes were
small, Colt and Shearer’s (2001) preliminary stud-
ies showed that the microwaves emitted from the
energy meter did not have negative effects on egg
production in maturing salmon, on egg viability,
or on the performance of radio transmitters and
passive integrated transponders.

We have shown that the relationships between
lipid percentage, gross energy density, and log,
transformed energy meter readings did not differ
among stocks of sockeye salmon, despite the fact
that these stocks differed considerably in size,
shape, rate of migratory energy use, and initial
energy densities (Crossin et al. 2004). Moreover,
there were no differences in these relationships
between years. These results suggest that our cal-
ibration relationships are broadly applicable
among Fraser River sockeye salmon and may be
applicable to the entire species. The manufacturer
can preprogram this particular energy meter with
lipid calibrations for some species. This enables
the meter to estimate lipid percentages without the
investigator needing to conduct proximate analy-
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ses, as we did, though investigators should bear
in mind that the manufacturer’s calibrations are
derived from fillet cuts rather than from whole
carcasses (see Methods). Calibrations for gross so-
matic energy are not produced by the manufac-
turer, so if this variable is important, investigators
will have to generate the appropriate calibrations.
If investigators cannot generate calibration rela-
tionships (because, for example, a stock or species
is endangered or because the costs of proximate
analyses are prohibitive) and the manufacturer
cannot provide them, it may be reasonable to apply
calibrations from closely related species. For ex-
ample, our sockeye salmon calibrations accurately
predicted the energy density of adult Fraser River
coho salmon O. kisutch (G. Alexander, Forest Sci-
ences Department, University of British Columbia,
Vancouver, unpublished data).

According to the manufacturer’s technical spec-
ifications, meter sensors begin to saturate when
somatic energy densities are very low (~2.5% lip-
id) due to high levels of catabolic water accu-
mulated in the tissues; thus, accuracy begins to
deteriorate. This is one potential limitation of the
microwave energy meter. Such low levels of en-
ergy are typical of spawning Pacific salmon (Hen-
dry and Berg 1999; Crossin et al. 2004), thus cau-
tion needs to be exercised when using this type of
meter to estimate lipid levelsin spawning salmon.
However, recent work shows some promise and
utility in studies of spawning fish (Hendry and
Beall 2004).
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