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ARTICLE

Energy Density and Dry Matter Content in Fish: New
Observations and an Evaluation of Some Empirical Models

Brett M. Johnson and William M. Pate*
Department of Fish, Wildlife, and Conservation Biology, Colorado State University,
1474 Campus Delivery, Fort Collins, Colorado 80523, USA

Adam G. Hansen
Colorado Parks and Wildlife, 317 West Prospect Road, Fort Collins, Colorado 80526, USA

Abstract
Energy density (ED) is an indicator of fish nutritional status, physiological status, and fitness. Estimates of ED of

predators and prey are also needed for bioenergetics modeling, but direct measurements of ED are difficult to
obtain. Hence, investigators often borrow published values from the same species or related species. Alternatively,
models have been developed that predict ED from dry matter content (DM). The scarcity of published ED values
makes data borrowing and the generality of predictive modeling difficult to evaluate. We report new ED measure-
ments derived from bomb calorimetry for six freshwater fish species (Arctic Char Salvelinus alpinus, Brown Trout
Salmo trutta, kokanee Oncorhynchus nerka, Lake Trout Salvelinus namaycush, Rainbow Trout O. mykiss, and White
Sucker Catostomus commersonii) and compared them to previously published data. We used our data to validate
existing ED:DM models and to fit new ones. We also quantified bias that could result from borrowing inappropriate
ED values for bioenergetics modeling. We collected a range of fish sizes from two reservoirs of differing produc-
tivity and measured whole-body ED (wet-mass basis) and DM. Our data substantially increase the range of ED data
for Arctic Char, kokanee, and White Suckers. Two multispecies ED:DM models predicted the ED of our samples
accurately (mean root mean square error [RMSE] < 500 J/g), even at the extremes for the range of prediction
where data used for model development were limited. Taxon-specific models performed less well (mean RMSE =
775 J/g), and some appeared highly biased (RMSE 956−1,900 J/g). Bioenergetics model simulations showed that
Lake Trout prey consumption could be overestimated by as much as 22% when using borrowed EDs for Lake
Trout and their prey, but prey consumption estimates fell within ±2% of observed when ED was predicted from
DM. When direct measures of ED are unattainable, measurement of DM and prediction of ED from one of the
published multispecies models offer a practical and accurate method for bioenergetics modeling and other studies
requiring information on fish energy content.

Knowledge of the energy density (ED) of fishes is important
from basic and applied perspectives. Energy storage is an impor-
tant strategy for fishes because many experience stochastic food
availability (Armstrong and Schindler 2013) and seasonal and
ontogenetic changes in energy requirements related to survival,
migration, and reproduction. Withstanding periods of starvation
and surviving winters in temperate climates can depend on the
level of energy reserves (Post and Evans 1989; Post and
Parkinson 2001). The choice to migrate may depend on body

condition (Jonsson and Jonsson 1993; Brodersen et al. 2008).
Spawning may be contingent on females obtaining sufficient
energy reserves (Thorpe 1994; Jorgenson et al. 2006). Climate
change may increase metabolic costs and reduce energy reserves,
with implications for growth, reproduction, and survival (Ficke
et al. 2007). Thus, ED is an important indicator of the nutritional
status, physiological status, and fitness of fishes.

Knowledge of ED is also required in predation studies
because of its relationship to prey quality and because energy
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is the common currency used to convert biomass of prey
consumed to biomass of consumer growth in bioenergetics
models (Jobling 1994; Hanson et al. 1997). Managing multi-
faceted recreational fisheries (Pate et al. 2014), quantifying the
effects of introduced predators on native fish (Ruzycki et al.
2003), planning the recovery of native fish (Sorel et al. 2016),
and achieving an understanding of food web dynamics
(Schoen et al. 2015) have all relied on accurate bioener-
getics-derived estimates of predation. Because bioenergetics-
derived estimates of prey consumption and contaminant bioac-
cumulation are sensitive to the EDs of predator and prey
(Trudel and Rasmussen 2006; Breck 2008), accurate whole-
body ED data are essential for applying bioenergetics models
to a variety of fisheries management problems.

Energy density of fish is frequently estimated indirectly
from proximate composition analysis (Brett 1995). Although
proximate composition analysis can provide more detailed
information on body condition than overall ED, this approach
usually employs standard conversion factors for the EDs of
lipid and protein, which may not be accurate (Brett 1995;
Vollenweider et al. 2011). A few comparisons of ED calcu-
lated from proximate analysis with direct measurements
obtained by bomb calorimetry showed that the former
approach is subject to error, partly due to variation in the ED
of lipids (Craig et al. 1978; Weatherley and Gill 1983;
Schloesser and Fabrizio 2015). Thus, direct measurement of
ED by bomb calorimetry is more reliable than ED estimation
from proximate composition analysis unless the energy
equivalents of body components are well known (Hartman
and Brandt 1995).

Relatively few direct measurements of fish ED exist in the
primary literature. This may have arisen in part because bomb
calorimetry is time consuming, and lethal sampling and spe-
cialized equipment for sample preparation and analysis are
required. In bomb calorimetry, a dried, pulverized, homoge-
nized sample is combusted in a closed vessel that is pressur-
ized with pure oxygen (Cummins and Wuycheck 1971). The
heat of combustion is measured precisely to compute the
energy content of the sample through well-known physical
relationships (Parr Instrument Company 2013). The methodol-
ogy is labor intensive and may be difficult for managers to
justify, particularly when whole-body estimates of large fishes
are required (Glover et al. 2010). Consequently, there is a
dearth—and, for some species, a complete absence—of
whole-body ED measurements derived from bomb calorimetry
in the literature.

Alternatively, ED can be estimated from models that relate
dry matter content (DM, %; sometimes called “percent dry
weight”) to ED (Hartman and Brandt 1995). This is possible
because proximate analysis of fish body composition has
demonstrated that in many fish, ED is inversely related to
body water content (Love 1970; Breck 2008) and therefore
is positively related to DM. Because determination of DM is
much easier than measurement of ED, models that predict ED

from DM are an appealing alternative to calorimetry.
However, limited empirical data on ED for many species of
fish leave some uncertainty about the reliability of the model-
ing approach. Additional ED data could be used to evaluate
the generality of ED:DM models.

In bioenergetics modeling (where ED values for the con-
sumer and its prey are essential) and in some food web and
fish nutrition studies, it is common practice for investigators to
borrow published values for the same species or a closely
related species as a surrogate for direct observations or esti-
mates from an ED:DM model (Hansen et al. 1993; Hanson
et al. 1997; Glover et al. 2010). For example, in an informal
literature search with Google Scholar, we found that a single
paper, Cummins and Wuycheck (1971), has been cited as a
source for ED data in at least 95 articles published by the
American Fisheries Society. More empirical ED data are
needed to assess the variability across systems and among
taxa before the propriety of borrowing ED values from the
literature can be evaluated.

In this study, we measured whole-body DM and ED in six
fish species found in coldwater systems across North America:
the Arctic Char Salvelinus alpinus, Brown Trout Salmo trutta,
kokanee (lacustrine Sockeye Salmon Oncorhynchus nerka),
Lake Trout Salvelinus namaycush, Rainbow Trout O. mykiss,
and White Sucker Catostomus commersonii. Relatively little
published calorimetry data were available for wild individuals
of any of these species outside of their native range, and no
such data were available from populations in western North
America, prompting our study. We used our measurements to
(1) compare with existing ED data for each species, (2) eval-
uate whether ED varied with fish size and among water
bodies, (3) validate predictions from models that estimate
ED from DM (Hartman and Brandt 1995; Schreckenbach
et al. 2001), and (4) evaluate the potential implications of
borrowing ED estimates versus predicting ED from DM for
the accuracy of bioenergetics model predictions of piscivore
consumptive demand.

METHODS
Fish collection.—All fish capture, handling, and euthanasia

procedures were approved by the Institutional Animal Care
and Use Committee (Protocol Number 09-1408A) at Colorado
State University and followed applicable state and federal
regulations.

Fish for DM and ED determinations were collected as part
of food web studies at two reservoirs west of the Continental
Divide in the southern Rocky Mountains of Colorado. Blue
Mesa Reservoir is one of the most productive coldwater fish-
eries in the state (Johnson and Martinez 2000; Pate et al.
2014), whereas Lake Dillon is less productive, in part because
of tight nutrient controls in the watershed (Lewis et al. 1984;
Olsen 2014). We anticipated that these systems would provide
a wide range of fish ED values due to their contrasts in trophic
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state, fish growth rates, thermal conditions, and prey density.
Brown Trout, kokanee, Rainbow Trout, and White Suckers
were collected from both reservoirs. Arctic Char were only
present at Lake Dillon, and Lake Trout were only present in
Blue Mesa Reservoir. None of the study species is native to
western Colorado. Kokanee were introduced to Colorado from
Flathead Lake, Montana, in 1952 and were first stocked into
Blue Mesa Reservoir in 1966 and Lake Dillon in 1967
(Wiltzius 1974, 1985). Arctic Char were first stocked into
Lake Dillon in 1990 and were obtained from Sun Valley
Trout Farms, British Columbia, Canada, which collected the
eggs from an anadromous stock in Nauyuk Lake, Northwest
Territories, Canada (Olsen 2014). White Suckers were first
detected in western Colorado during 1926 and are suspected
to have been moved by bait anglers from east of the
Continental Divide, where White Suckers are native
(Wiltzius 1978). Lake Trout, Brown Trout, and Rainbow
Trout were first brought to the state prior to 1900, and the
source populations are unknown (Wiltzius 1985).

To collect the broadest possible size range, we sampled fish by
using multimesh gill nets during spring, summer, and fall in 3
years (2011, 2012, and 2014) over a variety of depths (2–40 m).
We measured each fish for TL (mm) and wet mass (WW; g) in
the field and then stored whole fish individually in plastic bags at
–20°C until they could be prepared for ED determination at the
Fisheries Ecology Laboratory, Colorado State University.

Sample preparation.—We removed stomach contents before
cutting partially frozen fish into 1.5-cm cubes, and all viscera
and fluids were retained. This material was dried at 60°C for at
least 72 h to a constant weight (Lantry and O’Gorman 2007).
Drying of whole fish provides less-variable results than
subsampling homogenized tissue prior to drying (Glover et al.
2010). Dried samples were then homogenized with a food
processor. We computed DM as

DM %ð Þ ¼ dry mass gð Þ
WW gð Þ � 100: (1)

Energy density.—Energy density (J/g dry mass) was
measured with a Parr Instrument Company Model 1261
isoperibol bomb calorimeter maintained by the Animal
Sciences Department at Colorado State University. A
subsample of dried material (1.0 ± 0.1 g) from each fish was
compressed into a pellet and placed in the combustion
chamber, which was then charged to 30 atmospheres with
pure oxygen and combusted. We combusted at least three
subsamples from each fish, and we only used data from
subsamples that underwent complete combustion (determined
by the presence of pellet residue in the combustion chamber or
a faulty fuse wire). Replicate measurements were averaged for
each fish. A benzoic acid standard (Gundry et al. 1969) was
used to verify accuracy and precision of the calorimeter. The
mean difference between expected and measured EDs of the
standard was 97.6 J/g (SD = 172.6 J/g) or 0.37%. Standards

were combusted at the beginning and end of each session as
well as after every tenth fish sample. Energy density of each
dry subsample was converted to ED on a WW basis by using
the water content determined for the same fish.

Species-specific relationships between ED and WW were
investigated using linear regression. We tested whether the ED
of a particular species differed between the two reservoirs by
using ANCOVA that accounted for lake-specific differences in
fish mass. We used linear regression to fit ED versus DM
relationships at the species level, as in Hartman and Brandt
(1995). We evaluated the normality of residuals and fit a
power function to the combined species data to compare
with Hartman and Brandt (1995) and Schreckenbach et al.
(2001). The level of statistical significance was set to an α of
0.05, and this value was adjusted with a Bonferroni correction
for multiple comparisons when applicable.

We gathered ED values for the six species in our study
from the literature to compare with our findings. The search
was performed with Google Scholar, and the publication date
was unconstrained. We included only studies that were pub-
lished in the primary literature and that measured the whole-
body EDs of wild fish directly by bomb calorimetry. We
excluded laboratory studies because captive fish can have
different body composition and EDs than wild fish
(Simpkins et al. 2003; Copeland and Carline 2004; Morley
et al. 2012). Because bioenergetics models require ED inputs
for predator and prey to be on a whole-body, WW basis, and
since piscivores consume prey in this form, we included only
studies in which measurements were of whole fish (viscera
included) and were reported on a WW basis or studies for
which values could be computed from reported water content.

Dry matter relationships.—We validated predictions from
published models that used DM to predict whole-body ED by
comparing our measured ED values with those predicted by the
models using our measured DM values. Hartman and Brandt
(1995) presented 39 ED:DM models for individual fish species,
families, and orders and a combined model for all species
studied (n > 34). Their study combined some original data
with published values and included freshwater and coastal
marine taxa from North America. Schreckenbach et al. (2001)
presented a multispecies model developed from 578 samples of
17 freshwater fish species sampled in Germany.

We assessed agreement between our observed ED values
and predictions from the multispecies ED:DM model of
Hartman and Brandt (1995) as

ED ¼ 45:29� DM1:507; (2)

where ED is whole-body energy density (J/g WW) and DM is
whole-body dry matter content (%). We also assessed agree-
ment between our observed ED values and predictions from
the multispecies ED:DM model of Schreckenbach et al.
(2001),
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ED ¼ 0:0253� DM1:6783; (3)

where ED is whole-body energy density (MJ/kg WW) and
DM is whole-body dry matter content (%).

We also compared our observed ED values to predictions
from taxon-specific models (lowest taxonomic level available)
reported by Hartman and Brandt (1995), which were all sim-
ple linear functions. Species-specific models were reported for
Lake Trout, Rainbow Trout, and White Suckers:

Lake Trout ED ¼ �3;809þ 397:9� DMð Þ; (4)

Rainbow Trout ED ¼ �2;457þ 347:8� DMð Þ; (5)

White Sucker ED ¼ 232þ 143:0� DMð Þ: (6)

Species-specific models were not available for Arctic Char,
kokanee, or Brown Trout. Therefore, we compared our
observed ED values for these species to predictions from
Hartman and Brandt’s (1995) model for the family
Salmonidae:

Salmonid ED ¼ �3;632þ 386:7� DMð Þ: (7)

We used two approaches to evaluate the existing ED:DM
models. We used root mean square error (RMSE) for each
fish species to quantify the overall agreement of model-pre-
dicted and observed values using the equation

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
EDo � EDp

� �2h i

n

vuut
; (8)

where EDo is the observed ED value; EDp is the value pre-
dicted by the model; and n is sample size. We also plotted the
predicted versus observed values to look for evidence of
systematic errors in model predictions, and we tested whether
the relationship between predicted and observed values had a
slope different from 1 and an intercept different from 0.

Bioenergetics modeling.—When applying bioenergetics
models to fisheries management questions, investigators have
two options for specifying ED values as model input in the
absence of direct measures for key predators and prey: (1)
measuring in situ DM and converting to ED by using species-
specific or multispecies ED:DM models as outlined above; or
(2) borrowing ED values from the same or similar species and
size-groups of predator and prey from the literature. Option 1
should be less biased than option 2 or some combination
thereof, but this presumption depends on the magnitude and
direction of error in alternative ED predictions and the nature
of the study questions. Regardless of how EDs are specified,
bias may be inconsequential if small or if the conclusions from
model simulations are robust to uncertainty in model inputs.

To identify when the method of alternative ED selection is
important, we evaluated the potential implications of relying
on ED:DM models versus borrowed ED values for the accu-
racy of bioenergetics model predictions of piscivore consump-
tive demand within the context of a real-world fisheries
management problem. Using each method, we simulated and
compared rates of kokanee consumption by Lake Trout in
Blue Mesa Reservoir (Pate et al. 2014). Here, biologists man-
age for coexistence between naturally reproducing Lake Trout
and hatchery-supported kokanee, the production of which can
be limited when Lake Trout predation rates are too high. Thus,
accurate estimates of Lake Trout consumptive demand are
necessary to determine the level of population regulation that
is needed to maintain stability in what can be a volatile
predator–prey interaction (Martinez et al. 2009; Pate et al.
2014). Pate et al. (2014) used field data on diet, growth,
distribution, spawning, abundance, and age structure to
model Lake Trout predation by using direct estimates of ED
(present study). Reconstructing these model simulations using
EDs predicted from DM or borrowed from the literature
provided an opportunity to assess the relative accuracy of
these alternative approaches.

Construction of the bioenergetics model and model inputs
are described in detail by Pate et al. (2014). In brief, annual
per-capita consumption rates of kokanee and other non-focal
prey, including Rainbow Trout, Yellow Perch Perca flaves-
cens, crayfish, and other small invertebrates, were estimated
for Lake Trout of ages 3–25. However, we restricted this
analysis to age-15 and younger fish (i.e., 98% of the popula-
tion) to avoid artificially inflating bias from uncertainty in the
EDs and DM of older fish whose body sizes were at least two-
fold greater than the maximum WW associated with an ED–
DM observation in our data set. Age-specific simulations
incorporated ontogenetic shifts in diet and ED (Appendix
Tables A.1–A.3). Age-10 and older Lake Trout were mostly
piscivorous, and kokanee represented over 90% of their diet
by weight. The mean length of kokanee consumed by Lake
Trout was equivalent to 33% of predator length. Because Lake
Trout consumed larger kokanee as they grew, the ED of
kokanee was adjusted for each age-class of Lake Trout.
These adjustments were not needed for non-focal prey. Age-
specific, per-capita biomasses of kokanee consumed were
converted to numbers consumed based on the same prey
length-to-predator length relationship. Numerical, per-capita
consumption rates were scaled up to the population level
based on estimates of Lake Trout mortality, age structure,
and abundance.

First, we simulated the bioenergetics model of Pate et al.
(2014), which incorporated direct measures of ED for Lake
Trout and all prey, to generate a baseline for assessing
accuracy. Baseline ED inputs for Lake Trout (Table A.2)
were specified using the linear relationship between ED and
WW mentioned previously. Paired ED:WW observations for
small kokanee (i.e., <50 g) eaten by young Lake Trout in
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Blue Mesa Reservoir were underrepresented in the corre-
sponding relationship developed for kokanee. Thus, the
fitted intercept may have been inflated, leading to overesti-
mation of the EDs of small kokanee (see Results). To
remain conservative and avoid artificially inflating the
potential bias in estimates of per-capita and population-
level consumption when specifying ED inputs using DM
or by borrowing from the literature, we specified the base-
line ED inputs for kokanee by using a linear relationship
between ED and TL instead of WW because this relation-
ship (1) generated ED estimates that were very close to
those from the ED:WW relationship for large kokanee; and
(2) generated ED estimates that resembled those from the
mass-dependent equation of Beauchamp et al. (1989), the
relationship used in the borrowed scenario (see below), for
small kokanee (Table A.3).

Next, we reformulated baseline ED inputs by converting
corresponding estimates of DM for Lake Trout and fish prey to
EDs using the multispecies models of Hartman and Brandt
(1995) and Schreckenbach et al. (2001), and we then re-
implemented the simulations. Because we could not convert
DM to ED for crayfish and other small invertebrates by using
the multispecies models, we used the borrowed values for
invertebrates in this scenario (see below). Lastly, we simulated
the scenario in which all ED values were borrowed from the
literature (Tables A.1–A.3). We examined previous studies of
Lake Trout consumptive demand to guide our selection of
borrowed ED values (Yule and Luecke 1993; Vidergar 2000;
Ruzycki et al. 2003; Schoen et al. 2012). The sources of
selected values were consistent across studies. We used the
mass-dependent equations of Stewart et al. (1983) and
Beauchamp et al. (1989) to estimate the ED dynamics of
Lake Trout and kokanee, respectively (Tables A.2, A.3). The
ED for Rainbow Trout was calculated from the mass-depen-
dent equation of Rand et al. (1993) using the reconstructed
mean lengths and weights of Rainbow Trout found in the
stomach contents of Lake Trout (TL = 185 mm, WW = 59
g; n = 106; W. M. Pate, unpublished data). The ED for Yellow
Perch was borrowed from Kitchell et al. (1977), the ED for
crayfish was obtained from Stein and Murphy (1976), and the
ED for other small invertebrates was the average across multi-
ple studies (Baldwin et al. 2000, 2003; Beauchamp and Van
Tassel 2001; Schoen et al. 2012; Hansen et al. 2013;
Table A.1).

The bioenergetics simulations were designed to provide a
minimum expectation for the potential degree of bias in esti-
mated consumption demand on focal prey when direct mea-
sures of ED are lacking, thus forcing investigators to specify
ED inputs by using alternative methods. However, predator
diet composition, predator EDs, and focal and non-focal prey
EDs can interact to influence the magnitude and direction of
bias in complex ways. Therefore, we conducted a sensitivity
analysis to identify the specific ED inputs that strongly influ-
enced rates of kokanee consumption by Lake Trout in the

baseline model. We sequentially and individually increased
(reflecting overestimation by the alternative selection
approach) and decreased (reflecting underestimation) the pre-
dator and prey EDs by 20% and computed the percent change
in resulting per-capita and population-level consumption
demand. Lastly, we used results from the sensitivity analysis
to help identify when the method of alternative ED selection is
important for bioenergetics modeling studies of piscivore con-
sumptive demand.

RESULTS

Energy Density Measurements
We measured the EDs of 299 fish, including juveniles and

adults from each of the six species (Figure 1). The average
within-fish coefficient of variation of ED measurements was
1.4%. Observed ED ranged from a low of 2,713 J/g (White
Sucker) to a high of 14,837 J/g (kokanee). Kokanee showed the
greatest range of EDs (3,773−14,837 J/g; Table 1). Arctic Char
had the lowest range of EDs (3,486−7,475 J/g). Mean ED was
greatest for kokanee (9,807 J/g) and Lake Trout (7,755 J/g) and
was consistently lower for Rainbow Trout (5,648 J/g), White
Suckers (5,585 J/g), Brown Trout (5,502 J/g), and Arctic Char
(5,388 J/g). Energy density increased with fish mass in Brown
Trout from Lake Dillon (P < 0.001) and in kokanee (P < 0.001),
Lake Trout (P < 0.001), and White Suckers (P < 0.001) from
Blue Mesa Reservoir (Figure 1). After accounting for differ-
ences in fish mass, the EDs of kokanee (P = 0.0015), Rainbow
Trout (P = 0.0008), and White Sucker (P = 0.0068) were
significantly greater in Blue Mesa Reservoir than in Lake
Dillon, but no difference was observed between reservoirs for
Brown Trout (P = 0.4123).

We found few direct measurements of wet-mass ED for wild-
caught individuals of our six species in the literature. Several
studies reported the EDs of Arctic Char in laboratories or hatch-
eries, but we found no published values for wild Arctic Char. We
found no ED values for wild kokanee either, but Brett (1983)
reported values of 4,971−7,766 J/g for wild Sockeye Salmon
(Table 1). The literature-reported ED ranges for Brown Trout
(3,920−7,720 J/g) and Rainbow Trout (3,806–6,870 J/g) were
similar to the ranges we observed for these species (Table 1). The
reported ED range for Lake Trout from the Laurentian Great
Lakes was slightly less than we observed, but the range was
greater if the siscowet morphotype of Lake Trout was included
(Table 1). Cummins and Wuycheck (1971) reported a single ED
value of 7,524 J/g for White Suckers, but they did not report the
method of determination, so we excluded this value from our
comparisons. One other study (Bryan et al. 1996) reported calori-
metry-based values for White Suckers (3,586−3,694 J/g).
Overall, the range of EDs we observed for each species examined
was greater than that reported in the literature, including data
from the studies used by Hartman and Brandt (1995) to develop
species-specific ED:DM relationships. Literature values com-
prised only 29% of the range we observed for kokanee and 2%
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of the range we observed for White Suckers. Most of our mea-
surements that were outside the reported range were higher than
the previously reported maximum values.

Dry Matter : Energy Density Relationships
Dry matter content averaged 27.1% (SD = 5.9%) and ranged

from a low of 15.5% (393-g White Sucker) to a high of 44.6%
(588-g kokanee). Energy density was strongly related to DM in
each species (r2 ≥ 0.876, P < 0.0001; Table 2). As was also found

by Hartman and Brandt (1995), the residuals of the linear model
with all species combined (n = 299) indicated that log10 trans-
formation was required. The transformed model for all species
combined,

ED ¼ 32:678� DM1:604; (9)

had an r2 of 0.955, and the residuals were normally distribu-
ted. This model was very similar to the multispecies models
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reported by Hartman and Brandt (1995) and Schreckenbach
et al. (2001; Figure 2).

The multispecies models of Hartman and Brandt (1995)
and Schreckenbach et al. (2001) both performed reasonably
well at predicting EDs across the range of our DM measure-
ments for each species (Figure 3; Table 3). The mean RMSE
across species was 435 J/g for the Schreckenbach et al. (2001)
model and 448 J/g for the Hartman and Brandt (1995) model,
and neither model had consistently higher RMSE across spe-
cies (Table 3). The greatest difference in RMSE between the
models was for White Suckers (RMSE of the Schreckenbach
et al. [2001] model was 33% lower) and Arctic Char (RMSE
of the Hartman and Brandt [1995] model was 26% lower). The

difference in RMSE between models was lowest for Brown
Trout (RMSE of the Hartman and Brandt [1995] model was
4% lower). Predictions from both models were unbiased
except those generated by the Hartman and Brandt (1995)
model when applied to kokanee and White Suckers (Table 3).

None of the taxon-specific models of Hartman and Brandt
(1995) fit our data as well as their multispecies model and, in
most cases, the model of Schreckenbach et al. (2001; Table 3;
Figure 4). The mean RMSE of the taxon-specific models was
774 J/g. There was large, systematic bias in predictions from
the Hartman and Brandt (1995) species-specific model for
White Suckers (Table 3; Figure 4), but the sample size in
that study was only five fish. Bias was also evident in the
salmonid model’s predictions for kokanee, which tended to
underestimate the EDs of small and large kokanee (Figure 4),
indicating that a simple linear model may not be appropriate
for this species.

Bioenergetics Modeling
Bioenergetics model predictions for the per-capita con-

sumption rate of kokanee (number/year) by Lake Trout varied

TABLE 2. Models for estimating energy density (ED; J/g wet mass) from dry
matter content (DM; %) in fish collected from two Colorado reservoirs (P <
0.0001 for each model). All models are of the form ED = a + (b × DM),
except the salmonid (family-level) and combined-species models, which are
of the form ED = a × DMb (a and b = empirically derived constants).

Taxon r2 n a b

Arctic Char 0.908 45 –2,831.2 347.4
Brown Trout 0.876 51 –2,514.6 330.0
Kokanee 0.921 67 –6,551.1 475.1
Lake Trout 0.979 32 –4,165.1 401.8
Rainbow Trout 0.928 41 –2,886.6 348.9
White Sucker 0.962 63 –3,945.4 378.0
Salmonidae 0.958 236 36.548 1.574
Combined species 0.955 299 32.678 1.604
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FIGURE 2. Combined-species models of energy density (ED) and dry matter
content (DM) from Hartman and Brandt (1995; equation 2: ED = 45.29 ×
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diagonal represents a 1:1 line.

ENERGY DENSITY OF FISHES 1269

D
ow

nl
oa

de
d 

by
 [

A
da

m
 H

an
se

n]
 a

t 1
0:

42
 1

2 
O

ct
ob

er
 2

01
7 



by age-class and showed little deviation from the baseline
model after predator and prey EDs were predicted from DM
using the multispecies models of Hartman and Brandt (1995)
and Schreckenbach et al. (2001). Conversely, per-capita con-
sumption rates were overestimated when simulating ED values
borrowed from the literature (Figure 5a, b). This outcome was
driven by contradictory directional error in the literature-based
ED predictions for Lake Trout and kokanee; contradictory
error was nonexistent or less extensive within corresponding
predictions from the Hartman and Brandt (1995) model and
the Schreckenbach et al. (2001) model (Figure 5c). The mass-
dependent equation from Stewart et al. (1983) overestimated
EDs for most age-classes of Lake Trout in Blue Mesa
Reservoir (by 48−2,879 J/g), while the equation from
Beauchamp et al. (1989) underestimated the EDs of kokanee
eaten by Lake Trout (by 927−4,271 J/g), thus amplifying the
bias in consumption rates. Bias was greatest for age-classes of
Lake Trout that consumed over 90% kokanee (Figure 5b).
Deviations between baseline and borrowed EDs for non-
focal fish prey were less extensive, and these fish also con-
tributed less to the diets of Lake Trout (Table A.1). Similar
patterns emerged after scaling up to population-level con-
sumption demand, but error was less than that observed at
the per-capita level. Estimates of population-level consump-
tion decreased by 1.13% for the Hartman and Brandt (1995)
model, increased by 0.81% for the Schreckenbach et al. (2001)
model, and increased by 22.09% when predator and prey ED
values were borrowed (Figure 5d).

The sensitivity analysis indicated that kokanee ED, fol-
lowed by Lake Trout ED, had the greatest influence on the
focal prey consumption rate in the baseline bioenergetics
model (Table 4). Overestimation of Lake Trout ED by 20%
corresponded to an approximately 7% increase in per-capita
and population-level consumption, whereas underestimation

TABLE 3. Error (root mean square error [RMSE]) and bias (P-values of tests to determine whether the relationship between predicted and observed values had
intercepts different from 0 [β0] and slopes different from 1 [β1]) of predictions from the combined-species models of Schreckenbach et al. (2001) and Hartman
and Brandt (1995) and taxon-specific models of Hartman and Brandt (1995; family-level [Salmonidae] model for Arctic Char, Brown Trout, and kokanee;
species-specific models for Lake Trout, Rainbow Trout, and White Suckers) applied to measured dry matter content and energy density data from two Colorado
reservoirs. Asterisks denote significant differences; α was adjusted for multiple comparisons.

Schreckenbach et al. (2001)
combined model

Hartman and Brandt (1995)
combined model

Hartman and Brandt (1995) taxon-
specific models

Species RMSE β0 β1 RMSE β0 β1 RMSE β0 β1

Arctic Char 374.6 0.749 0.207 296.1 0.013 0.008 340.8 0.834 0.786
Brown Trout 410.9 0.970 0.755 395.0 0.044 0.078 510.7 0.727 0.621
Kokanee 747.2 0.007 0.003 920.4 <0.0001* <0.0001* 965.6 <0.0001* <0.0001*
Lake Trout 450.9 0.003 0.009 377.3 0.573 0.174 404.0 0.029 0.242
Rainbow Trout 364.5 0.884 0.548 307.0 0.036 0.029 502.5 0.001 0.072
White Sucker 263.2 0.006 0.133 393.4 <0.0001* <0.0001* 1,923.8 <0.0001* <0.0001*
Mean 435.2 448.2 774.5
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FIGURE 4. Observed energy density (ED) compared to the ED values pre-
dicted by the taxon-specific models of Hartman and Brandt (1995). Species
analyzed were (A) Arctic Char (family-level [Salmonidae] model), (B) Brown
Trout (family-level model), (C) kokanee (family-level model), (D) Lake Trout
(species-level model), (E) Rainbow Trout (species-level model), and (F)
White Sucker (species-level model). Note the difference in axis scales. The
diagonal represents a 1:1 line.
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of Lake Trout ED corresponded to a decrease in consumption
of similar magnitude. The magnitude and direction of resulting
bias from overestimating or underestimating ED were greater
and reversed for kokanee. Thus, the overestimation of predator
ED or prey ED while underestimating the other created contra-
dictory directional error that amplified bias in consumption
demand, whereas overestimating both or underestimating both
created countervailing directional error that partially offset
bias. For the latter case, the error in Lake Trout ED had to
be two- to threefold greater than error in kokanee ED to fully
offset bias in per-capita consumption rate. In general, 20%
changes to the ED of non-focal prey had a negligible influence
on resulting per-capita and population-level consumption of
focal prey. However, because Yellow Perch constituted about
20–40% of the diet for Lake Trout younger than age 10 (the
most abundant age-classes in the population), 20% changes to
Yellow Perch ED for these age-classes influenced per-capita

and population-level consumption to a similar extent as Lake
Trout ED (Table 4).

DISCUSSION
Although our work provides important new information on

the EDs of the six fish species in our study, investigators
should be cautious about borrowing ED data from our systems
or other systems. We showed that the range of ED values for a
species can be great (as high as 10,000 J/g in the case of
kokanee and Lake Trout). We also found that the EDs of some
species differed between our two systems and that ED varied
with body size in some cases. Simulations demonstrated that
borrowing inappropriate ED estimates for use in bioenergetics
models can result in substantial errors in estimated consump-
tion and inappropriate management conclusions. More empiri-
cal studies of ED would further our understanding of the

FIGURE 5. (A) Annual per-capita consumption rates of kokanee estimated from a bioenergetics model for different age-classes of Lake Trout in Blue Mesa
Reservoir, Colorado, under the different energy density (ED) selection approaches, (B) percent changes in per-capita consumption from the baseline simulation
for each ED selection approach, (C) differences between the selected and baseline EDs averaged across the start and end of the 1-year bioenergetics simulation
for Lake Trout and kokanee prey, and (D) estimates of population-level consumption demand on kokanee under each ED selection approach. Solid black lines in
panel A indicate the typical age-classes of kokanee consumed by different age-classes of Lake Trout. Values above each bar in panel D indicate the percent
change from the baseline simulation. “Hartman” represents the approach of converting dry matter content to ED by using the multispecies model of Hartman
and Brandt (1995); “Schreck.” represents the same approach but with the multispecies model of Schreckenbach et al. (2001); and “borrowed” represents the case
in which all EDs were taken from the literature.
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factors that drive variation in ED and would provide more
specific guidance on the factors that must be evaluated to
minimize potential error when it is necessary to borrow ED
values from other studies. In the meantime, we found that ED
can be predicted relatively accurately from DM measure-
ments, which are substantially easier to obtain than EDs
from bomb calorimetry or proximate composition analysis.

We report the first calorimetry-based, whole-body ED esti-
mates on a WW basis for wild Arctic Char—albeit for an
unusual population well outside the species’ native range.
Given the diversity of life history types and the circumpolar
distribution of Arctic Char (Johnson and Burns 1984), empiri-
cal data from other locations are needed to produce general-
izations about expected EDs for the species. We also report the
first ED measurements for kokanee on a WW basis.
Historically, studies requiring EDs for kokanee have borrowed
values for Sockeye Salmon (Brett 1983). We showed that the
EDs of some kokanee can be almost twice as high as the
maximum values reported for Sockeye Salmon. The range
we observed suggests that (1) kokanee can attain extremely
high EDs, which can make them particularly beneficial to their
predators; and (2) borrowing ED data from Brett’s (1983)
Sockeye Salmon study may not be appropriate for some
size-classes or age-classes of kokanee. We also observed a
much greater range of EDs in White Suckers than has been
reported previously, perhaps because our study included more
individuals over a greater range of fish sizes. Our data suggest
that the EDs of White Suckers can be similar to those of
salmonids (excluding kokanee and Lake Trout) from the
same system. White Suckers commonly co-occur with trout,
so accurate ED data are needed to use bioenergetics models to

estimate consumptive demand of piscivores that feed on catos-
tomids and salmonids (e.g., Yule and Luecke 1993).

Ontogenetic changes in fish body composition (often an
increase in the lipid fraction as the fish grow) are common
(Johnson et al. 1999; Wuenschel et al. 2006; Harter et al.
2013). This suggests that for some species, ED varies with
body size, and the use of a fixed ED from the literature will
not accurately represent ED in a size- or age-structured popu-
lation. In our study, EDs increased with body size in Brown
Trout, kokanee, Lake Trout, and White Suckers. Thus, bioe-
nergetics models for these species should consider incorporat-
ing mass-dependent EDs of the consumer and prey. Models
for Sockeye Salmon (which are routinely used to model koka-
nee; Beauchamp et al. 1989) and Lake Trout (Stewart et al.
1983) do so, but we found that the slope of the mass depen-
dency was higher for kokanee and lower for Lake Trout in our
study (see bioenergetics implications below). Thus, site-spe-
cific data on the mass dependency of ED may be required in
bioenergetics modeling of these species. In the future, inves-
tigators could conduct pilot studies employing ED:DM models
before deciding whether site- and mass-specific EDs are
required for a particular application. Additional studies inves-
tigating the relationship between ED and body size over a
wide range of fish sizes could facilitate development of more
general ED:WW functions.

We expected to find a strong relationship between ED and
DM because previous work with a wide variety of species
(Hartman and Brandt 1995; Schreckenbach et al. 2001) had
reported high correlations (r > 0.97). However, we were
surprised by the extent to which our multispecies model was
similar to previously reported models, despite the fact that the

TABLE 4. Results from the sensitivity analysis evaluating the relative influence of overestimating or underestimating the energy density (ED) of Lake Trout
and different prey by 20% on the per-capita and population-level rates of kokanee consumption by different age-classes of Lake Trout in the baseline
bioenergetics model of Pate et al. (2014).

Percent change in consumption of kokanee (number/year) by Lake Trout

Altered ED input Age 3 Age 4 Age 6 Age 9 Age 12 Age 15 Population level

Overestimation by 20%
Lake Trout 6.20 5.92 6.74 7.19 7.54 7.88 6.15
Kokanee –12.28 –11.10 –10.86 –11.43 –16.61 –16.62 –11.79
Rainbow Trout –0.78 –1.19 –2.15 –1.97 –0.15 –0.14 –1.10
Yellow Perch –4.55 –5.12 –5.58 –5.13 –0.30 –0.28 –4.82
Crayfish –0.81 –1.24 –0.47 –0.43 –0.14 –0.14 –0.85
Small invertebrates –0.52 –0.56 –0.08 –0.08 –0.00001 –0.00001 –0.45

Underestimation by 20%
Lake Trout –6.27 –5.97 –6.75 –7.17 –7.52 –7.86 –6.20
Kokanee 16.36 14.33 13.92 14.87 24.94 24.97 15.53
Rainbow Trout 0.79 1.22 2.25 2.05 0.15 0.14 1.13
Yellow Perch 5.02 5.72 6.29 5.72 0.30 0.28 5.35
Crayfish 0.82 1.27 0.48 0.44 0.14 0.14 0.87
Small invertebrates 0.53 0.57 0.08 0.08 –0.00001 –0.00001 0.46
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other models included many different freshwater, anadromous,
and marine species from North America and Europe. The
concordance of multispecies models developed for different
sets of species suggests strong generality in the ED:DM rela-
tionship in fishes. Similarly, strong relationships between ED
and DM have been shown for diverse invertebrate taxa (r2 =
0.96; James et al. 2012), and Ciancio et al. (2007) developed a
single predictive model (r2 = 0.93) for marine and freshwater
fishes, insects, crustaceans, mollusks, and annelids. Clearly,
DM is useful for predicting ED in many aggregated taxa.
Depending on the accuracy and precision needed for the
question at hand, more taxon-specific models may be required.

Both the Hartman and Brandt (1995) and Schreckenbach
et al. (2001) multispecies models applied to data from a single
species had a mean RMSE less than 500 J/g (about 7% of the
grand mean ED of 6,728 J/g). Error exceeded 1,500 J/g in
some individuals. Bias was evident in predictions from
Hartman and Brandt’s (1995) combined-species model when
applied to kokanee and White Suckers. This suggests that
there may be differences in the ED:DM relationship for
some species and that species-specific models may be more
accurate for them. However, counter to expectation, the pre-
dictions from Hartman and Brandt’s (1995) taxon-specific
models always had greater error than predictions from their
multispecies model, and predictions with the salmonid
(family-level) and White Sucker models were biased. The
bias in predictions from the Hartman and Brandt (1995)
model for White Suckers strongly suggests an error in the
reported model, which could have been due to the small
sample size in the empirical study (n = 5). Overall, the poorer
performance of taxon-specific models may be attributable to
the smaller sample sizes and potentially fewer locations and
seasons represented in studies at the species, family, or even
order level (Hartman and Brandt 1995). Methodological dif-
ferences (e.g., wet weights measured before versus after freez-
ing; freezing the fish in water or not) could also have
contributed to the lack of fit in some cases (Crane et al.
2016). Thus, current taxon-specific models may not accurately
represent the range of EDs and DM exhibited by the taxon.
For the six species in our study, the use of the multispecies
ED:DM model from either Hartman and Brandt (1995) or
Schreckenbach et al. (2001) is preferable to use of the pre-
viously published taxon-specific models. More ED measure-
ments from diverse systems are needed to improve taxon-
specific ED:DM models.

The bioenergetics simulations showed that predicting ED
from DM by using the multispecies models of Hartman and
Brandt (1995) and Schreckenbach et al. (2001) is a viable
alternative for specifying ED inputs for bioenergetics models
in the absence of direct measures of ED. Investigators run the
risk of introducing considerable bias into estimates of per-
capita consumption rate of focal prey that can propagate to
the population level when borrowing ED inputs from the
literature for large-bodied predators that selectively feed on

large-bodied prey. Contradictory directional errors in the lit-
erature-based predictions for Lake Trout ED and kokanee ED
combined with the high proportion of kokanee in the diets of
Lake Trout were the primary drivers of bias observed in the
borrowed ED scenario. However, overestimation observed at
the population level was less than expected based on depar-
tures from the baseline model observed at the per-capita level.
Inaccuracies observed at the per-capita level were tempered by
mortality and age structure when scaling to the population
level (i.e., overestimation was greatest for age-classes of
Lake Trout with the lowest relative abundance in the popula-
tion). Therefore, inference from studies interested in popula-
tion-level effects is potentially less sensitive to bias arising
from borrowed EDs than from studies where per-capita rates
are of interest.

The sensitivity analysis indicated that the diet proportions
of focal versus non-focal prey and the direction of error (over-
estimation versus underestimation) in alternative ED predic-
tions for predator and prey can influence the consumption
rates of focal prey for different age-classes of the predator in
complex ways. For the Blue Mesa Reservoir example modeled
here, bias was driven mostly by error in kokanee ED and less
so by non-focal prey for all age-classes of Lake Trout but was
amplified by contradictory directional error in Lake Trout ED.
It is possible for errors in alternative ED inputs for predator
and prey to offset each other by chance. According to results
from the sensitivity analysis, however, error in Lake Trout ED
would have had to be two- to threefold greater than error in
kokanee ED to fully offset bias for different age-classes of
predator. Thus, regardless of whether errors in alternative ED
predictions happen to counteract or contradict, investigators
should anticipate some level of bias when borrowing ED
values for large-bodied prey that (1) fall outside the size
range or geographic range of previously reported information
for that species or a similar species and (2) constitute the
majority of the predator’s diet. For these situations, in situ
measures of DM could be used to specify ED inputs or (at a
minimum) to verify borrowed ED values for prey by sampling
a few individuals across a range of body sizes if an accurate
estimate of piscivore consumptive demand is necessary to
achieve management objectives and if calorimetry is not pos-
sible. For small-bodied, non-focal prey that constitute less
than 10% of the diet, accurate estimates of ED appear less
critical, and borrowing values is probably sufficient for these
prey groups. Overall, results from the bioenergetics simula-
tions and sensitivity analysis indicate that the more site-spe-
cific ED data are used in model applications, the lower are the
chances of developing inappropriate management conclusions.

In summary, our data showed that ED varies considerably
across species, among locations, and in some cases, with body
size. We also demonstrated that consumption estimates from
bioenergetics models are sensitive to the EDs of both the
consumer and the prey, and substantial errors can arise from
borrowing inaccurate ED values. Before borrowing ED values
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from other studies, investigators should (1) evaluate whether
the environmental and demographic characteristics of their
study system are comparable to those of the source of the
borrowed values and (2) consider some verification by direct
measurement. When direct measures of ED are unattainable,
then the measurement of DM and prediction of ED from one
of the published multispecies models constitute a practical and
accurate method for bioenergetics modeling and other studies
requiring information on fish energy content.
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Appendix: Age-Specific Lake Trout Bioenergetics Simulations

TABLE A.1. Diet composition of different size-groups and age-groups of Lake Trout used in bioenergetics simulations to estimate consumption demand on
kokanee (KOK), Rainbow Trout (RBT), Yellow Perch (YPE), crayfish (CFI), and other small invertebrates (SMI) in Blue Mesa Reservoir, Colorado. The
corresponding energy densities (EDs) of each prey group under the alternative ED selection approaches are also listed. Baseline ED values were estimated from
prey captured in Blue Mesa Reservoir (present study). Energy density values were also generated from corresponding estimates of dry matter content (DM) by
using the multispecies ED:DM models of Hartman and Brandt (1995; equation 2 in Methods) and Schreckenbach et al. (2001; equation 3). Borrowed ED values
were obtained from Rand et al. (1993) for RBT, Kitchell et al. (1977) for YPE, and Stein and Murphy (1976) for CFI and were averaged across a number of
studies for SMI (Baldwin et al. 2000, 2003; Beauchamp and Van Tassell 2001; Schoen et al. 2012; Hansen et al. 2013). Because the EDs of kokanee were
adjusted for each age-class of Lake Trout, those values are listed in Table A.3.

Prey type

Lake Trout TL (mm) Lake Trout age (years) KOK RBT YPE CFI SMI

Diet proportions
332 to <409 3 0.576 0.034 0.266 0.058 0.066
409 to <478 4 0.478 0.053 0.307 0.091 0.072
409 to <740 5–9 0.458 0.110 0.381 0.039 0.012
≥740 ≥10 0.937 0.012 0.031 0.019

Baseline energy density (J/g)a

332 to <409 3 Table A.3 6,094 4,731 3,706 2,107
409 to <478 4 6,094 4,731 3,706 2,107
409 to <740 5–9 6,094 4,731 3,706 2,107
≥740 ≥10 6,094 4,731 3,706 2,107

Hartman and Brandt (1995) energy density (J/g)
332 to <409 3 Table A.3 5,844 4,716 6,153 3,461
409 to <478 4 5,844 4,716 6,153 3,461
409 to <740 5–9 5,844 4,716 6,153 3,461
≥740 ≥10 5,844 4,716 6,153 3,461

Schreckenbach et al. (2001) energy density (J/g)
332 to <409 3 Table A.3 5,672 4,467 6,153 3,461
409 to <478 4 5,672 4,467 6,153 3,461
409 to <740 5–9 5,672 4,467 6,153 3,461
≥740 ≥10 5,672 4,467 6,153 3,461

Borrowed energy density (J/g)
332 to <409 3 Table A.3 5,822 4,186 6,153 3,461
409 to <478 4 5,822 4,186 6,153 3,461
409 to <740 5–9 5,822 4,186 6,153 3,461
≥740 ≥10 5,822 4,186 6,153 3,461

aThe EDs for RBT and YPE were modified slightly from those presented by Pate et al. (2014) to ensure consistency between the direct measures of ED selected for baseline
simulations and the paired measures of DM used to estimate ED with the multispecies models of Hartman and Brandt (1995) and Schreckenbach et al. (2001). Paired measures of ED
and DM from individual RBT and YPE falling within the range of reconstructed TLs observed in the diets of Lake Trout were averaged to develop the baseline, Hartman and Brandt
(1995), and Schreckenbach et al. (2001) inputs.
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TABLE A.2. Age-specific predator start and end weights and corresponding energy densities (EDs) under the alternative ED selection approaches and used as
input into the bioenergetics model for estimating the annual per-capita consumption rate of kokanee and alternative prey by Lake Trout in Blue Mesa Reservoir,
Colorado (Pate et al. 2014). Baseline ED values were estimated from Lake Trout captured in Blue Mesa Reservoir (present study). Energy density values were
also generated from corresponding estimates of dry matter content (DM; %) by using the multispecies ED:DM models of Hartman and Brandt (1995; equation 2
in Methods) and Schreckenbach et al. (2001; equation 3). Borrowed ED values were generated from the mass-dependent relationship of Stewart et al. (1983).

Lake Trout
age-class (years)

Wet mass
(g)b

Baseline ED
(J/g)c

Hartman and Brandt
(1995) ED (J/g)d

Schreckenbach et al.
(2001) ED (J/g)e

Borrowed ED
(J/g)

TL (mm)a Start End Start End Start End Start End Start End

3 332 251 503 5,591 5,947 5,575 5,873 5,382 5,704 6,474 7,250
4 409 503 850 5,947 6,437 5,873 6,292 5,704 6,159 7,250 8,320
5 478 850 1,286 6,437 7,052 6,292 6,831 6,159 6,749 8,320 9,662
6 541 1,286 1,797 7,052 7,774 6,831 7,483 6,749 7,470 10,093 10,491
7 599 1,797 2,371 7,774 8,584 7,483 8,237 7,470 8,313 10,491 10,938
8 650 2,371 2,992 8,584 9,460 8,237 9,080 8,313 9,266 10,938 11,421
9 697 2,992 3,645 9,460 10,383 9,080 9,997 9,266 10,314 11,421 11,930
10 740 3,645 4,318 10,383 11,333 9,997 10,972 10,314 11,440 11,930 12,454
11 779 4,318 4,999 11,333 12,294 10,972 11,990 11,440 12,628 12,454 12,984
12 814 4,999 5,678 12,294 13,253 11,990 13,033 12,628 13,858 12,984 13,513
13 845 5,678 6,346 13,253 14,197 13,033 14,090 13,858 15,114 13,513 14,033
14 874 6,346 6,998 14,197 15,117 14,090 15,146 15,114 16,381 14,033 14,541
15 900 6,998 7,628 15,117 16,006 15,146 16,191 16,381 17,644 14,541 15,031

aEstimated using a von Bertalanffy growth function relating length to age, as presented by Pate et al. (2014).
bEstimated using a length–wet mass regression presented by Pate et al. (2014).
cEstimated using the linear regression relating ED (J/g) to wet mass (WW; g), presented in Results.
dEstimated by first using a linear regression relating DM to WW (DM = [0.0034 × WW] + 23.53; n = 32, r2 = 0.75, P < 0.001) and then inserting DM into the multispecies model

of Hartman and Brandt (1995).
eEstimated by first using the linear regression relating DM to WW and then inserting DM into the multispecies model of Schreckenbach et al. (2001).
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TABLE A.3. Start and end weights of kokanee prey and corresponding energy densities (EDs) under the alternative ED selection approaches and used as input
into the bioenergetics model for estimating the annual per-capita consumption rates by different age-classes of Lake Trout in Blue Mesa Reservoir, Colorado
(Pate et al. 2014). Baseline ED values were estimated from kokanee captured in Blue Mesa Reservoir (present study). Energy density values were also generated
from corresponding estimates of dry matter content (DM; %) by using the multispecies ED:DM models of Hartman and Brandt (1995; equation 2 in Methods)
and Schreckenbach et al. (2001; equation 3). Borrowed ED values were generated from the mass-dependent relationship of Beauchamp et al. (1989).

Lake Trout
age-class (years)

Wet mass
(g)b

Baseline ED
(J/g)c

Hartman and Brandt
(1995) ED (J/g)d

Schreckenbach et al.
(2001) ED (J/g)e

Borrowed ED
(J/g)

TL (mm)a Start End Start End Start End Start End Start End

3 109 13 25 5,970 6,645 5,793 6,327 5,617 6,196 5,335 5,425
4 135 25 40 6,645 7,258 6,327 6,824 6,196 6,742 5,425 5,543
5 158 40 58 7,258 7,812 6,824 7,286 6,742 7,251 5,543 5,683
6 179 58 79 7,812 8,315 7,286 7,713 7,251 7,726 5,683 5,843
7 198 79 101 8,315 8,771 7,713 8,107 7,726 8,167 5,843 6,017
8 215 101 125 8,771 9,183 8,107 8,469 8,167 8,574 6,017 6,201
9 230 125 149 9,183 9,557 8,469 8,802 8,574 8,951 6,201 6,391
10 244 149 174 9,557 9,896 8,802 9,108 8,951 9,297 6,391 6,584
11 257 174 199 9,896 10,203 9,108 9,388 9,297 9,616 6,584 6,751
12 268 199 223 10,203 10,482 9,388 9,644 9,616 9,909 6,751 6,764
13 279 223 247 10,482 10,734 9,644 9,878 9,909 10,177 6,764 6,777
14 288 247 270 10,734 10,962 9,878 10,091 10,177 10,422 6,777 6,789
15 297 270 292 10,962 11,169 10,091 10,286 10,422 10,647 6,789 6,800

aEstimated as 33% of Lake Trout TL (mm; Pate et al. 2014).
bEstimated using the following TL–wet mass (WW; g) regression: TL = 0.000008995 × WW3.024.
cEstimated using the linear regression relating ED (J/g) to TL (ED = [26.63 × TL] + 3,054.4; n = 33, r2 = 0.66, P < 0.001).
dEstimated by first using a linear regression relating DM to TL (DM = [0.0594 × TL] + 18.50; n = 33, r2 = 0.69, P < 0.001) and then inserting DM into the multispecies model of

Hartman and Brandt (1995).
eEstimated by first using the linear regression relating DM to TL and then inserting DM into the multispecies model of Schreckenbach et al. (2001).
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