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Introduction 

The Arctic is indisputably warming, which could have effects on the distribution and growth of fishes 
found in the Bering Sea. While other research teams are studying the stock distribution, movement 
patterns, and growth of fish species in the Bering Sea, our project focuses on determining methods to 
assess body condition of pollock. These data will provide easy-to-use tools to assess condition in pollock 
and secondarily, a data-set from which to measure future changes in body condition. We will primarily 
use samples already collected through the BASIS project. 

A robust condition index system must take into account measurements not only of the total energy 
content of the fish, but also the biochemical components of the total calories. Further, the index must 
include field measurable correlates that relate to and are responsive to condition (e.g. mass, length, girth). 
One component of such an index was utilized during studies following the Exxon Valdez Oil Spill and 
measured the total caloric energy content of herring (WBEC). It was found that WBEC of juvenile 
herring in Prince William Sound (PWS) increased from spring to fall and then decreased steadily 
throughout the winter (Paul and Paul 1998a, Paul et al.1998, Foy and Paul 1999).  

While WBEC provides a value for the total calories in the fish, it does not differentiate whether those 
calories are contained in lipid, protein or carbohydrate. Reliable energetic measures of condition must 
include measurement of fat, protein and water content in addition to WBEC. This is because it is essential 
to distinguish whether lipid and protein stores vary (carbohydrate values are very low in fish; Whitney 
and Hamilton 1987). That is, several fish might have the same WBEC, but be very different in whether 
those calories are made up of protein or lipid. This differentiation is important because the fish will utilize 
the balance of lipid and protein content for both tissue maintenance and energy reserves, each of which is 
important. Even with a high WBEC, a fish may be deficient in either one component or the other, and 
therefore not be in good condition. 

 

Condition Indices 

The concept of a measurement for fish “condition” began with Fulton in the late 1800’s and was first 
referenced in 1904 (see Nash et al. 2006). Fulton, and later others, developed a condition factor that 
related mass to length cubed (W = L3) as a proxy for volume as it was “easier to measure” (Nash et al. 
2006). His rationale was that the greater the mass of the fish for a given volume (L3), the more “fit” it 
must be. Current methods continue to use L3 instead of volume as the primary indicator of fitness in fish. 
but this is particularly weak  if there are changes in fat stores and energy density throughout the year 
(both increases and decreases), that are not reflected in changes in their standard length (Froese, 2006). 
That is, the actual body volume, but not necessarily the length, of the fish changes as it adds or removes 
lipid and protein; this has been known since the turn of the century (Johnstone, 1905). Thus, it has been 
shown in herring for example, that length is not closely correlated to the energy content of the fish (Paul 
and Paul 1998b) and is therefore not a robust indicator of condition by itself. Current condition factor 
indicators of fish based on the relationship between length and mass (Tesch 1988) produce ambiguous 
results because the index is a very basic morphometric model that does not consider body shape and has 
not been clearly correlated to indicators of energy stores (Paul and Paul 1999). 

These limitations are based on the problem that L3 as developed by Fulton is a weak proxy for body 
volume, which is a much better indicator of condition (Castellini and Kooyman 1990, Castellini and 
Calkins 1993). If the true volume of the fish was known, then whole body energy content, lipid, protein 



and water content could be related to the body of the entire fish. Since the energy density of pollock will 
be directly primarily by the lipid and water content, it is essential to measure these values directly in the 
laboratory and then develop the morphometric indices that can be used in the field.  

Therefore, it is necessary to develop a volume index for pollock that allows a more accurate estimate of 
body volume and moves away from using only length, or even length and mass measurements. We have 
already developed and published such a method for marine mammals that uses both girth and length to 
estimate their volume using cone models (Castellini and Kooyman 1990, Castellini and Calkins 1993). 
However, a pollock is shaped more as an ellipsoid where the long axis is the length of the fish and the 
maximum height and the maximum width are not necessarily the same. This general trigonometric 
volume is called a prolate spheroid ellipsoid and can be readily measured using length, width and height 
components (Reading and Freeman, 2005). In the methods section, we detail how such a morphometric 
volume is calculated.  

Once these more realistic morphometric relationships to energy content are established, it will be possible 
to more closely infer the energetic condition of pollock on the basis of simple linear measurements.  

The last component added to our condition model for pollock involves chemically tracing the types of 
carbon (components of lipid) and nitrogen (components of protein) in the fishes. Carbon and nitrogen 
atoms exist in several versions in nature, some of which are stable isotopes of differing atomic masses. 
Carbon exists in the common form of 12C (98.89%) and the much rarer 13C (1.11%). Nitrogen exists in 
15N (0.37%) and 14N (99.63%) forms. The isotope signature of the prey and the feeding area are seen in 
the 13C/12C ratios of the predator and don’t alter significantly with position in the food chain. However, 
the 15N/14N ratio changes with each predation event and thus the 15N/14N signal of plankton is altered 
slightly by the zooplankton that consumes it and by the fish that consume the zooplankton. Thus, using 
stable isotope analysis, food web relationships can be constructed. This project did not focus on food web 
development, but rather on developing the relationship between stable isotope patterns and various 
condition indicators.  



Objectives: 

 1. Develop an improved body condition index for pollock. 

A. Provide a complete suite of morphometric measurements necessary to develop an index of the body 
volume of pollock. 

B. Calibrate and regress the volume index with actual body volume using water displacement methods. 

C. Obtain pollock body mass and total body caloric density (using bomb calorimetry). 

D. Test and verify the resulting relationships between volume index, actual volume, body mass and 
energy density.  

 

2. Provide energy density patterns in pollock. 

A. Provide differential body composition and energy of pollock (lipid, water, protein). 

 

3. Determine stable isotope patterns in BASIS pollock. 

A. Develop relationships between whole fish isotope signatures for carbon and nitrogen, energy 
composition and volume indices. 

 

 

METHODS 

Sample Collection: 

Pollock were collected in the Bering Sea during 2002 via the Bering-Aleutian Salmon International 
Survey (BASIS) and kept in a -20°C freezer. BASIS is the North Pacific Anadromous Fish Commission’s 
(NPAFC) coordinated program of cooperative research on Pacific salmon in the Bering Sea, and was 
funded by the Special Fund for Scientific Research through member country governments and the North 
Pacific Research Board (NPRB). Fish were weighed at the time of capture (Massfield) and most had small 
tissue samples collected (isotope, otolith removal). Fish were weighed again the in lab at the time of this 
study (Masslab). In most cases, the lab mass was slightly less than the original mass – a combination of 
sample removal and some dehydration during long term storage. For comparative purposes, 10 additional 
fish were collected in 2007 near the Chiswell Islands outside of Resurrection Bay in the Gulf of Alaska on 
another project (courtesy C.Adams) and made available to our project. Chiswell fish only had Masslab 

recorded (no subsampling occurred). The Chiswell data fell on the same line as the BASIS data when 
Volume and Mass were compared and are not further differentiated beyond first level morphometrics 
results. We also used data for water content from fresh fish that are used at the Alaska SeaLife Center to 
feed marine mammals. 

 

http://nprb.org/
http://nprb.org/


Methods Objective 1: Develop an improved body condition index for pollock. 

A. The following morphometric measurements were made on all pollock in this study: Standard 
length (tip of snout to base of tail [major semi-axis a], maximum height [minor semi-axis b], 
maximum width [minor semi-axis c], and mass. Height and width were measured to the nearest 
mm using a digital micrometer. Length was measured on a standard “fish board” to the nearest 
0.5 cm. Mass was measured to the nearest 0.1g on a top-loading balance. 
 

B. The volume of a fish was calculated as a prolate spheroid modified for width and height not being 
equal and in the shape of a parabolic cone.                      
Volume of a prolate spheroid = (4/3)*π *a*b*c (Reading and Freeman, 2005).   
Volume of a parabolic cone = π*w*h*l*/8 
 
This was simplified to:  Volume (ml) = Length (cm)*Width (mm)*Height (cm) * 0.00392 
 

C. The true volumes of the pollock were measured using water displacement. The whole fish was 
immersed into a container with a total volume of approximately two times that of the volume of 
the fish. The container was filled with water to the point of an overflow valve and allowed to 
stabilize. When the fish was immersed, the over-flow water drained into a tared container. The 
mass of the over-flow water was weighed on a top loading scale and converted to volume using 
the density of fresh water at the temperature of the water. This water volume was the true volume 
of the fish and was correlated to the spheroid calculations from above for the entire range of fish 
sizes captured in this project. These calculations provided the calibration against the prolate 
spheroid method and established a method for the field estimation of volume where the water 
method may not be possible.  
 

D. Once the calculated and actual volumes were known, their values were regressed against mass, 
caloric content, wet weight, lipid content and water content as determined below. This method 
allowed us to develop field measurable morphometric values with which to assess condition.  

 

 

Methods Objective 2:  Provide energy density patterns in pollock. 

 
A. Fish measuring less than 150mm SL were freeze dried whole and ground to a homogenous power 

in a laboratory blender. Larger fish were ground into a uniform paste while partially frozen and a 
30 g sub-sample freeze-dried (Paul et al. 1998). Water content was calculated by mass subtraction 
between the wet and dry samples.  
 

B. Energy density was determined in duplicate by bomb calorimetry (Paul and Paul 1998a, Paul et 
al. 1998, Castellini et al. 2002). Approximately 0.5g (measured to within 0.0001g) of freeze-dried 
sample was compressed into a uniform pellet and ignited in a Parr 1281 bomb calorimeter. 
Precision is typically within ±2%. 

C. Lipid content was determined in duplicate by soxhlet lipid extraction using chloroform/methanol 
as the extraction solvent. Approximately 0.5g of freeze-dried sample was placed in a paper 
thimble and weighed to the nearest 0.001g. The lipid was extracted with solvent 
(chloroform:methanol, 2:1) for 24 hrs in a soxhlet apparatus. Samples were air-dried in a fume 
hood to allow evaporation of volatile solvent and then dried in a 60°C oven for at least 4 hours. 
After cooling in a dessicator, thimble and sample were re-weighed and extracted lipid calculated 
by subtraction. Precision is typically within ±5%. 



 
 

Methods Objective 3: Determine stable isotope patterns in BASIS pollock. 

A. Stable isotope ratios of carbon (13C/12C) and nitrogen (15N/14N) and total sample nitrogen (for 
proximate analysis) were determined in duplicate using the same freeze dried samples used for 
whole fish proximate analysis. Analysis was conducted by UAF Stable Isotope Facility. Precision 
of nitrogen content is typically within ±2% and precision of stable isotope ratios is typically 
within ±0.5%. 

 

 

RESULTS 

Calibration of measurement systems. 

Calipers: 

Two digital micrometers (0-150mm and 0-300mm) were tested for repeatability by measuring fixed 
distances five times each. The shorter caliper was tested at 5.0, 10.0 and 12.5cm while the large caliper 
repeatedly measured at 5.0, 10.0, 15.0, 20.0 and 25.0cm.  

The STDs of the shorter caliper were 0.017, 0.013 and 0.016 cm for the three measurement distances. 

The STDs of the larger caliper were 0.019, 0.019, 0.015, 0.014 and 0.006 cm for the five measurement 
distances. 

 

Temperature probes 

Four different temperature probes were compared to each other. A Barnant 115 hand-held thermometer 
was connected to a Type J solid temperature probe (Cole-Parmer), a 2 channel BAT 10 thermometer was 
connected to two Type J solid temperature probes and a mercury thermometer was tested alongside. All 
four read within 0.2 degrees of each other. Temperature measurements of the water in the Archimedes 
devices were determined using the Barnant device. 

 

Archimedes volume devices 

Five different Archimedes “overflow” devices were constructed with overflow spouts that could collect 
water when objects were placed into the containers (Photo 1). In all cases, the devices were filled with 
water until overflowing. When the water flow stopped, a set of solid objects were added to the containers 
and the resulting overflow was collected in a tared container. When that overflow stopped, the container 
was weighed. This was done at least 3 times for each container. The following table shows the variation 
in each of the 5 containers: 

 

 



 

 

Relationships of volume to mass. 

For all pollock, we determined the relationships between calculated volume, measured volume and mass. 

 

Figure 1 shows the linear relationship between the calculated volume and the measured volume. The 
equation was driven through the origin on the theoretical basis that zero volume in one measurement 
should equal zero volume in the other measurement.  This relationship was strong and highly significant 
(ANOVA p < 0.001 at 95% CI). 
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We then determined the relationship of both calculated and measured volume to mass as shown in 
Figures 2 and 3. Both relationships were driven through the origin and were highly significant (p < 
0.001). 
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According to these regression analyses, the strongest agreement was between direct measurement of 
volume and measurement of mass on fresh samples in the field (pre-sampling). Direct measure of volume 
resulted in a tighter regression for either mass measurement, but the calculated volume measurements 
were still highly predictive of mass. Density was calculated for each relationship, but the density used for 
further analyses came from the tightest regression (Massfield vs Volumemeas). Density was highly 
conserved. For Chiswell fish density was 1.00 ± 0.03 (min 0.98, max 1.08) and for BASIS fish 1.04 ± 
0.04 (min 0.96, max 1.09) (gm/ml). 

 

Proximate Analyses 

Water content 

Whole fish were ground and well mixed. Subsamples were freeze dried to determine water content. 

Chiswell water content 78.2 ± 1.7%  (n=10) 

 ASLC water content for 2 different groups of pollock 77.5 ± 1.2%. (n=10) 

BASIS  78.1 ± 2.3%   (n=27) 

The BASIS value was used for all further calculations that involved water content.  

 

 

Lipid Content 

No useful predictive relationship between the morphometric of mass and whole body %lipid on either a 
wet mass or dry mass basis as shown in Figures 4 and 5 below. 
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However, there was a very tight relationship between the whole body water % and the % lipid as shown 
in Figure 6. Over 80% of the variability in whole body % lipid can be accounted for by change in water 
content 
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The relationship between lipid content and total body calories was also very strong as shown in Figure 7 

 

 

 

By combining Figures 6 and 7, we demonstrate there is an extremely strong relationship between the 
caloric content and the water content of pollock as shown in Figure 8.  

 

 

To explore whether this predictive relationship between % water and caloric content was specific to 
pollock, we utilized data from herring that we had analyzed in another project for fish fed to the marine 
mammals at the ASLC. This relationship is shown in Figure 9 below. Pollock has a relatively narrow 
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range of lipid and caloric content compared to some other species such as herring, but the relationship still 
holds.  

 

 

 

 

Relationships to body density.   

There is no relationship between fish density and % lipid on either a wet mass or a dry mass basis. It 
appears, based on density measurements, that fish density (and therefore volume) is tightly conserved. 
Because of this, the hypothesis that volume/mass relationships will change with changing condition 
(lipid) is false. Because density is conserved, morphometric measurements will not be useful for 
prediction of condition, in particular lipid stores. This is shown below in Figure 10. 
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Ecological relationships with stable isotope patterns. 

When measuring larger pollock, there appeared to be a relationship between the nitrogen isotopes and 
body mass as shown in Figure 11. 

 

However, this relationship breaks down when smaller fish are measured as shown in Figure 12.  
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 Discussion 

The primary goal of this project was to provide a more robust index for “body condition” in pollock than 
the primary measurement of length. Our rationale was that the amount of lipid, water, protein etc, could 
vary in a fish while length could be relatively stable. That is, two fish could be the same length, but could 
have different amounts of lipid if one was thinner or fatter than the other. Some workers have tried to 
compensate for this by using a volume index based on length cubed (L3). However, this assumes that the 
shape of the fish approximates that of a cylinder. In our work on condition indices and volume 
relationships in marine mammals, we have found that fusiform, hydrodynamically shaped animals are 
better approximated by the general shape of two cones, connected at their bases. Using the general 
equations for the volume of two such cones, a volume index can be created using the total length and girth 
of the animal. A more refined estimate of the volume of a fish-like body can be taken from equations that 
calculate the volume of a prolate spheroid. Using those equations, we were able to very accurately predict 
that true volume of a pollock, as calibrated against water displacement methods. Because it has also been 
suggested to use mass at length as an estimator of “condition”, we therefore further correlated our volume 
measurements to mass.  

Once we could calculate the volume of fish using simple measurements of length, height and width, we 
tested our primary hypothesis that the “condition” of the fish (here defined as caloric content) would be 
related to the volume or mass of the pollock.  

This hypothesis failed as shown in Figures 4 and 5. We could not show a useful relationship between the 
volume (or mass) of the fish and the caloric content. We therefore conclude that using mass (or 
volume) of pollock as a predictor of “condition” is not accurate.  

Because our hypothesis failed, we set about to explore why this assumption did not work. We found that 
caloric content was highly correlated to lipid content (at greater than 80% accuracy) which was 
reasonable. Lipid is very high in calories, and the more lipid, the higher the energy content of the fish. On 
further investigation, we discovered that the lipid content of the whole fish was very tightly tied to the 
water content of the entire fish (Figure 8) and that this was also true of herring, which have a much 
higher lipid content than pollock (Figure 9). Therefore, it should be possible to measure the water content 
of fish and predict their caloric content. Hartman and Brandt (1995) found that whole body energy 
content of fish was strongly correlated with the % dry weight of four species of marine fish and that this 
relationship seemed to apply across many species. We found that this relationship extended to wet weight 
in pollock, which allows even less laboratory manipulation of samples, as discussed below.  

While we were not able to show a relationship between morphometric values and “condition”, we found 
instead that a measurement of water content can be used to predict total energy content of pollock.  We 
were asked by PCCRC members that if we measured water, why not just measure the lipid content? The 
reason is that water content can be measured very simply by either basic drying measurements, or by the 
use of electrical impedance (Cox and Hartman, 2005) on whole fish. Lipid content is a rigorous and 
laboratory intensive procedure involving analytically and organic chemistry and cannot be measured by 
most fish physiology laboratories. 

Therefore, for the purpose of finding a relatively easy, inexpensive and robust “condition index” for 
pollock, it is clear that water content should work very well.  

 



Why didn’t the morphometric and volume index work? 

We found that pollock body density was highly conserved and varied only minimally around the neutral 
density point in seawater. We hypothesize that pollock defend neutral buoyancy so that they can better 
utilize their daily energy expenditures into horizontal movement, reproduction, behavior, etc rather than 
working to keep from floating or sinking. They appear to do this by varying the water content of their 
body to match the lipid content so that their density remains around neutral (Figures 6 and 10). That is, if 
a pollock becomes more positively buoyant by ingesting a high lipid diet, then the water content is 
decreased to maintain buoyancy and the opposite if lipid content decreases. Because pollock have a gas 
bladder, they also use that organ for fine buoyancy control in addition to manipulating the water content. 
The relationship between neutral buoyancy, lipid content, water content, gas bladder control and 
swimming behavior should be examined to better understand how these fish gather and expend energy in 
the water column.  

 

Further work: 

We expect to publish this work, along with continued calculations, and more analyses during 2010. While 
we will most likely not pursue further PCCRC funding due to my time restrictions, we have enough data 
in this project that should be sufficient for two papers.  

The relationship between volume, condition, water content and morphometrics should be further pursued 
and we are talking with SFOS scientists at FITC that are considering setting up a student for this work at 
factory processing plants in Kodiak, where they can get great numbers of fresh fish.  
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