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Abstract 10 
Body condition indices are commonly used to represent the physiological status of fishes. 11 
Bioelectrical impedance analysis (BIA) has emerged as a rapid, nonlethal and cost-effective 12 
method for measuring fish condition and predicting proximate composition components, such 13 
as per cent fat. Measuring the condition of fish obtained from varied sources requires 14 
consideration of potential sources of error to ensure robust and comparable data are obtained. 15 
This is important when opportunistically applying BIA to assess fish condition for species that 16 
are logistically difficult to sample (e.g., large-bodied marine fishes), when different sampling 17 
methods are used, or where fish handling effects may confound condition comparisons. We 18 
experimentally tested the effects of five factors related to fish handling on an instantaneous 19 
body condition index (phase angle) measured using BIA. Using the coastal-pelagic yellowtail 20 
kingfish (Seriola lalandi) as a model species, we identified significant effects for four out of 21 
five factors tested: time since death, temperature of the tissue, removal of the gills and 22 
gastrointestinal tract, and the anatomic location for measurements. We propose protocol 23 
considerations when using BIA to opportunistically measure condition in fish obtained from 24 
varied sources. These sampling protocols for the robust application of BIA can maximise the 25 
utility of this approach for opportunistically measuring body condition in fish. 26 
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1. Introduction 34 
Body condition indices in fish and fisheries research are widely used to infer physiological 35 
status (Murphy et al., 1990). Measures of fish condition can reveal important biological and 36 
ecological relationships, such as variation in growth and recruitment of spatially discrete stocks 37 
(Rätz and Lloret, 2003) and the influence of abiotic factors on the physiology of fishes (Adams 38 
et al., 2018; Kjesbu et al., 2014). Given that environmental variables are known to influence 39 
fish condition (Willis and Hobday, 2008; Champion et al., 2020), and that climate-driven 40 
oceanographic changes are rapidly occurring globally (Wu et al., 2012), body condition indices 41 
are a useful approach to assess species’ responses to environmental change (Miranda et al., 42 
2019). 43 

Researchers use either traditional (Murphy et al., 1990) or emerging methods (Hartman et 44 
al., 2015) for quantifying the physiological status of fishes. Traditional measures of fish 45 
condition, such as Fulton’s K and relative weight (Wr), typically rely on deriving species-46 
specific length–weight relationships and measuring individual deviations from expected values 47 
(Hampton, 1986). However, these measures have been criticised as inaccurate estimates of 48 
physiological status (Green, 2001), subsequently casting doubt over their ecological relevance. 49 
For example, the tendency of fish to replace lipids with water when fatigued or losing energy 50 
(Love, 1970) is likely to mask any true reduction in body condition when total mass based 51 
condition estimates are applied (Hartman and Margraf, 2008). Direct approaches for measuring 52 
body composition indices, such as per cent fat or energy content (e.g., bomb calorimetry), are 53 
effective but are not widely applicable due to expensive and labour intensive laboratory 54 
processing requirements and the need for fish to be euthanised (Vogt et al., 2002). 55 
Alternatively, novel electrical conductivity methods have emerged as promising techniques 56 
capable of measuring the body condition of fishes quickly and nonlethally (Hartman et al., 57 
2015). These techniques include total body electrical conductivity and bioelectrical impedance 58 
analysis (BIA), which rely on measuring the impedance of biological tissue to an imperceivably 59 
weak electrical current. BIA originated in medical fields and is highly effective for measuring 60 
human body composition (e.g., fat content and total water) (Dittmar, 2003; Lukaski et al., 1985) 61 
and nutritional status (Barbosa-Silva et al., 2003). BIA is also an accurate predictor of body 62 
composition in animals (Marchello et al., 1999; Tierney et al., 2001), and is particularly useful 63 
in fish and fisheries research because the instrument is portable and user-friendly (Cox and 64 
Hartman, 2005), allowing measures of the electrical impedance of biological tissue under a 65 
range of field and laboratory conditions and for fish of varying morphologies (Hartman et al., 66 
2015). Given that the majority of studies to date have applied BIA to anadromous fishes (e.g., 67 
Salmonids) or in aquaculture settings (Cox and Heintz, 2009; Cox and Hartman, 2005; Duncan 68 
et al., 2007), there is a need to investigate practical considerations for using BIA to measure 69 
the body condition of marine fishes in the field. 70 

Multiple studies have demonstrated that the composition and condition of fish can be 71 
accurately quantified with BIA using direct measures (i.e., resistance and reactance) and 72 
measures derived using electrical equations (Cox and Heintz, 2009; Hartman et al., 2015). To 73 
date, the majority of studies applying BIA to fish have relied on developing correlative 74 
relationships between the electrical impedance of tissue and measures of proximate body 75 
composition, such as total fat, per cent ash and moisture content (Cox and Hartman, 2005; 76 
Duncan et al., 2007; Hafs and Hartman, 2011). While BIA is often proposed as a nonlethal 77 
method for determining body composition and condition, proximate analyses required for 78 
calibrating correlative models rely on euthanising a representative sample of individuals (Cox 79 
and Hartman, 2005). Once the relationships are calibrated, there is no need to sacrifice more 80 
animals and estimates of proximate body composition and condition can be made in 81 
approximately the same time it takes to measure fish length. Guidelines for model calibration 82 
have been established by Hartman et al. (2015), who suggest that a minimum of 60 individuals 83 
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are required for proximate composition analyses and biochemical assays to develop accurate 84 
predictive relationships. However, 60 samples may be a prohibitively high number for many 85 
species, for example in studies seeking to apply BIA to threatened species or those that are 86 
logistically difficult to sample, such as large pelagic fishes. Furthermore, the calibration of 87 
predictive models requires sufficient variation in response metrics (e.g., per cent fat) that may 88 
not be attainable when opportunistically sampling wild fishes. It is also uncertain how 89 
applicable relationships between impedance measurements and proximate composition 90 
measures are to individuals sampled from different ecological and spatiotemporal contexts than 91 
those used to calibrate these relationships. There is a need to investigate the application of BIA 92 
for instantaneously quantifying fish condition in the field and without model calibration given 93 
the potential for BIA to be utilised for opportunistically measuring fish obtained from a range 94 
of sources (e.g., citizen science initiatives, recreational fishers, commercial landings). 95 

Deriving robust body condition data through the application of BIA in the field requires an 96 
understanding of potential sources of measurement error. Measurement error can arise from 97 
(1) incorrectly using the BIA instrument to take measurements or, (2) a combination of factors 98 
relating to how and when BIA measurements are taken, which may be unique to individual 99 
species or groups of closely related species. Past studies have indicated practices that are 100 
important for correctly utilising BIA tools (Hartman et al., 2015). These include blot drying 101 
fish prior to making contact with the BIA instrument’s electrodes, the application of firm and 102 
steady pressure between electrodes and fish tissue to establish a strong electrical circuit, and 103 
placing fish on a nonconductive board to ensure that the electrical circuit is not affected by 104 
external conductive material (Cox and Hartman, 2005; Hartman et al., 2015). However, 105 
additional sources of measurement error may arise from species-specific factors, such as the 106 
anatomic location that electrodes are placed on individuals when measuring biological 107 
impedance. For example, Cox and Heintz (2009) observed significant differences between 108 
phase angle values (a body condition index derived from BIA measurements detailed in the 109 
methods section) taken along the dorsal and ventral sides of chum salmon (Oncorhynchus 110 
keta), suggesting that the anatomic location of BIA measurements should be consistent in 111 
studies undertaking comparative analyses. Temperature has also been shown to influence BIA 112 
measurements (Cox et al., 2011; Gudivaka et al., 1996). Specifically, phase angle values 113 
recorded for dead fish have been shown to increase as tissue temperature decreases (Cox and 114 
Heintz, 2009). These findings suggest that controlling for the effects of ambient temperature 115 
on BIA measurements is likely to be an important consideration for field-based studies that 116 
aim to compare data from locations or times with varying environmental temperatures. 117 

The nature of the sampling program being undertaken can also introduce error. Sampling 118 
dead individuals is common and, given that cells begin to break down post-mortem, another 119 
possible source of error is the time after death that measurements are taken (Cox et al., 2011). 120 
For example, BIA measurements taken at varying times since fish have been caught and killed 121 
may not be comparable due to the degradation of biological tissue post-mortem. Analysing 122 
Coho Salmon (Oncorhynchus kisutch), Cox et al. (2011) found that BIA measurements became 123 
significantly different from freshly sampled individuals after fish had been dead for nine hours 124 
(while being held on ice). This is likely to be an important source of error when applying BIA 125 
in fishery-dependent sampling programs, including citizen science initiatives that encourage 126 
the donation of samples from recreational or commercial fishers. This window of time is likely 127 
to be species-specific due to the influence of variation in fish physiology on BIA 128 
measurements. Subsequently, the development of robust field-sampling protocols requires 129 
information from experiments that quantitatively evaluate potential sources of error to ensure 130 
that BIA measurements taken on fish from varying sources are representative of the condition 131 
of live individuals and measurements are comparable. 132 
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Despite evidence that several sources of measurement error can confound comparative 133 
analyses of BIA data, assessing different sources of error for the purpose of informing the 134 
robust application of BIA remains ad hoc. Furthermore, past studies (e.g., those reviewed by 135 
Hartman et al. (2015)) have a strong focus on small-sized anadromous fishes in laboratory 136 
settings and the responses of medium-bodied marine fishes (~50-100 cm) in a field setting may 137 
vary. Experiments that test for sources of measurement error are an important step prior to field 138 
studies that seek apply BIA, particularly to samples donated by citizen scientists (e.g., at the 139 
conclusion of fishing competitions or out of interest in, and desire to contribute to, scientific 140 
projects). This step is necessary to ensure that studies yield robust and comparable body 141 
condition data that can be used to address ecological hypotheses. 142 

1.1 Objectives 143 
The objective of this study was to identify factors that introduce measurement error in field-144 
based studies that seek to opportunistically apply BIA to samples not captured by a research 145 
team. This step should occur prior to undertaking a field study where fish of different 146 
processing history or style may be encountered. Utilising the medium-sized coastal-pelagic 147 
yellowtail kingfish (Seriola lalandi; hereafter ‘kingfish’), we tested the potential effects of: (1) 148 
time since death, (2) fish size, (3) gill and gastrointestinal tract removal, (4) anatomic location 149 
of measurement, and (5) temperature of tissue on an instantaneous body condition index (phase 150 
angle) that is derived from BIA measurements. The results of these experiments informed a 151 
protocol for obtaining comparable phase angle data when applying BIA to samples from 152 
varying origins. We seek to assist researchers and managers to develop robust sampling 153 
protocols for the field-based application of BIA to their species of interest. 154 
 155 
2. Methods 156 
2.1 Bioelectrical impedance analysis 157 
Bioelectrical impedance analysis works by passing a high frequency current (50 kHz) of 158 
imperceptible amplitude (800 μA) through body tissue between signal and receiver electrodes 159 
that are either pressed against the skin or inserted less than 1 cm into body tissue (depending 160 
on the configuration of the BIA tool) to measure impedance (Cox and Hartman, 2005). 161 
Impedance is the sum of two vectors of electrical current, resistance and reactance, which are 162 
measured directly by the BIA tool. Resistance and reactance values are indicative of physiology 163 
status and can be used to derive additional biologically relevant parameters using electrical 164 
equations (Hartman et al., 2015). Resistance measures the ability of extracellular material to 165 
conduct electricity (Cox and Hartman, 2005). This is achieved in BIA by using an electrical 166 
current that is incapable of passing through cellular membrane, due to the presence of the 167 
nonconductive lipid bilayer that is pressed between two conductive protein layers. 168 
Subsequently, resistance reflects extracellular material, such as fat, which is nonconductive 169 
and can be indicated by higher resistance values (Cox et al., 2011). Reactance is the ability of 170 
a substance to hold a charge and is used in BIA to measure opposition of the cellular lipid 171 
bilayer to an alternating current (Cox et al., 2011). Subsequently, reactance is a measure of the 172 
total volume of healthy cells, which is indicative of an individual’s body condition (Kyle et al., 173 
2004). 174 

2.1.1 Electrical phase angle as a body condition index 175 
Electrical phase angle is a metabolic condition index (Willis and Hobday, 2008) that is 176 
determined by the angle between the two vector components of impedance (resistance and 177 
reactance) and is defined as: 178 

phase angle (°) = (arctan (
𝑋𝑐

𝑅
)) ×

180°

𝜋
 179 
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where Xc is reactance (ohms) and R is resistance (ohms). Phase angle measurements ranges 180 
from 0° to 90°, where higher values indicate good body condition due to high readings of Xc 181 
that are indicative of large quantities of intact cell membranes (Foster and Lukaski, 1996). 182 

Unlike other body composition indices linked to BIA measurements (e.g., per cent fat), 183 
phase angle values can be instantaneously derived from resistance and reactance measurements 184 
and avoids the need to euthanise a representative sample of individuals to calibrate regression 185 
equations (Cox and Hartman, 2005). The use of phase angle instead of regression analysis for 186 
describing composition variables has become common in medical fields because phase angle 187 
is linked to metabolic rate and nutritional status, and can thus be used as a direct measure of 188 
body condition (Barbosa-Silva et al., 2003). In pelagic fish, Willis and Hobday (2008) used 189 
phase angle data to describe the body condition of southern bluefin tuna (Thunnus maccoyii) 190 
across years. Furthermore, Cox and Heintz (2009) found that phase angle was effective in 191 
differentiating between states of body condition in a variety of salmonids, where angles < 15° 192 
were judged to indicate fish in poor condition and angles > 15° indicated fish that were in 193 
relatively good condition. Therefore, phase angle is a promising metric because it provides an 194 
informative measure of fish condition that is instantaneous, nonlethal and does not require 195 
model calibration, thus eliminating uncertainty surrounding parameter estimates from 196 
regression analyses. 197 

2.2 Sampling of study species 198 
To assess for potential source of error that may influence phase angle values measured during 199 
opportunistic field-based sampling, kingfish were sampled from south-eastern Australia using 200 
hook-and-line fishing between November 2016 and February 2019 for experimental analyses. 201 
Kingfish were chosen so that the experimental results herein could be used to inform a broader 202 
ecological study that aimed to measure the body condition of this species across a gradient of 203 
oceanographic habitat suitability (Champion et al., 2020). Kingfish from south-eastern 204 
Australia represent a single, genetically distinct population (Miller et al., 2011) with a 205 
distribution that is influenced by oceanographic variables, including sea surface temperature, 206 
sea level anomaly and current velocity (Brodie et al., 2015; Champion et al., 2018). This 207 
species is targeted in several eastern Australian fisheries, where the estimated annual 208 
recreational catch exceeds the average annual commercial catch (Henry and Lyle, 2003; Lowry 209 
et al., 2016). Therefore, kingfish are representative of species that may be donated by 210 
recreational fishers to scientific research projects seeking to quantify fish condition. 211 

2.3 Experiments 212 
2.3.1 Experiment 1 – time since death 213 
Variation in the time between capture (fish death) and when BIA measurements are taken may 214 
compromise accurate body condition comparisons (Cox et al., 2011). To test the effect of time 215 
since the death of fish on phase angle measurements, kingfish (n = 46) were caught by hook-216 
and-line fishing, killed via ikejime (i.e., pithing), and held on ice and subjected to repeated 217 
phase angle measurements that were taken at 5-hour intervals for a period of 120 hours. 218 
Preliminary data suggested that significant differences in phase angle measurements were 219 
apparent within the first 48 hours of fish being killed and held on ice, so measurements were 220 
taken at 10-hour intervals after fish had been repeatedly measured at 5-hour intervals for the 221 
first 70 hours of the experiment. Kingfish were caught over three consecutive austral summer 222 
seasons between December 2016 and February 2019 and this experiment was repeated on three 223 
separate occasions (i.e., each summer) to maximise sample size and due to logistical constraints 224 
associated with holding more than ~15 individuals on ice simultaneously. All fish were covered 225 
with ice and kept in a 200-litre ice box, as is common practice when kingfish are caught in 226 
commercial and recreational fisheries. Phase angle measurements were taken along the dorsal 227 
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musculature of kingfish (location A, Fig. 1) placed in a left-facing orientation on a 228 
nonconductive polyethylene board. Fish were removed from the ice box for a period of 10 – 229 
30 seconds for each phase angle measurement. A TP20 digital thermometer (ThermPro, 230 
Toronto, Canada) was placed inside the ice box and readings were recorded 5-hourly in 231 
conjunction with BIA measurements to ensure that temperature remained constant throughout 232 
the duration of the experiment. Fresh ice was applied when necessary in order to maintain a 233 
consistent temperature (5°C ± 0.5°C) irrespective of the outside ambient temperature. 234 

A linear mixed effects modelling approach was applied to assess for an effect of time after 235 
death on phase angle measurements, which has the form (in script notation): 236 

Phase angle = time since fish death + (1|fish ID) 237 

where phase angle is a body condition index (0 – 90°) modelled as a function of time since fish 238 
death (hours; continuous variable), with individual fish identity (fish ID) fitted as a random 239 
intercept term. Paired sample pairwise comparisons were applied using the ‘multcomp’ 240 
package (Hothorn et al., 2008) in the R programming language (R Core Team, 2017) to identify 241 
the time at which fish death began to significantly affect phase angle measurements. Pairwise 242 
comparisons applied Bonferroni corrections to reduce the probability of Type 1 error due to 243 
multiple testing (Cabin et al., 2000). This post hoc analysis treated ‘time after death’ as a 244 
categorical variable and tested for significant differences between phase angle measurements 245 
taken at time = 0 (i.e., the time of death) and all subsequent time points when phase angle 246 
measurements were taken during the experiment. Phase angle measurements taken after 247 
kingfish had been held on ice for 5 hours were also compared with measurements taken at all 248 
subsequent time points. This was done to account for the potential effects of the temperature 249 
of fish tissue on phase angle measurements (Hartman et al., 2011), which varied between 250 
measurement taken at time = 0 hours (i.e. freshly caught fish) and time = 5 hours (i.e. 5 hours 251 
spent on ice). 252 

2.3.2 Experiment 2 – fish size 253 
Fish size may confound body condition comparisons using BIA due to potential ontogenetic 254 
changes in the body composition of fishes (Pilati and Vanni, 2007). To test for a relationship 255 
between fish size and phase angle, measurements were taken on kingfish (n = 98) that ranged 256 
from 29 – 127 cm FL and 0.41 – 20.1 kg along the dorsal musculature (location A, Fig. 1) of 257 
individuals place in a left-facing orientation on a nonconductive polyethylene board. Because 258 
variation in environmental temperature has been shown to influence BIA measurements 259 
(Hartman et al., 2011), all fish were held on ice for 60 minutes after death and prior to 260 
measurement to control for the potentially confounding effects of temperature on phase angle 261 
measurements. Relationships between electrical phase angle measurements and the length and 262 
weight of kingfish were analysed using simple linear models to test if slopes significantly 263 
differed from zero. Nine individuals were removed from the full dataset as these contributed 264 
to a violation of the assumption of homoscedasticity of variance, resulting in the final linear 265 
model being fitted to n = 87 independent measurements. 266 

2.3.3 Experiment 3 – gilled and gutted fish 267 
Removing the gills and gastrointestinal tract of fish is common practice in recreational and 268 
commercial fisheries to preserve seafood quality and this procedure is likely to be encountered 269 
when applying BIA to fish opportunistically provided by fishers. To test for an effect of 270 
removing the gills and gastrointestinal tract on phase angle values, BIA measurements were 271 
taken along the dorsal musculature and ventral tissue (locations A and B, respectively, Fig. 1.) 272 
of kingfish (n = 11) before and after the removal of these tissues. Recently caught kingfish 273 
were held on ice for 60 minutes prior to measurement to control for the potentially influence 274 
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of temperature variation on phase angle values. All measurements were taken on a 275 
nonconductive polyethylene board with fish in a left-facing orientation. Paired sample t-tests 276 
were applied to assess if phase angle measurements were significantly affected by the removal 277 
of the gills and gastrointestinal tract. Separate analyses were applied to phase angle data taken 278 
along the dorsal musculature and ventral tissue of kingfish to control for potential differences 279 
due to the anatomic location of measurements (Cox et al., 2011). Effect sizes pertaining to 280 
gilling and gutting fish were quantified using Cohen’s d, where values of ~0.2, ~0.5 and >0.8 281 
represent small, medium and large effect sizes, respectively (Cohen, 1988). Given that the 282 
sample size available for this experiment was low relative to other experiments presented 283 
herein, we also undertook standard power and sample size analyses to quantify: 1. the 284 
likelihood of detecting significant differences given the available sample size, and 2. sample 285 
sizes required to achieve high levels (i.e. 0.8 and 0.9) of statistical power (Hastie et al., 2001). 286 

2.3.4 Experiment 4 – anatomic location of measurement 287 
The anatomic location of signal and receiver electrodes has been shown to influence BIA 288 
readings in pink salmon (Oncorhynchus gorbuscha; n = 5, mean fork length = 49.4 cm, SD = 289 
0.9cm) (Cox et al., 2011). To test if this effect is consistent in the medium-bodied, coastal-290 
pelagic kingfish, we compared phase angle measurements taken along the dorsal musculature 291 
and ventral tissue of individual kingfish ranging from 42 – 127 cm FL and 1.1 – 20.1 kg (n = 292 
25; Fig. 1.). All fish were measured in a left-facing orientation on a nonconductive 293 
polyethylene board after being held of ice for 60 minutes following death. The BIA unit that 294 
was used had a fixed distanced (10 cm) between signal and receiver electrodes and this 295 
desistance was therefore consistent for measurements taken at different locations. A paired 296 
sample t-test was applied to assess if phase angle measurements were significantly affected by 297 
the anatomic location of electrodes. As in Experiment 3, Cohen’s d was quantified to estimate 298 
the effect size between phase angle measurements recorded at different anatomic locations.  299 

2.3.5 Experiment 5 – temperature effects 300 
Previous studies have found that approximately 10°C of temperature change can significantly 301 
effect BIA measurements (Hafs and Hartman, 2015; Hartman et al., 2011). To assess if this 302 
trend was consistent for phase angle measurements taken on kingfish, five individuals were 303 
killed and placed on ice with the probe of a TP20 digital thermometer (ThermPro, Toronto, 304 
Canada) inserted 2 cm into the dorsal musculature of each individual. Temperature and phase 305 
angle measurements were taken at 10-minute intervals over a period of 2 hours. The 306 
temperature of fish tissue declined throughout the experiment as a result of fish being taken 307 
from an ambient environmental temperature (~20°C) and placed on ice. To test for an effect of 308 
temperature on phase angle measurements, a linear mixed effects model was fitted to repeated 309 
measures data recorded for each individual throughout the duration of the experiment, which 310 
has the form (in script notation): 311 

Phase angle = temperature + (1|fish ID) 312 

where phase angle is a body condition index (0 – 90°) modelled as a function of temperature 313 
(°C), with individual fish identity (fish ID) fitted as a random intercept term. 314 

All BIA measurements were taken using the Seafood Analytics Certified Quality Reader 315 
(CQ Foods, Inc., Clinton Township, MI, USA) by study author C.C., as user experience can 316 
also affect BIA readings (Cox et al., 2011). Data from all experiments were analysed using the 317 
R programming language (R Core Team 2017). For all analyses, diagnostic plots were used to 318 
assess if the assumptions of normality and homogeneity of variance were satisfied. Kingfish 319 
were sampled in accordance with the University of Tasmania’s Animal Care and  320 
Ethics approval number A0016150. 321 
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 322 

3. Results 323 
3.1 Experiment 1 – time since death 324 
Phase angle measurements taken along the dorsal musculature of kingfish that were held on 325 
ice declined at a rate of 0.085 degrees hour-1 (0.081-0.088 95% CI; t1,916 = -48.4, P < 0.001; 326 
parameters for fixed component of the linear mixed effects model: int = 31.239, slope = −0.085; 327 
intraclass correlation coefficient: Fish ID = 0.779). Paired sample pairwise post hoc tests 328 
revealed that phase angle measurements were significantly different between kingfish that had 329 
been held on ice for 20 hours and kingfish measured at the time of death (i.e., time since death 330 
= 0 hours; P = 0.029), and the statistical significance of this difference became increasingly 331 
greater as time since death increased beyond 20 hours (Fig. 2). Comparisons between repeated 332 
phase angle measurements taken on kingfish that had been held on ice for 5 hours and 333 
measurements taken at all subsequent time points also identified that significant differences 334 
occurred after 20 hours (P = 0.020). 335 

3.2 Experiment 2 – fish size 336 
Linear regression analysis showed no significant relationship between phase angle 337 
measurements and the length or weight of kingfish (length: F1, 87 = 0.849, P = 0.36, r2 < 0.01, 338 
Fig. 3a; weight: F1, 87 = 2.673, P = 0.21, r2 < 0.01, Fig. 3b). 339 

3.3 Experiment 3 – gilled and gutted fish 340 
Phase angle measurements were significantly reduced due to the removal of the gills and 341 
gastrointestinal tract of kingfish (Fig. 4). Specifically, the removal of the gills and 342 
gastrointestinal tract resulted in significant declines in phase angle measurements taken along 343 
both the dorsal musculature (paired sample t-test: t10 = 9.99, P < 0.001) and ventral tissue 344 
(paired sample t-test: t10 = 11.99, P < 0.001) of kingfish. Larger reductions in phase angle data 345 
were recorded for measurements taken along the ventral tissue of kingfish (Δ mean phase angle 346 
= -7.3; Cohen’s d = 1.38) when compared with measurements taken along the dorsal 347 
musculature (Δ mean phase angle = -3.2; Cohen’s d = 0.69). The statistical power associated 348 
with dorsal and ventral measurements was 0.65 and 0.94, respective (n = 11). Sample size 349 
analyses revealed that dorsal measurements require sample sizes of n = 17 and n = 24 to 350 
achieved statistical power of 0.8 and 0.9, respectively, provided that mean differences between 351 
before and after measurements and the standard deviation these pooled data remained 352 
consistent. Sample size analyses for ventral measurements demonstrated that sample sizes of 353 
7 and 9 are likely to be sufficient to detect true significant difference in 80% and 90% of 354 
instances, respectively. 355 

3.4 Experiment 4 – anatomic location of measurement 356 
Phase angle values depended on the anatomic location of measurement (Fig. 5). Specifically, 357 
phase angle was significantly higher when measured across the dorsal musculature of kingfish 358 
when compared to measurements taken across the ventral tissue of individuals (paired sample 359 
t-test: t24 = 9.91, P < 0.001; Cohen’s d = 0.95). 360 

3.5 Experiment 5 – temperature effects 361 
The temperature of kingfish tissue was found to have a significant negative effect on phase 362 
angle measurements (t1,56 = -11.58, P = 0.008; fixed components of the linear mixed effects 363 
model: int = 28.10, slope = −0.11; intraclass correlation coefficient: Fish ID = 0.986). Phase 364 
angle values were found to stabilise at temperatures less than approximately 5°C, or after being 365 
held on ice for approximately 60 minutes (Fig. 6) 366 
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4. Discussion 367 
Testing for potential sources of measurement error is a crucial step in assessing the utility of 368 
novel research tools and for developing sampling protocols that yield comparable data. As 369 
interest in the application of BIA to fish continues to increase (Hartman et al., 2015), practical 370 
approaches to control for sources of variation are essential to ensure that BIA can be widely 371 
applied as a low cost, instantaneous and nonlethal approach for measuring fish condition. For 372 
example, blot drying and measuring fish on a nonconductive board is a standard practices for 373 
avoiding measurement error that should be adopted in all applications of BIA to fish and 374 
fisheries research (Cox and Hartman, 2005). Given that BIA is well-suited for instantaneously 375 
and nonlethally assessing fish condition (Willis and Hobday, 2008), our experiments focused 376 
on factors that may influence the application of BIA in the field and to species that are difficult 377 
to obtain for traditional condition or proximate composition analyses (e.g., medium-sized 378 
pelagic fishes). While these experiments demonstrate factors that can confound comparisons 379 
of phase angle data that are opportunistically collected from different sources, they also 380 
highlight practical measures to effectively control for sources of variation. Here we place our 381 
results in the context of protocol considerations for opportunistically deriving comparable 382 
phase angle measurements from sources where fish handling differences may influence data 383 
quality (Table 1). 384 

4.1 How long after death can comparable phase angle measurements be taken? 385 
Our results indicate that phase angle measurements taken along the dorsal musculature of 386 
kingfish did not significantly change in fish that were placed on ice for 15 hours or less. These 387 
findings are comparable with those of Cox and Heintz (2009), who did not find an effect of 388 
time on phase angle measurements taken on juvenile coho salmon within 12 hours of death. 389 
Similarly, Cox et al. (2011) also investigated the effect of time since death on coho salmon and 390 
found that both vector components of impendence, resistance and reactance, can be reliably 391 
measured within 9 hours of death provided fish are held on ice. The reduction in phase angle 392 
values through time can be attributed to the effects of rigor mortis (muscle contraction) on the 393 
integrity of cell membranes, which results in their degradation and the subsequent release of 394 
electrolytes and water into extracellular space (Martinsen et al., 2000). This process affects the 395 
ratio of intact cell membrane to extracellular material within fish tissue, which is used to 396 
calculate phase angle, and ultimately results in a negative relationship between time since death 397 
and phase angle values. Because icing fish delays post-mortem rigor mortis and subsequent 398 
tissue breakdown (Orr, 1920), emphasis should be placed on the importance of icing fish 399 
immediately following death to maximise opportunities to accurately measure fish condition 400 
using BIA (Cox and Heintz, 2009). Importantly, our results highlight that when fish are placed 401 
on ice following capture, an adequate amount of time is likely to be available to researchers to 402 
enact the logistics required to opportunistically sampling fish caught by recreational or 403 
commercial fishers (e.g., up to 15 hours for kingfish). 404 

4.2 Does the removal of the gills and gastrointestinal tract affect phase angle? 405 
Removing the gills and gastrointestinal tract soon after capturing fish is commonly undertaken 406 
to preserve the seafood quality of species targeted in recreational and commercial fisheries 407 
(Haard, 1993). Our results found that this practice significantly effects phase angle 408 
measurements taken along both the dorsal musculature and ventral tissue of kingfish. Greater 409 
statistical power was associated with comparisons measured along the ventral tissue of kingfish 410 
(0.94) relative to comparisons made using measurements taken along dorsal musculature 411 
(0.65). However, taken together these findings indicate that phase angle measurements are only 412 
comparable within groups of individuals that have had gills and gastrointestinal tract removed, 413 
or within groups of intact individuals. Whenever possible, we recommend taking phase angle 414 
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measurements prior to the removal of the gills and gastrointestinal tract due to variability in 415 
the amount of tissue removed when fish are processed due to, for example, different techniques 416 
used by fish processors. Greater differences were found between before and after phase angle 417 
measurements taken along the ventral tissue of kingfish, which is the anatomic location 418 
associated with the greatest tissue loss when removing the gills and gastrointestinal tract, than 419 
for measurements taken along the dorsal musculature. This indicates that impedance 420 
measurements along the ventral tissue are most sensitive to the effects of gill and 421 
gastrointestinal removal, suggesting that phase angle should be measured along the dorsal 422 
musculature of fish that have undergone processing to best control for these effects. 423 

4.3 How does the anatomic location of measurement and fish size affect phase angle? 424 
Consistent with previous studies showing that BIA measurements are specific to the anatomic 425 
location of electrode placement (Cox et al., 2011; Hafs and Hartman, 2011), phase angle was 426 
significantly greater for measurements taken along the dorsal musculature than for 427 
measurements taken along the ventral tissue of kingfish. These differences are due to variation 428 
in the type of tissue present at dorsal and ventral locations and the ability of resistance and 429 
reactance measurements to differentiate between tissue types. The sensitivity of impedance 430 
measurements to varying tissue types (e.g., skeletal muscle, nervous tissue, kidney tissue, fat 431 
and bone) has been known of decades (Geddes and Baker, 1967), and our results strengthen 432 
the body of evidence that demonstrates the need to control for anatomic location when deriving 433 
comparable biological body condition data (Cox and Heintz, 2009; Cox et al., 2011; Hafs and 434 
Hartman, 2011). Given that organs within the peritoneal cavity of fish undergo ontogenetic 435 
changes (e.g., due to growth and spawning) (Van Aerle et al., 2004), it is pragmatic to take 436 
impedance measurements along the dorsal musculature of fish to minimise these effects on 437 
phase angle comparisons. Phase angle measurements taken along the dorsal musculature of 438 
kingfish were not affected by fish length or weight, suggesting that this location is most suitable 439 
for taking comparable phase angle measurements on fish of varying sizes. 440 

4.4 Can icing fish post-capture control for temperature effects on phase angle measurements? 441 
The effect of temperature on impedance measurements (Buono et al., 2004; Cox et al., 2011; 442 
Hartman et al., 2011; Stolarski et al., 2014) may be the primary limitation to opportunistically 443 
applying BIA in the field, particularly for comparing the body condition of species that occupy 444 
broad thermal niches. For example, temperature was found to have a significant negative effect 445 
on resistance and reactance measurements taken on tailor (Pomatomus saltatrix) that were held 446 
at 15°C and 27°C (Hartman et al., 2011). Similarly, phase angle measurements in pink salmon 447 
were slightly effected over an 8°C temperature range (Cox and Heintz, 2009). The influence 448 
of temperature on impedance measurements has prompted research into the development of 449 
correction equations to account for variation in temperature when using BIA to predict 450 
proximate body condition indices, such as per cent dry mass (Hafs and Hartman, 2015). 451 
However, it remains unclear if impendence measurements taken within relatively small 452 
temperature ranges (i.e., 1-2°C) are comparable (Cox and Hartman, 2005) and if practical 453 
solutions, such as icing fish for short periods of time after capture as suggested by Cox and 454 
Heintz (2009), can control for temperature effects. We found that phase angle measurements 455 
taken along the dorsal musculature of kingfish declined with temperature when repeated 456 
measurements were taken over approximately 20°C of temperature variation. Importantly, 457 
phase angle values were found to stabilise once the tissue temperature of kingfish declined to 458 
approximately 5°C or after approximately 60 minutes of fish being held on ice. These findings 459 
support the notion that the effects of temperature on phase angle can be controlled by icing fish 460 
for a short period of time (e.g. 1 hour) post-capture (Cox and Heintz, 2009), and highlight this 461 
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as a practical solution to control for temperature effects during field-based sampling (such as 462 
different water temperatures where fish were captured). 463 

While our experiments highlight crucial considerations when developing protocols for the 464 
application of BIA to fish, the results are specific to kingfish and may not be transferable to 465 
other species due to the effects of variation in morphology and anatomic location of specific 466 
tissue types (Barlow, 1961). In general, icing whole fish following capture and death, and 467 
taking dorsal measurements after 1 hour should lead to accurate and comparable data (Table 468 
1). If this is not possible, researchers should examine potential biases using experiments that 469 
evaluate sources of variation for species of interest. Following the sampling protocol 470 
summarised in Table 1 will produce robust phase angle measurements that are (1) directly 471 
relevant to studies investigating Seriola spp., (2) relevant to studies applying BIA other 472 
medium- to large-bodied coastal-pelagic fishes, and (3) comparable with future studies that 473 
investigate other fishes. 474 

4.5 Additional considerations 475 
Additional factors that were not experimentally investigated within this study may also 476 
influence phase angle measurements when opportunistically applying BIA in the field. Of 477 
particularly relevance to species caught in recreational and commercial fisheries is 478 
physiological stress associated with capture (Hartman et al., 2015), which varies depending on 479 
how fish are caught and killed. For example, the recreational capture of large pelagic fishes is 480 
commonly associated with long angling durations (> 10 minutes) that can leave fish in poor 481 
condition once landed (Tracey et al., 2016). However, the advent of novel fishing technologies 482 
(e.g., automatic reels and line made from strong synthetic materials) means that fish can now 483 
be landed in shorter amounts of time and with less associated physiological stress. Thus, 484 
variation in physiological stress associated with angling duration may confound body condition 485 
comparisons using BIA. Similarly, fish that experience physiological stress associated with 486 
capture in certain gear types (e.g., gillnets) before being killed by a fisher may not be 487 
comparable with individuals caught using other methods (e.g., hook-and-line) and immediately 488 
killed. While physiological stress associated with the method of fish capture may influence 489 
impedance measurements, no attempts have been made to quantify this potential effect. In the 490 
interim it is pragmatic to standardise the method of fish capture, where possible, to minimise 491 
variation in physiological stress and maximise the comparability of impedance data. 492 

Variation in reproductive status has the potential to influence impedance measurements due 493 
to large fluctuations in gonad size and associated changes in relationship between lipid and 494 
moisture content during spawning periods (Domínguez-Petit et al., 2010; Jonsson et al., 1997). 495 
Despite this expectation, Stolarski et al. (2014) did not find an effect of reproductive status on 496 
impedance measurements taken on Dolly Varden (Salvelinus malma) despite gonads being on 497 
average 30 times larger (by weight) in spawning than in nonspawning individuals. These results 498 
suggest that detecting an effect of reproductive status on impedance measurements depends on 499 
whether electrical pathways intersect gonadal tissue, and highlight that this is not always the 500 
case even when measurements are taken along ventral tissue (Stolarski et al., 2014). Therefore, 501 
it may be possible to control for potential effects of reproductive status on impedance 502 
measurements by prioritising anatomic locations (e.g., dorsal musculature) that are likely to 503 
avoid the interaction of electrical currents with fish testes and ovaries. In the absence of 504 
species-specific experiments, comparative body condition analyses using impedance data 505 
should aim to measure and control for reproductive status (e.g. categorising reproductive status 506 
and incorporating this variable into a mixed effects modelling framework). Regardless, BIA 507 
can handle variation in the spawning status of fish better than traditional morphometric-based 508 
condition indices as impedance measurements relate to the composition of fish tissue and are 509 
not influenced by the relationship between length and weight (Hartman et al., 2015). 510 
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Correction factors have been proposed to account for error arising from variation in factors 511 
that are known to affect BIA measurements (Cox et al., 2011; Stolarski et al., 2014; Hafs and 512 
Hartman, 2015). Temperature corrections have proven useful for reducing variability 513 
surrounding relationships between BIA measurements and laboratory-derived proximate 514 
composition indices (Stolarski et al., 2014; Hafs and Hartman, 2015). For example, Hafs and 515 
Hartman (2015) found that the application of temperature corrections to BIA models 516 
attempting to predict per cent dry mass reduced root-mean-squared error by an average of 32%. 517 
While correction factors are needed so that calibrated relationships between BIA measurements 518 
and proximate composition indices are useful in a variety of environmental contexts, 519 
developing these requires holding an adequate sample size of live individuals under 520 
experimental conditions. This is unlikely in situations where researchers do not have access to 521 
experimental facilities or when research projects are dependent on measurements taken on dead 522 
fish (e.g., Stolarski et al., 2014). In such cases, it is pragmatic to focus on measures that reflect 523 
relative physiological status (e.g., phase angle) rather than proximate composition, and to 524 
initially control for potentially confounding effects when taking measurements, rather than 525 
attempt to retrospectively correct for sources of error. 526 

Understanding and controlling for factors associated with the handling of fish is crucial for 527 
the wide and robust application of BIA in fish and fisheries research. While studies have 528 
previously highlighted sources of error (Cox et al., 2011; Hafs and Hartman, 2011), our results 529 
demonstrate the influence of factors that are specific to the opportunistic application of BIA to 530 
fish obtained from varied sources. It is in this context that BIA is particularly valuable due to 531 
the suitability of this approach for measuring the condition of species that are logistically 532 
difficult to sample using mass-based condition measures, and for quickly measuring the 533 
condition of a large number of individuals (e.g., commercial fisheries landings). By showing 534 
that factors likely to be encountered when applying BIA to fish from varied sources can 535 
confound impedance datasets, we encourage prospective BIA users to control for sources of 536 
variation so that comparable body condition data are available for ecological and fisheries 537 
management applications. 538 
  539 
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Figure captions and Tables 540 
 541 
Figure 1. Anatomical locations for placing electrodes when taking BIA measurements on 542 
kingfish, where A denotes the placement of signal and receiver electrodes along the dorsal 543 
musculature, and B denotes the placement of signal and receiver electrodes along the ventral 544 
tissue of fish. Image credit: Peter Gouldthorpe (Tasmanian Department of Industries, Parks, 545 
Water and Environment). 546 
 547 
Figure 2. Boxplots summarising changes in phase angle values measured along the dorsal 548 
musculature of kingfish (n = 46) that were repeatedly measured over a period of 120 hours 549 
while being held on ice. Red asterisks denote mean values. 550 
 551 
Figure 3. Relationships between fish size (a: fork length, and b: weight) and phase angle 552 
measurements taken along the dorsal musculature of kingfish (n = 98) that were held on ice for 553 
60 minutes post-mortem. Red data points were removed from the final analysis as these 554 
markedly increased heteroscedastic of variance within this dataset. NS denotes non-555 
significance at alpha = 0.05 level. 556 
 557 
Figure 4. Boxplots summarising the distribution of phase angle measurements taken along (a) 558 
the dorsal musculature and (b) ventral tissue of kingfish (n = 11) before and after removal of 559 
the gills and gastrointestinal tract. Rugs on y-axes indicate phase angle values and red asterisks 560 
denote mean values. 561 
 562 
Figure 5. Boxplots summarising the distribution of electrical phase angle values measured 563 
across the dorsal musculature and ventral tissue of kingfish (n = 25). Rugs on y-axes indicate 564 
phase angle values and red asterisks denote mean values. 565 
 566 
Figure 6. Effect of temperature change on phase angle data repeatedly measured along the 567 
dorsal musculature of 5 yellowtail kingfish at 10-minute intervals for a period of two hours. 568 
Unique symbols represent individual fish and the black dashed line denotes the fixed slope of 569 
the linear mixed effects model. 570 
  571 
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Table 1. Key considerations, viable solutions and examples for deriving robust and comparable 572 
phase angle data (referred to as ‘condition measurements’ within table) from varied sources 573 
based on experiments undertaken herein and published literature. 574 
 575 
 

Consideration Viable solution 
Supporting 

evidence 

Example in 

practice 

Step 1 

How long after fish 

death can accurate 

condition 

measurements be 

taken? 

 

Time since death 

affects condition 

measurements. 

Measurements taken 

within approximately 

10 hours of fish death, 

provided fish are held 

on ice, should yield 

robust data. 

Cox and Heintz, 

2009 

 

Cox et al., 2011 

 

Experiment 1 herein 

Comparable 

condition measures 

were taken on 

kingfish (Seriola 

lalandi) between 0 

and 15 hours since 

death while fish 

were held on ice 

(Champion et al., 

2020). 

Step 2 

Will temperature 

affect condition 

measurements? 

 

Temperature affects 

condition 

measurements. 

Following capture and 

death, icing fish for 

short periods of time 

(e.g., 1 hour) prior to 

measurement can 

control for this effect. 

Cox and Heintz, 

2009 

 

Cox et al., 2011 

 

Hartman et al., 2011 

 

Stolarski et al., 2014 

 

Experiment 5 herein 

To yield 

comparable data, 

temperature effects 

have been 

controlled for by 

icing fish for 1 hour 

before taking 

condition 

measurements 

(Champion et al., 

2020). 

Step 3 

Are condition 

measurements taken 

on whole fish 

comparable with fish 

that have been gilled 

and gutted? 

 

 

Condition 

measurements taken 

on whole fish are 

unlikely to be 

comparable with fish 

that have been gilled 

and gutted. 

Researchers should 

aim to compare 

measurements taken 

on whole fish only. 

Experiment 3 herein In a comparison of 

the body condition 

of kingfish (Seriola 
lalandi) from 

eastern Australia, 

only whole fish 

were selected for 

sampling 

(Champion et al., 

2020). 

Step 4 

Does the anatomic 

location of 

measurement affect 

condition data? 

 

 

Condition 

measurements taken 

at varying anatomic 

locations are unlikely 

to be comparable and 

a standardised 

location should be 

used. 

Cox and Heintz, 

2009 

 

Cox et al., 2011  

 

Hafs and Hartman, 

2011 

 

Experiment 4 herein 

Differences in 

impedance 

measurements taken 

at varying anatomic 

locations are known 

(e.g., Hafs and 

Hartman, 2011), 

and studies 

applying BIA 

commonly 

standardise the 

anatomic location 

of measurement 

(e.g., Stolarski et 

al., 2014). 

  576 
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