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Abstract

Myctophids (family Myctophidae, commonly known as the lanternfishes) are critical
components of open ocean food webs and an important part of the ocean biological
carbon pump, as many species actively transport carbon to the deep ocean through
their diel vertical migrations. Estimating the magnitude of myctophids’ contribution to
the biological carbon pump requires knowledge of their metabolic rate. Unfortunately,
data on myctophid metabolic rates are sparse, as they rarely survive being captured
and placed in a respirometer. Because of this, many studies estimate myctophid
metabolic rates indirectly from body mass and temperature scaling relationships,
often extrapolating regressions from global datasets to regional scales. To test the
validity of these estimates, we employ a newly-developed proxy for mass-specific
field metabolic rate (Cresp: the proportion of metabolically derived carbon in the
otolith) based on the stable carbon isotope composition (5'3C) of otolith aragonite.
We recovered estimates of Cresp for individuals of six species of myctophids from the
Scotia Sea; giving a range in Cresp values from 0.123 to 0.248. We find that
ecological and physiological differences among species are better predictors of
variation in Cresp Values than body mass and temperature. We compared our results
to estimates of metabolic rates derived from scaling relationships and from
measurements of electron transport system activity (ETS). When considering
myctophids as a whole, we find estimates of oxygen consumption from different
methods are broadly similar, however, there are considerable discrepancies at the
species level. Our study highlights the usefulness of metabolic proxies where
respirometry is currently unavailable, and provides valuable information on field

metabolic rates of myctophids.
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1 Introduction

Fishes living in the mesopelagic zone (~150 - 1000 m depth) are central to many
ecosystems. They link primary consumers such as copepods to higher trophic level
predators such as marine mammals, birds, and commercially important fishes
(Trueman et al. 2014, Anderson et al. 2018, Saunders et al. 2019). Additionally,
mesopelagic fishes make an active contribution to the oceanic biological carbon
pump (Davison et al. 2013, Trueman et al. 2014, St. John et al. 2016, Anderson et
al. 2018). Many species undertake diel vertical migrations, moving from depth to
near-surface waters at night to feed on zooplankton under cover of darkness, before
returning to deep waters before daybreak (Gjgsaeter & Kawaguchi 1980). By
predating on surface-dwelling zooplankton, mesopelagic fishes ingest surface
carbon and export it to depth through respiration, excretion and mortality, where it is
effectively sequestered (Hidaka et al. 2001, Davison et al. 2013, Anderson et al.
2018). Non-migratory mesopelagic fishes also contribute to the biological carbon
pump by consuming migrating zooplankton when those zooplankton enter the

mesopelagic zone (Davison et al. 2013).

Myctophids (family Myctophidae) are among the most abundant mesopelagic fishes
in the global oceans (Gjgsaeter & Kawaguchi 1980, Catul et al. 2011). Currently
there is no commercial fishery for myctophids, however, there is increasing interest
in harvesting them, driven by a requirement for fishmeal to sustain the global
increase in aquaculture production (Catul et al. 2011, St. John et al. 2016, FAO
2018). As with all mesopelagic fish, myctophids are understudied compared to

species which are currently more commercially relevant. If harvesting myctophids is
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to be sustainable, we must be able to estimate their biomass, understand their role in
the food web, and estimate their contribution to the biological carbon pump (St. John
et al. 2016). Quantifying myctophids’ metabolic rates can aid in filling these three
knowledge gaps by enabling more robust energy and carbon budgets to be

produced (Anderson et al. 2018).

Metabolic rate is the rate at which energy and nutrients are consumed and converted
by an organism into power, biomass and waste products, and is often estimated by
oxygen consumption rates (Brown et al. 2004). By knowing metabolic rates, we can
calculate energy budgets and estimate feeding rates (Ikeda 1996), which are
essential components of ecosystem models (Christensen & Walters 2004).
Ecosystem models can in turn be used to assess biomass (Anderson et al. 2018), an
essential piece of information for informing sustainable fishing practices. Metabolic
rates are commonly described in terms of oxygen consumption rates measured
using respirometry. Respirometry is problematic for myctophids, as they are delicate
fish and often do not survive capture from mesopelagic depths (Torres et al. 1979,
Torres & Somero 1988, Catul et al. 2011). Additionally, respirometry experiments
typically determine standard or resting metabolic rates, however, in ecological
studies estimates of time averaged field metabolic rates may be more relevant
(Treberg et al. 2016, Trueman et al. 2016, Chung et al. 2019a, Chung et al. 2019b).
As with standard metabolic rate, field metabolic rate includes energy expended on
basal costs, but also incorporates the thermic effect of food (also called specific
dynamic action), as well as energy expended for growth, reproduction, excretion and
movement (Treberg et al. 2016, Chung et al. 2019a, Chung et al. 2019b). However,

field metabolic rates are challenging to measure, especially for aquatic organisms.
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The activity of enzymes associated with electron transfer during respiration (ETS)
within animal tissues provides an indirect proxy for the respiratory potential of tissues
which can be calibrated to convert into units of field oxygen consumption rate (lkeda
1989, Cammen et al. 1990, Ariza et al. 2015). Measurements of ETS activity can be
performed on samples of fish tissue, which avoids the issue of needing to catch fit
specimens for respirometry (Torres & Somero 1988, Ikeda 1989, Ariza et al. 2015,
Belcher et al. 2020), however, ETS is sensitive to the temperature at which the
assays are carried out (Cammen et al. 1990). Additionally, there are currently no
direct calibrations between ETS and whole organism oxygen consumption available
for myctophids, and measures of metabolic rates for myctophids remain sparse

(Belcher et al. 2019).

Metabolic rate for myctophids can also be estimated assuming scaling relationships
between metabolic rate and body mass and temperature (Hidaka et al. 2001,
Hudson et al. 2014, Belcher et al. 2019). According to the metabolic theory of
ecology, mass-specific metabolic rates scale negatively with body mass (Brown et al
2004). Under the same theoretical framework, metabolic rates (absolute and mass-
specific) increase with temperature (Gillooly et al. 2001). This allometric approach
was used to estimate the metabolic rates of myctophids from the Scotia Sea
(Belcher et al. 2019); a highly productive area in the Atlantic sector of the Southern
Ocean where myctophids are the dominant fishes in the upper mesopelagic (Collins
et al. 2008, Collins et al. 2012). The resulting equation used wet mass (W, g) and
temperature (T, °C) to estimate mass-specific metabolic rates (MRw, ul O2mg WM
h):

ln(MRw) =a-+ bW X ln(W) + bT xXT (1)
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Where a is the intercept and bw and bt are slopes relating to body mass and
temperature, respectively (Belcher et al. 2019). However, this equation was
parameterised based on a dataset of global myctophid metabolic rates (Torres et al.
1979, Donnelly & Torres 1988, Torres & Somero 1988, lkeda 1989, Ariza et al.

2015), which may not be applicable at regional scales (Belcher et al. 2020).

Here we address some of the issues raised above by using stable carbon isotope
compositions of otolith aragonite, which offer an alternative indirect proxy for
recovering relative field metabolic rates of fishes (Kalish 1991, Sherwood & Rose
2003, Solomon et al. 2006, Trueman et al. 2013, Trueman et al. 2016, Chung et al.
2019a, Chung et al. 2019b, Chung et al. 2020). Otoliths are paired calcium
carbonate (in the form of aragonite) structures found in the inner ears of teleost
fishes. Carbon incorporated into the continuously-growing otolith is derived from
carbon in the fish’s blood, which itself originates from two sources: respiratory or
dietary carbon produced from the oxidation of food during cellular respiration, and
dissolved inorganic carbon (DIC) ingested from the ambient water through the gills
and gut (Solomon et al. 2006, Chung et al. 2019a). 3'3C values of diet carbon in
marine fishes are typically around 15 %o lower than those in DIC due to
discrimination against the heavier carbon isotope during photosynthetic fixation
(Tagliabue & Bopp 2008, Magozzi et al. 2017). The proportion of respiratory carbon
in the fish’s blood, here termed Cresp, increases with the rate of oxidation of food (and
therefore oxygen consumption rate) and can be inferred by isotopic mass balance,
providing the isotopic composition of carbon in the diet and ambient water DIC are
known or can be estimated. Note that in isotopic mixing mass balance models, the

coefficient of mixing (Cresp) is often denoted by M, however, in a physiological context
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M can also refer to oxygen consumption in moles, or body mass, so following Chung
et al. 2020, we use Cresp to avoid confusion. Otoliths also record an isotopic measure
of the average temperature experienced by the individual during otolith deposition
through oxygen isotope (5'®0) thermometry (Thorrold et al. 1997, Hgie et al. 2004).
Isotopic analyses of otoliths can therefore be used to estimate both the field
metabolic rates and ambient temperature experienced by an individual fish,
averaged over the time period of otolith growth contained in the isotope sample
(Trueman et al. 2013, Trueman et al. 2016, Chung et al. 2019a, Chung et al. 2019b).
Recent experimental studies have additionally provided calibrations between Cresp
values and oxygen consumption rates in Atlantic cod (Gadus morhua; Chung et al.
2019b) and Australasian snapper (Chrysophrys auratus; Martino et al. 2020)
providing empirical support for the use of Cresp as a metabolic proxy, and a potential
method to express otolith derived estimates of field metabolic rates in units of

oxygen consumption rates.

Here we apply the Cresp proxy to myctophids from the Scotia Sea. We use Cresp
values to compare relative field metabolic rates between six species of myctophids
common in the Scotia Sea: Electrona antarctica, Electrona carlsbergi,
Gymnoscopelus braueri, Gymnoscopelus nicholsi, Protomyctophum bolini, and
Krefftichthys anderssoni (Piatkowski et al. 1994, Collins et al. 2008, Collins et al.
2012). We summarize key ecological information available in the literature for each

species in Table 1.

In this study, we investigate whether Cresp values exhibit linear scaling with body

mass and temperature, both inter- and intra-specifically. Additionally, we compare



Scotia Sea myctophid field metabolic rates

estimates of mass-specific oxygen consumption generated using allometric scaling
(equation 1) to values derived from Cresp, and to values derived from ETS (Belcher et
al. 2020). Finally, we investigate whether estimates from equation 1 for individuals
covary with Cresp values, as this should be the case if both accurately reflect field

metabolic rates.
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2 Methods

2.1 Samples

We obtained otoliths and muscle samples from fish collected during four cruises of
the RRS James Clark Ross in the Scotia Sea during the austral summer (JR38,
December 1998 - January 1999; JR177, December 2007 - February 2008; JR15004,
January - February 2016; JR16003 December 2016 - January 2017). Fish were
collected using 8 and 25 m?3 rectangular midwater trawl nets (RMT8 and RMT25) and
were stored frozen at -20°C. Fish were defrosted, weighed, and standard length was
measured before removing the otoliths and a sample of muscle. Muscle was
refrozen and stored at -20°C until freeze drying. We analysed individuals from six
species of myctophids: Electrona antarctica (n = 19, sampling depth = 15 - 1000 m),
Electrona carlsbergi (n = 17, sampling depth = 5 - 205 m), Gymnoscopelus braueri (n
= 20, sampling depth = 15 - 1000 m), Gymnoscopelus nicholsi (n = 12, sampling
depth = 0 - 720 m), Krefftichthys anderssoni (n = 20, sampling depth = 80 - 995 m)
and Protomyctophum bolini (n = 20, sampling depth = 195 - 405 m). For a summary

of metadata for myctophids examined in this study, see Table 2.

Due to a labelling error, one E. antarctica and seven E. carlsbergi individuals did not
have corresponding body masses; therefore we omitted data from these individuals

during body mass analyses.
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2.2 Stable Isotope Analysis

Prior to stable isotope analysis, we cleaned each otolith in fresh tap water, then
blotted it to remove excess water and allowed it to air dry. We mounted large otoliths
(approximately >1mm diameter) onto a backing plate (Struers EpoFix resin). To
obtain a sample of aragonite powder for analysis, we milled these larger otoliths on
the lateral face of the otolith using an ESI New Wave Micromill, targeting the middle
of the post metamorphic zone (Greely et al. 1999). The width of the milling points
was 895 ym and the depth was 100 - 200 um. We estimate that this corresponds
with a time period of 1 - 3.5 years (Supplementary Information 1). G. nicholsi had
substantially larger otoliths than other species, so we obtained samples for this
species using a Dremel 4000 rotary tool, again on the lateral surface targeting the
post metamorphic zone. We crushed small otoliths (approximately <1mm diameter -
all K. anderssoni and two P. bolini) to obtain a single powder sample, incorporating
otolith material throughout the fish’s life. Based on their size, most individuals were
less than 2 years old (mean age 1.2 years; Table 2; Saunders et al. 2020), so the
time incorporated is not too dissimilar to milled otoliths. Our supplementary analyses
(Supplementary Information 2) are inconclusive as to whether this difference in
preparation caused a significant difference in Cresp values, however, it may have
unduly increased Cresp estimates for K. anderssoni, which we kept in mind when
interpreting our results (see Discussion 4.3). We carried out the same analyses for
the effect of preparation method on experienced temperature, and obtained similarly
inconclusive results (Supplementary Information 2). There was no significant effect

of the different preparation methods on Cresp values within P. bolini.

10
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We freeze dried corresponding muscle tissue using a Heto PowerDry LL3000 freeze
dryer for 24 - 48 hours, then crushed the tissue to a powder using a mortar and

pestle.

Stable isotope analysis was carried out at the Stable Isotope Ratio Mass
Spectrometry Laboratory (SEAPORT Laboratory, Southampton, UK). Stable isotope
compositions of carbon and oxygen in otolith aragonite were analysed using a Kiel IV
Carbonate device coupled with a MAT253 isotope ratio mass spectrometer.
Replicates of the international standards NBS 19 and NBS 18, as well as the in-
house standard GS1 (Carrara marble), were run for quality control and calibration.
Stable isotope compositions of carbon in muscle tissue were analysed using a Vario
Isotope select elemental analyser, coupled with an Isoprime 100 isotope ratio mass
spectrometer. Replicates of the international standards USGS 40 and USGS 41, and
the in-house standards acetanilide, glutamic acid and fish muscle were run for
quality control and calibration. We report all stable isotope values in permil (%) using
delta notation (3'3C and 5'80), relative to Vienna Pee Dee Belemnite (VPDB).
Standard deviations of quality controls averaged across runs were 0.01 %o for both

513C and 5'80 of otolith aragonite, and 0.14 %o for §'3C of fish muscle.

2.3 Cresp, Temperature and Oxygen Consumption

We estimated Cresp values, experienced temperature and oxygen consumption in R
version 4.0.5 (R Development Core Team 2021) using the Bayesian framework
JAGS (Plummer 2019), with 100,000 iterations, 50,000 burn-in, three chains and
thinning parameter of 50. We used trace plots, Geweke’s diagnostic and the

Gelman-Rubin diagnostic to check the models for mixing and convergence. We

11
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estimated the proportion of metabolic carbon in the blood, Cresp, using the following

equation (Chung et al. 2019a, Chung et al. 2019b):

813Coto — 8"*Cpic-sw
Cresp = + Eotal (2)

813Cgjer — 613Cpic—sw

Where 8'3Coto is the 8'3C of the otolith sample, 8'3Cpic-sw is the value for 8'3C of
dissolved inorganic carbon (DIC) in the ambient seawater ingested by the fish,
5"3Cuiet is the 5'3C of the fish’s diet and etwtal is the total isotopic fractionation (i.e.
fractionation from DIC and diet to blood, blood to endolymph and endolymph to
otolith). To estimate Cresp we used MixSIAR version 3.1, with uninformative priors
(Stock & Semmens 2016). We set 5'3Coic-sw using an isoscape (Tagliabue & Bopp
2008) based on catch location, and adjusted for the Suess effect, which is the
decrease in 3'3Cpic-sw over time due to anthropogenic carbon emissions since the
industrial revolution (Tagliabue & Bopp 2008). We set 8'3Cgiet using muscle 3'3C
from the corresponding individual, minus a trophic enrichment factor for carbon (0.8
%o + 1.1, DeNiro & Epstein 1978), which is the increase in 5'3C of an animal’s body
relative to its diet (DeNiro & Epstein 1978). We did not lipid extract or correct the
5"3C from muscle, as d'3Cgiet aims to capture the &'3C of all respired carbon,
including that from lipids. Finally, we set €total to zero and assumed it was invariant

among species (Solomon et al. 2006).

We reconstructed experienced temperature values (T, °C) from 8'®0 from otoliths

using the following equation (Thorrold et al. 1997, Hoie et al. 2004):

_ (8804t0— 8'%0sw) —a

T : 3)

Where 3800 is the 5180 value of the otolith, §'80sw is the §'80 value of the ambient
seawater. a and b describe the linear relationship between oxygen isotope

fractionation (3'®0oto — 6'80sw) and temperature, which we set according to Haie et

12
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al. (2004), so that a = 3.900 (+ 0.240) and b =-0.200 (+ 0.019). We estimated
5'80sw from CTD measures of salinity (S, PSU) taken concurrently to net hauls,
using the linear equation from LeGrande and Schmidt (2006):

8180qw =aS+b 4)
where a and b are parameters set for the Southern Ocean according to LeGrande &

Schmidt (2006), so that a = -8.450 (+ 0.478) and b = 0.240 (+ 0.014).

We used equation 1 with uninformative priors to estimate mass-specific oxygen
consumption based on body mass and temperature scaling. We set the parameters
according to Belcher et al. (2019), so that a =-1.315 (+ 0.468), bw = -0.267 (+
0.052), and bt = 0.848 (£ 0.011). These parameters were generated from a

compilation of published myctophid metabolic rate data (Belcher et al. 2019).

To further enable us to compare our otolith-derived field metabolic rates to those
estimated from equation 1, and to ETS-derived estimates of oxygen consumption
rates (Belcher et al. 2020), we converted mean Cresp values for each species to
oxygen consumption (mg Oz kg™! h'') according to the following equation:

n(a- S

Oxygen consumption = — P (5)

The relationship between Cresp values and oxygen consumption is an exponential
decay curve where k is the decay constant and C is the upper bound of the
percentage of metabolically derived carbon in the blood (Cresp; Trueman et al. 2016,
Chung et al. 2019b). We set k and C using experimentally derived values for
Chrysophrys auratus, so that k = 0.0040 and C = 0.2746 (Martino et al. 2020). We

chose these values over those from Gadus morhua (Chung et al. 2019b) as C.

auratus had higher Cresp values which better matched those in our study. Values of

13
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oxygen consumption rates from equation 1 and ETS were converted from pl O2kg"
h-1 to mg O2 kg' h"' assuming an oxygen density of 1.4 kg m= (2°C, 100 kPa). We
also converted oxygen consumption rate estimates to equivalent Cresp values by

rearranging equation 5 (Chung et al. 2019b):

Cresp — C(l _ e—k(Oxygen Consumption)) (6)

2.4 Statistical Analyses

We carried out all statistical analyses in R version 4.0.5 (R Development Core Team
2021). Scripts for data analysis and visualisation are available at github.com/sarah-
alewijnse/myctophid-ears. We fitted Hamiltonian Monte Carlo (HMC) models in
RStan version 2.21.2 (Stan Development Team 2020) using the rethinking package
version 2.01 (McElreath 2020). We ran a single chain of 10,000 iterations, 5,000
warmup and a thinning parameter of one for each model, and checked models for
mixing and convergence using traceplots, number of effective samples and the
Gelman-Rubin diagnostic. We z-scored all predictors before adding them to the
model. Therefore a is the expected value of the dependent variable (Cresp) at the
mean values of the predictors, and b indicates the change in the dependent variable

per standard deviation of the predictor.

To examine the effect of body mass and temperature on estimates of field metabolic
rate, we modelled Cresp (proportion of respiratory carbon in the fish’s blood, from
equation 2) as a linear function of log body mass (In(W), g) and temperature (T, °C).
We included species in the model as a random factor (a_ Varspecies), both to address
pseudoreplication, and to assess differences in Cresp among species while

accounting for body mass and temperature variation:

14
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Cresp = a+ by XIn(W) + by XT + a_Varspecies (7)

Here bw and bt are the effects of body mass and temperature on Cresp, respectively.

The intercept a is the expected Cresp at the mean body mass and temperature, and

a_Varspecies is the change in a for each species.

For each species, we ran same model, without the a_Varspecies term to test for
intraspecific effects of body mass and temperature on Cresp:

Cresp = a+ by XIn(W) + by XT (8)
We modelled Cresp as a linear function of estimated mass-specific metabolic rate
from equation 1 (MRw) using the following model:

Cresp = @ + b X MRy, (9)

Here the intercept a is the expected Cresp at the mean mass-specific metabolic rate.

We considered results to be statistically significant when the 95% highest density

posterior intervals (HDPIs) for parameters did not overlap with zero.

15
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3 Results

3.1 Interspecific Cresp

Individual Cresp values (our mass-specific proxy for field metabolic rate) ranged from
0.123 to 0.248. The model of Cresp with body mass, temperature and species
(equation 7) showed that species was the only variable that had a significant
influence on Cresp values (Figure 1). Among the six species of myctophids (Figure 2),
Electrona antarctica had the highest species mean Cresp value (Cresp = 0.213 £
0.015). Gymnoscopelus braueri (Cresp = 0.201 £ 0.016) and Krefftichthys anderssoni
(Cresp = 0.191 £ 0.016) showed the next highest species mean Cresp values.
Electrona carlsbergi (Cresp = 0.174 £ 0.016) and Protomyctophum bolini (Cresp =
0.169 £ 0.016) had slightly lower mean Cresp values, but this difference was not
significant. Gymnoscopelus nicholsi had a significantly lower mean Cresp than all

other species (Cresp = 0.150 £ 0.018; Figure 1, 2).

The body masses of the myctophids ranged from 0.5 to 38.7g wet weight. There was
no significant effect of natural log body mass on Cresp values (Figure 3) when
modelling all species together (equation 7), as indicated by the constant for body

mass, bw, overlapping with zero (Figure 1).

Individual mean otolith-derived experienced temperatures ranged from -0.30 to
2.89°C. Despite an apparent decrease in Cresp values with temperature (Figure 4),
there was no significant effect of temperature on Cresp values when modelling with

species and body mass (Figure 1; equation 7). We also investigated the effect of life

16
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stage on Cresp values, but found no significant correlation (Supplementary

Information 3).

3.2 Intraspecific Cresp

For G. braueri, Cresp values decreased with increasing body mass (bw = 0.008 +
0.004, Figure 5, 6). There were no significant effects of body mass (Figure 5, 6) or
temperature (Figure 5, 7) on Cresp values within the other five species. There was no
significant effect of year of capture on Cresp values within species, aside from P.

bolini (Supplementary Information 4.1).

The double peak in the distribution of Cresp values of P. bolini (Figure 2) was caused
by individuals sampled further south (n = 12, latitude -54.680 to -55.290, cruise
JR16003) having higher Cresp values (brat =-0.014 + 0.005) than those sampled
further north (n = 8, latitude -52.720 to -52.900, cruise JR177). This pattern is
specific to P. bolini and was not seen when comparing latitude of capture among

species (Supplementary Information 4.2).

Within G. nicholsi, we found that individuals captured from the shelf breaks around
the South Orkney Islands had a lower Cresp values (mean = 0.138 + 0.008) than
those caught elsewhere (mean = 0.152 + 0.009), however, this difference was not

non-significant (Supplementary Information 4.3).

17
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3.3 Comparison of Cresp values with allometrically-derived

oxygen consumption

We found no significant correlation between estimates of mass-specific oxygen
consumption rate derived from allometric scaling (equation 1) and Cresp values
(equation 2; Figure 8, 9). Estimates of oxygen consumption rates for individuals
derived from allometric relationships had larger posterior intervals than Cresp values,
due to the uncertainty associated with calculating temperature from otolith 5180

values and the propagation of this uncertainty in our models.

Species mean oxygen consumption rate estimates from allometric scaling predicted
species means within a similar range (184.37 — 407.59 mg kg' h*') to those derived
from Cresp values and converted to oxygen consumption based on equation 5 (197.55
— 373.66 mg kg™' h'"), however, each method resulted in differences when comparing
oxygen consumption rates among species (Table 3). Both Cresp values and allometric
scaling approaches identified G. nicholsi as having the lowest mean oxygen
consumption rate, with a difference of only 13.18 mg kg™' h-! (6.67 % of otolith-
derived oxygen consumption rate) between the two methods (Table 3; Figures 8, 9).
Differences between the two methods were greater for other species, with P. bolini
having the greatest difference; allometrically-derived oxygen consumption rate was
162.87 mg kg h*! greater than otolith-derived oxygen consumption rate (68.17 % of

otolith-derived oxygen consumption rate; Table 3; Figures 8, 9).
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4 Discussion

4.1 Lack of influence of temperature and body mass on Cresp

values

Despite being primary drivers of standard (basal) metabolic rate (Gillooly et al. 2001,
Brown et al. 2004) and field metabolic rate among myctophids globally (Belcher et al.
2019), we found neither body mass nor temperature had significant relationships
with Cresp values, our proxy for mass-specific field metabolic rate in Scotia Sea
myctophids. In our interspecific analysis, species was the most useful variable in
modelling Cresp values. Within species, temperature had no relationship with Cresp
values, and body mass had a significant relationship with Cresp values only in
Gymnoscopelus braueri. These results are unexpected according to the metabolic
theory of ecology, but can be explained by considering differences in methodologies,
and issues with applying allometric scaling to relatively limited body mass and

temperature ranges.

Standard and maximum metabolic rate must increase with increasing temperature at
least until optimal temperatures are exceeded (Gillooly et al. 2001, Brown et al.
2004), a pattern that is evident in the global myctophid dataset used to parameterise
equation 1 (Belcher et al. 2019). However, this dataset had a much larger
temperature range than that experienced by myctophids in our study (0.5 to 27.0°C
in Belcher et al. 2019, compared to -1.9 to 3.0°C in this study). Furthermore, most of
the metabolic rates from the compilation were from temperatures greater than 5°C

(Belcher et al. 2019, Belcher et al. 2020). In contrast, the Scotia Sea is a cold (<5°C)
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relatively isothermal environment (Venables et al. 2012), which is reflected in the
small range of temperatures experienced by myctophids in our study. It is therefore
likely that equation 1 is not appropriate for determining field metabolic rate in our
dataset, as it includes data from a larger range of temperatures than are

encountered in the cold Scotia Sea.

Metabolic theory also predicts a decrease in mass-specific metabolic rate with
increasing body mass (Kleiber 1947, Brown et al. 2004), however, we found no
significant interspecific scaling relationship between body mass and Cresp values.
Intraspecifically, the relationship between body mass and metabolic rate was
inconsistent: all species aside from G. braueri showed no significant relationship
between Cresp values and body mass. A study of electron transport system (ETS)
derived metabolic rate found limited metabolic rate-body mass scaling in Scotia Sea
myctophids as a whole (Belcher et al. 2020). This was primarily driven by a lack of
scaling with body mass in Gymnoscopelus spp., similar to the lack of scaling seen in
Gymnoscopelus nicholsi in our study. Belcher et al. (2020) attributed this lack of
intraspecific scaling in Gymnoscopelus spp. to sampling a small range in body mass
of their sample populations for this genus. In contrast, we did see scaling of Cresp
within G. braueri, despite our sample of this species having a slightly smaller range
in body size (3.5 - 16.3 g) than that of Belcher et al.’s Gymnoscopelus spp. (2020,
1.9 - 16.9 g). Inter- and intra-specifically, our sampling covered a wide range of body
masses, though had a slightly smaller range compared to other studies. For
example, the global myctophid dataset ranged from 0.026 to 40 g (Belcher et al.
2019), while ours covered 0.5 to 38.7 g. However, we found large variability in Cresp

values among myctophids of similar body masses, both inter- and intraspecifically,
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something also evident through ETS (Belcher et al. 2020). Additionally, we found
similar Cresp values among species with vastly different body masses, such as

Protomyctophum bolini and G. nicholsi.

Field metabolic rates include the energetic costs of movement, feeding and digestion
and reproduction superimposed over the energetic costs of maintenance (Treberg et
al. 2016). For the myctophids studied here, we infer that energy demands associated
with movement and reproduction do not covary with temperature and body mass,
and are large enough to obscure body mass and temperature effects on respiration.
This is particularly relevant to the relatively small ranges in body size and

temperature encountered among adult Scotia Sea myctophids.

4.2 Ecological and physiological drivers of species differences

in Cresp Values

Interspecifically, species identity was the most useful variable for modelling Cresp
values (equation 7), regardless of differences in body mass or temperature. We
argue that this is due to differences in ecology and physiology among species, which
may include differences in habitat, depth range and diel vertical migration,

reproduction, and lipids, which are discussed below.

4.2 .1 Differences in habitat

G. nicholsi had significantly lower species mean Cresp values than other species,
which we attribute to a difference in habitat. While most species in our study are
pelagic (Table 1), G. nicholsi becomes benthopelagic (living nearer to the seafloor)

on reaching adulthood, at around 3 to 5 years of age (Linkowski 1985).
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Benthopelagic lifestyles are typically associated with less movement and lower
metabolic rates than pelagic lifestyles (Killen et al. 2010, Killen et al. 2016), which
may explain the lower species mean Cresp values observed in G. nicholsi compared
to other myctophid species analysed in this study. As with other species, G. nicholsi
individuals in our study were caught using midwater trawls (Table 2), but their size
(124 - 154 mm standard length) indicates they are adults of ages estimated at 3.5 to
6.9 years (Table 2; Saunders et al. 2015b), meaning they are of the age where a
benthopelagic lifestyle may occur (Linkowski 1985; Supplementary Information 4.3,
5). Additionally, several individuals (those captured in 2016; Table 2) were caught
around the shelf-break area of the South Orkney Islands, an area where adult
benthopelagic G. nicholsi are known to congregate (Duhamel et al. 2014). These
individuals had lower Cresp values (mean = 0.138 £+ 0.008) than those caught in open
water (mean = 0.152 £ 0.009), though this was not a significant difference
(Supplementary Information 4.3). It is therefore possible that at least a portion of the
G. nicholsi individuals in our study were benthopelagic (i.e. those caught around the
South Orkney Islands in 2016), contributing to their lower species mean Cresp value

compared to other species.

4.2.2 Depth range and diel vertical migrations

Species of myctophids undertake diel vertical migrations to different extents, being
either full, partial, or near-surface migrants, or non-migrants (Watanabe et al. 1999,
Catul et al. 2011). The species studied here are either partial migrants - meaning a
proportion of the populations performs diel vertical migrations to the upper 200 m

while a proportion remains at depth - or near surface migrants - meaning individuals
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regularly migrate to the upper 200 m but rarely the upper 50 m (Watanabe et al.

1999, Duhamel et al. 2000).

The two species with the highest mean Cresp values, Electrona antarctica and G.
braueri, have relatively broad core depth ranges (0 - 1000 m and 0 - 700 m
respectively), and are partial migrants (Table 1; Piatkowski et al. 1994, Collins et al.
2008, Saunders et al. 2014, Saunders et al. 2015b). Krefftichthys anderssoni, which
had the third-highest species mean Cresp value, also has a relatively broad core
depth range (200 - 1000 m) and is a near-surface migrant (Table 1; Piatkowski et al.
1994, Lourenco et al. 2017, Saunders et al. 2018), lending support to the idea that
the extent of diel vertical migration impacts Cresp values. However, this pattern is
complicated by the inclusion of larval and juvenile material in our otolith samples for
K. anderssoni, which will have increased Cresp values for this species compared to

the other species studied here (Chung et al. 2019b).

In contrast, species with lower mean Cresp Values have narrower depth ranges; E.
carlsbergi and P. bolini are largely confined to the upper 400 m and therefore
undertake shorter diel vertical migrations relative to species with higher mean Cresp
values (Table 1; Kozlov et al. 1991, Pusch et al. 2004, Collins et al. 2008, Collins et
al. 2012, Saunders et al. 2014, Saunders et al. 2015c). Furthermore E. carlsbergi is
thought to have seasonal variation in its diel vertical migration, only doing so in the
summer (Table 1; Kozlov et al. 1991, Collins et al. 2008, Collins et al. 2012,
Saunders et al. 2014). As discussed above (section 4.2.1) it is likely that a proportion
of the G. nicholsi examined in this study were benthopelagic, and therefore non-

migrators (Linkowski 1985). G. nicholsi individuals living in the mesopelagic do
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perform diel vertical migration (Duhamel et al. 2000, Pusch et al. 2004, Saunders et
al. 2015b), but their core depth range is restricted to above 400 m (Table 1; Collins
et al. 2008, Saunders et al. 2015b, Saunders et al. 2018).

Given that vertical migration is an active undertaking for myctophids (Barham 1966,
Kaartvedt et al. 2008), differences in the extent of vertical migrations may partially
explain the variation among species means seen in Cresp values. Scotia Sea
myctophids’ diets are dominated by species found in the upper 200 - 400 m
(Saunders et al. 2015a, Saunders et al. 2018), therefore individuals living below
those depths would have to migrate upwards to feed. Species with deeper core
depth distributions (E. antarctica, G. braueri and K. anderssoni) are likely expending
more energy to reach shallower waters than those with shallower depth distributions
(E. carlsbergi, P. bolini and G. nicholsi), which may account for the higher mean Cresp
seen in the former group. As well as energy expenditure, species with more active
lifestyles may experience a higher metabolic rate due to the metabolic costs of an
increased capacity for movement (Killen et al. 2016, Belcher et al. 2020).
Determining whether increased energy expenditure or maintenance costs (or both)
contribute to the higher mean Cresp values seen in migratory species is beyond the

scope of our study.

4.2.3 Reproduction within the Scotia Sea

The species with the highest mean Cresp value, E. antarctica, is one of the few
myctophid species that successfully spawns and recruits in the Scotia Sea (Table 1;
Hulley 1981, McGinnis, 1982, Gon & Heemstra 1990, Oven, 1990, Saunders et al.
2017). Eleven out of the nineteen E. antarctica individuals in our study were above

the species’ length at 50% maturity (Table 1, 2; 74 mm SL; Hulley 1981, Gon &
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Heemstra, 1990, Oven et al. 1990, Saunders et al. 2014), therefore it is possible that
the metabolic costs associated with reproduction, a component of field metabolic
rates (Treberg et al. 2016), may explain the higher species mean Cresp values for E.

antarctica.

K. anderssoni is also known to spawn and recruit in the Scotia Sea in waters around
the South Georgian shelf (Hulley 1981, Gon & Heemstra, 1990, Oven et al. 1990,
Belchier & Lawson 2013, Saunders et al. 2017). Most K. anderssoni in our samples
were relatively small, with only three out of twenty individuals being above length at
50% maturity (Table 1, 2; 54 mm SL; Hulley 1981, Gon & Heemstra, 1990, Oven et
al. 1990, Lourenco et a. 2017). Therefore these K. anderssoni individuals may not
yet have begun expending energy towards reproduction, which may explain why this
species has a lower mean Cresp Value than E. antarctica, despite this species also

spawning within the Scotia Sea.

4.2.4 Lipids and Cresp values

Differences in how myctophid species store lipids (Table 1) may contribute to
interspecific differences in Cresp values. In the species showing higher mean Cresp
values (E. antarctica, G. braueri and K. anderssoni) the lipids of their tissue consist
primarily of wax esters (Table 1; Reinhardt & Van Vleet 1986, Phleger et al. 1999,
Lea et al. 2002, Stowasser et al. 2009, Connan et al. 2010). In contrast, triglycerides
dominate the tissue lipid composition in species with lower Cresp values (E.
carlsbergi, P. bolini and G. nicholsi; Table 1; Reinhardt & Van Vleet 1986, Phleger et
al. 1999, Lea et al. 2002, Stowasser et al. 2009, Connan et al. 2010). Triglycerides

retain their fluidity at lower temperatures, and are hydrolysed more quickly than wax
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esters, making triglycerides a more efficient source of energy (Sargent et al. 1977,
Phleger et al. 1999, Connan et al. 2010), and potentially reducing metabolic costs for

the species with triglyceride-rich lipid stores.

As well as having high levels of triglycerides in their tissues, species which had low
mean Cresp Values (E. carlsbergi, P. bolini and G. nicholsi) also show high levels of
highly-unsaturated fatty acids (HUFAs; fatty acids with 20 or more carbon atoms and
three or more double bonds; Bell & Tocher, 2009) in their tissues. HUFAs cannot be
synthesised by fish and must be obtained from dietary sources (Bell & Tocher,
2009); in this case these species all prey largely on copepods (Table 1; Phleger et
al. 1999, Lea et al. 2002, Stowasser et al. 2009, Connan et al. 2010, Saunders et al.
2015a). The relationship between diets high in HUFAs and metabolic rates is not
consistent among studies: higher levels of HUFAs in fish diets have been shown to
reduce minimum, resting or maximum metabolic rates (McKenzie 2001, Chatelier et
al. 2006, Vagner et al. 2015), whereas some experiments showed no effect of
HUFAs on metabolic rate (Silva-Brito et al. 2019, Vagner et al. 2019), and one
showed a greater active metabolic rate for fish on a higher HUFA diet (Vagner et al.
2014). All of the aforementioned studies examined the effect of HUFAs in the diet
within a species, so it is not clear how this would translate to interspecific effects
particularly in wild fishes. Further investigation is required to definitively link high

HUFA diets with reduced field metabolic rates across species.

4.3 Methodological Comparison and Considerations

Metabolic rates of fishes are typically estimated via respirometry, however,

respirometry approaches are difficult in migrating mesopelagic species such as
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myctophids, and also can only estimate resting (standard) or maximum metabolic
rates. Thus alternative proxies are useful for measuring metabolic rates in
mesopelagic species, particularly field metabolic rates. Our study used otolith-
derived estimates of field metabolic rate (Cresp Values), and our species means for

Cresp values are within the range measured by the same method in other non-

myctophid species (Cresp Values 0.10 - 0.28, Chung et al. 2019a, Martino et al. 2020).

However, this is a relatively new technique, so comparisons with allometrically-
derived oxygen consumptions (equation 1) and ETS, another proxy for field

metabolic rate, are warranted.

The similar ranges between otolith-derived oxygen consumption rates and those
from allometric scaling lend confidence to the use of Cresp values as a proxy for
oxygen consumption in the field. Equation 1 estimates oxygen consumption rates
based on body mass and temperature. Given the small temperature range in this
study, equation 1 produces oxygen consumption estimates that are ranked in the
same order as body mass, with the smallest species (K. anderssoni) having the
highest allometrically-derived oxygen consumption rate, and the largest species (G.
nicholsi) having the lowest allometrically-derived oxygen consumption rate. Contrary
to this, body mass was not a significant predictor of our otolith-derived Cresp values,
although all methods had G. nicholsi (or Gymnoscopelus spp.) as having the lowest

field metabolic rate.

Cresp derived from otolith stable isotopes offers a useful proxy for investigating field
metabolic rates in fishes, however, its key limitation is the same as that for ETS; the

lack of myctophid-specific calibration between the proxy and oxygen consumption
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(Belcher et al. 2019, Belcher et al. 2020). In our study, we use experimentally
derived calibration coefficients to convert between Cresp values and mass-specific
oxygen consumption rates however, these coefficients are not specific to the species
we measure here. The values of the upper bound (C) and decay constant (k) from
equation 5 vary between the two species for which calibrations have been made
(Chung et al. 2019b, Martino et al. 2020). Additionally, there may be a mass-specific
component to the calibration, which may partly explain the lack of body-mass scaling

seen in our data.

Comparing results between ETS (Belcher et al. 2020) and Cresp values (Table 3), K.
anderssoni had the highest oxygen consumption rate as determined by ETS, but not
when oxygen consumption rates were inferred from Cresp derived values. This is
despite our sampling employing whole otoliths for the small K. anderssoni, which
should result in a higher Cresp values than milled otoliths due to the incorporation of
otolith material deposited during larval and juvenile life stages when mass-specific
metabolic rate is high (Chung et al. 2019b). Discrepancies between ETS- and Cresp-
derived oxygen consumption rates may be due to intraspecific variability, which is
large in both methods. Future research should measure ETS and Cresp values on the
same individuals to determine whether the two proxies for field metabolic rate
covary. Additionally, ETS and otolith based approaches measure respiration on
different timescales. ETS activity should be stable over the sampling process, likely
reflecting the field metabolic rate in the hours prior to sampling (Gémez et al. 1996,
Hernandez-Ledn et al. 2019). However, otolith based measurements integrate over
much longer timescales of weeks to years, depending on how much otolith material

is incorporated into a sample (Trueman et al. 2016, Chung et al. 2019a, Chung et al.
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2019b, Chung et al. 2020). Therefore short term changes in individual respiration
rates may partly explain why ETS derived and otolith derived rates do not covary
(Figures 8, 9). Despite these methodological differences, the ranges of our Cresp-
derived oxygen consumption rates and allometrically derived oxygen consumption

rates are similar (Table 3), giving us confidence in Cresp as a metabolic proxy.

More accurately determining and parameterising ecological determinants of field
metabolic rates would require a larger dataset than is available in this study. Future
work could look to incorporate such factors into models estimating field metabolic
rates; for example Ikeda (2016) estimated fish and cephalopod metabolic rate as a
function of depth as well as body mass and temperature. Incorporating species-level
effects appears to be essential to accurately estimate myctophid field metabolic
rates, and may be required in order to determine their contribution to carbon flux as

accurately as possible (St. John et al. 2016, Belcher et al. 2019).

4 4 Conclusions

Our research highlights that field metabolic rates of myctophids in the Scotia Sea
vary beyond generic scaling relationships with body mass and temperature. Instead,
species identity was the most important driver of variation in Cresp values, probably
due to differences among species in habitat, migratory behaviour and diet.

Realised field metabolic rates, and therefore the role of myctophids, and likely other
mesopelagic fishes, in active ocean carbon flux, may not be adequately described
through these allometric scaling relationships. Estimating metabolic rates based on

allometric scaling is especially problematic when scaling exponents are derived from
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global datasets and applied to multiple species with similar body masses and

environmental temperatures.

Given the small number of species in our study, and the inherent complexity of their
ecology, it is difficult to definitively say which factors have driven differences in Cresp
values among species, and to what extent each factor has played a role. More work
is needed across a wider range of teleost species to investigate how ecological
differences affect field metabolic rates, and whether these differences are more or
less useful than body-mass and temperature in explaining field metabolic rate
variation in different contexts. Factors which should be considered include habitat
(pelagic vs. benthopelagic) and the extent of migration and, potentially, the
proportion of HUFAs in the diet. The use of proxies for oxygen consumption, such as
Cresp and ETS, are especially important in understanding metabolic rate variation in

species where respirometry is not currently feasible, such as myctophids.
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Figure 1 - Posterior predictions for equation 7 (Cresp=a + bw* W+ br* T +

a_Varspecies). a is the intercept; bw and bt are the effects of body mass and

temperature respectively (slopes). a_Var represents the variable intercept for each

species: ELN = Electrona antarctica, GYR = Gymnoscopelus braueri, KRA =

Krefftichthys anderssoni, ELC = E. carlsbergi, PRM = Protomyctophum bolini and
GYN = G. nicholsi. sigma is overall residual error, and sigmaspecies is residual error of
9 the species variable intercept. Circles are the mean of the posterior predictions.

10  Thick lines show the 50% highest density posterior intervals, and thin lines show the

11 95% highest density posterior intervals. Results are considered statistically

12 significant if the 95% highest density posterior intervals do not overlap with zero.
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Figure 2 - Kernel density of posterior predictions of Cresp values for each individual,
grouped by species. Solid lines show the mean Cresp value for each species. Dotted
lines show species expected values of Cresp at mean body mass and temperature
(intercept), according to equation 7 (Cresp =@ + bw™* W+ br* T + a_Varspecies).
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Figure 3 - Mean Cresp values against mean natural log body mass (g) for each
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Figure 4 - Mean Cresp values against mean otolith-derived experienced temperature
(°C) for each individual of six myctophid species.
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Figure 5: Posterior predictions for equation 8 (Cresp = @ + bw* W + bt * T) within
species (A = Gymnoscopelus nicholsi, B = Protomyctophum bolini, C = Electrona
carlsbergi, D = Krefftichthys anderssoni, E = Gymnoscopelus braueri, F = Electrona

antarctica). a is the intercept, bw and br are effects of body mass and temperature
respectively (slopes), and sigma is residual error. Circles are the mean of the

posterior predictions. Thin lines show the 95% highest density posterior intervals.
Results are considered statistically significant if the 95% highest density posterior
intervals do not overlap with zero.
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Figure 6: Mean Cresp values against mean natural log body mass (g) for six
myctophid species (A = Gymnoscopelus nicholsi, B = Protomyctophum bolini, C =
Electrona carlsbergi, D = Krefftichthys anderssoni, E = Gymnoscopelus braueri, F =
Electrona antarctica) . The solid line on F indicates the significant relationship
between Cresp and natural log of body mass for G. braueri, as determined by
equation 8 (Cresp =a + bw™ W+ br* T), with 95% confidence intervals shaded in

grey.
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Figure 7: Mean Cresp values against mean otolith-derived experienced temperature
(°C) for each individual of six myctophid species (A = Gymnoscopelus nicholsi, B =
Protomyctophum bolini, C = Electrona carlsbergi, D = Krefftichthys anderssoni, E =
Gymnoscopelus braueri, F = Electrona antarctica).

49



N

O ©W 0O NO O h~WDN

Scotia Sea myctophid field metabolic rates

a O
7]
o
©
= b O
©
(131
o
sigma- O
0.00 0.05 0.10 0.15 0.20

Posterior Predictions

Figure 8: Posteriors predictions for equation 9 (Cresp = @ + b * MRw) comparing
otolith derived Cresp values with allometrically estimated mass-specific metabolic rate
(MRV). a is the intercept b is the slope and sigma is residual error. Circles indicate
the mean of the posterior predictions. Thin lines show 95% highest density posterior
intervals. Results are considered statistically significant if the 95% highest density
posterior intervals do not overlap with zero.
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each individual of six myctophid species. Horizontal bars show the standard error of oxygen

consumption estimates.
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Table 1: Literature-derived ecological information for six species of myctophids examined in this study. Partial migrants are species
in which part of the population migrates to the lower epipelagic at night (~200 m) while a proportion remains at the daytime depth.
Near surface migrants are species which regularly migrate into mesopelagic zone of the upper 200 m, but rarely reach the upper 50
m (Watanabe et al. 1999, Catul et al. 2011). Values for % mass for primary prey groups are from Saunders et al. (2015a). Values
for % NA of highly-unsaturated fatty acids (HUFAs) are from Stowasser et al. (2009). References: (1) Andriashev 1965; (2) Collins
et al. 2008; (3) Collins et al. 2012; (4) Connan et al. 2010; (5) Duhamel et al. 2000; (6) Duhamel et al. 2014; (7) Gon & Heemstra
1990; (8) Hulley 1981; (9) Kozlov et al. 1991; (10) Lea et al. 2002; (11) Linkowski 1985; (12) Lourencgo et al. 2017; (13) Lubimova et
al. 1987; (14) McGinnis 1982; (15) Oven et al. 1990; (16) Phleger et al. 1999; (17) Piatkowski et al. 1994; (18) Pusch et al. 2004;
(19) Reinhardt & Van Vleet 1986; (20) Ruck et al. 2014; (21) Saunders et al. 2014; (22) Saunders et al. 2015a; (23) Saunders et al.
2015b; (24) Saunders et al. 2015c¢; (25) Saunders et al. 2017; (26) Saunders et al. 2018; (27) Saunders et al. 2019; (28) Shreeve et

al. 2009; (29) Stowasser et al. 2009.

Species Electrona Electrona Gymnoscop | Gymnoscopelus | Krefftichthys | Protomyctophum | Sources
antarctica carlsbergi elus braueri | nicholsi anderssoni | bolini

Maximum | 115 93 162 165 74 66 2,7,12,
standard 21, 23,
length 24,28
(mm)

Estimated |74 83 114 114 54 51 7,8,12,
standard 15, 21,
length at 23, 24
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maturity
(mm)
Depth 0 - 1000 0-400 0 - 1000 0-700 0 - 1000 0-700 2,3,5,
range (m) Day 400 - Day 400 - Day 400 - 700 Day 200 - Day 200 - 700 7,12,
1000 1000 Night 0 - 400 1000 Night 0 - 400 17, 21,
Night O - Night 0 - 700 Night O - 22, 23,
1000 1000 24, 26,
27,28
Core depth | 0 - 1000 with | O - 400 with 0 -700 with | 0-400 200 - 1000 200 - 400 2,3, 21,
range (m) seasonal seasonal seasonal with seasonal 22,23,
variation variation variation variation 24, 26,
28
Habitat Mesopelagic | Mesopelagic | Mesopelagic | Mesopelagic and | Mesopelagic | Mesopelagic 7,8, 11,
benthopelagic 12, 21,
23,24
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Diel Partial- Near-surface | Partial- Near-surface Near-surface | Near-surface 2,5,9,

vertical migrant migrant migrant migrant migrant migrant 12,17,

migration (summer (mesopelagic) 18, 21,

type only) and non-migrant 23, 24
(benthopelagic)

Thermal Antarctic Sub-Antarctic | Broadly Broadly Antarctic | Broadly Broadly Antarctic 6,7,8

realm Antarctic Antarctic

Upper 3 5 5-6 9 2-56 6-7 1, 3, 6,

limiting 7,8

temperatur

e(°C)

Spawns in | Yes No No No Yes No 7,8,12,

the Scotia 14, 15,

Sea? 25
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Primary Wax ester Triglycerides | Wax esters Triglycerides Wax esters Triglycerides 4,10,

lipid class 16, 19,
20, 29

Mean 13.6 22.8 8.9 271 12.6 28.4 29

normalised

area

percentage

s (% NA) of

HUFAs in

tissue

Primary Euphausiids | Copepods Euphausiids | Euphausiids Copepods Copepods (70%) 12,13,

prey (61%) (63%) (58%) (75%) (59%) Euphausiids (26%) | 21, 22,

classes Amphipods Euphausiids | Amphipods Copepods (19%) | Euphausiids 23, 24,

groups (% | (28%) (16%) (18%) (32%) 26, 28,

mass) Copepods 29

(16%)
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Table 2: Summary table of metadata for myctophids examined in this study. Myctophids were captured using either rectangular
midwater trawl 25 m? (RMT25) or 8 m? (RMT8) nets. Diet was estimated using individual uncorrected muscle 5'*C and adjusted
assuming a trophic enrichment factor of 1%. (DeNiro & Epstein, 1978). Age estimates were obtained from rearranged length-at-age
equations from Linkowski (1985, 1987), Saunders et al. (2020) and Saunders et al. (2021) (Supplementary Information 5).
Unfortunately, no length-at-age parameters are available for Protomyctophum bolini. For information on how time incorporated in
otolith samples was estimated see Supplementary Information 1.

Species Electrona Electrona Gymnoscopelus | Gymnoscopelus | Krefftichthys Protomyctophum
antarctica carlsbergi braueri nicholsi anderssoni bolini

n 19 17 20 12 20 20

Year of capture | 2008 (3) 1998 (1) 2008 (7) 2008 (4) 2008 (1) 2008 (8)

(n) 2016 (16) 2008 (16) 2016 (13) 2016 (8) 2016 (19) 2016 (12)

Gear type (n) RMT25 (17) RMT25 (16) RMT25 RMT25 RMT25 RMT25
RMTS8 (2) RMTS8 (1)

Net depth 15 -1000 5-205 15 - 1000 0-720 80 - 995 195 - 405

range (m)

Standard 72 (45 - 87) 75 (71 - 81) 107 (77 - 125) 139 (124 - 154) | 47 (35-70) 45 (36 - 56)

length mean
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and range

(mm)

Wet mass

mean and

range (9)

5.6 (1.3 - 10.0)

6.1 (4.8-7.7)

10.4 (3.5 - 16.3)

29.2 (20.8 - 38.7)

1.3(0.5-3.7)

1.4 (0.5-2.4)

Estimated diet
613C mean and

range (%o)

-28.01 (-28.92

- -27.25)

-25.22 (-26.73

- -24.06)

-27.79 (-29.55 - -

25.56)

-26.95 (-29.01 - -

25.06)

-27.96 (-29.05 -

-24.97)

-25.78 (-27.08 - -

23.76)

Estimated age
mean and

range (years)

51(24-7.1)

21(1.8-27)

59 (2.8-94)

5.0 (3.5-6.9)

1.2 (0.5-3.7)

Unavailable

Estimated time
incorporated
into otolith

isotope

2.0

1.0

3.5

2.5

1.5

2.0
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samples

(years)

Otolith Micromill Micromill Micromill Dremel Crushed Micromill (18)
sampling Crushed (2)
method (n)
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Table 3: Estimates of mean oxygen consumption (mg Oz kg™ h™') for species of myctophids, as determined by otolith derived
metabolic rates from our study (Cresp, equation 7) and converted to oxygen consumption by equation 6 (Cresp = C{1-¢"(-k(Oxygen

Consumption)))) " estimates derived from body mass and temperature scaling relationships (equation 1 from Belcher et al. 2019), and

from electron transport system (ETS) measurements (Belcher et al. 2020).

Species Otolith Derived (Our Study) Derived from Scaling Measured from ETS (Belcher et al.
Relationships (equation from 2020)
Belcher et al. 2019)
Oxygen Cresp Oxygen Cresp Oxygen Cresp
Consumption Consumption Consumption
(mg O2 kg™ h) (mg O2 kg™ h) (mg O2 kg™ h)
Electrona 373.66 0.213 266.56 (211.45- | 0.180 190.29 (102.26 — | 0.140 (0.092 -
antarctica (257.43 - (0177 — 372.00) (0.157 — 422.28) 0.224)
583.88) 0.248) 0.213)
Gymnoscopelus | 329.17 (283.97 | 0.201 217.34 (17242 - | 0.159
braueri —441.07) (0.186 — 301.70) (0.137 -
0.228) 0.192)
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Krefftichthys 297.32 (220.45 | 0.191 407.59 (280.19- | 0.221 672.88 (376.66 — | 0.249 (0.214 —
anderssoni —423.19) (0.161 - 492.94) (0.185 - 1023.11) 0.270)
0.224) 0.236)
Electrona 253.54 (206.44 | 0.175 283.02 (253.69—- | 0.186
carlsbergi —317.94) (0.154 - 310.00) (0.175 -
0.198) 0.195)
Protomyctophum | 238.91 (150.90 | 0.169 401.78 (325.12- | 0.220
bolini —325.52) (0.124 - 510.12) (0.200 -
0.200) 0.239)
Gymnoscopelus | 197.55 (149.16 | 0.150 184.37 0.143
nicholsi —230.98) (0.123 - (170.43 - 210.58) | (0.136 —
0.166) 0.156)
Gymnoscopelus 158.19 (20.59 — | 0.107 (0.022 -
spp. 940.80) 0.268)
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