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1.  INTRODUCTION 

In marine ecosystems, environmental conditions 
such as pressure, temperature, irradiance, and food 
availability vary drastically as depth increases. Con-
sequently, physiological adaptations and life history 
characteristics of marine organisms change signifi-

cantly with depth (Mindel et al. 2016). For example, 
Drazen & Haedrich (2012) found a continuous decline 
in growth and fecundity with depth of occurrence of 
deep-sea fish. Additionally, many deep-sea teleosts 
rely on the dispersal of pelagic larval and juvenile 
stages prior to settling in deeper demersal habitats 
(Bradbury et al. 2008, Trueman et al. 2016). The tim-
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ing and extent of this shift from mesopelagic to 
 benthic–demersal habitats can have reverberating 
consequences on the vulnerability of the species and 
trophic links between different ecosystems (see True-
man et al. 2014, Drazen & Sutton 2017). Thus, critical 
habitat-related life history characteristics such as 
depth distribution, habitat use, and metabolism are 
highly relevant. 

Data-driven management and conservation mea-
sures are needed to ensure a sustainable future, as 
marine ecosystems face increasing anthropogenic 
pressures. Following the severe declines and collapse 
of coastal fish stocks as a result of overexploitation, 
 industrial fisheries expanded to offshore and deeper 
environments (Watson & Morato 2013). To maintain 
profitable businesses and capitalize on increasing de -
mand, fisheries relied progressively on subsidized ex-
ploitation of deep-sea and seamount stocks (Clark 
2009, Norse et al. 2012). Concomitantly, mounting ev-
idence of population declines has led scientists to 
question the sustainability of current deep-sea fish-
eries (Pitcher et al. 2010, Norse et al. 2012, Clark et al. 
2016). To assure a more sustainable harvest of the mar-
ine resources, focus has been shifted to ecosystem-
based management, in which scientific information on 
the respective ecosystems and species (such as habitat 
depth and growth, i.e. metabolism) is incorporated 
into the decision-making process. Large knowledge 
gaps remain in the life history characteristics and hab-
itat use of most deep-sea fishes. As a result, links be-
tween different habitats through often contrasting on-
togenetic shifts often remain over simplified (Drazen & 
Haedrich 2012, Bergstad 2013), hampering sustainable 
management, especially in multispecies fisheries. 

The Azores archipelago is located amidst the Mid-
Atlantic ridge with an exclusive economic zone (EEZ) 
of over 1 million km2, including over 450 seamount-
like features. Here, open ocean, coastal, and deep-sea 
habitats and species exist in close proximity, offering 
a unique opportunity to study the ontogeny of deep-
sea fishes. Rockfish Helicolenus dactylopterus Dela-
roche, 1809 (family Sebastidae), seabream Pagellus 
bogaraveo Brünnich, 1768 (family Sparidae) and 
wreck fish Polyprion americanus Bloch & Schneider, 
1801 (family Polyprionidae) are the 3 main target spe-
cies of the local demersal longline fisheries, repre-
senting over 20% of the commercial value of Azorean 
landings in the last 10 yr (LOTAÇOR - Serviço de 
Lotas dos Açores 2020). Adults of all 3 species are 
commonly caught close to the bottom at 300–600 m, 
yet studies indicate that the ecologies of earlier life 
stages and their ontogenetic shifts are highly diver-
gent: Rockfish larvae develop in sub-surface pelagic 

environments (Sobrinho-Gonçalves & Isidro 2001, 
Sequeira et al. 2011), whereafter juveniles grow in 
demersal habitats (although at shallower depths than 
adults) (Sequeira et al. 2012, Santos et al. 2020). Sea-
bream larvae drift to the island coasts (Félix-Hack-
radt et al. 2013), where juveniles are expected to re -
main for approximately 1 yr before they recruit to 
demersal slope areas (Lorance 2011, Pinho et al. 
2014). Wreckfish on the other hand, are presumed to 
spawn in the West Atlantic (Blake Plateau) (Sedberry 
et al. 1996, Ball et al. 2000), with larvae growing in the 
surface currents until they arrive in the Azores. Juve-
niles are then observed around floating objects in the 
epipelagic before shifting to demersal environments 
at an approximate size of 60 cm total length (TL) 
(Machias et al. 2003). The pronounced decline and 
even collapse of some of their fisheries in the Medi-
terranean and Atlantic (Lorance 2011) reiterates the 
necessity of a better understanding of the life cycles 
of these highly exploited yet very vulnerable deep-
sea species. Ecosystem-based management requires 
information on life-long spatial ecology. For deep 
water species, the extent and timing of ontogenetic 
changes in depth distributions influence potential for 
catch and bycatch and may identify essential hab-
itats, while data on metabolic rates can assist in para -
meterising bioenergetic models and predict physio-
logical responses to future climates. 

Stable isotope analysis (SIA) is a useful tool for 
aquatic ecology (Peterson & Fry 1987), in particular for 
the retroactive analysis of stable isotopes in incremen-
tally grown tissues such as eye lenses or otoliths. 
These tissues are deposited in a time-resolved and 
metabolically inert manner and thus embody a de -
tailed record of the organism’s life. With declining 
costs of analysis with increased accuracy and preci-
sion, SIA has unlocked a variety of information en -
crypted in the otoliths. In otolith aragonite, oxygen 
stable isotopes primarily reveal the temperature ex -
perienced by the studied organism, while carbon iso-
topes can be used to infer the field metabolic rate ex-
pressed at that temperature (Campana 1999, Trueman 
et al. 2012a, 2016, Chung et al. 2019a). Using oxy gen 
stable isotopes in inorganic carbonates as a proxy for 
temperature, allows hindcasting the depth inhabited 
by individuals as they migrate across vertical depth 
gradients (Shephard et al. 2007). The otolith oxygen 
isotope temperature proxy is based on well-studied 
thermal sensitivity of equilibrium fractionation of oxy -
gen isotopes during precipitation of calcium carbonate 
polymorphs (Kalish 1991, Thorrold et al. 1997, Cam-
pana 1999, Trueman et al. 2012b). While seasonal and 
climate changes can lead to significant fluctuations in 
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stratification and water temperature in shallow waters, 
temperatures of deeper waters are comparatively 
stable below the thermocline. Otolith thermometry can 
therefore reveal information about the inhabited depth 
throughout the life cycle of deep-sea fish without tag-
ging (see Trueman et al. 2013, Gerringer et al. 2018). 

An organism’s metabolic rate is a measure of the ex-
pended energy per time unit and thus, in combination 
with other lines of evidence, provides information 
about energy partitioning, growth, and the species’ 
role in an ecosystem. While laboratory tests can deter-
mine standard and maximum metabolic rates of 
captive fish, in situ measurement of the total energy 
expenditure of free-ranging animals — the field meta-
bolic rate (FMR) — is more informative in an ecological 
context yet often difficult to obtain, especially for 
deep-sea species (Treberg et al. 2016). Deep-sea fishes 
present a particular challenge for experimental respi-
rometry, and their estimates of metabolic rates are 
therefore commonly inferred from allometric relation-
ships derived from experimental studies of shallow 
water species or even contrasting taxa. The isotopic 
composition of carbon in otolith aragonite can provide 
a measure of relative mass-specific metabolic rate. 
Carbon in otoliths is derived from 2 components: dis-
solved inorganic carbon (DIC) in the ambient seawater 
and carbon released from respiration of food (metabo -
lic carbon) (Solomon et al. 2006, McConnaughey & 
Gillikin 2008). The proportion of metabolic carbon in 
the otolith increases as the rate of respiration of energy 
consumed increases, until respiration rates ap proach 
physiological limits (Sherwood & Rose 2003, Chung et 
al. 2019a). The isotopic composition of carbon in oto-
lith aragonite therefore provides a measure of relative 
mass-specific metabolic rate. Until recently, the rela-
tionship between the relative otolith carbon and the 
absolute FMR remained unknown, but now experi-
mental calibrations between otolith isotope-based 
FMR proxies and oxygen consumption rates deter-
mined from respirometry have been performed for cod 
(Chung et al. 2019b) and Australasian snapper (Mar-
tino et al. 2020). The otolith FMR proxy has since been 
applied to identify trends in metabolic rates in fish 
populations over time (Smoliński et al. 2021), to com-
pare metabolic traits in sympatric populations (Chung 
et al. 2019b), to compare metabolic rates of myctophid 
fishes (Alewijnse et al. 2021), and the thermal sensitiv-
ity of FMR has been used to predict future suitable 
habitats for tuna (Trueman et al. 2023). 

Using oxygen stable isotopes as a proxy for tem-
perature and metabolic rate, we aimed to investigate 
changes in depths and field metabolic rate along the 
ontogeny of 3 deep-sea fishes with contrasting eco -

logies (rockfish, seabream and wreckfish) and draw in-
ferences about their divergent life-cycle adaptations. 

This study provides new information about the tim-
ing and extent of the shift from pelagic to deeper 
demersal stages and quantifications of metabolism 
throughout these life stages, both having implications 
for spatial management and conservation strategies. 

2.  MATERIALS AND METHODS 

2.1.  Sample collection and preparation 

Sampled individuals were caught during the annual 
demersal longline survey by the RV ‘Arquipelago’ in 
1997 and 1999. All fish (rockfish n = 12, seabream n = 
10 and wreckfish n = 10) were caught around Azorean 
seamounts at depths between 400 and 1100 m (see 
Fig. 1, Table 1). The sagittal otoliths were collected, 
cleaned mechanically to remove adhering tissue, and 
then stored in paper bags with the corresponding fish 
identification number. In the laboratory, the right oto-
liths were mounted in epoxy resin and sectioned lon-
gitudinally using a low-speed diamond precision 
cutter. Otolith sections were polished and age at cap-
ture determined assuming annual growth increments 
of the paired opaque and translucent annuli (Helico -
lenus dactylopterus [Abecasis et al. 2006]; Pagellus 
boga raveo [Krug 1989]; Polyprion americanus [Peres 
& Haimovici 2004]). 

2.2.  Drilling and stable isotope analysis 

Bulk stable isotope sample preparation and analysis 
was conducted in the Stable Isotope Mass Spectrome-
try Laboratory (SIRMS lab) of the University of South-
ampton following the methodology of Trueman et al. 
(2013). Otolith aragonite was sampled in 1 mm wide 
passes along growth rings using a Merchantek micro-
mill (New Wave Research;) with a 1 mm diamond drill 
bit with a target mass of 30 μg. Where possible with-
out overlapping of the drilling passes, 3 regions were 
sampled: around the nucleus, halfway to the edge, 
and at the edge. These otolith regions are hereafter 
re  ferred to as core, middle, and edge regions, respec-
tively. For the stable isotope analysis 100% phospho-
ric acid reacted with the aragonite powder at 70°C 
and, using CO2 as a purification gas, was analysed by 
a GEO Instruments isotope ratio mass spectrometer 
(Sercon). The analytical errors were lower than 0.2 
and 0.3‰ for δ13C and δ18O measurements, respec-
tively, using repeated sampling of NBS-19 and in-
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house standards (Carrera marble). The resulting iso-
topic compositions of the samples are reported as δ 
values relative to international standards defined as: 

             δX (‰) = [(Rsmpl / Rstnd) – 1] × 1000‰        (1) 

where X stands for C or O and R represents the isoto-
pic ratio of the sample (Rsmpl) and the standard (Rstnd). 

2.3.  Ecological context of otolith regions 

To provide an ecological context for the sampled 
otolith regions, we back-calculated TL and age corre-
sponding to the sampled regions of each fish (for 

details about the applied equations see 
Table S1 in the Supplement; www.int-
res.com/articles/suppl/m729p185_
supp.pdf). Due to the absence of peer-
reviewed back-calculation studies for 
wreckfish, the von Bertalanffy growth 
equation of Sedberry et al. (1999) was 
used to approximate the correspond-
ing TL. As the otolith size at capture 
varied between specimen, the back-
calculated sizes were then used to 

identify outliers of each otolith region per species and 
thus assure comparable TLs within each region. Only 
2 outliers were found for which the back-calculated 
TL from the edge region was the same as the TL from 
the middle regions of other specimens. The middle 
region isotope values were thus replaced with the 
edge region ones for these 2 individuals. Based on 
length at maturity values from the literature, the oto-
lith regions of rockfish, wreckfish and seabream pre-
sented here represent young juveniles (core regions), 
premature juveniles and sub-adults (middle regions), 
and mature adults (edge regions) (Isidro 1987, Krug 
1998, Peres & Klippel 2003).  
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                                N                 Size mean       Age mean   Capture depth mean  
                       (M:F:HMF)     (range) (cm)    (range) (yr)           (range) (m) 
 
Rockfish        12 (10:2:0)        34.6 (2341)          6.1 (38)            888 (8 001 100) 
Wreckfish      10 (6:4:0)        82.2 (73117)      13.4 (817)            441 (40 000) 
Seabream      10 (1:6:3)         40.5 (3842)         9.8 (811)            705 (600 900)

Table 1. Sample count (M: male; F: female; HMF: hermaphrodite), with mean 
and range of size, age and capture depth of the study species individuals  

included in this study

Fig. 1. Sampling locations (black points). Sample composition is denoted by numbers for each species (rockfish: red; wreckfish: 
blue; seabream: yellow) around the points. Map shades show General Bathymetric Chart of the Oceans (GEBCO) elevation data

https://www.int-res.com/articles/suppl/m729p185_supp.pdf
https://www.int-res.com/articles/suppl/m729p185_supp.pdf
https://www.int-res.com/articles/suppl/m729p185_supp.pdf
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2.4.  Otolith thermometry and metabolism  
calculations 

To calculate the temperature corresponding to the 
measured δ18O of the otolith regions, the relationship 
established by Høie et al. (2004) was applied: 

                  δ18OOtolith(PBD) –  δ18Owater(SMOW) =                   
               3.90 (±0.24) – 0.20 (±0.019) × T (°C)          (2) 

where δ18OOtolith(PBD) is the measured otolith stable 
isotope ratio relative to the isotope standard Vienna 
PeeDee belemnite (VPDB); δ18Owater(SMOW) the iso-
tope ratio of sea water relative to standard mean 
ocean water (SMOW) and T is the temperature in °C. 
Due to the scarcity of water isotope studies in the 
study area, Eq. (3) (Craig & Gordon 1965) was used 
to estimate the δ18Owater using local salinity (S ) mea-
surements. 

                        δ18Owater = –21.2 + 0.61 × S                   (3) 

To provide accurate thermometry calculations, sec-
tion-dependent depth distribution data was used to 
derive environmental parameters for Eqs. (2) & (3). 
The back-calculated size ranges were used to com-
pute the weighted mean depth distribution of each 
section for the 3 species using catch data from the 
annual Azorean bottom longline surveys between 
1996 and 2019 following Pinho et al. (2020) (Table S1). 
Corresponding mean temperature and salinity values 
were calculated from 123 CTD casts in the Azores 
between 2010 and 2014. 

As a proxy for metabolic activity, the ratio of meta-
bolically derived carbon in the otolith aragonite 
(Cresp) was calculated using a 2-component mixing 
model (Schwarcz et al. 1998, Solomon et al. 2006): 

δ13Coto = Cresp × δ13CDiet + (1 – Cresp) × δ13CDIC + ε     (4) 

where δ13Coto is the measured isotope ratio of the 
otolith, δ13CDiet the isotope ratio of prey organisms 
of the fish, δ13CDIC is the isotope ratio of dissolved 
inorganic carbon in ambient waters, and ε is the 
total isotope fractionation factor from ambient 
waters to otolith aragonite assumed to be not differ-
ent from 0 (Solomon et al. 2006). Due to the 
absence of deep local DIC studies, the mean 
δ13CDIC values were calculated from data compiled 
by Becker et al. (2016) using 3 stations in the east-
ern proximity of the Azores. Section-dependent 
values were based on the mean depth values 
derived from the otolith thermometry (Table S1). 
Lipid corrected muscle mean δ13C values and SD of 
the 3 study species were used as δ13CDiet ratios (see 
Solomon et al. 2006). 

Following Chung et al. (2019b), the standard meta-
bolic rate (SMR), was estimated from statistical allo-
metric relationships as: 

                                                  (5) 

where B0 is the normalised constant of 1.64 × 1013 de-
termined for 79 species by Killen et al. (2010), alpha is 
the allometric mass-scaling exponent for mass-specific 
metabolic rate (a value of –0.1 was used; Clarke & 
Johnston 1999, White et al. 2006, Killen et al. 2010), 
and Toto is the temperature calculated from δ18O 
thermo metry in Kelvin. This equation is based on 3 as-
sumptions: a common, statistically derived metabolic 
level (‘B0’ term in Chung et al. 2019b), accurate recon-
structions of fish size from otolith age counts, and 
body mass scaling of SMR with an exponent of –0.1. 

Cresp values are a proxy for field metabolic rate; how -
ever, most ecophysiological studies use oxygen con-
sumption rates as a proxy for metabolic rate. Statistical 
calibrations to convert Cresp values to equivalent oxy -
gen consumption rates have been determined experi-
mentally for Australian snapper Chry so phrys auratus 
(Martino et al. 2020) and Atlantic cod Gadus morhua 
(Chung et al. 2019b) and presented in the form of ex-
ponential decay models: 

                        Cresp = C × (1 – e–k×FMRoto)                    (6) 

where the C and k terms are model fitted values, and 
FMRoto is the oxygen consumption rate in mgO2 kg–1 
h–1. However, with increasing data from a wider 
range of fishes (Alewijnse 2021) it is becoming clear 
that the decaying exponential component may in part 
reflect experimental artefacts, specifically inclusion 
of additional metabolic components to SMR at high 
induced temperatures. The linear form of the calibra-
tion model presented in Chung et al. (2019b) avoids 
these potential artefacts. We have therefore esti-
mated effective oxygen consumption rates according 
to the linear form of the calibration model: 

                 FMRoto = (Cresp – 0.041)/0.000971             (7) 

Given the uncertainties of the equations and the 
subsequent error propagation, both the thermometry 
and metabolism calculations were constructed using a 
Monte Carlo framework with 1000 iterations, drawing 
each variable randomly from a normal distribution 
constrained by estimates of uncertainty (SDs around 
parameter estimates). For temperature determination, 
we estimated uncertainty in δ18Owater values with an 
SD of 0.1‰, and uncertainty around measured δ18Ooto 
values of 0.2‰. Uncertainties around temperature 
equation parameters are taken from Høie et al. (2004) 
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(Eq. 2). For estimation of Cresp values, SDs of 0.1, 0.5, 
and 0.5‰ were applied to δ13Coto, δ13CDiet, and δ13CDIC 
values, respectively. All data analysis was performed 
using the statistical environment R (R Core Team 
2013). After confirming the normal distribution of the 
residual errors and homogeneous variances, differ-
ences between group means were assessed using 1-way 
analysis of variance (ANOVA) and post-hoc Tukey 
tests for data that met the assumptions. Non-paramet-
ric Kruskal-Wallis tests with Wilcoxon rank sum post-
hoc comparisons were used for non-normally distrib-
uted groups. To compare between the different species, 
a permutational multivariate analysis of variance 
(PERMANOVA) was used, implementing depth as a 
function of species and otolith region nested within 
species (999 permutations and Bray-Curtis similarity 
index). Additionally, the individual rate of change 
(IRC) was computed as the difference between adja-
cent otolith regions of each individual to provide a 
metric of the intra-individual difference between ad -
jacent sections. To test interspecific differences in 
metabolic regressions we compared the Akaike infor-
mation criterion of a generalized linear model with 
Cresp as a function of fish mass and temperature with 
and without species as a factor. 

3.  RESULTS 

3.1.  Overview 

The otolith thermometry using δ18O ratios re -
vealed consistent and marked differences in inferred 
temperature between otolith regions in all 3 taxa 
(ANOVA p-values < 0.003). The derived tempera-

tures showed similar differences with overall de -
creases of mean temperatures with increasing otolith 
radius, size, and age with differing patterns between 
the species (Table 2). 

For rockfish the core δ18Ooto values recorded higher 
mean temperatures (mean = 15°C) than the 2 overlap-
ping regions middle and edge (Fig. 2). This was paral-
leled by a –4.3°C mean individual rate of change be -
tween the core and middle regions (Fig. 2, Table 2). 
The maximum inferred temperature was 18.5°C, 
found in a core region, while the minimum tempera-
ture found was 5.9°C of an edge region. Correlating 
the calculated temperatures to Azorean mean tem-
perature–depth profiles, core rockfish otolith regions 
(corresponding to the smallest mean size) exhibited a 
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                                         Mean   Mean                    Thermometry                                              Metabolism 
                                            TL        age        Mean            CI            Mean         CI                Mean          CI            Oxygen            CI 
                                          (cm)      (yr)        temp.                            depth                               Cresp                       consumption  
                                                                          (°C)                                 (m)                                                              (mg O2 kg−1 h−1) 
 
Rockfish          Core        3.1         0.4            15        13.2–16.8       214      72–356              0.3       0.3–0.37          161           121–201 
                        Middle     15.8        3.6          10.8        9.2–12.4        631     435–827             0.2       0.2–0.27           85             67–103 
                          Edge       28.9         7             9.5         6.8–12.1        804    467–1141            0.2      0.15–0.25          67              44–90 
Wreckfish      Core       53.8        2.3          20.3       18.9–21.7         5           0–13               0.37     0.34–0.39         196           165–228 
                        Middle     77.6        6.2          18.7       17.6–19.8        16          0–37               0.31     0.28–0.34         138           109–167 
                          Edge       99.2        11           13.3       13.0–13.6       326     279–374            0.19     0.15–0.22          61              47–74 
Seabream       Core         11         0.7          22.6       21.4–23.8         2            0–2                0.41     0.38–0.43         327           230–425 
                        Middle     24.8        3.6          17.7       16.3–19.2        49          4–94               0.33     0.28–0.39         169           124–215 
                          Edge       38.4        7.7          13.4       12.5–14.3       333     237–429            0.21     0.17–0.26          77             53–101

Table 2. Mean back-calculated total length (TL) and age with corresponding temperature (temp.), depth, metabolism rates, and 
95% confidence intervals (CI) of the 3 otolith regions of rockfish, wreckfish and seabream. Cresp: metabolically derived carbon  

in the otolith aragonite

Fig. 2. Boxplot of the calculated temperature of otolith regions 
of rockfish (red), wreckfish (blue), and seabream (yellow), with 
coloured boxes showing the interquartile range, horizontal 
lines the median value, and vertical lines the last maximum 
and minimum value before the upper and lower fence, respec-
tively, with points indicating outliers. Coloured numbers de-
note the mean individual rate of change between the 2 equally  

coloured adjacent otolith regions of each species
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mean depth of ca. 200 m while values of the middle 
and edge regions of larger individuals, corresponded 
to higher depth estimates of ca. 600 and 800 m, 
respectively (Table 1). 

In wreckfish the mean δ18O values of the core and 
middle regions overlapped while the edge region re -
corded a lower mean temperature (13.3°C) with a pro-
nounced mean IRC decline between middle and edge 
regions (–5.2°C). The maximum derived temperature 
was 24.5°C of a core region. Derived depths for core 
and middle regions of wreckfish indicated mean 
depths of below 50 m for both, while values of edge 
regions correspond to significantly deeper depths of 
ca. 300 m (Table 2, Fig. 3). 

For seabream the otolith thermometry showed a 
decrease of mean temperatures with increasing oto-
lith radius, size, and age (Table 2). Values ranged from 
12.0°C (edge region) to 25.3°C (core region). The IRC 
between the regions was similarly negative between 
both the core and middle regions and the middle and 
edge regions (Fig. 2). The corresponding depths of 
the regions showed clear differences between the 3 
regions (Fig. 3, Tukey p < 0.001) and increasing 
depth with increasing otolith radius (corresponding 
to larger sizes and older animals). The core section 
exhibited the shallowest derived depths, between the 
surface and 2 m, significantly shallower than 50 m, 
extending above the SD of the mean temperatures. 

Values of the middle region revealed deeper values 
(ca. 50 m) and edge regions with the deepest mean of 
ca. 300 m, with maximum estimated depth past 400 m. 

Regarding metabolism, Cresp values indicated a con-
sistent decrease in mass-specific field metabolic rate 
with increasing distance from the otolith core (and 
thus increasing age and body size) across all 3 taxa 
(Table 2). Estimated equivalent oxygen consumption 
ranged from 106 to 375 mg O2 kg−1 h−1 for rockfish, 
116 to 380 mg O2 kg−1 h−1 for wreckfish, and 112 to 
419 mg O2 kg−1 h−1 in seabream (Table 2). 

3.2.  Interspecific comparison 

The comparison between the 3 study species 
showed clear differences in realised habitat tempera-
ture, field metabolic rates, and ontogenetic dynamics 
of these deep-sea fishes. The otolith thermometry 
indicated different depth distributions of the different 
species (PERMANOVA pseudo-F(2) = 22.7, p < 
0.001) and life stages of the species (PERMANOVA 
pseudo-F(6) = 14.8, p < 0.001). The highest tempera-
ture (and therefore shallowest derived depth) was ex -
hibited by small seabream, with a temperature ex -
ceeding the mean and SD of the local temperature 
profiles. Differences between the 3 species were 
largest between core otolith regions (Kruskal-Wallis 

H(2) = 23.6, p < 0.0001) with only 
wreckfish and seabream showing simi-
lar depth values (Fig. 3, Wilcoxon 
post-hoc test p > 0.05). With increas-
ing depth inter-specific differences de -
creased, with all 3 species revealing 
more similar ranges at the edge region 
(Kruskal-Wallis H(2) = 7.9, p < 0.02). 

Regarding metabolism, all 3 species 
showed de creasing Cresp values with 
increasing body size, reflecting a com-
bination of body size and temperature 
effects on mass specific metabolic 
rates with differences between the spe-
cies (improved generalized linear 
model performance with species in -
cluded as factor). Relative Cresp values 
showed consistent relative positions in 
core and middle regions, with rockfish 
displaying the lowest Cresp values and 
seabream displaying highest Cresp 
values. At the edge region, corre-
sponding to the largest size of individ-
uals, the Cresp ranges overlap for all 3 
species. 
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Fig. 3. Mean depth and temperature of the life stages of rockfish (red), wreck-
fish (blue), and seabream (yellow) (small fish symbols represent younger and 
larger ones older life stages), with the mean temperature–depth profile from  

the Azores (black line) and its SD (grey area)
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3.3.  Thermal sensitivity of FMR 

In all 3 species, Cresp values (and 
therefore FMR) increased with in -
creasing temperature (Fig. 4). The ap -
parent thermal sensitivity of FMR, 
given by the slope of the relationship 
between Cresp values and experienced 
temperature (Fig. 5 bottom), was simi-
lar across taxa, but this relationship is 
complicated by the inverse covariation 
between experienced temperature and 
ontogenetic increases in body size. In 
wreckfish and, to a lesser extent, sea-
bream, the rate of increase in Cresp 
values with increasing temperature fell 
faintly as temperatures approach 25°C, 
potentially implying a thermal maxi-
mum beyond which metabolic per-
formance declines. 

FMR values converted to oxygen con-
sumption rates were compared to SMR 
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Fig. 4. Scatter plot of metabolically derived carbon in the otolith aragonite 
(Cresp) as function of temperature, i.e. field metabolic rate in rockfish (red), 
wreckfish (blue), and seabream (yellow). Points are the mean individual values 
of Monte Carlo iterations with SD denoted as error bars, lines being the 1000  

respective loess regressions

Fig. 5. Mass- (top) and tempera-
ture- (bottom) scaling of field 
oxy gen consumption rates in-
ferred from otolith isotopes 
(Heli co le nus dactylopterus, Poly-
prion ameri ca nus, and Pagellus 
bogaraveo). (Top) Mass scaling 
of whole organism oxygen con-
sumption rates. Red lines: mass 
scaling with an exponent of 0.79; 
point size shows mean tempera-
ture. (Bottom) Arrhenius plot 
showing thermal sensitivity of 
the field metabolic rate (FMR) 
values accounting for body size. 
Red lines: temperature scaling 
with a thermal sensitivity of 
0.65eV; point size shows relative 
mass. kT: k is Boltzmann’s con-
stant, and T is temperature in 
Kelvin against the natural log of  

mass-corrected respiration
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predicted by metabolic theory (Eq. 5), considering vari-
ations in reconstructed body size and experienced tem-
perature (Fig. 6). FMR values estimated from otolith 
isotope compositions covaried closely with variations in 
SMR predicted from temperature and body size ap-
proximating 3 times modelled SMR in all cases except 
for juvenile samples from rockfish, where measured 
FMR values lay between 1 and 3 times estimated SMR 
(Fig. 6). However, the estimates of SMR values are 
based on 3 assumptions: a common, statistically de rived 
metabolic level (‘B0’ term in Chung et al. 2019b), accu-
rate reconstructions of fish size from otolith age counts, 
and body mass scaling of SMR with an exponent of –
0.1. We are unable to confirm that any of the assump-
tions underlying SMR estimation (see Section 3.4.) are 
valid for the 3 species in this study; therefore, apparent 
differences in the relationship between inferred FMR 
and SMR for rockfish compared to wreckfish and sea-
bream could reflect violations of the assumptions above 
rather than differences in species’ physiology. The re-
sulting inferred mass scaling exponents for whole body 
oxygen consumption rates are (with SE of the regression 
slope in parentheses): rockfish: 0.91 (0.02), wreckfish: 
0.62 (0.05), Pagellus bogaravo: 0.81 (0.03). The estimated 
slope for wreckfish is low compared to expected mass 
scaling exponents between 0.65 and 1 (Glazier 2014, 
Norin preprint https://doi.org/10.1101/2021.03.29.
437465), likely reflecting additional reduction in field 
metabolic rates associated with increasing inhabited 
depth. Arrhenius plots (Fig. 5 bottom) were used to ex-
plore the effect of varying apparent body mass scaling 

on inferences of thermal sensitivity. We explored the 
relationship between mass-scaled oxygen consumption 
rates and temperature drawing on 3 alternative values 
for mass scaling exponents, the statistically inferred ex-
ponents given above, a common ex ponent of –0.25 (as 
implied by strict metabolic theory) and a steeper mass 
scaling ex ponent of –0.1. For low (relatively shallow) 
mass  scaling exponents, inferred re lationships between 
temperature and FMR are negative, indicating over-
correction of body mass effects (Figs. S1 & S2). 
Applying a common body mass scaling exponent of 
–0.1 (close to the mass exponent of –0.12 inferred for 
rockfish) removed systematic body size effects, result-
ing in the following apparent thermal sensitivities of 
FMR: rockfish –0.98 (0.19), Polyprion americanus 
–0.85 (0.11), Pagellus bogaravo –0.93 (0.05). 

4.  DISCUSSION 

4.1.  Overview 

The life cycles of deep-sea fish are often presented 
as generalized and oversimplified models because 
ecological and biological data is typically limited, re-
stricting our understanding of multi-specific fisheries 
management. The analysis of stable isotope data, as a 
retrospective proxy of life history and environmental 
conditions experienced through the onto geny, was 
used in this study to further investigate the life cycles 
of rockfish, wreckfish and seabream. The results pro-

vide novel information in support of 
the hypothesis that all 3 species un-
dergo pronounced ontogenetic shifts 
in metabolism and across vertical hab-
itat use, while re vealing important dif-
ferences among species (Fig. 7). The 
contrasting re sults among the 3 study 
species, highlight the ecological differ-
ences not only in their overall distribu-
tion but also in the dynamics through-
out the life history of these deep-sea 
fishes. At the same time, the depth data 
strengthen the species distribution in-
formation used for fisheries manage-
ment decisions, while the metabolism 
estimates provide novel data for esti-
mating energetic needs of the species 
and parameterise food web models. As 
such, these findings have implications 
for the conservation and sustainable 
management of these key species in 
the Atlantic. 
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Fig. 6. Comparison between standard metabolic rates (SMR) inferred from re-
constructed body mass and experienced temperature and field metabolic rates 
(FMR), both expressed as oxygen consumption rates (mg O2 mg–1 h–1). Color 
indicates species (rockfish: red; wreckfish: blue; seabream: yellow); symbol 
size indicates reconstructed body mass relative to the largest sampled body 
size for each species. Sustained FMR values are expected to lie between 1  

(black dashed line) and 3 (grey dashed line) times SMR
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4.2.  Rockfish 

The distribution of the sampled rockfish revealed by 
the otolith thermometry (17 to 7°C and water depths of 
100 to 1100 m) are closely comparable to the distribu-
tion of rockfish found in catch-based studies of other 
Atlantic populations (Kelly et al. 1999, Allain & Lo-
rance 2000, Consoli et al. 2010, Capezzuto et al. 2020) 
and the Azores (Menezes et al. 2006, Santos et al. 
2020). Here, Menezes (2003) found a maximum catch 
depth of 1085 m with a minimum temperature of 7°C. 
Thus, the relative temperature and depth changes in-
ferred in this study provide relevant insights into the 
ontogenetic shifts of the species. 

The mean derived depths of the different life stages 
indicate an ontogenetic shift to deeper waters after 
the shallow water juvenile life stage. The ontogenetic 
migration across depth and associated temperature 
reduction during its life history is associated with a 
decrease in mass-specific metabolic rate with age and 
size in rockfish, consistent with expectations from 
metabolic ecology (Clarke & Johnston 1999, Drazen & 
Seibel 2007); however, the apparent thermal sensitiv-
ity of FMR is greater than the canonical activation 
energy of –0.65eV (Brown et al. 2004), implying ad -

ditional reduction in activity as fish move from warm 
shallow to deeper waters. We observed no evidence 
for reduced metabolic performance at either cold or 
warm boundaries of the experienced temperature 
range. Inferred field metabolic rates were similar 
across all 3 species where experienced temperatures 
overlap at around 16–20°C (the warmer water experi-
enced within the temperature range for rockfish). The 
temperatures below 15°C and higher Cresp values of 
rockfish compared to the other species may in part 
reflect small relative body sizes of rockfish compared 
to adult wreckfish and seabream (body sizes of rock-
fish and seabream being more comparable). It is 
therefore likely that rockfish have relatively high field 
metabolic rates in colder waters compared to the 
other 2 study species. Otolith-inferred FMR for rock-
fish is much lower than SMR inferred from metabolic 
theory based on the core samples, which, together 
with associated shallow mass scaling slopes for whole 
body FMR, likely implies that the body sizes inferred 
for the otolith core samples are underestimated. 

The estimated core region temperatures observed 
for rockfish are difficult to interpret from the ontoge-
netic and early life history perspective. Conversely, 
the estimated core temperature would suggest that 
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Fig. 7. Conceptual model of the life cycles of the 3 study species (Helicolenus dactylopterus, Polyprion americanus, and Pagel-
lus bogaraveo) in the Azores study area (light blue ellipse). Sizes of fish silhouettes represent the different life stages (early 
juveniles, sub-adults, and mature fish); arrows represent theorised ontogenetic habitat shifts. Dashed arrows and question  

marks illustrate remaining knowledge gaps
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larvae and juveniles are not surface oriented, where 
warmer waters are found. However, rockfish spawn-
ing occurs in the coldest time of the year, with tem-
peratures down to 15°C and little thermal stratifica-
tion within the first 150–200 m present in the region 
(Locarnini et al. 2018). In addition, the early life stage 
of rockfish is poorly known, and the fate of the inter-
nally fertilized embryos, released embedded on a 
gelatinous matrix is unknown (Sequeira et al. 2011 
and references therein). It remains unclear if the egg 
masses will remain benthic or may drift at specific 
depth. In summary, the early life history, in particular 
the larval stage habitat-use and dispersal of rockfish, 
remains unknown as does the understanding of verti-
cal ontogenetic habitat use at the earlier stages (see 
question marks in Fig. 7). In contrast, the observed 
shifts in metabolism are consistent with morphologic 
and diet shifts from more streamlined juveniles with a 
more active foraging behaviour (probably associated 
with pelagic hunting) to benthic ambush predators in 
later life stages (Rodríguez-Mendoza et al. 2011 and 
references herein). Similar to the findings of Santos et 
al. (2020), large rockfish reveal a broad depth range 
suggesting the availability of suitable habitats across 
a wide vertical window in the Azores (Pham et al. 
2015), yet the location and extent of their essential 
fish habitats remain to be identified. 

4.3.  Wreckfish 

The results of wreckfish otolith regions indicate a 
shallow pelagic phase throughout juvenile life stages 
(otolith core and middle). The elevated temperatures 
estimated for the juveniles, exceeding local average 
surface temperatures, might result from the higher 
temperatures potentially experienced in the Gulf 
Stream along which the wreckfish larvae and juveniles 
are expected to live before reaching the Azores. We 
detected a pronounced ontogenetic habitat shift from 
warm shallow surface waters to colder and deeper 
waters of around 300 m (Fig. 3), consistent with the hy-
pothesis proposed by several authors (Sed berry et al. 
1996, 1998, Ball et al. 2000, Machias et al. 2003). The 
overall depth distribution is also in agreement with 
catch data from the Azores (Menezes 2003) and other 
parts of the Atlantic (Ray & Robins 2016). 

Contrary to preceding studies, the intra-individual 
variability we found suggests that at least some indi-
viduals shift to deeper habitats between 77 and 99 cm 
TL and thus close to the size of maturity (Peres & Klip-
pel 2003). Still, inter-individual plasticity may be 
high, and the timing of the shift likely influenced by 

the presence of suitable demersal habitat. Interest-
ingly, the longline catch data used to provide a priori 
depth distributions shows the highest catch of juve-
niles (same size as regions core and middle) at depths 
of 350 to 500 m on average. Such variability would 
probably be detected on catch-biased data while 
being potentially masked by the time integrated sig-
nal of our study as suggested previously (G. Menezes 
pers. comm.). 

This study also provides the first estimates of field 
metabolic rate of wreckfish. The low allometric scal-
ing exponents found for whole organism FMR are 
potentially associated with changes in activity levels 
linked to ontogenetic depth changes. As such, wreck-
fish might transition from a more active predation of 
the intermittently available epipelagic prey to a 
reduction in activity after the ontogenetic shift to 
demersal habitats with more stable prey availability. 
The thermal sensitivity of Cresp (and therefore FMR) 
indicates a potential non-linear response of wreck-
fish; however, a larger sample size with a wider tem-
perature range would be necessary to draw robust 
inferences. The broad inter-individual variation of 
metabolic rates at high temperatures (particularly vis-
ible around 19°C) could be evidence of the large vari-
ability of prey availability and composition while the 
wreckfish juveniles disperse along the epipelagic cur-
rent systems of the North Atlantic Ocean. 

The otolith thermometry and derived depth data of 
this study supports, for the first time, the pronounced 
habitat shift of this data deficient species, providing 
new insights into the stochasticity of the timing of 
vertical migration as reflected by intra-individual 
data. The recurrent catch of mature adults in the 
region reinforces the suggested importance of the 
Azores for the north Atlantic population of wreckfish 
(Ball et al. 2000). Further research needs to be con-
ducted to identify whether mature adults return to 
the west Atlantic to spawn, or if the Mid-Atlantic con-
stitutes an alternative spawning ground (see Fig. 7). 

4.4.  Seabream 

The otolith thermometry of seabream shows a wide 
temperature and associated depth range, agreeing 
with catch depth distribution recorded in the Azores 
and the Mediterranean (Menezes et al. 2006, Mytili-
neou et al. 2013). There was a significant gradual 
ontogenetic shift in temperature and depth from 
warmer shallow waters to colder deeper waters as the 
individual grows, with adults occupying the coldest 
and deepest layers. Early juvenile life stages display 
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high temperatures exceeding the average of Azores 
surface waters. After hatching in spring, the young of 
the year have been found to aggregate in coastal 
areas using the inshore habitats as nurseries for ap -
proximately 1 yr in the Azores and continental Euro-
pean waters (Santos et al. 1995, Lorance 2011, Pinho 
et al. 2014). With summer sea surface temperatures 
be tween 20.5 and 23.5°C (Amorim et al. 2017), the 
thermometry of the juveniles thus provides realistic 
values for the study area. These results support the 
hypothesis that the black spot seabream life cycle in -
cludes an obligatory shallow water recruitment stage 
followed by a post-recruitment phase of several 
months as suggested by several authors (Afonso et al. 
2012, Félix-Hackradt et al. 2013, Teixeira 2013, Pinho 
et al. 2014). The question remains, however, whether 
this recruitment is exclusively coastal or may also be 
epipelagic (marked as question marks in Fig. 7). 
Additional studies using amino acid compound spe-
cific isotopic analysis should clarify this question by 
determining the source of post-recruitment diet, i.e. 
coastal vs offshore. 

FMR in seabream reveal significant ontogenetic 
differences with lower mass-specific metabolism in 
larger individuals residing in deeper and colder 
waters (Fig. 5). Seabream show a non-linear relation-
ship between FMR and temperature (Fig. 4), with a 
slight inflection at around 18°C. As in all 3 species, 
the apparently high thermal sensitivities for mass-
corrected FMR likely imply a reduction in activity 
levels associated with ontogenetic depth migrations 
(Fig. 5). 

4.5.  Contrasting ontogenetic dynamics  
of deep-sea fishes 

While rockfish shift from benthopelagic juveniles 
to deep benthic ambush predators relatively early, 
both wreckfish and seabream start their life in shallow 
waters, shifting to the deep-sea habitat only at or 
close to attaining maturity. Yet, even the shallow 
juvenile life stages of the 2 latter species could hardly 
differ more in their habitat use, with solitary juvenile 
wreckfish being transported in epipelagic waters 
across ocean basins, often in association to floating 
debris (Sedberry et al. 1996), while seabreams seek 
shelter in inshore coastal nurseries. 

In all 3 species, the ontogenetic shift to deeper hab-
itats around maturity is associated with a relative 
reduction in metabolism, a proxy for activity. At low 
temperatures, rockfish maintain higher metabolic and 
thus higher activity levels (Figs. 4 & 5). 

4.6.  Potential of otolith chemistry  
for deep-sea fish ecology 

While absolute values for both temperature and 
field metabolic rate inferred from otoliths are subject 
to uncertainty, otolith chemistry offers a unique tool 
to elucidate life history characteristics of deep-sea 
species using relatively few samples. Due to the 
integrative nature of the otolith tissue matrix and 
temporal and spatial variation in parameters included 
in calculations, our results cannot be used to infer 
more detailed assumptions about exact timings of 
onto genetic shifts. Furthermore, owing to remaining 
parameter uncertainties, absolute depths and meta-
bolic rates should be interpreted with caution. The 
calculated Cresp values fall within the wide range of 
values reported in the literature (Chung et al. 2019a 
and references herein) yet are higher than the those 
reported for 4 other deep-sea species (Chung et al. 
2019b). Inferences of FMR show high sensitivity for 
the source values (especially δ13C values of ambient 
seawater) used in the mixing models. We highlight 
the need for studies of the water isotope–depth pro-
files or proxies for the respective calculations. Never-
theless, this study demonstrates that otolith stable 
isotope analyses can yield significant new knowledge 
about broad shifts of habitat and metabolic activity 
using relatively small sample sizes, making it a highly 
powerful method to fill existing essential knowledge 
gaps concerning the life cycles of deep-sea fishes. 
Further research of otolith biogeochemistry is neces-
sary to determine the degree of inter- and intraspeci-
fic differences in fractionation and to provide accu-
rate parameters for wider application in the future. 

The differences in metabolism among species high-
light the heterogeneity of the evolutionary traits 
these species have developed to adapt to the chal-
lenging conditions of the deep-sea throughout their 
ontogeny. Current management strategies tend to 
oversimplify and generalize patterns to aid complex 
decision making, even more when concerning elusive 
organisms in remote ecosystems. Yet, with high mar-
ket value and vulnerable life history characteristics 
(low fecundity, slow growth, etc.), the understanding 
of the life cycles and essential fish habitats of com-
mercially exploited species is essential for sustainable 
management. The harvest of coastal juvenile sea-
bream arguably has considerable impacts on the pop-
ulation and subsequent commercial yields (Pinho et 
al. 2014). Fishing mortality has not been assessed for 
the data-scarce wreckfish, but increasing commercial 
and recreational exploitation of juvenile wreckfish 
around fish aggregation devices could significantly 
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impact the reproductive capacity in future years (sim-
ilar to tuna as detailed in Hallier & Gaertner 2008). 
Based on the heterogeneity of depth distribution and 
habitat use, we stress the need for appropriate differ-
entiation in management and further research. The 
use of accessible, cost effective, and robust methods 
such as retrospective otolith chemistry has the poten-
tial to complement the existing catch-based data and 
contribute to fill knowledge gaps about elusive deep-
sea species. 

5.  CONCLUSIONS 

The retrospective otolith stable isotope analysis of 
δ18O and δ13C published here provides new and sup-
porting data for otherwise data-poor commercial 
demersal species. The otolith thermometry contrib-
utes thermal niche and depth distribution data which 
clearly compliment catch biased methods to coerce a 
more realistic image of the species ecology. The 
metabolism proxies supply information about the 
species’ adaptations to the ambient conditions in the 
deep sea and bioenergetic consequences. Rockfish 
exhibit the deepest distribution of the 3 study species 
with larger specimen inhabiting deeper waters than 
juveniles. The metabolic rate decreases with increas-
ing age and habitat depth, while size-specific metabo-
lism is the highest of the 3 species. Wreckfish reveal 
an abrupt ontogenetic shift to deep waters after a 
pelagic juvenile stage, with size-specific metabolism 
rates declining faster with increasing size. Seabream 
indicate a shallow coastal juvenile stage before shift-
ing gradually to deeper habitats. Similar to wreckfish, 
the non-linear slope of metabolic rate decline indi-
cates a change in physiology and/or behaviour in the 
older individuals inhabiting deeper and colder 
waters. The contrasting life cycles of the 3 species 
provided herein reiterates the evolutionary complex-
ity of deep-sea species that ought to be considered for 
sustainable management of multi-specific fisheries. 
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