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Abstract
The gill oxygen limitation hypothesis (GOLH) suggests that hypometric scaling of metabolic rate in fishes is a consequence 
of oxygen supply constraints imposed by the mismatched growth rates of gill surface area (a two-dimensional surface) and 
body mass (a three-dimensional volume). GOLH may, therefore, explain the size-dependent spatial distribution of fish in 
temperature- and oxygen-variable environments through size-dependent respiratory capacity, but this question is unstudied. 
We tested GOLH in the tidepool sculpin, Oligocottus maculosus, a species in which body mass decreases with increasing 
temperature- and oxygen-variability in the intertidal, a pattern consistent with GOLH. We statistically evaluated support 
for GOLH versus distributed control of Ṁo

2
 allometry by comparing scaling coefficients for gill surface area, standard and 

maximum Ṁo
2
 ( Ṁo

2,Standard and Ṁo
2,Max, respectively), ventricle mass, hematocrit, and metabolic enzyme activities in white 

muscle. To empirically evaluate whether there is a proximate constraint on oxygen supply capacity with increasing body 
mass, we measured Ṁo

2,Max across a range of Po2s from normoxia to Pcrit, calculated the regulation value (R), a measure of 
oxyregulatory capacity, and analyzed the R-body mass relationship. In contrast with GOLH, gill surface area scaling either 
matched or was more than sufficient to meet Ṁo

2
 demands with increasing body mass and R did not change with body mass. 

Ventricle mass (b = 1.22) scaled similarly to Ṁo
2,Max (b = 1.18) suggesting a possible role for the heart in the scaling of  

Ṁo
2,Max. Together our results do not support GOLH as a mechanism structuring the distribution of O. maculosus and suggest 

distributed control of oxyregulatory capacity.

Keywords  Gill surface area · Metabolic scaling · Respiratory capacity · Oxyregulation · Intertidal fish · Gill oxygen 
limitation theory · Oxygen uptake capacity · Anatomical gill scaling · Hypoxia · Tidepool fish

Introduction

The recently resurgent gill oxygen limitation hypothesis 
(GOLH) posits that the intraspecific allometry of whole-
organism metabolic rate in fish is a consequence of the 
“dimensional tension” between the growth of the essen-
tially two-dimensional oxygen exchange surface (e.g., gill 
surface) and the three-dimensional oxygen-consuming body 
volume (Pauly 2021). Specifically, GOLH suggests that 
slower growth of the oxygen exchange surface (i.e., gills in 

fishes) directly limits the oxygen consumption rate of the 
body, producing hypometric scaling of both metabolic rate 
and growth (Pauly 2021). Since warming generally increases 
oxygen demand exponentially in ectotherms (Q10 ~ 2–3, 
(Clarke 2017)), GOLH has also been suggested to underlie 
the decline in maximum body size of fish with marine and 
freshwater warming by exacerbating the hypothesized mor-
phological limitation on oxygen uptake capacity at the gills 
(Cheung et al. 2013; Cheung and Pauly 2016). Perversely, 
as oxygen demands in marine ectotherms increase with 
warming, ocean oxygen content is declining (Gattuso et al. 
2015). Hypoxia associated with ocean warming and, at more 
local scales, eutrophication, can impose an environmental 
constraint on the ability of marine ectotherms to meet their 
metabolic oxygen needs (Farrell and Richards 2009; Ern 
2019; Pörtner 2021; Rodgers 2021). GOLH’s hypothesized 
gill morphology constraint on oxygen uptake capacity and 
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growth may, therefore, mediate the effects of both ocean 
warming and deoxygenation on marine ectotherm growth 
and maximum body size in the multiple-stressor environ-
ment imposed by climate change.

There is considerable debate over the physiological 
validity of GOLH, particularly as a mechanism setting the 
allometry of oxygen uptake rate ( Ṁo

2
 ) and metabolic rate 

with body size (Lefevre et al. 2017, 2018, 2021; Pauly and 
Cheung 2018a, b; Pauly 2021). A major source of contention 
is the implication of GOLH that control of oxygen uptake 
and consumption is vested in a single, morphometric control 
locus, the gill gas exchange surface area (Scheuffele et al. 
2021). This contrasts with empirical evidence for distributed 
control of oxygen uptake and consumption among several 
steps in the oxygen transport cascade as well as oxygen and 
ATP demand, with metabolic state (i.e., basal/standard or 
maximal) also being a key determinant of control distribu-
tion (Darveau et al. 2002; Hochachka et al. 2003; Weibel 
and Hoppeler 2005). Resolving whether GOLH provides an 
accurate mechanistic basis for environmental impacts on fish 
metabolism and growth is key to accurately projecting ocean 
warming and deoxygenation impacts on fisheries and marine 
ecosystem functioning.

The debate over GOLH has largely involved theoretical 
analyses of published intraspecific scaling coefficients for 
gill surface area, oxygen uptake rate, and growth, but few 
empirical data exist to directly test GOLH’s proposed gill 
limitation of oxygen uptake rate. In a recent test of GOLH 
predictions, Scheuffele et al. (2021) calculated the ratio of 
gill surface area to both standard Ṁo

2
 ( Ṁo

2,Standard) and 
maximum normoxic Ṁo

2
 ( Ṁo

2,Max). The authors analyzed 
the body mass scaling relationship of this ratio, termed the 
S ratio, and predicted that a scaling coefficient for S, bS, < 0 
would be consistent with GOLH while bS ≥ 0 implies that 
gill surface area growth is sufficient or in excess of that 
required to support increases in oxygen uptake rate as indi-
viduals reach larger body sizes, refuting GOLH. Although 
Scheuffele et al. (2021) concluded that the available data do 
not support a gill surface area limitation on oxygen fluxes 
with increasing size, data for testing S at Ṁo

2,Standard were 
available for only nine species and S for Ṁo

2,Max for three 
species, indicating the need for more data to determine the 
generality of their conclusions.

Beyond the impacts of ocean warming and deoxygena-
tion with climate change, if GOLH is a ubiquitous driver of 
fish metabolic rate and growth, GOLH may provide a key 
physiological mechanism structuring the size distribution of 
species living in marine habitats with variable temperature 
and oxygen regimes. Intertidal rock pools vary dramatically 
in temperature, oxygen, carbon dioxide, and pH with the 
daily ebb and flow of the tides (Truchot and Duhamel-Jouve 
1980). Pools emersed at low tide can quickly warm during 
the day and become hyperoxic, hypocarbic, and alkaline 

with high photosynthetic activity while nocturnal respiration 
reverses these conditions leaving pools hypoxic, hypercar-
bic, and acidic (Richards 2011). The degree of variation in 
abiotic environmental parameters such as temperature and 
oxygen generally directly varies with vertical elevation of 
pools above the low water mark, although other physical and 
biological characteristics, including pool depth and volume, 
algal cover, rugosity, and angle of insolation, can dramati-
cally reduce the strength of the direct relationship between 
vertical elevation above the low water mark and abiotic pool 
condition variability (Metaxas and Scheibling 1993; Zander 
et al. 1999; Wuitchik et al. 2018). Although the ecological 
literature demonstrates that each of the above factors can 
contribute to the age and size structure of populations among 
rock pools, organisms living in rock pools often show an 
intraspecific small-to-large body size distribution that cor-
relates with the degree of environmental variability among 
pools (Nakamura 1976; Metaxas and Scheibling 1993; Wuit-
chik et al. 2018). Such an intraspecific spatial distribution 
of body sizes is consistent with a GOLH-derived growth 
limitation in abiotically variable tidepools, but the role of 
gill surface area in setting whole-organism respiratory and 
metabolic capacity at different body sizes in intertidal fishes 
remains unstudied.

The tidepool sculpin (Oligocottus maculosus) is a use-
ful model for studying the potential for GOLH to structure 
the size-dependent spatial distribution of fish in tempera-
ture- and oxygen-variable environments. Tidepool sculpins 
are an abundant tidepool resident species that preferentially 
inhabits rocky tidepools in the mid-to-upper intertidal on 
the Pacific coast of North America, ranging from central 
California to Alaska (Froese and Pauly 2021). A previous 
analysis demonstrated that smaller adult and juvenile indi-
vidual O. maculosus occupy smaller, warmer pools while 
larger adults occupy larger, cooler pools (Wuitchik et al. 
2018). Although Wuitchik et al. (2018) did not analyze 
oxygen variability in their analysis, the temperature varia-
tion they observed likely correlates with oxygen variation as 
has been previously demonstrated in O. maculosus habitat 
(Richards 2011).

Our objective was to investigate whether GOLH may con-
tribute to the size-dependent spatial distribution of a tidepool 
resident fish species, the tidepool sculpin (Oligocottus macu-
losus). We analyzed the body mass scaling relationships of 
normoxic Ṁo

2,Max, Ṁo
2,Standard, and gill surface area using 

the S ratio and bS analysis developed by Scheuffele et al 
(2021). To determine whether body mass scaling of other 
aspects of oxygen supply and demand might contribute to 
setting body size scaling of whole-organism Ṁo

2,Max, we 
analyzed the body mass scaling of ventricle mass, hemato-
crit, and muscle metabolic enzyme activities. We focused 
on the scaling of white muscle metabolic enzymes given 
that this tissue makes up a large proportion of body mass, 
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underlies the exhaustive burst swimming this species per-
forms during exhaustive chases, and the minimal content of 
red muscle in this benthic, generally sluggish species. To 
empirically evaluate whether there is a proximate constraint 
on oxygen uptake capacity with increasing body size in  
O. maculosus, we measured Ṁo

2,Max across a range of Po2s 
from normoxia to the critical Po2 for Ṁo

2,Standard (Pcrit). We 
used the Ṁo

2,Max vs. Po2 data to calculate the regulation 
value (Alexander Jr. and McMahon 2004) as a metric for 
evaluating the effect of body mass on oxyregulatory capac-
ity. If the size-structured spatial distribution of O. maculosus 
is a consequence of the GOLH mechanism, we would pre-
dict that gill surface area scales hypometrically with body 
mass, and both Ṁo

2,Max and Ṁo
2,Standard would scale with 

exponents less than the scaling exponent of gill surface area, 
i.e., bS < 0, for both normoxic Ṁo

2,Max and Ṁo
2,Standard. As 

GOLH assumes there is a proximate constraint on oxygen 
uptake capacity with increasing body size, we predicted that 
R would decrease with increasing body mass and that Pcrit 
would increase with increasing body mass, both of which 
would indicate a declining oxyregulatory capacity with 
increasing body size. Finally, we predicted based on GOLH 
that other aspects of oxygen supply and demand would either 
have no relationship with body mass (e.g., hematocrit, (Cal-
der 1996)) or would have scaling exponents greater than 
the scaling exponent for gill surface area, indicating excess 
capacity relative to gill surface area and, therefore, no con-
tribution to setting the scaling of oxygen uptake capacity.

Materials and methods

Animal collection and housing

Tidepool sculpins (O. maculosus) were collected under 
Department of Fisheries and Oceans Canada permit XR 
239 2017 and Huu-Ay-Aht Heritage Investigations permit 
HFN 2017-027 in September 2017 from rocky intertidal 
pools and the shallow subtidal on Wizard Islet and Ross Islet 
near Bamfield Marine Sciences Centre (British Columbia, 
Canada, 48.8355° N, 125.1355° W). Fish in tidepools were 
collected using dipnets and minnow traps, and a pole-seine 
net was used to collect larger individuals from eelgrass and 
sandy substrate in the shallow subtidal (< 1 m depth) adja-
cent to intertidal pools. As recommended for analyses of 
GOLH (Pauly 2021), the body mass range of fish collected 
spanned from the largest fish we could obtain, which was 
similar to the largest documented body size for O. maculosus 
(~ 10 g, (Froese and Pauly 2021)), down to approximately 
one-third of the maximum size of fish collected, with a final 
range from ~ 3.5 to 10 g. Animals were transported to The 
University of British Columbia (UBC) and housed in a recir-
culation system with aerated 35‰ artificial seawater (Instant 

Ocean, Blacksburg, VA, USA) at 12 °C with a 12L:12D 
photoperiod until respirometry experiments were run from 
November 2018 through January 2019, when fish were ter-
minally sampled for tissue analyses. Fish were fed ad libitum 
three times per week on a diet of Antarctic krill, spirulina-
fed brine shrimp, and blood worms.

To facilitate identification of individual fish and avoid 
aggressive interactions between large and small individu-
als, fish were separated into groups of 4–5 individuals of 
roughly similar size and held in separate buckets within 
the acclimation tank. The buckets had mesh windows to 
allow water exchange with the greater acclimation tank 
water volume and environmental enrichment simulating a 
rocky, eelgrass habitat. Fish within each bucket received a 
unique tail fin clip pattern, which together with their hold-
ing bucket identity was used to uniquely identify each fish. 
Exhaustive chases and respirometry measurements were 
performed at 12.0 ± 0.1 °C (Target temperature ± observed 
range, Table S1). Every phenotype was measured in every 
fish, resulting in a sample size N = 17 for every trait except 
ventricle dry mass, with N = 15 due to sample loss.

All experimental procedures were approved by the UBC 
Animal Care Committee (A17-0293).

Experimental protocols

Respirometry

Respirometry details recommended for reporting to 
improve reproducibility (Killen et  al. 2021) are given 
in Table S1. Ṁo

2,Max and Pcrit data were collected using 
closed respirometry, and Ṁo

2,Standard data were collected 
using intermittent respirometry. For all respirometry 
experiments, glass respirometers with a ratio of body 
mass (g): respirometer volume (mL) at ~ 1:15 (range of 
ratios: [7.1, 37], Table S1) were submerged in a tempera-
ture-controlled water bath and connected to flush pumps 
(EXT Inline pump, Cobalt Aquatics, Rock Hill, SC, USA). 
Flushing and closed periods during intermittent respirom-
etry trials were controlled via a USB power switch (model 
Cleware 1 USB-SwitchC IEC 16A Product no.:24-1, 
Cleware GmbH, Germany) using Aquaresp v 3.0 software 
(AquaResp.com). Bath temperature was monitored using 
a digital temperature probe (catalog no. 11-463-47A, 
Fisher Scientific, Waltham, MA, USA). The temperature 
of the bath was regulated using a benchtop temperature 
regulator (model 1160S, VWR International, Radnor, 
PA, USA) connected to a water-filled stainless-steel heat-
exchange coil submerged in the bath. Additional flushing 
pumps circulated bath water to ensure a uniform tem-
perature. For normoxic experiments, bath oxygen levels 
were maintained above ~ 80% air saturation (see Table S1 
for details) using air stones connected to an aquarium air 
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pump. Specific levels of hypoxia in hypoxic Ṁo
2,Max tri-

als were achieved by adding nitrogen from an industrial 
gas cylinder (Praxair, Vancouver, BC, Canada) through 
an air stone and manually adjusting flow via a regulator. 
Po2 (in % air saturation units, % air sat.) in the bath and 
respirometers was sampled every 10 s using a fluorescent 
probe connected to a benchtop spectrophotometer by a 
fiber optic cable (FOXY system, Ocean Optics, Dunedin, 
FL, USA) and recorded using Ocean Optics’ software 
(Neofox Viewer v2.0). A probe was inserted through a 
rubber stopper on the top of each respirometer. A plastic 
mesh cage excluded fish from interacting with the probe. 
Water in respirometers was mixed during closed periods 
using a magnetic stir bar placed under a rigid plastic mesh 
false bottom, with a magnetic stir plate positioned under 
the respirometry bath.

Normoxic and hypoxic Ṁo
2,Max estimates were obtained 

using an exhaustive chase protocol and closed respirom-
etry. An individual fish was placed in a bucket of nor-
moxic acclimation-tank water at acclimation temperature 
and manually chased to exhaustion. A fish was considered 
exhausted if it failed to respond to a tail pinch and failed 
to immediately right itself after being turned ventral-side 
up. The exhausted fish was immediately placed in a glass 
respirometer submerged in the respirometry bath at the 
target oxygen level. Ṁo

2,Max data were collected for each 
fish at 5 oxygen levels: 100% air sat. (i.e., normoxic Ṁo

2

,Max, mean trial DO >  ~ 90% air sat.), 80% air sat., 60% air 
sat., 40% air sat., and 20% air sat. To minimize the effect 
of order of oxygen treatment on our analysis, after collect-
ing normoxic Ṁo

2,Max data for all fish first, we haphazardly 
assigned the order of oxygen treatments for each group of 
fish (see “Animal collection and housing"). For normoxic 
Ṁo

2,Max, the respirometer and recirculation bath were at 
100% air saturation when the respirometer was sealed to 
start recording Ṁo

2
 . For every other oxygen level, the 

respirometry bath and respirometer were held ~ 2–5% air 
sat. above the target level until the exhausted fish was 
placed in the respirometer and the fish allowed to draw the 
oxygen down until the respirometer was at ~ 2–5% air sat. 
below the target level. This method ensured the mean Po2 
experienced during the trial was equal to the target Po2. 
Fish were weighed immediately following each respirom-
etry trial prior to being returned to their respective holding 
buckets within the acclimation tank for recovery. Fish were 
recovered for a minimum of 3 days between Ṁo

2,Max trials 
with 1 feeding to satiation on the first day of recovery fol-
lowed by 2 days of fasted recovery.

After collecting Ṁo
2,Max data for every fish at 20%, 40%, 

60%, 80% and 100% air sat., fish were recovered for at 
least 1 week, with a feeding 1 day prior to 2 days of fasting 
before collecting Ṁo

2,Standard and Pcrit data. Ṁo
2,Standard data 

were collected using intermittent respirometry followed 
by a closed-style Pcrit trial in which the respirometer was 
sealed and a progressive hypoxia exposure imposed by the 
fish consuming oxygen. During Ṁo

2,Standard trials, flush-
ing and closed period durations were adjusted for each 
trial to ensure a minimum of 5 min of linear decline in 
respirometer Po2 during closed periods and sufficient time 
to reoxygenate the respirometer to dissolved oxygen (DO) 
levels > 95% air sat. during flushing periods, typically 
5–10 min. Visual disturbance of the fish was prevented 
by covering the bath with black plastic, but the place-
ment of the plastic still allowed light to reach the fish so 
they continued to experience the acclimation photoperiod 
throughout the respirometry trials. Ṁo

2
 data for Ṁo

2,Standard 
estimation were collected over a 48 h period. At the end of 
the Ṁo

2,Standard trial period, to begin the Pcrit portion of a 
trial, flush pumps were manually powered off and the fish 
allowed to consume the oxygen contained in the respirom-
eter until changes in oxygen tension in the respirometer 
over a 5 min period could not be visually detected on the 
NeoFox graphical user interface. Fish maintained ventila-
tory movements and did not lose equilibrium during Pcrit 
trials using this protocol. Fish were weighed immediately 
following the end of the Ṁo

2,Standard–Pcrit trial and returned 
to their holding buckets in the acclimation tank for recov-
ery for 1 week with a regular feeding schedule before ter-
minal sampling for tissue analyses.

The water bath, respirometers, and associated tubing 
were bleached daily following Ṁo

2,Max trials or in between 
each set of concomitant Ṁo

2,Standard–Pcrit trials using a 10% 
hypochlorite solution for 30 min to minimize background 
respiration. Although we did not measure background res-
piration in this study, we used data from a nearly concomi-
tant study in O. maculosus using the same respirometry 
system and a comparable mass range (Somo et al. 2022) 
to determine that background respiration was likely suf-
ficiently low to not impact our current analysis and conclu-
sions (supplemental materials and methods).

Conversion of raw respirometry data to Ṁo
2
 values

Recorded percent air saturation values were converted to 
Po2 in kPa using local reported barometric pressure meas-
urements at the nearest Department of Environment and 
Natural Resources Canada weather station (49° 11′ 41″ 
N, 123° 11′ 2″ W) and assuming an atmospheric oxygen 
fraction of 0.2095. Po2 was converted to μmol O2 using 
salinity- and temperature-appropriate solubility coeffi-
cients from Boutilier et al. (1984) and the volume of the 
respirometer less the volume of the fish, with an assumed 
fish density of 1 mL g−1.
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Calculation of Ṁo
2,Max, Ṁo

2,Standard, and Pcrit estimates

Ṁo
2,Max estimates were obtained following the rolling 

regression method of Prinzing et al. (2021). Briefly, for 
each Ṁo

2,Max trial at each Po2, we obtained rolling ordi-
nary least squares regressions over the full measurement 
period using the “roll_regress()” function from the roll-
Regres package (Christoffersen 2019) as implemented in 
the supplemental R code in Prinzing et al. (2021). This 
function yields a dataset of regression coefficients from 
which we could select the steepest slope (i.e., largest 
regression coefficient) as our estimate of Ṁo

2,Max for a 
given regression window width. We obtained Ṁo

2,Max esti-
mates for window widths of 1 min, 2 min, 3 min, 4 min, 
and 5 min. We then plotted each regression associated with 
the Ṁo

2,Max slope from each window width over the raw 
Ṁo

2
 data for each trial and, for each experimental % air 

sat. treatment, visually determined the shortest window 
width for which a reasonable, consistent estimate of Ṁo

2

,Max could be obtained (Fig S1). We used a final window 
width of 80 s for estimating Ṁo

2,Max at 100% air sat. and a 
2 min window width for all other treatments (i.e., Ṁo

2,Max 
at 20% air sat.—80% air sat.).

Ṁo
2
 values during Ṁo

2,Standard trials were calculated 
from each “closed period” using a minimum of 300  s 
of the most linear portion of the slope (R2 ≥ 0.9) using 
Labchart Reader v8.1.9 (ADInstruments Inc., Colorado 
Springs, CO, USA). Ṁo

2
 values during Pcrit trials were 

obtained using end-to-end 300  s linear regressions in 
Labchart Reader software. Ṁo

2,Standard and Pcrit were esti-
mated as described in (Chabot et al. 2016) and (Claireaux 
and Chabot 2016), respectively. The first 5 h of Ṁo

2
 data, 

which generally accounted for the decline in Ṁo
2
 associ-

ated with recovery from handling, were discarded and the 
remaining data grouped into normal distributions (maxi-
mum of 4) using clustering analysis via the “calcSMR” 
function of the R package “fishMO2” (Chabot 2020). As 
recommended by Chabot et al. (2016), Ṁo

2,Standard was 
estimated as the mean of the lowest normal distribution 
when the coefficient of variation of the Ṁo

2
 data was less 

than 5.4%; otherwise Ṁo
2,Standard was estimated as the 

quantile P = 0.2 of the Ṁo
2
 data post-handling recovery. 

Pcrit was estimated as the intersection of estimated Ṁo
2

,Standard and the regression of data in the oxyconforming 
range of oxygen tensions using the “calcO2crit” function 
(R package “fishMO2”, (Chabot 2020)).

Calculation of regulation value

Originally proposed by Alexander Jr. and McMahon 
(2004), the regulation value R provides an index of the 

capacity to regulate Ṁo
2
 in hypoxia. The regulation value 

R is calculated as the percentage of the area under the 
curve for a hypothetical “perfect regulator” occupied by 
the area under the curve of experimentally obtained Ṁo

2
 

data (Fig. 2a), with Ṁo
2
 normalized to Ṁo

2,Max (Fig. 2b). 
A perfect regulator would have an R value of 100%, perfect 
conformer would have an R value of 50%, with increasing 
degrees of regulatory capacity above 50% and hypersen-
sitivity to mild hypoxia indicated by R values below 50%. 
Importantly, the regulation value, unlike other analytical 
approaches such as the regulation index (Mueller and Sey-
mour 2011), is agnostic about whether and what kind of 
continuous function and physiological mechanisms under-
lie the Ṁo

2,max–Po2 relationship. There is lively debate and 
ongoing investigation into the nature and physiological 
basis of the continuous relationship between Ṁo

2
 and Po2 

(Farrell et al. 2021; Seibel et al. 2021a; Zhang et al. 2022), 
so the regulation value provides a means of empirically 
describing whole-organism regulatory capacity without 
assuming a specific physiological basis for empirically 
observed regulatory capacity.

The regulation value R was calculated for each individual 
by first normalizing each Ṁo

2
 value to the maximum Ṁo

2
 

for that individual irrespective of Po2 (Fig. 2b, c). Po2 was 
converted to percent air saturation units (% air sat.) and R 
was calculated as:

where W is the width (5% air sat., Alexander Jr. and McMa-
hon 2004) and Ṁo

2,Obs is the height of a rectangle describing 
the observed, normalized Ṁo

2,Max at a given Po2 of either 
Pcrit, 20% air sat., 40% air sat., 60% air sat., 80% air sat., 
or 100% air sat., and Ṁo

2,PR is the normalized max at the 
same Po2 for a perfect regulator, i.e., Ṁo

2,PR = 100%. Note 
that Pcrit in O. maculosus indicates the threshold at which 
maximum respiratory capacity cannot support Ṁo

2
 > Ṁo

2

,Standard, i.e., absolute aerobic scope = 0 (Somo et al. 2022).

Tissue sampling

Fish were recovered for at least 1 week following the con-
clusion of respirometry during which they were fed on their 
regular schedule. The evening before sampling the fish were 
placed in containers with a 1 L bottom and mesh windows 
above to allow water exchange with the surrounding home 
acclimation aquarium in which the sampling containers were 
placed. The next morning, the fish were isolated into the 1 L 
bottom basin by gently lifting the sampling container out of 
the acclimation aquarium and unobtrusively anaesthetized 
with the addition of an overdose of benzocaine (250 mg L−1, 

R =

∑100%AirSat

P
crit

�

W × Ṁo
2,Obs

�

∑100%AirSat

P
crit

�

W × Ṁo
2,PR

�

× 100%,
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Sigma-Aldrich, USA) to the sampling container. Benzocaine 
may acutely elevate hematocrit in fish, (e.g., Phuong et al. 
2017; Soivio et al. 1977), but such an effect should support 
our analysis of the maximum capacity for oxygen uptake 
given the increase in hematocrit associated with splenic 
release during exercise (Gallaugher and Farrell 1998). Fish 
were fully anaesthetized within 1 min of exposure, and blood 
was sampled after removing fish from the anaesthestic bath 
via caudal severance. Blood was collected into a heparinized 
capillary tube and used for hematocrit measurements. The 
trunk was then cut just posterior to the anus and then cut 
in half dorsoventrally, avoiding the spine, to expose white 
muscle. The sectioned trunk was then wrapped in aluminum 
foil and flash frozen in liquid nitrogen. The heart was then 
removed, wrapped in aluminum foil, and flash frozen in liq-
uid nitrogen. The right gill basket was dissected out, cleaned 
of excess cartilage and skin, preserved in Karnovsky’s fixa-
tive (1% glutaraldehyde, 1% formaldehyde in a phosphate 
buffer, (Karnovsky 1965)) and refrigerated at 8 °C until 
further analysis.

Hematocrit analysis

After sampling, blood sample capillary tubes were sealed 
and immediately centrifuged at 5000×g for 3 min. Hema-
tocrit was calculated as Hct = (R/T) × 100%, where R is the 
measured height of the capillary tube occupied by packed 
red blood cells divided by T, the total measured height of 
the blood sample.

Gill surface area analysis

Gill surface area was measured following Henriksson et al. 
(2008). The total number of filaments on each gill arch was 
counted under a stereomicroscope (Olympus SZX10), and 
the length of every fifth filament was measured using digital 
image capture and software (light: LED transmitted light, 
halogen reflected light; camera: Olympus DP72 digital 
camera, 4140 × 3096 pixels, 12 bits, high sensitivity up to 
ISO1600; software: Olympus cellSense standard software, 
Tokyo, Japan). The linear spacing between lamellae along 
each filament was measured over 10 lamellae at the base, 
mid-section, and tip of every fifth filament on the first gill 
arch. Serial cross sections of every fifth filament of the first 
gill arch were performed with a razor blade under the ster-
eomicroscope, and lamellar area was quantified on at least 
3 lamellae per filament region (base, mid-section, tip) per 
filament using cellSense software. Total gill surface area 
was calculated as A = LFNLB, where LF is the total filament 
length (mm) on all gill arches, NL is the number of lamellae 
per millimeter on both sides of the filament, and B is the 
average bilateral surface area of the lamellae (mm2).

Ventricle dry mass analysis

Heart samples were thawed and the ventricle separated out 
under a stereomicroscope. Each ventricle was briefly and 
gently blotted on a kimwipe, placed in a pre-weighed alu-
minum weighing boat (Sigma-Aldrich), dried at 55 °C for 
72 h, and then weighed after bringing the boats to room 
temperature. Mass measurements were taken using a micro 
balance (XPR2, Mettler Toledo, Mississauga, Ontario, Can-
ada). Ventricle dry mass was calculated as MV = MBV − MB, 
where MV, the ventricle dry mass, is the difference between 
the pre-weighed boat mass (MB) and the post-drying boat 
mass + ventricle (MBV).

White muscle enzyme activity analysis

Frozen white muscle samples were broken into chunks in a 
liquid nitrogen-cooled mortar and pestle and any skin tis-
sue was removed before crushing and powdering the sam-
ple. Approximately 80–100 mg of powdered white muscle 
was added at a ratio of 1 mg:5 µL homogenization buffer 
(in mM at pH 7.2: 25 mM K2HPO4, 5 mM MgCl2·6H2O) 
then immediately sonicated on ice in 3–10 s bursts using a 
Kontes Micro Ultrasonic Cell Disrupter (Kontes, Vineland, 
NJ) on its highest setting. The homogenate was centrifuged 
at 600×g at 4 °C for 10 min, the supernatant was transferred 
and centrifuged again at 600×g at 4 °C and the supernatant 
was aliquoted and frozen at − 80 °C until enzyme activity 
and protein content analyses.

Maximal enzyme activities were determined spectropho-
tometrically (VersaMax, Molecular Devices, Sunnyvale, 
CA) by measuring the disappearance of nicotinamide ade-
nine dinucleotide (NADH) at 340 nm (LDH) over a 10-min 
incubation period, the appearance of 5-thio-2-nitrobenzoic 
acid (TNB) as a result of the reaction of free CoA with 
5,5′-dithiobis(2-nitro-benzoic acid) (DNTB) at 412 nm (CS) 
over a 10-min incubation period, and the disappearance of 
reduced cytochrome C at 550 nm (COX) over a 3-min incu-
bation period. The assay conditions were as follows: (in 
mM): LDH = 50 Tris at pH 7.4, 2.5 pyruvate, 0.6 NADH; 
CS = 50 Tris at pH 8.0, 0.5 oxaloacetate, 0.3 acetyl-CoA, 
0.15 5,5dithiobis-2-nitrobenzoic acid; COX = 25 K2HPO4 
at pH 7.2, 5 MgCl2,  0.6 lauryl maltoside, 0.05 reduced 
cytochrome C. Reaction substrates such as pyruvate (LDH), 
oxaloacetate (CS), and reduced cytochrome C (COX) were 
at saturating levels. We used empirically determined extinc-
tion coefficients to calculate maximal enzyme activities. 
Total soluble protein was determined in each homogenate 
using the Bradford protein assay (Bradford 1976). Maximum 
enzyme activities were normalized to total soluble protein 
and grams of wet tissue, and maximum COX activity was 
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also normalized against maximum CS activity as an index 
of maximum COX activity relative to mitochondrial density.

Statistical analyses

All statistical analyses were performed in R v 4.0.0 “arbor 
day” (R Core Team 2020).

The S ratio, developed by Scheuffele et  al. (2021), 
is a metric quantifying the relationship described by 
Pauly (2021) between the relative oxygen supply, or gas 
exchange surface area available for a given oxygen uptake 
rate (e.g., Ṁo

2,Max or Ṁo
2,Standard), and body size. S ratios 

for both Ṁo
2,Max in normoxia (SMMR) and Ṁo

2,Standard 
(SSMR) were calculated by dividing each individual’s 
measured gill surface area (in mm2) by that individual’s 
normoxic Ṁo

2,Max or Ṁo
2,Standard (in µmol O2 per h).

All phenotypic data were natural-logarithm transformed 
prior to fitting linear models to the transformed data of the 
form:

where Y is the phenotype of interest (i.e., normoxic Ṁo
2,Max,  

Ṁo
2,Standard, Pcrit, ventricle dry mass, maximum enzyme 

activities, and hematocrit), a is a scaling factor (the 

ln (Y) = a + b ⋅ ln (M),

standardized Y variable at 1 g of body mass, (Scheuffele 
et al. 2021)), b is the scaling exponent, and M is body mass. 
Models were fit using the “lm” function in the base R “stats” 
package (R Core Team 2020). After ensuring model assump-
tions of residual normality and homogeneity of variance 
were met, the statistical hypothesis for each linear model was 
tested using type 3 analysis of variance using the “Anova” 
function in the “car” package (Fox and Weisberg 2019).

To test the hypothesis that regulatory capacity for Ṁo
2

,Max in hypoxia declines with increasing body size, using the 
“lm” function in the base R “stats” package (R CoreTeam 
2020), we fit a linear model of the form R = c + dM, where R 
is regulation value (%), M is body mass, and c and d are fit-
ted constants. After ensuring model assumptions of residual 
normality and homoscedasticity were met, a type 3 ANOVA 
was used to determine whether mass significantly affected 
regulation value at α = 0.05.

Results

Regression parameters and statistics for linear models of 
body mass vs. normoxic Ṁo

2,Max, Ṁo
2,Standard, gill surface 

area, SMMR, SSMR, Pcrit, ventricle dry mass, and enzyme 
activities are reported in Table 1. The S ratio body mass 

Table 1   Summary of allometric 
regression parameters for 
models of form Y = aMb

The regression parameter “a” and its standard error (SE) SE are back-transformed from the natural loga-
rithm scale. 95% confidence intervals for slope estimates for S ratios are given in brackets [] and are cal-
culated as SE × 1.96. Note that R2 values are for the linear model on the natural logarithm transformed 
response and mass data
ns not significant
A Calculated based on protein-normalized enzyme activities
B Calculated based on protein-normalized enzyme activities
*P ≤ 0.05
**P ≤ 0.01
***P ≤ 0.001

Trait a (± SE) b (± SE) R2

MMR in normoxia 5.21 (± 1.43)*** 1.18 (± 0.20)*** 0.71
SMR 2.42 (± 1.34)** 0.68 (± 0.17)** 0.52
Gill surface area 567 (± 1.8)*** 0.93 (± 0.17)* 0.34
SMMR 85.3 (± 1.8)*** − 0.17 (± 0.32) [− 0.79, 0.47] 0.02
SSMR 234 (± 1.98)*** 0.26 (± 0.39) [− 0.51, 1.02] 0.03
Pcrit 1.81 (± 1.41)ns 0.22(± 0.20)ns 0.08
Ventricle dry mass 0.066 (± 1.42)*** 1.22 (± 0.20)*** 0.75
COX (mg protein−1) 0.11 (± 1.49)*** 0.40 (± 0.22)ns 0.17
COX (g wet mass−1) 0.96 (± 1.53)ns 0.39 (± 0.24)ns 0.15
CS (mg protein−1) 0.12 (± 1.50)* − 0.17 (± 0.23)ns 0.03
CS (g wet mass−1) 0.29 (± 1.43)** − 0.15 (± 0.20)ns 0.04
COX (unit CS activity−1)A 0.90 (± 1.69)ns 0.56 (± 0.30)ns 0.19
COX (unit CS activity−1)B 3.32 (± 1.71)* 0.54 (± 0.30)ns 0.17
LDH (mg protein−1) 29.3 (± 1.35)*** 0.26 (± 0.17)ns 0.14
LDH (g wet mass−1) 184 (± 1)*** 0.27 (± 0.18)ns 0.13
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scaling coefficients for Ṁo
2,Standard (Table 1, bS = 0.26 ± 0.39 

(95% CI), R2 = 0.03) and Ṁo
2,Max (Table 1, bS = − 0.17 ± 0.32 

(95% CI), R2 = 0.02) were not significantly different from 
zero (Table 1).

Normoxic Ṁo
2,Max, Ṁo

2,Standard, gill surface area, and 
ventricle drymass (Fig. 1) significantly increased with body 
mass (Table 2). Body mass was not significantly related to 
Pcrit (mean ± sem = 2.73 ± 0.14 kPA, Fig. S2), hematocrit 
(mean ± sem = 31 ± 1.3%, Fig. S3), or any of the metabolic 
enzymes assessed (Tables 2, 3, Fig. S4).

Although regulation value appeared to slightly decline 
with body mass, we did not detect a statistically significant 
change with mass (F1,15 = 3.61, P = 0.08, Fig. 2d). Two regu-
lation values fell below 50%, one of which was more than 

2 standard deviations below the mean, so after removing 
this low outlier the mean ± sem for the regulation value was 
60 ± 2%, and the mean ± sem when including the outlier was 
58 ± 2% (Fig. 2d).

Discussion

In contrast with the GOLH, we did not find evidence to sup-
port a limitation on maximum oxygen uptake capacity due 
to insufficient gill surface area. Although gill surface area 
scales slightly hypometrically with body mass (b = 0.95, 
Fig. 1), normoxic Ṁo

2,Max scales hypermetrically (b = 1.18, 
Fig. 1). The body mass scaling exponent of SMMR, an index 
of the gill surface area available to support maximum 

Fig. 1   The relationships 
between a Ṁo

2,Max (µmol 
O2 h−1), b Ṁo

2,Standard (µmol 
O2 h−1), c gill surface area 
(mm2), d ventricle dry mass 
(mg), e the ratio of gill surface 
area to Ṁo

2,Max (SMMR), and  
f the ratio of gill surface area 
to Ṁo

2,Standard (SSMR). N = 17 
in every panel except d, N = 15 
for ventricle dry mass. The 
estimated scaling exponent b 
for each relationship is provided 
within each plot. Data are plot-
ted with regressions fit to the 
natural-logarithm transformed 
body mass and physiological 
trait data. Plots of natural-
logarithm transformed data 
and fitted linear regressions are 
provided in Fig. S7
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oxygen uptake rate, did not significantly differ from 0 
(b = − 0.17 ± 0.32 (95% CI), R2 = 0.02, Table 1). Likewise, 
since Ṁo

2,Standard scales with an exponent (b = 0.68, Fig. 1) 
much lower than gill surface area, it is unsurprising that SSMR 
scales with an exponent that is also not significantly differ-
ent from 0 (b = 0.26 ± 0.39 (95% CI), R2 = 0.03, Table 1). 
Together these results suggest that, as in most other spe-
cies analyzed using the S ratio approach to date (Scheuffele 
et al. 2021), O. maculosus possesses sufficient or more than 
sufficient gill surface area to meet minimum and maximum 
oxygen uptake demands across the full observed range of 
adult body masses in this species. These results indicate, 
consistent with the results of others suggesting distributed 
control of oxygen uptake and consumption (Darveau et al. 
2002; Hochachka et al. 2003; Weibel and Hoppeler 2005; 
Glazier 2009; Killen et al. 2010; Hirst et al. 2014; Scheuf-
fele et al. 2021; Norin 2022), that respiratory surface area 
allometry alone does not determine oxygen uptake capacity 
or its allometry.

Normoxic Ṁo
2,Max appears to scale similarly to ventricle 

dry mass (b = 1.22, Fig. 2), which could suggest an impor-
tant role for heart size in setting the body mass allometry of 
tidepool sculpin normoxic Ṁo

2,Max. Ventricle size is a pri-
mary determinant of stroke volume and, therefore, an impor-
tant determinant of cardiac output in fish (Farrell and Smith 
2017), which in turn is an important determinant of Ṁo

2

,Max (Darveau et al. 2002; McArley et al. 2021; Weibel and 

Hoppeler 2005). Heart size generally scales linearly (i.e., 
b = 1) with body mass in most fishes (Poupa and Lindtröm 
1983; Farrell and Smith 2017), and we note that the hyper-
metric scaling exponent we obtained could be driven largely 
by the few large individuals with particularly high ventricle 
dry mass (Fig. 1d). The 95% CI for the ventricle dry mass 
scaling exponent includes b = 1.0 (95% CI = [0.83, 1.61]), 
but the standard error of the estimated scaling exponent 
excludes b = 1.0 (b = 1.22 ± 0.20, Table 1), suggesting that 
ventricle dry mass likely scales hypermetrically in O. macu-
losus, though this conclusion remains tentative. The poten-
tial functional significance of hypermetric heart size scaling 
remains unclear. Given that the GOLH is purported to func-
tionally connect the scaling of gill surface area to metabolic 
capacity based on the similarity of their scaling relationships 
(Pauly 2021), the fact that ventricle dry mass scales much 
more closely with Ṁo

2,Max than with gill surface area would 
suggest heart size may be a more important determinant of 
Ṁo

2,Max than gill surface area. However, the degree of con-
trol heart size exerts over Ṁo

2,Max in O. maculosus or other 
fish species, e.g., via control analysis, remains to be tested.

Consistent with previous analyses, we did not detect sig-
nificant relationships between hematocrit and body mass. 
The hematocrit values in our study compared well with 
previous hematocrit measurements in O. maculosus (Cur-
rent study: 31 ± 1.3%; Mandic et al. (2009): 35 ± 2%, data 
mean ± sem). Classic treatments suggest that hematocrit 
should not vary with body size because increasing hema-
tocrit, which linearly increases oxygen carrying capacity in 
the blood, also increases the cost of blood convection due 
to increasing blood viscosity (Schmidt-Nielsen 1984; Calder 
1996; Birchard 1997). However, at least within some range, 
fish are able to adjust hematocrit in response to changing 
oxygen demands or availability such as exercise, chang-
ing temperature, hypoxia, season, photoperiod, nutritional 
status, and toxin exposure (Gallaugher and Farrell 1998). 
Previous studies in fish have found empirical support for 
increases in hematocrit with body mass (Atkinson and Judd 

Table 2   Type 3 ANOVA results for tests on linear models of body 
mass effects on traits

Bolded traits and P values indicate significant effects of body mass 
(P ≤ 0.05)
a Based on protein-normalized activities
b Based on wet mass-normalized activities

Trait FNum df, Denom df for effect 
of ln(Mass)

P

MMR in normoxia F1,15 = 36.4 2.3 × 10–5

SMR F1,15 = 16.1 0.0011
Gill surface area F1,15 = 7.74 0.014
SMMR F1,15 = 0.279 0.60
SSMR F1,15 = 0.432 0.52
Pcrit F1,15 = 1.31 0.27
Ventricle dry mass F1,13 = 6.12 0.028
Hematocrit F1,15 = 3.77 0.071
COX (mg protein−1) F1,15 = 3.12 0.10
COX (g wet mass−1) F1,15 = 2.61 0.13
CS (mg protein−1) F1,15 = 0.54 0.48
CS (g wet mass−1) F1,15 = 0.59 0.45
COX (unit CS activity−1)a F1,15 = 3.60 0.08
COX (unit CS activity−1)b F1,15 = 3.16 0.10
LDH (mg protein−1) F1,15 = 1.54 0.15
LDH (g wet mass−1) F1,15 = 2.27 0.15

Table 3   Summary of enzyme activity data

Cytochrome C oxidase: abased on protein-normalized activities, 
bbased on wet mass-normalized activities

Enzyme Unit Mean ± SEM

Cytochrome C oxidase (COX) mg protein−1 0.23 ± 0.02
g wet mass−1 1.95 ± 0.49
unit CS activity−1,a 2.56 ± 0.22
unit CS activity−1,b 9.01 ± 0.71

Citrate synthase (CS) mg protein−1 0.09 ± 0.01
g wet mass−1 0.23 ± 0.05

Lactate dehydrogenase (LDH) mg protein−1 47 ± 2.3
g wet mass−1 302 ± 16
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1978; Martínez et al. 1994; Altinok et al. 1998; Nespolo 
and Rosenmann 2002), but, as in our study, others have not 
(Vuren and Hattingh 1978; Beitinger et al. 1985; Clark and 
Farrell 2011). Although the relationship between hemato-
crit and body size bears further investigation, the lack of a 
relationship between these variables in O. maculosus sug-
gests that, at least under common laboratory acclimation 
conditions, blood oxygen carrying capacity, indexed by 
hematocrit, is unlikely to play a significant role in limiting 
the oxygen uptake capacity of adult individuals of any size.

Although body mass frequently correlates with enzyme 
activities, we did not find any significant relationships 
between body mass and metabolic enzyme activities in white 
muscle in tidepool sculpins. In fish in general, mitochon-
drial enzyme activities such as citrate synthase (CS) and 
electron transport system enzymes including cytochrome c 
oxidase (COX) scale negatively with body mass, and glyco-
lytic enzymes such as lactate dehydrogenase (LDH) scale 
positively with body mass, resulting in reciprocal intraspe-
cific scaling relationships between oxidative and glycolytic 
enzyme activities (Moyes and LeMoine 2005). There are 
numerous exceptions to this pattern (Moyes and Genge 
2010), and the origin and regulation of muscle enzyme 
metabolic scaling patterns remains an active area of inves-
tigation. Myonuclear domain, the volume of a muscle fiber 
serviced by a single nucleus, has been suggested to be an 
important regulator of mitochondrial content and could, 
therefore, be an important regulator of oxidative enzyme 
scaling patterns since myonuclear domain increases with 
increasing muscle fiber size and body size in fishes (Moyes 
and LeMoine 2005). The lack of a body mass relationship 
with CS activities, which provides an index of mitochondrial 
content, could suggest that over the range of body masses 
surveyed in our study myonuclear domain size is constant 
or sufficiently similar as to have myonuclear domain effects 

Fig. 2   a A schematic demonstrating the method of estimating regula-
tory capacity for Ṁo

2
 in hypoxia using the regulation value of Alex-

ander Jr and McMahon (2004). The regulation value R is the percent-
age of the area of the rectangle inscribed by a hypothetical perfect 
regulator, using data normalized to the empirically determined Ṁo

2

,Max, by the experimentally obtained Ṁo
2
 data in hypoxia. b Hypo-

thetical example of the method of estimation of R used in the pre-
sent study. The R value was calculated as ADark grey/ALight grey × 100%, 
where ADark grey represents the area inscribed by each experimentally 
determined Ṁo

2,Max at each hypoxic Po2 (i.e., 100% air saturation [air 
sat.], 80% air sat., 60% air sat., 40% air sat., 20% air sat., and Pcrit 
for Ṁo

2,Standard) with an assumed width of 5% air sat., ALight grey rep-
resents the area for the hypothetical Ṁo

2,Max at each Po2, also with an 
assumed width of 5% air sat.. c Ṁo

2,Max vs. Po2 data plotted for each 
individual. Data are color-coded by body mass, and shape indicates 
whether a data point is an Ṁo

2,Max estimate or Pcrit for Ṁo
2,Standard.  

d Regulation value vs. body mass. The dotted horizontal line indi-
cates the expected regulation value for an oxyconforming individual. 
The red diamond indicates a low outlier value based on the 2σ desig-
nation method

▸
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subsumed under alternative regulatory mechanisms control-
ling enzyme expression levels. Incorporating DNA-content 
normalized estimates of enzyme activity into future analyses 
of oxidative enzyme capacity would be fruitful. In contrast 
with the situation in oxidative enzyme regulation studies, 
the foundation of scaling patterns (or lack thereof) in glyco-
lytic enzyme activities under normoxic routine conditions is 
far from clear (Moyes and LeMoine 2005). GOLH suggests 
that tissue hypoxia occurs as a consequence of gill-derived 
oxygen uptake limitations as fish grow resulting in allomet-
ric fish growth (Pauly 2021). GOLH, therefore, predicts 
that under normoxic environmental conditions, fish tissues 
increasingly experience hypoxia as fish grow. This predicted 
relationship between size and degree of tissue hypoxia might 
be expected to produce a positive correlation between fish 
body mass and hypoxia inducible factor (HIF) activity in 
muscle given the role of hypoxia in regulating HIF activity 
in fish (Mandic et al. 2021; Pelster and Egg 2018). Whether 
HIF activity varies with body size in routine normoxic con-
ditions and controls glycolytic metabolic programming in 
fish bears further investigation.

Most studies of the physiological basis of metabolic 
allometry rely on observational comparisons of scaling 
slopes at various levels of biological organization, but empir-
ical manipulations are a powerful and necessary approach 
for determining the proximate basis of metabolic scaling pat-
terns (Darveau et al. 2002; Hochachka et al. 2003; Glazier 
2014; Harrison 2018; Norin 2022). Our empirical analysis 
of the effect of hypoxia on Ṁo

2,Max, based on the regula-
tion value approach (Alexander Jr. and McMahon 2004), did 
not implicate an oxygen supply constraint on Ṁo

2,Max with 
increasing body size (Fig. 2d). This result is consistent with 
the lack of a detectable relationship between Pcrit and body 
mass in our study (Table 2) and by Mandic et al. (2009). 
Although there is debate over the physiological significance 
of Pcrit (Wood 2018), Pcrit is generally accepted as represent-
ing the Po2 at which Ṁo

2,Max equals Ṁo
2,Standard and aerobic 

scope falls to nil (Claireaux and Chabot 2016; Regan et al. 
2019; Seibel and Deutsch 2020; Seibel et al. 2021b; Verberk 
et al. 2022) and we have empirically supported this interpre-
tation of Pcrit in O. maculosus (Somo et al. 2022). Together 
the regulation value and Pcrit—body mass analyses suggest 
that environmental hypoxia equally suppresses individual 
maximum oxygen uptake capacity irrespective of body size, 
at least in adult O. maculosus.

One possible alternative explanation for a limited rela-
tionship between gill surface area and respiratory capac-
ity in O. maculosus is the possible contribution of respira-
tory surfaces other than the gill to oxygen uptake. Oxygen 
uptake at sites other than the gill have not been explicitly 
described in O. maculosus, but previous studies in several 
closely related intertidal species have found evidence for 
oxygen uptake at non-gill sites that improve air-breathing 

ability compared to subtidal congeners (Martin 1996).  
O. maculosus and other intertidal sculpins, like most marine 
air-breathing fishes (Graham 1997), do not have a dedicated 
air breathing organ, but despite this O. maculosus are capa-
ble of maintaining routine rates of respiratory gas exchange 
in moist air for several days without incurring an oxygen 
debt or lactate load (Sloman et al. 2008). Although inter-
tidal sculpins generally have greater mass-specific gill sur-
face area which supports increased oxygen uptake capacity 
in hypoxia (indexed by Pcrit) compared to subtidal sculpins, 
O. maculosus have among the lowest mass-specific gill 
surface areas measured among these species (Mandic et al. 
2009). Reduced gill surface area as well as reduced elabo-
ration of the gill structures (shortened filaments, greater 
cartilage content) are traits thought to improve gill respira-
tory gas exchange in air by limiting structural gill collapse 
(Graham 1997; Martin 2014). How extra-gill sites of oxygen 
uptake contribute to oxygen uptake in marine fishes with 
changes in water oxygen content, exercise, or body size, 
remains poorly studied. A study in Pacific tarpon, one of 
two marine species with an air-breathing organ, found that 
oxygen uptake during high speed swimming in hypoxia is 
equally partitioned between the gills and air-breathing organ 
(Seymour et al. 2004). Whether gas exchange from sites 
besides the gills, such as the skin, especially under hypoxic 
conditions, could supplement oxygen uptake in hypoxia dur-
ing recovery from exhaustive exercise, and how patterns of 
partitioning scale with body mass, remains to be studied in 
air-breathing fishes which lack air-breathing organs.

Although our combination of within-individual obser-
vational analyses across multiple aspects of the oxygen 
transport cascade and empirical test of the size-dependence 
of oxyregulatory capacity in O. maculosus constitutes a 
robust test of the GOLH, the relatively low total number 
of individuals in our study may limit the statistical power 
of our estimates of scaling exponents. We chose to follow 
Pauly’s recommendation that tests of GOLH should use a 
body mass range that spans from 30% of maximum body 
size to as close to maximum body size as can be managed 
(Pauly 2021). This is important for avoiding possible con-
founding effects of changes in scaling relationships between 
juvenile and adult morphologies and physiologies (Pauly 
2021), although the regulatory basis of changing allometric 
scaling relationships across life history states, for example in 
muscle metabolic enzymes, is of great interest (Norton et al. 
2000; Moyes and LeMoine 2005; Moyes and Genge 2010). 
However, the frequency of individuals of larger body size 
generally decreases with size and age, often dramatically 
(Gibson and Yoshiyama 1999), greatly limiting their avail-
ability. Despite these constraints, our combined morphologi-
cal and physiological analyses provide a robust first test of 
the GOLH as a mechanism structuring the size distribution 
of an intertidal fish. Future studies could extend the analyses 
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presented here to the smaller but abundant juvenile and 
young adult tidepool sculpins to determine whether there 
is evidence for changes in the scaling relationships assessed 
here during development and refine the estimates of scaling 
exponents obtained in our study.

Conclusions

In contrast with predictions from the GOLH, based on 
observational and empirical analyses of morphological and 
physiological relationships between body mass and oxy-
gen uptake capacity, gill surface area, and other aspects of 
the oxygen transport cascade, we did not find support for 
either a gill surface area or general body-size associated 
limitation on oxygen uptake capacity in the tidepool sculpin,  
O. maculosus. Irrespective of body size, at least within adult 
fish, hypoxia equally suppresses maximum oxygen uptake 
capacity. The hypermetric scaling coefficient for ventricle 
dry mass (b = 1.22) suggests a potential role for the heart 
in setting the allometry of normoxic Ṁo

2,Max (b = 1.18), 
though the functional significance of hypermetric scaling 
of the heart remains unclear. Whether other physiologi-
cal traits, such as temperature tolerance, vary with size in  
O. maculosus as seen in other species (McKenzie et al. 
2021) and subsequently contribute to the spatial distribution 
of this species is unknown but the allometries of respiratory 
capacity and gill surface area do not appear to be an impor-
tant determinant of the spatial distribution of this species.
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