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A B S T R A C T   

Exercise and aerobic scope in fishes have attracted scientists’ attention for several decades. While it has been 
suggested that aerobic scope may limit behavioral expression and tolerance to environmental stressors in fishes, 
the exact importance of aerobic scope in an ecological context remains poorly understood. In this review, we 
examine the ecological relevance of aerobic scope by reconsidering and reanalyzing the existing literature on 
Chinese freshwater fishes across a wide-range of habitats and lifestyles. The available evidence suggests that 
natural selection in fast-flowing aquatic habitats may favor species with a high aerobic scope and anaerobic 
capacity for locomotion, whereas in relatively slow-flowing habitats, hypoxia tolerance may be favored at the 
cost of reduced locomotor capacity. In addition, while physical activity can usually cause fishes from fast-flowing 
habitats to reach their aerobic metabolic ceiling (i.e., maximum metabolic rate), possibly due to selection 
pressure on locomotion, most species from slow-flowing habitats can only reach their metabolic ceiling during 
digestion, either alone or in combination with physical activity. Overall, we suggest that fish exhibit a continuum 
of metabolic types, from a ‘visceral metabolic type’ with a higher digestive performance to a ‘locomotion 
metabolic type’ which appears to have reduced capacity for digestion but enhanced locomotor performance. 
Generally, locomotor-type species can either satisfy the demands of their high swimming capacity with a high 
oxygen uptake capacity or sacrifice digestion while swimming. In contrast, most visceral-type species show a 
pronounced decrease in swimming performance while digesting, probably owing to conflicts within their aerobic 
scope. In conclusion, the ecological relevance of aerobic scope and the consequent effects on other physiological 
functions are closely related to habitat and the lifestyle of a given species. These results suggest that swimming 
performance, digestion and hypoxia tolerance might coevolve due to dependence on metabolic traits such as 
aerobic scope.   

1. Introduction 

Fish locomotor physiology has been investigated for several decades 
due to its ecological relevance and potential applications in an aqua
culture context. Since the early description by Fry (1947), the concept of 
metabolic scope has been widely adopted for investigations of bio
energetics, evolution of swimming performance, behavioral and physi
ological ecology, aquatic ecotoxicology, and fisheries and aquaculture. 
Renewed interest in aerobic scope has been generated by the concept of 
‘oxygen- and capacity-limited thermal tolerance’ (OCLTT) and other 
frameworks regarding how aerobic scope may influence the ability of 

ectotherms to respond to environmental change (e.g., oxygen- and 
temperature-limited metabolic niche) (Pörtner and Knust, 2007; Ern, 
2019). In this review, we outline how hypoxia tolerance, digestion, and 
their trade-offs with locomotion in fishes lie at the root of conflicts 
within an animal’s available aerobic scope. We first provide a brief 
introduction to exercise physiology, aerobic scope, and the measure
ment of key metabolic traits. Then, we mainly discuss: (1) the trade-off 
between hypoxia tolerance and swimming performance of freshwater 
fishes as a possible consequence of coevolution with aerobic scope; and 
(2) the trade-off between digestion and locomotion, i.e., the partitioning 
of aerobic scope between these two physiological functions. 

* Corresponding author at: Laboratory of Evolutionary Physiology and Behavior, College of Life Sciences, Chongqing Normal University, Chongqing 400047, 
China. 

E-mail address: shijianfu9@cqnu.edu.cn (S.-J. Fu).  

Contents lists available at ScienceDirect 

Comparative Biochemistry and Physiology, Part A 

journal homepage: www.elsevier.com/locate/cbpa 

https://doi.org/10.1016/j.cbpa.2022.111277 
Received 11 January 2022; Received in revised form 16 July 2022; Accepted 18 July 2022   

mailto:shijianfu9@cqnu.edu.cn
www.sciencedirect.com/science/journal/10956433
https://www.elsevier.com/locate/cbpa
https://doi.org/10.1016/j.cbpa.2022.111277
https://doi.org/10.1016/j.cbpa.2022.111277
https://doi.org/10.1016/j.cbpa.2022.111277
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cbpa.2022.111277&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Comparative Biochemistry and Physiology, Part A 272 (2022) 111277

2

Throughout, we review what is known about the ecological importance 
and interpretation of aerobic scope in fish species of different lifestyles 
(sit-and-wait predators vs. active foragers; fast-lifestyle vs. slow- 
lifestyle) and consider whether correlations among traits vary with 
habitats. We mainly focus on Chinese freshwater fish species for which 
there is an extremely wide ecological and physiological diversity, but 
that have in general been overlooked with regard to synthesizing 
knowledge of the broad ecological relevance of fish bioenergetics and 
locomotor performance. 

2. Swimming performance as a cornerstone of aerobic scope- 
related compromises 

Locomotor activity is fundamental to the ability if fishes, and animals 
in general, to capture food, avoid predators, associate with conspecifics, 
and perform reproductive activities. It is therefore not unreasonable to 
expect that many aspects of fish physiology, morphology, and behaviour 
are affected by adaptations and plasticity in the context of trade-offs 
with swimming capacity and performance. As such, researchers have 
long been interested in understanding how natural selection shapes 
phenotypic variation in swimming both among and within species 
(Langerhans, 2009; Marras et al., 2010; Oufifiero et al., 2011; Fu et al., 
2013; Yan et al., 2013; Pang et al., 2020; DeWitt et al., 2022). Swimming 
gait generally changes with speed and can generally be broken down 
into three categories: sustained, prolonged and burst-type swimming 
(Beamish, 1978; Kieffer, 2010). The critical swimming speed (Ucrit, i.e., 
maximum sustained swimming speed), measured with a progressively 
increasing speed in stepwise increments within a swimming flume, is the 
most popular benchmark to assess aerobic swimming capacity in fish 
species, although an anaerobic component is recruited to some extent 
during measurement (Brett, 1964). On the other hand, intensive burst 
swimming depends mainly on anaerobic metabolism and lasts for a short 
period, usually less than 20 s. Furthermore, fast-start escape swimming 
and the maximum swimming speed (Vmax), which is fueled exclusively 
anaerobically and lasts less than 1 s, occurs mainly during predator-prey 
interactions and has attracted considerable research attention in the last 
two decades (Domenici and Kapoor, 2010; Yan et al., 2015). In addition 
to these indicators of swimming performance, the exhaustive exercise 
and recovery processes that follow also are very important ecologically 
because they determine the frequency at which energy-demanding ac
tivities can be performed in a repeated manner (Lee et al., 2003; Hedrick 
et al., 2015). 

3. Aerobic scope 

3.1. Definition and development 

The aerobic metabolic scope, calculated as the difference or ratio 
between metabolic ceiling and metabolic floor, was formulated by Fry 
and colleagues (Fry, 1947; Fry and Hart, 1948) and is a touchstone to 
bridge the environment, metabolism, physiological function and popu
lation dynamics in fishes (see Priede, 1985; Claireaux and Lefrançois, 
2007; Eliason et al., 2011; Claireaux and Chabot, 2016). The maximum 
oxygen consumption rate a fish can achieve during high-performance 
swimming activities can be used as a proxy to determine the meta
bolic ceiling, or the maximum (aerobic) metabolic rate (MMR) (Norin 
and Clark, 2016). The metabolic floor, i.e., the standard metabolic rate 
(SMR), is the maintenance energy expenditure below which physiolog
ical performance is impaired and survival is compromised (Priede, 1985; 
Chabot et al., 2016). Metabolic scope can be expressed as either the 
difference (i.e. absolute metabolic scope) or ratio (factorial metabolic 
scope) between MMR and SMR. Fry proposed that the effect of envi
ronmental factors on an organism’s physiological performance occurs 
primarily via effects on aerobic scope. Thus, aerobic scope has been 
widely used as a bioindicator in studies related to ecotoxicology 
(Kulesza et al., 2020; Milinkovitch et al., 2020), aquaculture production 

(Fu et al., 2008; Wegner et al., 2018) and as a key phenotypic trait in the 
investigation of various eco-evolutionary questions (e.g. the evolution of 
endothermy, Nespolo et al., 2017). Among environmental factors, water 
temperature and oxygen partial pressure are among the main controlling 
and limiting factors of aerobic scope and hence swimming activity, and 
have been most frequently investigated (Claireaux et al., 2000; Lowe 
and Davison, 2006). 

3.2. Measurement of MMR and SMR affecting the reliability of aerobic 
scope estimation 

To properly examine trade-offs within an animal or species’ aerobic 
scope, we first need to consider possible methodological biases or con
founds that may related to the factors we are interested in studying, 
namely species lifestyle and ecology. The calculation of aerobic scope is 
entirely dependent on the reliability of the estimates for SMR and MMR 
(Chabot et al., 2016; Clark et al., 2013; Norin and Clark, 2016; Halsey 
et al., 2018). The calculation of SMR from a single value or a few low 
values in an entire dataset might underestimate true maintenance re
quirements due to aberrant measurements or hypometabolism following 
disturbance (Clark et al., 2013). On the other hand, stress due to 
handling or confinement in a respirometer may cause an overestimation 
of SMR (see detailed in Chabot et al., 2016), particularly for species that 
do not acclimate well to the laboratory and associated handling. For 
example, increased cortisol levels during respirometry may suggest an 
elevation of oxygen uptake due to stress and an overestimation of SMR 
(Murray et al., 2017). To combat these issues, various methods have 
been proposed for statistically estimating SMR from large datasets of 
repeated measures of oxygen uptake on the same individual animals 
(Chabot et al., 2016). Interestingly, even without disturbance, the 
irregular operculum movements of fish species, such as southern catfish 
(Silurus meridionalis), for which only one side of the operculum is 
sometimes involved in respiration (personal observation), suggest that 
fluctuation in oxygen uptake may be quite normal in a natural setting, at 
least for some fish species. 

The method used to determine MMR for animals also can be 
complicated in multiple ways, and as pointed out by Hedrick et al. 
(2015): ‘in many cases, the maximal available values may not represent 
the actual VO2max (i.e., metabolic ceiling)’. In fish species, the maximum 
oxygen consumption during Ucrit testing has long been used as a proxy 
for metabolic ceiling. However, it is clearly not proper for species that 
show weak or even no willingness to swim against a water current 
(Norin and Clark, 2016). The protocol can also be difficult to apply to 
some species, such as Pseudogyrincheilus procheilus and Garra pingi, that 
have suckers that might adhere to the flume during Ucrit measurement. 
An alternative method for estimated MMR is the so-called chase proto
col, which is also commonly used in animals other than fishes (see de
tails in Hedrick et al., 2015), during which the animal is manually 
chased to exhaustion and then measured for oxygen uptake during the 
recovery period. A key concern in the estimation of MMR is whether the 
choice of protocol is appropriate for a given study species, as it has been 
suggested that the most suitable protocol may depend on factors such as 
species lifestyle (for example, sedentary versus active swimmers). A 
meta-analysis recently found that, although the values elicited by the 
chasing protocol were slightly lower than those obtained by the Ucrit 
protocol, there was no significant difference when comparing these two 
protocols based on published data from 121 species. Species lifestyle 
(benthic vs. pelagic) also seemed to have little effect on the difference 
between the two protocols. When looking at individual species, how
ever, there may be important differences between the two methods 
(Norin and Clark, 2016). For example, MMR of Atlantic salmon (Salmo 
salar) was 52% higher during a swim-tunnel protocol as compared to a 
chase protocol (Hvas and Oppedal, 2019). Conversely, for Atlantic cod 
(Gadus morhua), MMR elicited by the chase protocol is perhaps higher 
than MMR estimated during swim-flume respirometry (Bushnell et al., 
1994; Schurmann and Steffensen, 1997). Generally, benthic species or 
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ambush predators may be more appropriate for application of the chase 
protocol to elicit MMR, whereas fish that readily swim in flumes may 
reach higher MMR during a Ucrit or Uburst test (Clark et al., 2013). 
Nevertheless, minimizing the variability of both SMR and MMR is 
important for obtaining robust aerobic scope estimates (Halsey et al., 
2018). 

Finally, it is worth considering whether exercise alone, using any 
protocol, is sufficient for eliciting MMR for a given species. While this is 
usually the default assumption, studies in at least six fishes to date have 
found that neither the chasing protocol nor Ucrit can account for all 
aerobic scope in fasting fish, especially when fish are held and measured 
toward the lower end of their ecologically relevant temperature range 
(see details later, Altimiras et al., 2008; Dupont-Prinet et al., 2009; Fu 
et al., 2009a, 2009b; Zhang et al., 2012; Li et al., 2010a, 2010b; Pang 
et al., 2011; Nie et al., 2017; Nie and Fu, 2017). For these species, it 
appears that MMR can only be achieved after feeding, while experi
encing the metabolic costs of digestion and assimilation, referred to as 
specific-dynamic action (SDA). Importantly, very few fish species have 
actually been tested to determine whether MMR during digestion is 
actually higher than that which is measured during or after exhaustive 
swimming. Therefore, not only may there be many species for which 
MMR is currently underestimated in the published literature, but we also 
lack general knowledge of how these two key physiological functions 
(digestion and locomotion) may trade-off within an animal’s available 
aerobic scope. 

3.3. Physiological limitations and adaptation 

As fish are water-breathing animals, oxygen uptake capacity in gills 
and subsequent distribution by the cardiocirculatory system is usually 
assumed to be the most important limiting factor for MMR and hence 
aerobic scope. Thus, fish should adaptively optimize their cardiorespi
ratory system to meet oxygen-demanding situations, and the respiratory 
surface area of the gill and thus the capacity for oxygen extraction might 
be the primary limitation of the MMR (Fu et al., 2014; Norin and Clark, 
2016). Some cyprinid fish species keep their gill respiratory area to a 
minimum but exhibit extraordinary flexibility and increase their respi
ratory surface area under energy-demanding situations such as during 
exposure to hypoxia, warming, or while performing physical activity 
(Sollid et al., 2003; Brauner et al., 2011; Fu et al., 2014; Chen et al., 
2019). While most species that have been studied experience a decrease 
in MMR during exposure to environmental hypoxia, mainly due to a 
reduction in oxygen uptake at the gills, some fish species do not decrease 
MMR and/or Ucrit under moderate hypoxia, e.g., 50% air saturation in 
southern catfish and Chinese crucian carp (Carassius auratus) (Zhang 
et al., 2010; Penghan et al., 2014). It has been suggested that the 
maximal oxygen flux appears to be dependent on cardiovascular O2 
transport rather than pulmonary/gill and tissue diffusing capacity 
among vertebrates (Hedrick et al., 2015). 

Fish may be more adapted to their habitat oxygen tension regime 
(both average and variation), and those species living under low oxygen 
tension might have evolved specific morphological, physiological, 
biochemical, and behavioral mechanisms that buffer their response to 
changes in oxygen tension. The critical oxygen tension (Pcrit) is defined 
as the threshold tension where metabolic rate transitions from being 
independent to dependent on the environmental oxygen tension 
(Pörtner and Grieshaber, 1993). Pcrit may be related to the habitat and 
lifestyle of the organism and be shaped during evolution, alongside 
various morphological, physiochemical or behavioral strategies for 
altering hypoxia tolerance (Fu et al., 2014; Sollid et al., 2003; Dhillon 
et al., 2013, 2018). Such mechanisms also underlie the profound plas
ticity exhibited by some fish species, which allow then to persist well 
when environmental oxygen tension shifts. In contrast, other species, 
including species in fast-flowing aquatic habitats that seldom experience 
hypoxia, do not appear to possess this capacity (Fu et al., 2014). 

4. Anaerobic capacity and its ecological relevance 

In addition to aerobic scope, anaerobic capacity is likely critical in 
determining the impacts of environmental change on aquatic animals 
(Sørensen et al., 2014). As noted several decades ago, ‘metabolic pro
cesses must be within the limits specified by the metabolic scope, 
whereas the capacity for anaerobic metabolism therefore represents a 
buffer permitting the upper limit of metabolic scope to be temporarily 
exceeded’ (Priede, 1985). The ‘buffering’ effect of anaerobic capacity 
may allow individuals or species to temporarily compensate for a 
reduction in their aerobic scope, being especially important for species 
living in an environment with high spatial or temporal heterogeneity in 
oxygen tension and temperature. This seems to include coral reef fish, 
which experience periods of nocturnal hypoxia (Nilsson and Östlund- 
Nilsson, 2004), and Chinese cyprinid and Amazonian fish species living 
in small, temporally isolated pools. Thus, it is important to take anaer
obic metabolism into account when assessing tradeoffs within an animal 
or species’ aerobic scope, as well as the effects of environmental change 
on aerobic scope and physiological performance (Ejbye-Ernst et al., 
2016; Nilsson and Renshaw, 2004; Dhillon et al., 2018; Behrens et al., 
2018). 

Thus, for a complete picture of an animal’s metabolic capacity, it 
may be necessary to measure anaerobic capacity and hypoxia tolerance 
(e.g., Pcrit), along with their thermal tolerance and aerobic scope (Ern, 
2019; Jung et al., 2019; Marcek et al., 2019; Slesinger et al., 2019; Zhou 
et al., 2019). A key challenge, however, is accurately definition and 
measurement of anaerobic capacity. Several general approaches have 
been used in this regard. The first is the use of behavioural or 
performance-based endpoints, associated with ‘the capacity to survive 
partially or fully on anaerobic metabolism during severely hypoxic 
conditions’ (Sørensen et al., 2014), including the time tolerated in 
hypoxia (i.e., the time between Pcrit and loss of equilibrium) or the dif
ference between Uburst and Ugait (a rapid anaerobic metabolism assumed 
to start at recruitment) as indicators of anaerobic capacity (Sørensen 
et al., 2014; Ejbye-Ernst et al., 2016). Excess post-exercise or post- 
hypoxia oxygen consumption (EPOCe and EPOCh) has also long been 
used as an indicator of anaerobic capacity (Genz et al., 2013; Plambech 
et al., 2013; Pang et al., 2020). Notably, these two variables measured in 
the laboratory are not identical to either anaerobic exercise capacity or 
anaerobic hypoxia capacity, partially because of: (1) facultative meta
bolic components elicited by increased release of catecholamines and 
cortisol; and (2) metabolic costs involved in the restoration of substrates 
(e.g., glycogen) and elimination of end-products, such as lactate, which 
are usually not easily quantified during short measurement periods 
(Milligan, 1996; Genz et al., 2013). However, EPOC is usually closely 
related to anaerobic swimming performance and could be used as gen
eral proxy of anaerobic capacity (Svendsen et al., 2012; Pang et al., 
2020). Additionally, potential biochemical indicators of anaerobic ca
pacity may also be relevant but are generally more invasive and may 
only be usable under specific circumstances. This includes total lactate 
production or muscle glycogen content, or lactate dehydrogenase ac
tivity (Hedrick et al., 2015). 

5. Trade-off between hypoxia tolerance and swimming capacity 

Given that aquatic hypoxia can lower the ceiling (MMR) on an ani
mal’s aerobic scope, but the ability to buffer these effects morphologi
cally or physiologically appears to vary among species, we aimed to 
examine whether there is indeed a tradeoff between hypoxia tolerance 
and swimming capacity among fish species. Furthermore, we sought to 
examine whether there is any evidence that the extent of this tradeoff 
may vary among species, in relation to their lifestyle or the frequency 
with which they are exposed to environmental hypoxia. To investigate 
these issues, we calculated aerobic scope using data from our previously 
published studies, and examined correlations among aerobic scope, 
aerobic an anaerobic swimming capacity, anaerobic capacity and 
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hypoxia tolerance at both the inter- and intraspecific levels (Yan et al., 
2013; Pang et al., 2021; Pang et al., 2020). 

5.1. Intraspecific level 

The aim of this section is to test whether the relationship between 
aerobic scope and aerobic swimming performance (Ucrit) and hypoxia 
tolerance (LOE) among individuals varies between fish species with 
different ecological lifestyles. We selected data from Pang et al. (2021), 
which addressed the intraspecific relationship between metabolism and 
physiological performances of fish species with different lifestyles based 
on the associated flow-regime of habitats. While Pang et al. (2021) 
tested the relationships among SMR (or MMR), Ucrit, (or LOE) and 
hypoxia tolerance, here we calculated the aerobic scope and conduct 
regression analysis between aerobic scope and Ucrit or LOE (Fig. 1). 

Interestingly, fast-flowing (i.e. fast-lifestyle) qingbo show a relatively 
high Ucrit and greater aerobic scope with less variation in these traits, as 
compared to slow-flowing crucian carp which exhibit a lower O2 
threshold for LOE with much less variation in this trait (Fig. 1a, b). This 
suggests that selection may be based more on hypoxia tolerance in slow- 
flowing crucian carp but acts more strongly on aerobic swimming per
formance in fast-flowing qingbo, possibly due to relaxed selection (Lahti 
et al., 2009) occurring in slower-flowing habitats, with the low energy- 
demand and high food availability, resulting in high phenotypic vari
ance in swimming performance and aerobic scope without a concomi
tant change for hypoxia tolerance. The positive correlation between Ucrit 
and aerobic scope in both species suggests that a greater aerobic scope 
favors higher aerobic swimming performance for fish in different habi
tats. However, there was a positive correlation between aerobic scope 
and LOE value (i.e. negative relationship) in fast-flowing qingbo but not 
in slow-flowing crucian carp. This suggests a trade-off between aerobic 
capacity (and hence aerobic swimming performance) and hypoxia 
tolerance in qingbo at the intraspecies level, possibly because the high 
energy-demand situation in a fast-flowing habitat results in less room for 
selection to accommodate both functions simultaneously. Nevertheless, 
this suggests that the shift in natural selection pressure that varies with 
habitat might have a profound effect on the ecological consequences of 
aerobic scope and the possible compromise between aerobic capacity 
and hypoxia tolerance (Fig. 2). However, whether such relationship be 
presented across Chinese freshwater species or even among all fish 
species remained to be tested. More detailed investigation of the re
lationships between aerobic and anaerobic capacity, aerobic and 
anaerobic swimming performance, and hypoxia tolerance and compar
ison among different habitats might provide more interesting results. 

5.2. Interspecific level 

We also aimed to investigate possible relationships between aerobic 
scope and swimming performance and hypoxia tolerance across Chinese 
fish species with different lifestyles based on the associated flow-regime 
of their respective habitats. To do so, we combined and reanalyzed data 
from two papers examining: (1) the relationship between energetic 
metabolic traits (SMR and MMR) and hypoxia tolerance capacity (LOE) 
and anaerobic capacity (EPOC) among 30 species across typical Chinese 
aquatic habitats (Pang et al., 2020); and (2) the energetic metabolic 
traits (SMR and MMR), Ucrit and Vmax of 19 Chinese freshwater fish 
species across habitats with typical flow-regimes (Yan et al., 2013). 
Again, we calculated the aerobic scope from raw data of MMR and SMR. 
We determined regressions among aerobic scope and aerobic (or 
anaerobic) swimming capacity, anaerobic capacity and hypoxia 
tolerance. 

First, we found that aerobic scope was positively correlated with 
both Ucrit and Vmax (Fig. 3a, b). Second, aerobic scope also was positively 
correlated with anaerobic capacity, as estimated by EPOCe and EPOCh 
(Fig. 3c, d). This suggests that increased aerobic scope favors both aer
obic and anaerobic swimming capacity as well as anaerobic capacity at 
interspecific level. 

Using the aforementioned data but removing one airbreathing spe
cies, we found that aerobic scope showed no relationship with LOE 
(Fig. 4a). In Fig. 4a, species with a lower LOE (below 0.5 mgO2 L− 1) tend 
to show a positive relationship with aerobic scope, i.e. hypoxia tolerance 
and aerobic scope are negatively related among species with a low LOE 
(Fig. 4a). This might be the result of long-term adaptation to the hypoxia 
challenge and swimming performance demanding which varies pro
foundly between slow-flowing and fast-flowing habitats. Fish species in 
the slowest-flowing habitats (species that tend to have the lowest LOE in 
Fig. 4a) usually possess relatively low functional performance (e.g., 
relatively sluggish with poor swimming performance) and hence low 
aerobic scope but high hypoxia tolerance compared to those of fish 
species in fast-flowing habitats. However, five fish species (empty cir
cles; Fig. 4) exhibit poor hypoxia tolerance but also low aerobic scope, 
an observation which opposes this hypothesis. Notably, all of those 
species, with the exception of one, are distributed only in slow-flowing 
yet nutrient poor water-bodies with a relatively high oxygen content 
(Pang et al., 2020). Thus, fish in particular habitats might evolve slow- 
lifestyles but poor hypoxia tolerance, making the relationship between 
aerobic scope and hypoxia tolerance complex and non-linear. If 
analyzed without these species, the aerobic scope would show a positive 
correlation with LOE. 

We anticipated a negative relationship between values of LOE and 
EPOCs. However, a bell-shaped relationship was found between EPOCs 

Fig. 1. Intraspecies relationships between aerobic scope and aerobic swimming performance (Ucrit, a) and hypoxia tolerance (LOE, b) in either slow-lifestyle Chinese 
crucian carp (Carassius auratus) (filled circle) or fast-lifestyle qingbo (Spinibarbus sinensis) (empty circle) (data were reanalyzed from Pang et al., 2021). The Ucrit was 
positively correlated with aerobic scope in both slow- and fast-lifestyle fish species (y = 30.932× - 20.711, R2 = 0.525, N = 30, P < 0.001 in Chinese crucian carp and 
y = 25.838× – 29.174, R2 = 0.499, N = 30, P < 0.001 in qingbo), whereas hypoxia tolerance was negatively correlated with aerobic scope (positively correlated with 
LOE) in only fast-lifestyle fish species (y = 1.155× - 0.703, R2 = 0.524, N = 30, P < 0.001 in qingbo). 
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and LOE (Fig. 4b, c). On the left side of the bell-shaped curve, the pos
itive correlation suggested fish species with high anaerobic capacity 
might have poor hypoxia tolerance., possibly because anaerobic ca
pacity stems from physiological functions other than hypoxia tolerance, 
such as higher swimming performance. Thus, species with the highest 
anaerobic capacity are those possess stronger swimming performance 

but poor hypoxia tolerance. It is possible that hypoxia tolerance is more 
related to a species lifestyle and integrated physiological and behav
ioural phenotype, instead of specific physiological traits per se. Fish 
species in slow-flowing habitats evolved slow-lifestyles, low SMR and 
hence low Pcrit for recruitment of anaerobic metabolism, low oxygen 
demand and anaerobic ATP requirement for maintaining essential 

Fig. 2. Possible relationships between aerobic scope and swimming performance (a) and hypoxia tolerance (b) of slow- or fast-lifestyle fish species.  

Fig. 3. Interspecies relationships between aerobic scope and critical swimming speed (Ucrit = 24.34AS + 28.36, R2 
= 0.503, P < 0.001, N = 19)(a) and maximum 

anaerobic swimming speed (Vmax = 49.88AS + 82.61, R2 = 0.357, P = 0.007, N = 19) and excess post-exercise oxygen consumption (EPOCe = 0.215AS + 0.026, R2 

= 0.665, P < 0.001, N = 30)(c) and excess post- hypoxia oxygen consumption (EPOCh = 0.080AS + 0.067, R2 = 0.362, P < 0.001, N = 30) across freshwater fish 
species in China (data are presented as mean ± S.E. which reanalyzed from Yan et al., 2013 and Pang et al., 2020). 
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functions under Pcrit (Ginneken and Thillart, 2009; Regan et al., 2013; 
Dhillon et al., 2018). Thus, for highly hypoxia-tolerant fish species with 
slow-lifestyle, anaerobic capacity is lower compared to fast-lifestyle fish 
living in fast-flowing habitats. However, for the fish species on the right 
side of the curve (Fig. 4b, c), the negative relationship between EPOCs 
and LOE values is similar to that between aerobic scope and LOE 

(Fig. 4a). In other words, those fish species live in habitats with relaxed 
selection pressure on both hypoxia tolerance and swimming perfor
mance shaped species with lower anaerobic capacity for swimming and 
poor hypoxia tolerance capacity. Nevertheless, the changes in aerobic 
scope and EPOC are mainly related to energy expenditure associated 
with lifestyle (active fish with strong physiological performance have a 
large aerobic scope, and those with anaerobic capacity usually have low 
hypoxia tolerance). Thus, on one extreme are fish with a slow lifestyle, 
low aerobic scope but high hypoxia tolerance, whereas on the other 
extreme are fish with a fast lifestyle, high aerobic scope but low hypoxia 
tolerance. However, fish in slow-flow yet highly oxygenated habitats 
with relaxation of selection may have evolved distinct, different stra
tegies such as a sluggish lifestyle but also low hypoxia tolerance. 

In conclusion, a greater aerobic scope can favor both aerobic and 
anaerobic swimming performance. The relationships among anaerobic 
capacity, aerobic capacity and LOE are rather complicated and may be 
profoundly influenced by species lifestyle and selection pressure. 
Generally, fish with a slow lifestyle are more hypoxia tolerant, possibly 
due to the low maintenance metabolism and hence low oxygen tension 
to recruit anaerobic metabolism and are less O2 deficient under hypoxic 
or anoxic conditions. Beyond this continuum, some species in low 
energy-demand habitats that seldom undergo hypoxia episodes may 
evolve special strategies for both low aerobic scope and anaerobic ca
pacity and poor hypoxia tolerance due to relaxed selection pressure. 

6. Trade-off between digestion and locomotion 

6.1. Specific dynamic action 

The postprandial metabolic increase, i.e., specific dynamic action 
(SDA), is defined as increased heat production following a meal 
(Beamish, 1974; Jobling, 1981; Fu et al., 2005a, 2005b, 2005c; McCue, 
2006; Secor, 2009; Stieglitz et al., 2018; Steell et al., 2019; Flikac et al., 
2020). The physiological mechanisms, such as the components of SDA 
(Brown and Cameron, 1991), as well as the effects of experimental 
conditions, such as dietary composition (Fu et al., 2005c), meal size (Fu 
et al., 2006; Flikac et al., 2020) and temperature (Pang et al., 2011), 
have long been investigated in fish species, whereas the ecological 
relevance of SDA has received little attention (Willson and Hopkins, 
2011; Norin and Clark, 2017; McLean et al., 2018). More than thirty 
years ago, it was noted that ‘there must be a continual conflict between 
the needs of locomotion and SDA’ and ‘this metabolic conflict lies at the 
root of the power budgeting problem that fish face all the time’ (Priede, 
1985). Interestingly, previous studies in cod (Gadus morhua) found that 
the peak metabolic rate during digestion (PMR) might exceed the MMR 
during sustained aerobic swimming, and those species were defined as 
‘visceral metabolism type’ (Soofiani and Hawkins, 1982; Soofiani and 
Priede, 1985). The most typical example of so-called ‘visceral meta
bolism type’ in the animal kingdom studied to date might be python 
(Python molurus), whose postprandial metabolic increase can reach 44- 
fold compared to its fasted status, and such an increase is far more 
profound than exercise-elicited metabolic increase in python (Secor and 
Diamond, 1998). However, there might not be many visceral metabolic- 
type fish species, and data for cod also remain questionable, as some 
studies of Atlantic cod report that MMR should be measured following a 
chase protocol rather than during sustained swimming at Ucrit (Reidy 
et al., 1995). The most profound increases in postprandial metabolism of 
fish species might be those of some ambush catfish (e.g., southern catfish 
and Chinese catfish, Silurus asotus), which are 5- to 6-fold higher than 
SMR (Fu et al., 2005b, 2006). These are large predatory fish species at 
the top of the local food chain in the natural environment, usually with 
low predation pressure and a habit of lying or hiding during digestion 
(Fu et al., 2009a). Thus, digesting fish may allocate most of their aerobic 
scope to growth, leaving little aerobic scope for other metabolic activ
ities (Hunt von Herbing and White, 2002; Cunha et al., 2007). For 
example, a recent study in an ambush predator, barramundi (Lates 

Fig. 4. Interspecies relationships between aerobic scope and LOE (a), EPOCe 
and LOE (EPOCe = 0.046 + 0.503LOE - 0.469LOE2, R2 

= 0.221, P = 0.039, N =
29)(b) and EPOCh and LOE (EPOCe = 0.047 + 0.307LOE - 0.280LOE2, R2 =

0.377, P = 0.002, N = 29)(c) in 29 Chinese freshwater fish species (data are 
reanalyzed from Pang et al., 2020 but exclude the data of the air breathing 
species). The empty circle are data of fish species living in water body of slow- 
flowing but high dissolved oxygen level. 
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calcarifer), found that SDA processes occupied up to 77% of the available 
aerobic scope (Norin and Clark, 2017). Nevertheless, SDA or feeding 
metabolism in fish species is potentially ecologically relevant because it 
can account for a large proportion of their aerobic scope (McLean et al., 
2018; Steell et al., 2019). 

Below, we examine two possible mechanisms underlying the trade- 
off between digestion and locomotion, i.e., (1) the relative magnitude 
of PMR and MMR (i.e., so-called metabolic type), and (2) the parti
tioning of aerobic scope between digestion and locomotion during 
postprandial swimming (i.e., so-called metabolic prioritization, Bennett 
and Hicks, 2001). In addition, we investigate connections among 
metabolic prioritization, lifestyle and habitat (fast lifestyle vs. slow 
lifestyle), and foraging mode (infrequent large predator vs. frequent 
forager). 

6.2. Metabolic type 

We searched all published data from Web of Science using the 
combination of subjects by keywords of ‘fish’, ‘specific dynamic action 
or feeding metabolism’ and ‘swimming or locomotion’. From the 
resulting 1103 search results, we summarized available data for which 
both SDA and exercise were studied in the same studies listed in Table 1 
(except for the data on Chinese catfish and pale chub, Zacco platypus, 
results for which are unpublished from S. Fu). We then examined 
whether there a continuum of digestive (“visceral) vs. locomotory types 
at the interspecific level, and whether visceral-type fish species have a 
higher postprandial metabolic peak than the maximum locomotion- 
elicited metabolic rate. We also sought to examine metabolic prioriti
zation between swimming and digesting during locomotion after 
feeding. 

First, PMR and MMR both vary profoundly, possibly due to the 
lifestyles of different species. The factorial scope of peak SDA (i.e., the 
ratio of PMR to SMR) varied from approximately 1.5 in some omnivo
rous, actively foraging species to 4 to 5 in some sit-and-wait predators 
(Fig. 5a). One species (lionfish, Pterois spp.), showed a higher PMR than 
the MMR elicited by exhaustive exercise (Steell et al., 2019). However, 
there might be more visceral-type species in nature, as the meal sizes in 
these studies were considerably lower than the satiation level (possibly 
because fish can regurgitate consumed food items during swimming if 
the meal size is too high in the respirometer chamber). For example, 
previous studies in Chinese fish found a 6-fold increase in PMR, which is 
similar to or slightly higher than the MMR elicited by exercise during 
chasing (Tang et al., 2010; Fu et al., 2006), whereas southern catfish also 
may show a PMR similar to MMR under a satiation feeding protocol or 
even higher than the MMR during the catch-up growth period after a 
long-term food shortage (Fu et al., 2018a). When looking at the feeding- 
elicited usage of available aerobic scope, the ratio of PMR varied greatly 
from approximately 10% to 180% of the aerobic scope (calculated by the 
difference between the MMR and SMR of fasting fish) (Fig. 5b). Thus, 
digestion-elicited metabolic increases can be higher (lionfish) or at least 
similar to MMR for sluggish carnivorous species after consumption of a 
large-size meal. In this manner, there appears to be a continuum of 
visceral to locomotor type species, according to the extent to which 
digestion can occupy space within their total aerobic scope. Notably, 
digesting MMR might be more appropriate to use for calculation of the 
aerobic scope in fish species for which MMR cannot solely be elicited by 
exercise (more detail in the next paragraph). 

Second, among all 15 species for which both fasting MMR and 
digestion status were measured, six species showed higher digesting 
MMR than fasting MMR at their optimal temperature for maximizing 
MMR (i.e., 10 to 15 ◦C for salmon and trout but 25 ◦C for other species) 
(Fig. 6a). If acclimated close to their winter temperature, the results of 
all fish species available to date (four cyprinid fish species and one 
catfish species) show higher digesting MMR than fasting MMR. How
ever, goldfish, Chinese bream (Parabramis pekinensis) and qingbo 
showed no difference between their fasting and digesting MMR at higher 

temperatures (Fig. 6b). This finding suggests that exercise alone cannot 
occupy aerobic scope potential in a considerable number of species, and 
the number of species for which this is true will increase at low tem
perature due to the possible physiological and biochemical constraints 
on the locomotor tissues and hence the surplus oxygen supply from the 
cardiorespiratory organs (Pang et al., 2011). 

In general, when measured at the optimal temperature for MMR, fish 
species in fast-flowing habitats usually achieve aerobic scope potential 
by exercise alone because they rely more on strong swimming perfor
mance to fulfill their routine activities (see Table 1 for the detail of 
habitats and lifestyle). However, fish species in slow-flowing habitats 
usually cannot achieve the aerobic scope by exercise alone which might 
be attributable to the combined effect of low swimming demand and/or 
high digestion capacity. 

In addition to the absolute or relative postprandial increase related to 
SMR or aerobic scope, the duration of the elevation of metabolic rate 
post-feeding (i.e., time budget of feeding metabolism), also is vitally 
important for understanding tradeoffs within an animal’s aerobic scope 
(McLean et al., 2018). Southern catfish, for example, can maintain 
postprandial metabolic rate at a level approximately 4-fold higher than 
SMR for more than 36 h after feeding, whereas goldfish can increase 
feeding metabolism by approximately 3- to 4-fold but maintain this level 
for only a very short duration (Fu et al., 2009a). The time budget is also 
very ecological relevant because the impaired capacity of locomotion 
during digestion might constrain their ability to defend themselves 
against potential predators or to engage in other behavioral activities 
(Fu et al., 2005b; McLean et al., 2018). 

Another finding is that the effect of acclimation temperature on the 
occupation of aerobic scope by SDA varies with lifestyle. With increasing 
temperature, the PMR of so-called visceral-type species (i.e., high 
occupation rate of aerobic scope by SDA) increased more than the MMR 
and left less surplus scope for other aerobic physiological functions. For 
example, the occupation ratio of PMR to aerobic scope increased from 
50% to 65% in southern catfish, 130% to 180% in lionfish, and 37% to 
45% in goldfish, whereas it decreased from 26% to 11% in qingbo, a 
typical athletic-type species (Fig. 7). This suggested that, similar to a 
previous study of shorthorn sculpin, Myoxocephalus scorpius, visceral- 
type fish may exhibit decreased aerobic scope due to the increased 
SDA energy demand and leave little room for additional processes such 
as exercise (Sandblom et al., 2014). Thus, metabolic constraints on 
aerobic scope might be more severe under high temperature or warming 
situations for visceral metabolic-type fish species. However, it is note
worthy that the duration of SDA in southern catfish decreases with 
acclimated temperature (Pang et al., 2010), suggesting visceral-type fish 
species might benefit a fast digestion process, high food handling ca
pacity and hence fast growth performance. 

In conclusion, maximal aerobic scope may be elicited by exercise 
alone or not, depending on the lifestyle which possibly due to the 
different selection forces on swimming and digestion. On some extreme 
examples, the aerobic scope potential in sedentary predators may have 
evolved to fulfill the metabolic requirements of SDA rather than to 
maintain the swimming capacity (whether digestion alone can elicit the 
aerobic scope potential needs further investigation, but there is a low 
probability based on the data of other sluggish predators, such as 
southern catfish, Fu et al., 2009a). An exercise protocol may therefore 
fail to elicit the potential of aerobic scope for some fish species, such as 
sluggish fish species and even good steady swimmers, when acclimated 
under lower temperature. In those cases, the definition and measure
ment protocol become questionable and might have to be reconsidered. 

6.3. Metabolic prioritization 

It has long been suggested that the ‘the most important problem 
facing an animal trying to survive in the natural environment is simply 
to attain the power output necessary to live in its selected niche’ (Priede, 
1985). As previously discussed, whether aerobic swimming activity can 
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Table 1 
Summary of standard metabolic rate (SMR), peak postprandial metabolic rate (PMR), maximum metabolic rate elicited by locomotion (either critical swimming or exhaustive chasing, MMR), occupation of SDA of aerobic 
scope (AS) and the change of critical swimming speed (Ucrit) of fasting and digesting fish species.  

Species Body 
mass, g 

Temp, 
oC 

Feeding habit Habitat SMR, 
mgO2 

kg− 1 h− 1 

PMR*, 
mgO2 

kg− 1 h− 1 

MMR*, 
mgO2 kg− 1 

h− 1 

Digesting 
MMR**, mgO2 

kg− 1 h− 1 

Meal size, % 
body mass 

Occupation of 
SDA on AE, % 

Decrease 
in Ucrit 

References Protocol 

Zebrafish 
Danio verio 

0.4–0.5 24 
Omnivorous, 
Frequent 
forager 

Commercial 463 717 
(1.97) 

1066 
(2.93) 

/ 5.0 50.3 / Lucas and Priede, 
1992 

chasing 

Pale chub 
Zacco platypus 4–10 25 

Omnivorous, 
Frequent 
forager 

Freshwater, 
Fast-flowing 203 

581 
(2.86) 

1300 
(6.40) / 6.8 34.5 / 

Fu et al., 2018b;  
Tang, 2019 Ucrit 

Chinese crucian carp 
Carassius auratus 

7.72 25 
Omnivorous, 
Frequent 
forager 

Freshwater, 
Slow-flowing 

220 470 
(2.14) 

680 
(3.09) 

900 + 3.0 54.4 No Zhang et al., 
2012 

Ucrit 

Goldfish 
Carassius auratus 10.49 15 

Omnivorous, 
Frequent 
forager 

Freshwater, 
Slow-flowing 120 

259 
(2.15) 

490 
(4.07) 580 + 2.8 30.2 No Pang et al., 2011 Ucrit 

Goldfish 
Carassius auratus 

9.68 25 
Omnivorous, 
Frequent 
forager 

Freshwater,  
Slow-flowing 

237 
629 
(2.65) 

1100 
(4.64) 

1200 + 3.3 40.7 Yes Pang et al., 2011 Ucrit 

Grass 
carpCtenopharyngodon 
idella 

7.42 25 
Herbivorous, 
Frequent 
forager 

Freshwater, 
Intermediate 

191 296 
(1.55) 

1034 
(5.40) 

974 - 3.9 12.5 / Fu et al., 2009b Chasing 

Rock carp 
Procypris rabaudi 19.52 25 

Omnivorous, 
Frequent 
forager 

Freshwater, 
Intermediate 115 

201 
(1.75) 

780 
(6.78) 795 - 2.0 12.9 / Li et al., 2013 Chasing 

Chinese bream 
Parabramis pekinensis 

8.27 15 
Omnivorous, 
Frequent 
forager 

Freshwater, 
Intermediate 

86 133 
(1.53) 

547 
(6.36) 

696 + 3.0 9.9 No Peng et al., 2014 Ucrit 

Chinese bream 
Parabramis pekinensis 4.62 25 

Omnivorous, 
Frequent 
forager 

Freshwater, 
Intermediate 290 

500 
(1.47) 

1260 
(4.56) 1240 + 2.1 13.3 Yes Peng et al., 2014 Ucrit 

Common carp Cyprinus 
carpio 

7.94 15 
Omnivorous, 
Frequent 
forager 

Freshwater, 
Intermediate 

113 
252 
(2.24) 

629 
(5.59) 

790 + 2.9 27.0 No Pang et al., 2011 Ucrit 

Common carp Cyprinus 
carpio 

7.56 25 
Omnivorous, 
Frequent 
forager 

Freshwater, 
Intermediate 

256 464 
(1.81) 

1140 
(4.45) 

1300 + 3.1 23.5 No Pang et al., 2011 Ucrit 

Black carp 
Mylopharyngodon piceus 4.62 25 

Carnivorous, 
Frequent 
forager 

Freshwater, 
Intermediate 220 

350 
(1.59) 

1100 
(5.00) 1120 - 1.7 14.8 Yes Nie et al., 2017 Ucrit 

Qingbo Spinibarbus 
sinensis 

7.72 15 
Omnivorous, 
Frequent 
forager 

Freshwater, 
Fast-flowing 

103 209 
(2.02) 

510 
(4.93) 

640 + 2.7 26.0 No Pang et al., 2011 Ucrit 

Qingbo Spinibarbus 
sinensis 7.71 25 

Omnivorous, 
Frequent 
forager 

Freshwater, 
Fast-flowing 160 

283 
(1.77) 

1190 
(7.44) 1150 - 2.9 11.9 No Pang et al., 2011 Ucrit 

Southern catfish 
Silurus meridonalsi 

22.45 15 
Carnivorous, 
Infrequent 
forager 

Freshwater,  
Slow-flowing 

54 
149 
(2.75) 

245 
(4.53) 

362 + 9.6 49.7 No Pang et al., 2010 Ucrit 

Southern catfish  
Silurus meridonalsi 

12.89 25 
Carnivorous, 
Infrequent 
forager 

Freshwater,  
Slow-flowing 

114 510 
(4.48) 

761 
(6.30) 

902 + 16.0 65.7 Yes Li et al., 2010a Ucrit 

Chinese catfish 
Silurus asotus c. 30 23 

Carnivorous, 
Infrequent 
forager 

Freshwater,  
Slow-flowing 98 

222 
(2.28) 

351 
(3.60) 433 + 8.7 49.2 / Li et al., 2012 Chasing 

(continued on next page) 
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Table 1 (continued ) 

Species Body 
mass, g 

Temp, 
oC 

Feeding habit Habitat SMR, 
mgO2 

kg− 1 h− 1 

PMR*, 
mgO2 

kg− 1 h− 1 

MMR*, 
mgO2 kg− 1 

h− 1 

Digesting 
MMR**, mgO2 

kg− 1 h− 1 

Meal size, % 
body mass 

Occupation of 
SDA on AE, % 

Decrease 
in Ucrit 

References Protocol 

Darkbarbel catfish 
Pelteobagrus vachelli 

6.65 25 
Omnivorous, 
Frequent 
forager 

Freshwater, 
Intermediate 

235 341 
(1.45) 

1020 
(4.34) 

1300 + 6.9 13.5 No Li et al., 2010b Ucrit 

Chinook salmon 
Oncorhynchus 
tshawytscha 

520 9 
Carnivorous, 
Infrequent 
forager 

Migratory fish, 
Fast-flowing 48 

109 
(2.28) 

490 
(10.20) 478 - 2.0 13.9 Yes 

Thorarensen and 
Farrell, 2006 Ucrit 

Rainbow trout 
Oncorhynchus mykiss 

4–8 15 
Carnivorous, 
Frequent 
forager 

Freshwater, 
Fast-flowing 

189 591 
(3.13) 

787 
(4.17) 

803 - Satiation 67.1 Yes Alsop and Wood, 
1997 

Ucrit 

Seabass 
Dicentrarchus labrax 364 22.5 

Carnivorous, 
Infrequent 
forager 

Marine, 
Demersal 100 

160 
(1.60) 

350 
(3.50) 410+ 2.0 24.0 No 

Altimiras et al., 
2008 Ucrit 

Snapper 
Chrysophrys auratus 

105 17 
Carnivorous, 
Infrequent 
forager 

Marine, Reef 
associated 

130 
190 
(1.46) 

381 
(2.93) 

/ 0.5–3.0 23.9 / 
Flikac et al., 
2020 

Ucrit 

Snapper 
Chrysophrys auratus 

107 21 
Carnivorous, 
Infrequent 
forager 

Marine, Reef 
associated 

163 250 
(1.53) 

468 
(2.87) 

/ 0.5–3.0 28.5 / Flikac et al., 
2020 

Ucrit 

Yellow-eyed mullet 
Aldrichetta forsteri 30 17 

Omnivorous, 
Frequent 
forager 

Marine and 
freshwater, 
Benthic 

104 
195 
(1.88) 

686 
(6.60) / 0.5–3.0 15.6 / 

Flikac et al., 
2020 

Ucrit 

chasing 

Yellow-eyed mullet 
Aldrichetta forsteri 

29 21 
Omnivorous, 
Frequent 
forager 

Marine and 
freshwater, 
Benthic 

124 210 
(1.69) 

799 
(6.44) 

/ 0.5–3.0 12.7 / Flikac et al., 
2020 

Ucrit 

chasing 

Mahi-mahi 
Coryphaena hippurus 706 26 

Carnivorous, 
Pursue 
forager 

Marine, Surface 
area 200 

800 
(4.00) 

1364 
(6.82) 1265 - 3.0–16.0 51.2 No 

Stieglitz et al., 
2018 Ucrit 

Lionfish 
Pterois spp. 135.5 26 

Carnivorous, 
Infrequent 
forager 

Marine, 
Demersal 90 

443 
(4.92) 

352 
(3.91) / 13.0 134.7 / Steell et al., 2019 Chasing 

Lionfish 
Pterois spp. 

135.5 32 
Carnivorous, 
Infrequent 
forager 

Marine, 
Demersal 

166 491 
(2.96) 

346 
(2.08) 

/ 13.0 180.6 / Steell et al., 2019 Chasing 

* Values in parentheses are factorial increases compared to SMR. *: ‘+’ indicates that digesting MMRs are significantly higher than fasting MMRs, while ‘–’ indicates no difference in MMR between digesting and fasting 
individuals. 
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occupy the entire aerobic metabolic scope is species-specific (Table 1; 
Fig. 6). Thus, whether an organism can maintain its aerobic locomotion 
during digestion has attracted much research attention for the last 
several decades. 

To date, at least 12 species have been studied to determine metabolic 
prioritization between digestion and locomotion, including different 
feeding habits (carnivores, omnivores and herbivores), foraging modes 
(sluggish infrequent and active foraging mode) and lifestyles or habitat 

types (slow- and fast-flowing habitats). Among all species, six species 
showed unchanged Ucrit while digesting as compared to during fasting 
(Table 1, Fig. 8). However, the underlying mechanisms involved in 
metabolic prioritization vary and can be roughly divided into two cat
egories: (1) species with high flexibility, additive summation of MMR, in 
which MMR measured during swimming while digesting is higher than 
swimming after fasting), to support the aerobic scope requirements of 
simultaneous swimming and digestion (common carp, crucian carp, 
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Fig. 5. Relative ratios of PMR (empty column) and MMR (filled column) to SMR (a) and occupation rates of SDA on aerobic scope (b) of fish species.  
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darkbarbel catfish and seabass (Dicentrarchus labrax, Fig. 8); and (2) 
species with conservative MMR (digesting MMRs are not different from 
fasting MMRs) but in which digestion is sacrificed in favor of swimming 
post-feeding [i.e., locomotor prioritization mode, Mahi-mahi (Cor
yphaena hippurus) and qingo]. For the locomotor-prioritization, main
taining locomotion capacity might be important, while halting digestion 
for a short time might not be an ecological cost for most fish species. For 
fish species that adopt the additive model, darkbarbel catfish are 
frequent, active foragers with relatively small meal sizes and low PMR 
increases (i.e., little increase in MMR compared to fasting status). The 
additive metabolic priority mode of crucian carp and common carp 
might be the byproduct of the surplus oxygen uptake capacity evolved 

for hypoxia tolerance rather than for a great aerobic scope to handle 
different aerobic physiological activities. 

The remaining six species showed decreased Ucrit while digesting, 
suggesting impaired swimming performance while maintaining diges
tion activity, i.e., digestive prioritization. Again, however, the under
lying mechanisms can be roughly categorized into two groups: (1) fish 
with a conservative MMR (digesting MMRs are not different from fasting 
MMRs) and for which Ucrit is decreased even with a small increase in 
SDA (such as rainbow trout, goldfish, Chinook salmon, black carp and 
Chinese bream, Fig. 8); and (2) fish species for which MMR is further 
increased during a postprandial swimming (digesting MMRs are higher 
than fasting MMRs) but they still cannot fulfill the two functions 

Fig. 6. Comparison of locomotion-elicited MMR between digesting (filled column) and fasting (empty column) fish species at the ecological optimum temperature 
(a) and between high (HT) and low temperature (LT) (b). Data are expressed as mean ± S.E. 
* indicate significant differences between fasting and digesting MMR (P < 0.05). 
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simultaneously due to an exceedingly large PMR (southern catfish). The 
ecological implications for the digestive-prioritization are not clear 
because maintaining locomotion potential might be more important 
than digestion in the wild, as the impaired capacity of locomotion during 
digestion might constrain their ability to defend themselves against 
potential predators or to engage in other behavioral activities. This 
finding might be observed because SDA reflects metabolic processes in 
muscle tissues (for example, protein synthesis and growth), which 
cannot be quickly regulated. For example, it has been found in seabass 
that SDA was maintained despite decreased blood flow to the gastroin
testinal tract under digesting swimming conditions (Altimiras et al., 
2008). 

Notably, when acclimated to low temperature (15 ◦C), all measured 
fish species (including southern catfish and goldfish which showed 
decreased Ucrit during digestion acclimated at high temperature) 
(Table 1) showed unchanged swimming speed while digesting. This is 
possibly due to the constrained physiological performance of locomo
tion and digestion under low temperature, thus, MMR can accommodate 
both physiological activities simultaneously (Pang et al., 2011). 

In conclusion, the partitioning of metabolic scope between locomo
tion and digestion is related to (1) the relative magnitude of aerobic 
scope compared to the sum of aerobic locomotion and digestion; and (2) 
which physiological functions are being sacrificed while swimming and 

digesting. The former may be more shaped by energy-demanding situ
ations (it might not be easy to adopt an additive mode in a fast-flowing 
habitat), whereas the latter may be shaped by the lifestyle related to the 
foraging mode (place in the food chain and predation pressure). The 
former situation can be tested by manipulating environmental condi
tions (e.g., temperature, hypoxia, hypercapnia). As mentioned before, 
both the locomotor (qingbo) and digestive prioritization (e.g., goldfish 
and southern catfish) become additive due to reduced competition for 
aerobic scope allocation when acclimated at low temperature (Pang 
et al., 2010, 2011). However, the effect of oxygen tension on the 
metabolic priority mode is rather complicated. For example, the meta
bolic prioritization of Chinese crucian carp changed from additive to 
digestion prioritization as aerobic scope decreased at very low oxygen 
tensions (Zhang et al., 2012). However, common carp, a species exhib
iting additive prioritization in normoxia, still exhibits this pattern under 
12.5% oxygen saturation as digestion, locomotion and digesting MMR 
all decrease in parallel with hypoxia (Zhang et al., 2012). A similar 
situation has been demonstrated in sea bass under 50% oxygen satura
tion (Dupont-Prinet et al., 2009). Thus, metabolic prioritization across 
species and the relationships with lifestyle and environmental condi
tions require further exploration. 
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7. Conclusions 

In summary, by re-analyzing existing data from the literature, we 
have uncovered several interesting trends with regard to potential trade- 
offs within the aerobic scope of teleost fishes, including:  

(1) For freshwater species in China, both aerobic scope and anaerobic 
capacity may have been evolved for swimming performance and 
lifestyle and thus are usually negatively correlated with hypoxia 
tolerance. This is because fish with a slow lifestyle and hence low 
maintenance energy expenditure have low critical oxygen tension 
and small anaerobic requirements at Pcrit. However, some species 
that dwell in particular habitats (e.g., slow-flowing habitats with 
high levels of dissolved oxygen) evolved a slow lifestyle but also 
poor hypoxia tolerance, resulting in a bell-shaped curve between 
hypoxia tolerance and aerobic or anaerobic capacity.  

(2) The relationship between swimming performance and hypoxia 
tolerance at the intraspecific level might shift via aerobic scope 
across habitats: a trade-off between aerobic scope and hypoxia 
tolerance is observed only in fast-flowing habitats, possibly due to 
the energy-demanding situations these habitats create.  

(3) Many species in slow-flowing water cannot elicit their metabolic 
ceiling by exercise alone; however, in fast-flowing habitats, ex
ercise usually can elicit the MMR at the upper range of their 
ecologically relevant temperature but not at their lower ecolog
ically relevant temperature, due to the physiological and 
biochemical constraints on peripheral tissues. 

(4) Fish exhibit a continuum of metabolic types, i.e., visceral meta
bolic type to locomotion metabolic type, with some sedentary 
predators that possess a higher postprandial metabolic rate than 
exercise-induced MMR.  

(5) Fish in fast-flowing habitats and of the locomotion type can 
maintain swimming capacity either by sacrificed digestion in 
favor of exercise in a postprandial swimming situation (locomo
tor prioritization) or via their high oxygen uptake and distribu
tion capacity (additive summation of aerobic scope). In contrast, 
fish of visceral metabolic type usually show decreased swimming 
performance while digesting, as their MMR cannot further 
elevate or the increased MMR cannot meet all digestion re
quirements during digestion in a postprandial situation. 

Overall, species in fast-flowing habitats have generally evolved a fast 
lifestyle with high aerobic scope for locomotive function, poor hypoxia 
tolerance and locomotive metabolic type, whereas slow-flowing habitats 
have more room for species evolving to their specific ecotype, although 
these species are usually more visceral-type with lower swimming per
formance and higher hypoxia tolerance (Table 2). These results suggest 
that the ecological relevance of aerobic scope is closely related to habitat 
condition and the particular lifestyle of a given species due to the dif
ference of routine energy expenditure, hypoxia challenge and 
demanding of swimming ability on routine activities, which all have 
important effects on aerobic scope. 

Based on these findings, there are a number of research questions 
that require further study going forward in our attempts to understand 
the ecological relevance of aerobic scope:  

(1) Is the exercise protocol appropriate to elicit the aerobic scope for 
fish species? Based on the available evidence, it seems quite 
common across species that exercise alone cannot elicit the true 
metabolic ceiling for the calculation of aerobic scope, especially 
for species with additive or digestive metabolic prioritization, 
and fish living in fast-flowing habitats that are acclimated to low 
temperature.  

(2) Is the critical oxygen tension for aerobic swimming and other 
physiological functions lower, i.e., less oxygen-dependent, during 
additive metabolic prioritization in species such as darkbarbel 

catfish and common carp? How do some species still exhibit ad
ditive metabolic prioritization in hypoxia? 

(3) Is the ratio of different physiological functions varied or consis
tent in a given species across environmental temperature condi
tions, and does the pattern vary among species with different 
lifestyles? For example, if the ratio of SDA to aerobic scope in
creases more profoundly with acclimation temperature in 
visceral-type fish species, this suggests that warming may have a 
more profound effect on visceral-type fish species.  

(4) Is there a common rule underlying which metabolic priority 
mode, metabolic type, hypoxia tolerance and other physiological 
features coevolved across habitats and lifestyles?  

(5) What role does acclimation play when evaluating the effects of 
environmental conditions, and the species habitat and lifestyle on 
aerobic scope? 
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