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Abstract We assessed the intraspecific mass scaling of

standard metabolic rate (SMR), maximum metabolic rate

(MMR), excess post-exercise oxygen consumption

(EPOC), and erythrocyte size in grass carp (Ctenophar-

yngodon idellus), with body masses ranging from 4.0 to

459 g. SMR and MMR scaled with body mass with similar

exponents, but neither exponent matched the expected

value of 0.75 or 1, respectively. Erythrocyte size scaled

with body mass with a very low exponent (0.090), suggests

that while both cell number and cell size contribute to the

increase in body mass, cell size plays a smaller role. The

similar slopes of MMR and SMR in grass carp suggest a

constant factorial aerobic scope (FAS) as the body grows.

SMR was negatively correlated with FAS, indicating a

tradeoff between SMR and FAS. Smaller fish recovered

faster from the exhaustive exercises, and the scaling

exponent of EPOC was 1.075, suggesting a nearly iso-

metric increase in anaerobic capacity. Our results provide

support for the cell size model and suggest that variations

of erythrocyte size may partly contribute to the intraspe-

cific scaling of SMR. The scaling exponent of MMR was

0.863, suggesting that the metabolism of non-athletic fish

species is less reliant on muscular energy expenditure, even

during strenuous exercise.
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Introduction

Metabolic rate (MR) typically scales with body mass (M)

according to the function MR ¼ aMb, where a is the con-

stant and b is the scaling exponent. This relationship has

been studied by many researchers because of its apparent

law-like nature, and several hypotheses about metabolic

scaling have recently been proposed (Oikawa and Itazawa

1984; West et al. 1997; Kozłowski et al. 2003; Agutter and

Wheatley 2004; Glazier 2005, 2010; Kooijman 2010;

Agutter and Tuszynski 2011). One of the hypotheses is the

Metabolic theory of ecology (MTE), which predicts that

the standard metabolic rate (SMR) of organisms scales

inter- and intraspecifically to the three-quarter power of

M (b = 0.75), as a result of the geometry of optimized

resource distribution networks (West et al. 1997; Brown

et al. 2004). The MTE hypothesis is supported by many

studies (Savage et al. 2004; Farrell-Gray and Gotelli 2005).

However, the intraspecific scaling exponent for SMR var-

ies significantly among species and life histories, especially

in fish (Clarke and Johnston 1999; Bokma 2004; Killen

et al. 2007, 2010. Recently, Savage et al. analyzed the

MTE hypothesis and suggested that the cell volume of

quickly dividing cells (e.g., erythrocytes) was expected to

be body size invariant, whereas cell metabolism was

expected to be dependent on body size (Savage et al. 2007).

According to this theory, erythrocyte size should be inde-

pendent of M.

In addition, a ‘‘cell size’’ model has been proposed

suggesting that cell size influences the allometric rela-

tionship between M and MR (Davison 1955, 1956; Szarski

1983; Kozłowski et al. 2003). Any substantial changes in

body mass must be caused by an alteration of cell size or

cell number or a combination of the two. While cell size
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increases, the cell surface area/volume ratio decreases, and

a smaller fraction of metabolic effort is spent on main-

taining ionic gradients across cell membranes (Davison

1955; Kozłowski et al. 2003). Thus, larger cells are less

metabolically active due to their relatively smaller surface

area/volume ratio (Davison 1955, 1956; Kozłowski et al.

2003). The cell size model predicts that MR should scale

with body mass according to the exponent b = 0.67 if the

variation in body mass is attributed entirely to changes in

cell size; the exponent should be 1.0 if cell size remains

unchanged and body mass variation is entirely due to dif-

ferences in cell number (Davison 1955; Kozłowski et al.

2003). The cell size model has been supported by studies of

interspecific metabolic scaling in mammals and birds

(Kozłowski et al. 2003) and intraspecific metabolic scaling

in ants (Chown et al. 2007), crayfish (Davison 1956), frogs

(Davison 1955), and eyelid geckos (Starostová et al. 2013).

Erythrocyte size was used as a proxy for the general cell

size of an organism to test the cell size model because of

the direct role of erythrocytes in oxygen transportation

(Starostová et al. 2009; Maciak et al. 2011). A recent study

of geckos suggests that the cell size model in vertebrates

holds for erythrocytes only, rather than for cell types in

general (Starostová et al. 2013). However, the correlation

between erythrocyte size and body mass may vary among

species (Starostová et al. 2009, 2013; Kozłowski et al.

2010; Maciak et al. 2011). Therefore, the cell size model

requires testing in more species. Fish display the largest

variation in erythrocyte area (approximately 30-fold)

among species compared to other vertebrates (Gregory

2013). We found only limited studies examining the rela-

tionship between erythrocyte size and SMR in fish (Maciak

et al. 2011; Huang et al. 2013). It is of interest to test

whether the correlation between variation in erythrocyte

size and metabolic scaling holds for different fish species.

A difference between the mass scaling of SMR and

MMR in animals may result in changes in metabolic scope

with increasing body mass. The majority of prior studies

found that metabolic scope increases with body mass in

many fish species (Beamish 1978; Armstrong et al. 1992;

Post and Lee 1996; Killen et al. 2007). However, a mass-

independent factorial aerobic scope (FAS) was found in

Atlantic salmon (Salmo salar) (Cutts et al. 2002). Because

metabolic scope, especially FAS, relates to the Darwinian

fitness of an animal (Priede 1985) and reflects the ability to

respond to environmental extremes or other challenges

(Killen et al. 2007), it is relevant to examine the ways in

which metabolic scope changes as the body grows.

Grass carp (Ctenopharyngodon idellus Valenciennes) is

an active grazing herbivorous fish that is widely distributed

throughout China. Some data have shown that the erythro-

cyte size of grass carp is smaller as compared to other species

of the same family, Cyprinidae (Maciak and Kostelecka-

Myrcha 2011), but the correlation between cell size and SMR

in this species is unknown. It is of interest to examine the cell

size model for metabolic scaling in grass carp. Recently, a

study demonstrated that this species has relatively lower

critical swimming speed and maximum metabolic rate

(MMR) than many other carp species (Yan et al. 2012).

However, the intraspecific scaling of the MMR of grass carp

remains unclear. MMR was predicted to scale nearly iso-

metrically with body mass (Calder 1984; Glazier 2005,

2010). However, most of the previous results on scaling of

MMR were observed from athletic fish species (Brett 1965;

Brett and Glass 1973; Wieser 1985; Goolish 1991). It would

be interesting to determine whether the grass carp, a species

with lower swimming performance, exhibits an isometric

scaling of MMR. Thus, the first aim of this study was to

determine the mass scaling of SMR and MMR in grass carp.

Second, we used erythrocyte size as a proxy for general cell

size to test the hypothesis that the coupling between cell size

and body mass plays an important role in shaping metabolic

scaling (Davison 1955; Szarski 1983; Kozłowski et al. 2003).

Third, we examined whether individuals having a higher

SMR tended to have a higher FAS.

Materials and methods

Animals

Grass carp were sourced from local fisheries in Xiema,

Chongqing, China, and acclimated in a rearing system for

at least 2 weeks before beginning the experiment. During

this period, the fish were fed once daily (1 % of body mass)

on a commercial diet, the chemical composition of which

was 6.3 % moisture, 30.3 % protein, 2.9 % fat, and 10.0 %

digestible carbohydrate. The temperature of the dechlori-

nated fresh water was maintained at 25.0 ± 1.0 �C, oxygen

concentration was maintained above 90 % saturation, and

the photoperiod was 14 L/10 Days. Animal handling and

experiments complied with the ethical requirements and

recommendations of the Animal Care of the Fisheries

Science Institution of Southwest University, China.

Measurement of metabolic rate

The oxygen consumption rate of individual fish was mea-

sured using a continuous-flow respirometer (Wang et al.

2012). The dissolved oxygen concentration was measured

at the outlet of the perspex chamber using an oxygen meter

(HQ30, Hach Company, Loveland CO, USA). One cham-

ber without fish was used as a control for measuring the

background oxygen consumption. Different-sized cham-

bers (0.13, 0.52, 0.86, and 1.20 L) were used depending on

the body mass of the experimental fish. The flow rate of
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water through the respirometer chamber was obtained by

collecting the outflow from each tube into a beaker over

different time intervals (in minutes) as previously descri-

bed by Wang et al. (2012). The water flow rate was

adjusted to ensure that 95 % of the water was replaced

within 1 min in the chamber (Steffensen 1989) and to

ensure a [7 mg L-1 oxygen concentration in the outlet

water to avoid physiological stress. The following formula

was used to calculate oxygen consumption rate _MO2

(mg O2 h-1):

_MO2
¼ DO2 � v;

where DO2 is the difference (mg O2 L-1) in oxygen con-

centration between an experimental chamber and the con-

trol chamber (chamber without fish) and v is the water flow

rate in the experimental chamber (L h-1).

At the end of the acclimation period, the fish were fasted

for 24 h and were weighed to the nearest 0.1 g. Each fish was

placed in the respirometer chamber and allowed to acclimate

for another 24 h. During the acclimation period, the control

chamber was adjusted to the same water conditions as the fish

chamber. The oxygen consumption rate was then measured

at 1-h intervals for 4 h, and the mean value of the last three

measurements was used as the SMR. The standard deviation

of the three SMR measurements was lower than 5 % of their

mean value. In previous studies, MMR was typically mea-

sured in fish by gradually increasing swimming speed (Brett

1965). In the present study, however, MMR was measured by

the chasing protocol as described by Wang et al. (2012),

where the peak post-exercise _MO2
following exhaustive

exercise was used as a measure of maximum _MO2
for fish

(Reidy et al. 1995; Milligan 1996; Cutts et al. 2002; Fu et al.

2009a). After the SMR measurement, the fish were chased to

exhaustion in a circle with a hand net (this process lasted for

5 min) and were then immediately placed back into the

respirometer chambers. The oxygen consumption rates were

measured at 1-min intervals for the first 10 min post-exercise

and then at 15, 20, 30, 40, 60, 80, 100, and 120 min, until the

oxygen consumption rate returned to within 120 % of the

SMR. MMR was usually observed immediately after a fish

was placed into the chamber. FAS was calculated as the ratio

of MMR to SMR. Excess post-exercise oxygen consumption

(EPOC) was calculated as the magnitude of excess oxygen

consumption above SMR during the recovery phase. EPOC

duration (h) was calculated as the time from exercise to when
_MO2

returned to within 120 % of the SMR in a given fish. A

total of 81 individuals were used for metabolic rate analysis.

Parameters of erythrocytes

As soon as the oxygen consumption rate recovered from

exercise, the fish was anesthetized by adding tricaine

methanesulfonate (MS-222) to a concentration of

0.15 g L-1 in the water for blood and organ sampling.

Blood was taken from the caudal vessels with an anti-

freezing syringe (sodium fluoride: potassium oxa-

late = 1:3 g g-1) and transferred to an anti-freezing cen-

trifuge tube placed on ice. The sampling was usually

completed within 1 min of blood withdrawal. Erythrocytes

were counted using a Neubauer hemocytometer after 1:200

dilution in 0.65 % NaCl. Fresh blood smears were air-dried

and stained with Wright’s–Giemsa fluid (Gao et al. 2007).

A compound light microscope mounted with a video

camera linked to computer image analysis software

(EV5680B, Aigo Company, China) was used to measure

the length (LC) and width (WC) of 20 randomly selected

erythrocytes from each slide. The erythrocyte was assumed

as ellipsoid in shape and its surface area (S) was calculated

using the following formula: S = LC 9 WC 9 p/4.

Because five individuals were too small to sample enough

blood, the final sample size for S was 76.

Data analysis

Data analysis was conducted using SPSS version 11.5 (SPSS

Inc., Chicago, IL, USA). Decadic logarithms (log) of SMR,

MMR, EPOC, recovery duration, erythrocyte size, and body

mass data were used for correlation or regression analysis.

Ordinary least square (OLS) regression was used to analyze

the relationship between M and each of the other parameters,

and an ANCOVA was used to compare the slopes of the

regressions using M as a covariate. The residual value of each

measurement was calculated as the difference between the

log-observed value and the log-predicted value by the cor-

responding allometric equation. Regression analysis was

used to test the mass-independent correlations between

residual SMR (rSMR) and MMR (rMMR) or FAS (rFAS).

Mass-scaling exponents for SMR, MMR, EPOC, and

erythrocyte size were also analyzed by reduced major axis

(RMA) regression using RMA software version 1.17 (Bo-

honak and van der Linde 2004; available at http://www.bio.

sdsu.edu/pub/andy/rma.html). RMA regression led to a

similar pattern, although the scaling exponents by RMA

tended to be higher than those by OLS regression. The RMA

regression values are listed in Table 1. All of the allometric

Table 1 Mass-scaling parameters using reduced major axis (RMA)

regression analyses

Scaling relationship r2 n 95 % CI for slope

Log SMR = 0.861 log M - 0.679 0.932 81 0.811, 0.911

Log MMR = 0.889 log M - 0.131 0.944 81 0.841, 0.936

Log EPOC = 1.166 log M - 1.393 0.850 81 1.065, 1.267

Log S = 0.119 log M - 1.562 0.569 76 0.101, 0.138
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exponents include ±95 % confidence intervals (CI). p values

\0.05 were considered statistically significant.

Results

After exhaustive exercise, the specimens’ MR values

immediately increased to their peak values and then

recovered to the pre-exercise values (Fig. 1). Smaller

individuals recovered faster, and the recovery periods

ranged from 0.3 to 2.7 h, which was dependent on

M (r2 = 0.166, n = 81, p \ 0.0001). As the M of the

studied individuals increased 115-fold, whole-animal SMR

varied 43-fold while MMR increased 75-fold.

Both SMR and MMR scaled with M of grass carp by

exponents; however, the exponents were not the expected

0.75 or 1 values, respectively (Fig. 2). Similar slopes were

found in SMR (bs) and MMR (bm) using ANCOVA

analyses (F1, 160 = 0.855, p = 0.357); as a result, FAS did

not increase as M increased (r2 = 0.014, n = 81,

p = 0.286). Individuals with a higher SMR tended to have
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Fig. 2 The relationships between body mass (M, g) and metabolic

rate (MR) in grass carp. Open circles standard metabolic rate (SMR,

mg O2 h-1); filled circles maximum metabolic rate (MMR,

mg O2 h-1). Both axes are on a decadic logarithm scale
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a relatively higher MMR (r2 = 0.067, n = 81, p = 0.020)

(Fig. 3a) but a lower FAS (r2 = 0.239, n = 81,

p \ 0.0001) (Fig. 3b). Individuals with a higher MMR

tended to have a higher FAS (r2 = 0.338, n = 81,

p \ 0.0001) (Fig. 3c). EPOC increased as body mass

increased by an exponent of 1.075 (Fig. 4).

Only a 1.8-fold variation was found in S among all

individuals. As M increased, S increased weakly but sig-

nificantly by an exponent of 0.090 (Fig. 5). A negative

correlation was found between S and both mass-specific

SMR (Fig. 6a) and mass-specific MMR (Fig. 6b). How-

ever, mass-corrected S was not significantly correlated with

either mass-specific SMR (r2 = 0.014, n = 76, p = 0.155)

or mass-specific MMR (r2 = 0.009, n = 76, p = 0.108),

while only accounting for a limited variation in erythrocyte

size remaining after mass correction. There was no sig-

nificant correlation between S and FAS (r2 = 0.023,

n = 76, p = 0.093).

Discussion

The MR and hematological parameters examined in this

study were all similar to previous results for grass carp of

comparable size (Fu et al. 2009a; Maciak and Kostelecka-

Myrcha 2011). Our results are within the range for the

intraspecific bs previously reported for most fish species

(0.65–0.95) (Clarke and Johnston 1999; Bokma 2004;

Killen et al. 2010). The bs of grass carp does not agree with

the exponential value of 0.75 proposed by the MTE

hypothesis (West et al. 1997; Savage et al. 2004). An

important assumption of the MTE is that the physical

properties of the terminal capillaries of the supply systems
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are invariant with body size (West et al. 1997). Dictated by

MTE, Savage et al. (2007) proposed that cell metabolic rate

and cell size should roughly follow two strategies: the MR

of quickly dividing cells, e.g., erythrocytes, should be body

size dependent, whereas cell size should be body size

invariant. On the contrary, cell metabolism should be

roughly invariant, whereas the cell size of slowly dividing

cells should be body size dependent. According to the MTE

hypothesis, erythrocyte size should be independent of body

size (Savage et al. 2007). In the present study, however, the

erythrocyte size of grass carp increased with body mass

(Fig. 5), which again rejects the MTE hypothesis.

Our results provide support for the cell size model and

suggest that the variation of erythrocyte size may contrib-

ute to the intraspecific scaling of SMR. A similar increase

in erythrocyte size with body mass was found in another

fish species, the spined loach (Cobitis taenia) (Maciak et al.

2011), and in several species of geckos (Starostová et al.

2013). The erythrocyte size of grass carp scaled with body

mass by a very low exponent of 0.090 (Fig. 5), suggests

that while both cell number and cell size contribute to the

increase in body mass, cell size plays only a minor role.

According to the cell size model, SMR scales isometrically

when cell size scales as M0 (Davison 1955; Szarski 1983;

Kozłowski et al. 2003). The scaling exponent (0.090) for

erythrocyte size should predict a scaling exponent for SMR

close to 1 (0.97 when calculated as described in Kozłowski

et al. 2010). However, the observed scaling exponent for

SMR of grass carp was 0.831, significantly lower than 1 or

0.97. Our results suggest that variation in erythrocyte size

only partly explains the metabolic scaling. Several poten-

tial reasons may explain this finding. First, even though

erythrocyte size is correlated well with the size of other cell

types in birds and amphibians, this relationship does not

hold for many mammals (Kozłowski et al. 2010); whether

erythrocyte size can be used as a proxy for general cell size

in fish is unknown. Second, metabolic differences may be

only partially determined by the cell surface/volume ratio;

other body size-related factors, such as membrane perme-

ability and the density and activity of mitochondria, may

play a role in these differences (Kozłowski et al. 2010).

Third, the metabolic activity of cells may decrease as the

body grows, which can affect allometric scaling of SMR

(Porter and Brand 1995; Savage et al. 2007).

Interestingly, the bm value of grass carp in our results was

0.863 and significantly lower than 1 (Fig. 2). The scaling

exponent of the MR is expected to increase as the exercise

level increases (Brett 1965), and it is assumed that MMR

scales approximately isometrically with body mass (Brett

and Glass 1973; Calder 1984; Wieser 1985; Goolish 1991).

As activity increases, an animal’s metabolism becomes

increasingly devoted to muscular energy expenditure, which

scales in direct proportion to muscle mass; this in turn scales

as M1 (Glazier 2005, 2009). The nearly isometric metabolic

scaling during strenuous exercise may benefit fitness-related

activities, such as escape from predators and capture of prey

(Lane 2005). However, most of the previous results per-

taining to scaling of MMR were from studies on athletic fish

species (Brett 1965; Brett and Glass 1973; Wieser 1985;

Goolish 1991). The grass carp in our study cannot be con-

sidered an athletic species, as it exhibits relatively lower

critical swimming speed (*5 BL s-1 at 25 �C for 8.6-cm

fish) compared to many other carp species (Yan et al. 2012).

Our results support the argument that bm data of fish vary

depending on a species’ lifestyle and tends to be higher in

athletic species (Killen et al. 2007; Glazier 2008, 2010). Our

results suggest that metabolism is less reliant on muscular

energy expenditure even during strenuous exercise in non-

athletic fish. In addition, the majority of fish muscle is white

muscle, which contributes less to aerobic metabolism, while

the metabolically active red muscle occupies only a small

proportion of the total muscle (Luo et al. 2013). In fact, the

average red muscle somatic index of grass carp was only

approximately 1 % in our study.

Values of bm are generally higher than bs, which results

in increased FAS with body mass in many fish species,

including sockeye salmon (Oncorhynchus nerka) (Brett

1965), charr (Salvelinus fontinalis) (Beamish 1978),

northern pike (Esox lucius) (Armstrong et al. 1992), rain-

bow trout (Oncorhynchus mykiss) (Post and Lee 1996),

ocean pout (Macrozoarces americanus), lumpfish (Cycl-

opterus lumpus), and shorthorn sculpin (Myoxocephalus

scorpius) (Killen et al. 2007). Interestingly, bm was close to

bs in grass carp in the present study, and as a result, FAS

did not increase with body mass; indicating no increase in

aerobic scope as its body grows. The mean value of FAS

(4.19) may be adequate for the grass carp, particularly

because it is a non-athletic species.

A positive correlation was found between MMR and

SMR in grass carp (Fig. 3a), suggesting that there is a cost

to maintain the machinery that supports high aerobic

capacity. It has been speculated that evolutionary selection

for a high MMR will generate a concomitant increase in

SMR (Bennett and Ruben 1979). Animals with higher

locomotory performance usually have a higher SMR

(Reinhold 1999). This relationship would be reflected in a

greater size of the organs responsible for energy turnover,

making such organs more efficient at processing food but at

the same time more expensive to maintain, thereby

increasing SMR (Daan et al. 1990; Chappell et al. 1999).

Similar positive relationships between SMR and MMR

were found in rainbow trout (Wieser 1985) and brown trout

(Salmo trutta) (Norin and Malte 2012).

The present results (Fig. 3b) suggest that grass carp with a

relatively higher SMR have a reduced metabolic capacity for

activity, a tradeoff between SMR and FAS. Similarly, a
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previous study found that Atlantic salmon with a relatively

high SMR had small metabolic scope (Cutts et al. 2002).

However, in many other species, FAS increases with SMR,

and a greater SMR has been considered a consequence of

greater FAS (Priede 1985; Metcalfe et al. 1995). Our results

indicate that the correlation between FAS and SMR may

vary according to species’ life-history strategies. A lower

SMR could be beneficial for fish because it allows a greater

scope of power allocation for some important behaviors

(Post and Lee 1996; Killen et al. 2007; Fu et al. 2009a). By

contrast, a larger SMR allows fish to expend a greater amount

of energy on avoiding predators and on grazing food (Fu et al.

2009b).

Like all other vertebrates, fish need time to recover after

exhaustive activity. The elevated oxygen consumption rate

following exhaustive exercise, EPOC, has been used as an

important index of anaerobic capacity in animals (Gaesser

and Brooks 1984; Hancock and Gleeson 2002). It has been

suggested that animals have a lower aerobic capacity but a

higher anaerobic capacity with increasing body mass

(Goolish 1991; Kieffer et al. 1996). The mass-scaling

exponent of EPOC was 1.075 in grass carp (Fig. 4), sug-

gesting a nearly isometric increase in its anaerobic capacity.

The duration of EPOC also has important ecological rele-

vance because the time required for exercise-induced dis-

turbances to return to baseline levels may affect the

characteristics of physiological ecology and fitness, such as

repeated burst swimming and survival (Goolish 1991;

Gingerich and Suski 2012). The duration of EPOC is body

mass dependent in grass carp, and smaller fish recovered

faster (Fig. 1). The accelerated recovery rates of metabolites

in smaller fish have been attributed to smaller individuals

having a greater per-gram MR than larger individuals, an

increased reliance on aerobic processes during burst swim-

ming, or a faster lactic acid removal rate, thereby resulting in

an accelerated time of return to homeostasis (Wakefield et al.

2004; Ohlberger et al. 2005; Gingerich and Suski 2012).

In conclusion, our results support the cell size model that

states that erythrocyte size can partially account for the

observed allometric patterns in SMR. In addition, Grass carp

with a relatively higher MMR tended to have a higher SMR,

suggesting that more active individuals have larger meta-

bolic machinery. Finally, similar scaling exponents for

MMR and SMR suggest that metabolism during strenuous

exercise is less reliant on muscular energy expenditure in

non-athletic fish, such as the grass carp, than in more athletic

fish that show significantly steeper scaling exponents for

MMR.
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