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Abstract

Differences in population density between species of varying size are frequently attributed

to metabolic rates which are assumed to scale with body size with a slope of 0.75. This

assumption is often criticised on the grounds that 0.75 scaling of metabolic rate with body

size is not universal and can vary significantly depending on species and life-history. How-

ever, few studies have investigated how interspecific variation in metabolic scaling relation-

ships affects population density in different sized species. Here we predict inter-specific

differences in metabolism from niche requirements, thereby allowing metabolic predictions

of species distribution and abundance at fine spatial scales. Due to the differences in ener-

getic efficiency required along harsh-benign gradients, an extremophile fish (brown mudfish,

Neochanna apoda) living in harsh environments had slower metabolism, and thus higher

population densities, compared to a fish species (banded kōkopu, Galaxias fasciatus) in

physiologically more benign habitats. Interspecific differences in the intercepts for the rela-

tionship between body and density disappeared when species mass-specific metabolic

rates, rather than body sizes, were used to predict density, implying population energy use

was equivalent between mudfish and kōkopu. Nevertheless, despite significant interspecific

differences in the slope of the metabolic scaling relationships, mudfish and kōkopu had a

common slope for the relationship between body size and population density. These results

support underlying logic of energetic equivalence between different size species implicit in

metabolic theory. However, the precise slope of metabolic scaling relationships, which is the

subject of much debate, may not be a reliable indicator of population density as expected

under metabolic theory.

Introduction

Understanding the drivers of species distribution and abundance is an important goal of pre-

dictive ecology [1]. Distribution and abundance is affected by both intrinsic species traits and

environmental conditions [2], both of which are variable and species specific, making it diffi-

cult to apply general principles to predict abundance [3]. Because metabolic rate is a
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measurable trait all species and determines per capita consumption rates in populations and

therefore can have effects on carrying capacity, metabolic rates are being increasingly used as

general predictors of species abundance [4,5,6]. Metabolic rate is often shown to scale with

body size according to a power law with an exponent of 0.75 a slope which is assumed to drive

the negative power law scaling of population size with body size, which has a slope of -0.75

[4,5,7]. Because population size is limited by energy availability divided by per-capita con-

sumption rates, as body size increases, per-capita consumption rate rise and energy availability

must be divided amongst fewer individuals, thus resulting in negative scaling of abundance

with body size.

While this metabolic concept has support at macroecological scales [4,8], many studies

show significant departures in size-density relationship exponents from that expected from the

scaling of metabolism with body size [9,10]. In particular, as body size range declines to that

which is more likely at local scales, the residual variation in density that is unexplained by

body size increases relative to that which is explained by body size [11], and the slopes of the

size-density relationship fluctuate greatly [12]. Meanwhile variation in habitat productivity

and food availability can also generate departures in size-density relationships from that

expected by metabolic theory [6,13]. For animals that cannot manipulate their prey, for exam-

ple, increases in gape size with body mass can increase food availability to larger individuals,

which may alter size-density relationships within populations [14]. Finally, there is evidence

that the exponent of the relationship between metabolic rate and body size varies widely

depending on species and life-history [15,16,17,18]. Consequently, the applicability of body

size as a universal predictor of density may be limited at small scales, where location and spe-

cies-specific knowledge may be more insightful.

One way to improve local predictions from metabolic theory may be to consider how func-

tional traits, such as metabolism, vary with environmental gradients to affect ecological func-

tion at finer spatial scales [2]. While the precise physiological mechanisms controlling the

scaling of metabolic rate with body size are heavily debated [19,20], it is well known that meta-

bolic rates vary independently of mass and that the scaling parameters can vary significantly

from that expected from metabolic theory [17]. Higher metabolic rates are often associated

with greater competitive, and aerobic capacity, dominance, aggression and growth rate

[21,22,23,24], potentially leading to higher fitness [25,26]. However, such relationships are

heavily context dependent [27], often due to limitations environments place on resource use

and oxygen consumption [28,29]. For example, metabolic rates often scale negatively with

environmental stresses including aridity, food scarcity and hypoxia [30,31,32,33,34]. Mean-

while systematic changes in exponents for the scaling of metabolism with body size have also

been observed along environmental gradients associated with cold temperatures, and low food

and oxygen availability [18,35]. Such systematic variation in metabolic traits may give rise to

predictable changes in population density along environmental gradients [36] and improve

predictions from metabolic theory at smaller spatial scales.

We examined whether interspecific differences in the scaling of metabolic rates with body

size along an environmental gradient could account for variation in size-density relationships

between species of freshwater fish. The brown mudfish (Neochanna apoda) and banded

kōkopu (Galaxias fasciatus) are fish that are allopatrically distributed along an environmental

stress gradient involving extreme drought, hypoxia and acidity in forest ponds [37]. Brown

mudfish are restricted to hypoxic, acidic, drought-prone pools because of their vulnerability to

predation by kōkopu in permanent pools [37]. Despite the harsh environment brown mudfish

inhabit, they can reach remarkably high population densities, averaging more than 30 fish m-3

[38,39]. We predicted such high brown mudfish population densities resulted from low indi-

vidual metabolic rates, which may have evolved in response to the hypoxic environment they
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inhabit, in contrast to the kōkopu which are usually found in much lower densities [37]. In

particular, we tested the hypothesis that inter-specific differences in the intercept and slope of

the relationship between mass and standard metabolic rate could explain inter-specific differ-

ences in body size-density relationships between mudfish and kōkopu.

Materials and methods

Study system

All procedures were approved by the University of Canterbury animal ethics committee (per-

mit number 2010/23R). Fish abundance was determined in 39 mudfish and 25 kōkopu pools

in the Saltwater Forest, Westland National Park, South Island, New Zealand during the austral

summer of 2011–2012. Saltwater Forest is a low altitude (20–100 m ASL) 9000 ha temperate

peat-swamp-rainforest with high annual rainfall (3742 mm) [40]. Poor soil drainage allows

many small shallow pools to form on the forest floor, which may be permanently or intermit-

tently flooded. Most pools are excavated by tree fall events, which uproot large amounts of soil,

and generally do not exceed 0.3 m depth and 2.5 m3 in volume. Mudfish and kōkopu are

allopatrically distributed within Saltwater Forest, with mudfish restricted to temporary, hyp-

oxic (mean dissolved oxygen: 1.34 mg O2 L-1), or acidic pools (mean pH: 4.30), and kōkopu

restricted to permanent pools with higher oxygen content (mean: 2.31 mg O2 L-1) and pH

(mean: 4.74) [37]. Although these chemical conditions are significantly different according to

past analyses, the probability of pool drying is the main physical stressor driving the allopatric

distribution of mudfish and kōkopu [37]. Kōkopu are only found in permanent pools or

flowing rivers, whereas mudfish may be found in pools that dry over twenty times a year

[37,38,41].

Population size estimation

Kōkopu and mudfish populations were located within four randomly positioned 100 × 20 m

transects, which were stratified by altitude. Pool volumes were calculated by multiplying pool

surface area (±0.01 m) by average pool depth over time (±0.01 m). Pool surface area was esti-

mated using the formulas for an ellipse, square, circle or semi-circle depending on pool shape

or some combination thereof for irregularly shaped pools. Surface areas and depths were mea-

sured for all pools on the same day to avoid bias caused by temporal variation in pool volume.

Although kōkopu are also found in streams, brown mudfish are absent from streams in our

study area, potentially due to poor swimming ability [37]. Thus we restricted our population

sampling to lentic pools to avoid introducing potentially spurious lotic-lentic effects on popu-

lation sizes. However, this made it difficult to locate a balanced number of populations for

each species (i.e. 39 and 25 mudfish and kōkopu populations, respectively). Mudfish and

kōkopu mass averaged 6.2 and 16.4 g and ranged between 0.2–20.6 and 0.5–68 g, respectively

in the field.

Four mudfish and four kōkopu pools were randomly selected for continuous temperature

measurement during the sampling period, using one WT-HR stage/temperature logger (Tru-

Track, Christchurch, New Zealand) per pool. Temperature was logged in at least one pool in

each transect, and water temperature was recorded hourly in each of these pools from 29

November 2011 to 23 March 2012. Fish populations within pools were sampled using un-

baited 3.12 mm (1/8”) mesh Gee minnow traps (420 mm L × 220 mm W) set for 12 h over-

night at a constant density of 1 trap per 2 m2 of the pool surface area. Upon capture, all fish

were anaesthetised with a 0.5 × 10−5 g L-1 concentration of 2-phenoxyethanol, weighed using

a Scout Pro scale (±0.1 g) (Ohaus1, Pine Brook, North America), and their total length
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measured (±1 mm). All fish sampling and handling protocols were approved as part of obtain-

ing the field permit granted by the Department of Conservation, New Zealand.

Total population biomass within each pool was estimated by summation of the weights of

all individual fish caught in a pool on a single trapping night. Weights for individual fish were

estimated using original length-wet mass regressions. Population biomass was divided by pool

volume to estimate population biomass density (±0.1 g m3). To investigate the assumption that

our population biomass density estimates were unbiased towards either species, we conducted

a mark-recapture survey of a subset of 33 mudfish pools and 16 kōkopu pools. Pools were sam-

pled using the same protocol as described above, but all fish caught on the first sample were

uniquely marked using a combination of visual implant elastomer tags (Northwest Marine

Technology, Inc, Shaw Island, North America) for fish <80 mm and passive inductive tran-

sponder (PIT) tags (Oregon RFID, Portland, USA) for fish >80 mm. Despite higher rates of

tag loss being recorded in PIT tagged mudfish in past research [39], no evidence of tag loss was

recorded in the present study and therefore no biases were introduced by using multiple tag

types. Sampling was repeated following a three to five day interval and the number of marked

and unmarked fish was counted. For each site, we compared the total density of fish caught on

sample one (sample one density) with the total density of unique fish from samples one and

two (total population density). A homogeneity of slopes test showed that there was no signifi-

cant difference in the slope of the relationship between total population densities and the sam-

ple one densities for mudfish and kōkopu (R2 = 0.97, F1,45 = 0.0004, P = 0.98); both slopes were

approximately 0.95 ± 0.025 g m3 (S1 Fig). Thus the densities estimated from a single trapping

event equated to approximately 95% of the total population densities for both species and was

unbiased.

Metabolic rates

Standard metabolic rates (SMR) and maximum metabolic rates (MMR) were measured on

26 and 29 brown mudfish and banded kōkopu, respective, by measuring the rate of oxygen

uptake using closed box respirometry before and after exhaustive exercise in laboratories at

the University of Canterbury. Mudfish and kōkopu mass averaged 5.8 and 7.5 g and ranged

between 0.4–15.9 and 0.5–24.8 g, respectively. Both fish species are benthic and remained

rested on the bottom of the respirometers during measurement. Brown mudfish and banded

kōkopu were caught using Gee minnow traps (GMT) placed overnight in pools and streams

located in the West Coast region, near Hokitika New Zealand. Fish were held in static 20-L

plastic containers containing aerated freshwater, maintained at constant temperature (14˚C)

and light conditions (12 h: 12 h). Fifty percent water changes were made daily and fish were

fed ad libitum on commercial bloodworms (Aqua One1, Sydney, Australia), until three days

before experimentation. Individual fish were acclimated to their respirometers (0.10 L, 0.25

L, 0.50 L or 1 L glass Schott bottles [Schott1, Elmsford, North America], depending on fish

mass) for 12 h overnight with continuous water flow prior to measurement. The ratio

between fish and respirometer volume averaged approximately 0.02 g L-1. The respirometers

were immersed in a water bath maintained at 14˚C at all times, and were sealed using rubber

bungs after acclimation, and the water bath was covered by black mesh to minimise visual

disturbance.

Previous respirometry studies on Galaxiidae species have used a closed respirometry pro-

cedure [42,43,44,45] based on that of Sloman et al. (2006) [46]. This system allows the use of

relatively small respirometers (min = 0.065 L) which has proven the most practical for mea-

suring metabolism in small (often 0.4 g), slowly respiring Galaxiidae species, whose oxygen

consumption rates can be otherwise difficult to detect relative to measurement error, in
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larger respirometers [47,48]. It has been reported that closed respirometry systems may

introduce metabolic artefacts associated with hypoxia and hypercapnia [48]. However, a test

of the effect of carbon dioxide accumulation using closed respirometry in another galaxiid

fish, showed that elevated carbon dioxide had no impact on oxygen consumption [45]. Con-

sequently, this closed system has provided reliable results over multiple independent studies

on Galaxiidae species [42,43,44], including studies done in semi-closed respirometers [49].

To ensure our results were comparable to these studies on Galaxiidae, we used identical

closed respirometry methods found therein based on the work of Sloman and colleagues

(2006).

Standard metabolic rate was measured by comparing the change in oxygen concentration

between water samples (0.7 ml) taken at 20 minute intervals from each respirometer. The

small volume of water removed was replaced to avoid unwanted bubble formation in respi-

rometers. Samples were withdrawn with a syringe and injected into an MC100 microcell

(Strathkelvin Instruments1, Glasgow, Scotland) containing an SI 130 oxygen electrode

(Strathkelvin Instruments1, Glasgow, Scotland). The oxygen electrode was connected to an

oxygen meter (SK Model 781, Strathkelvin Instruments1, Glasgow, Scotland), with output

recorded on a computer via a Powerlab 4/SP (ADInstruments1, Richmond-Windsor, Austra-

lia). The electrode was calibrated daily before measurements using fully aerated water and a

saturated sodium sulphite solution. Water from the water bath was pumped through the

microcell water jacket so that water samples were maintained at 14˚C during measurement.

Respirometers were sealed during the entire procedure and measurements were only made

above PO2 = 100 mmHg (~6.6 mg O2 L-1) to avoid the effects of hypoxia on oxygen consump-

tion. The rate of oxygen consumption was calculated as:

MO2 ¼
DO2i � aO2 � mO2 � Vi

DT

where ΔO2i is the change in oxygen partial pressure (torr) in fish i’s respirometer between sam-

ples, αO2 is a constant reflecting the solubility of O2 in freshwater at 14˚C (2.0518 μmol L-1

torr-1), μO2 is the molecular mass of oxygen (31.99 μ), Vi is the volume (L) of fish i’s respirome-

ter and ΔT is the time interval between samples. Three SMR samples were taken over an hour

(three 20 min samples) for each fish, the mean of which was use as the final SMR estimate for

each fish. Fishless controls were run concurrently for all experiments, however, no microbial

oxygen consumption was detected.

A subset of 24 mudfish and 19 kōkopu were then measured for their MMR following deter-

mination of their SMR. MMR was determined after individuals were exhaustively exercised

using a forced swimming protocol similar to that of MacKenzie and colleagues [50]. Approxi-

mately one hour after SMR measurement, individual fish were transferred from their respi-

rometers to a separate water bath maintained also at 14˚C and then manually chased for 15–20

minutes until exhaustion. Fish were considered to be exhausted when they were no longer

capable of escaping by burst swimming and could only make weak body movements. Immedi-

ately after exhaustion, fish were returned to their respirometers and MMR was measured

using the same protocol described for SMR. However, for MMR, we used a 15-minute sample

interval, and metabolism was repeatedly measured until SMR levels were reached. We used the

oxygen consumption measured during the first period following exercise as the measure of

MMR, which was the highest value measured for each fish. Fish were then weighed in grams

(± 0.01) and returned to their aquaria. Aerobic scope (AS) was then calculated as MMRi/SMRi

which represents the factorial increase of MMR over SMR for fish i.

Metabolism, distribution and abundance
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Metabolic scaling

SMR and MMR values were calculated as mg O2 h-1, thus all values were absolute rather than

mass-specific unless otherwise stated. SMR, MMR and AS values were all log10-transformed

for each fish (to ensure linearity for linear regression analyses) and were regressed against the

log10 of the fish mass (g). A homogeneity of slopes test was first used to test for species-specific

differences in slopes using an interaction between species identity and the log10 of fish mass

for all metabolic metrics. If interaction terms were not significant, we ran an ANCOVA with

interaction terms removed.

Effects of metabolic rates on population densities

The SMR scaling relationships determined above for mudfish and kōkopu were used to esti-

mate the metabolic rate of each fish caught in each population based on their mass and species

identity and was treated as mass-specific metabolic rate (i.e. the total metabolic rate of each

fish in each population was divided by its mass). A one-way ANOVA showed that the average

daily maximum temperature in mudfish pools (13.9 ± 0.4˚C) was not significantly different to

that in kōkopu pools (13.5 ± 0.5˚C, F1,6 = 0.46, P = 0.52), and was close to the temperature

used to derive the SMR scaling relationship (14˚C). Thus, temperature corrections were not

applied to our population SMR estimates. The log10 of the average SMR of individuals in each

population (log[μSMR]) was then calculated from these data. The log10 of the average mass of

individuals in each population (log[μMASS]) was also calculated. Thus μMASS and μSMR

population-level measures of fish mass and SMR calculated for the average fish in each popula-

tion, respectively. Finally we calculated the log10 population biomass density for each pool

sampled.

We were interested in the relative variance in population biomass density explained by log

(μSMR) compared to the variance explained by the combination of species identity, log

(μMASS) and their interaction. If interspecific variation in metabolism was responsible for

interspecific variation in population biomass density, then log(μSMR) should explain the same

variation in density as the combination of log(μMASS), species identity and their interaction.

In this case, log(μSMR) would be the only variable necessary, and log(μMASS) and species

identity would be removed in the process of model simplification. Thus we ran two model sim-

plification analyses starting with two alternative full ANOVA models that depicted two cases.

In the body mass model, where log(μSMR) was excluded, the starting full model included spe-

cies identity and log(μMASS) direct effects and their interaction as predictors of log population

biomass density. In the metabolism model we included these effects in addition to the main

effect of log(μSMR), and its interaction with species identity. Predictive terms were removed

from each model starting with non-significant interaction terms, followed by the least signifi-

cant main effects based on type II sums of squares ANOVA which accounts for potential co-lin-

earity between terms [51]. All models satisfied the assumptions of a parametric ANOVA once

both axes were log10 transformed. Terms were left out if their removal resulted in a lower AICc

(Akaike’s information criterion corrected for small sample size). Finally, we compared the

strength of support for the two simplified models using R2, AICc, and Akaike weights (w). All

analyses were performed in R 3.0.1 (R Foundation for Statistical Computing, Vienna, Austria).

Results

Standard metabolic rate

Mudfish and kōkopu SMR averaged 0.32 (± 0.04) and 0.70 (± 0.04) mg O2 h-1 and ranged

between 0.1–0.8 and 0.1–2.1 mg O2 h-1, respectively and increased with mass for both species.

Metabolism, distribution and abundance
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The slope of the relationship between SMR and mass was significantly greater for banded

kōkopu than for mudfish (Homogeneity of slopes test: F1,50 = 4.53, P = 0.038) (Fig 1a). Thus for

mudfish, and banded kōkopu, the relationships between SMR and mass were best described by

the equations: SMRmudfish = 0.11Mass0.62(±0.03) and SMRkōkopu = 0.17Mass0.72(±0.03), where SMR

Fig 1. The effect of fish mass, on (a) standard metabolic rates (SMR), (b) maximum metabolic rates

(MMR) and (c) factorial aerobic scope (i.e. MMRi/SMRi for fish i), for mudfish (closed circles) and

kōkopu (open circles). All data points are for individual fish. The X axes are identical for all plots and y axes

are identical for plot (a) and (b) and all are log10-transformed.

https://doi.org/10.1371/journal.pone.0187597.g001
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is in mg O2 h-1. The average mass of all fish measured for SMR was 6.7 g. At this weight, these

equations predict kōkopu will consume 1.9 times more oxygen (0.67 mg O2 h-1) than mudfish

(0.36 mg O2 h-1) at rest.

Maximum metabolic rate

Mudfish and kōkopu SMR averaged 0.6 (± 0.03) and 3.5 (± 0.85) mg O2 h-1 and ranged

between 0.1–1.7 and 0.2–11.9 mg O2 h-1, respectively and increased with mass for both species.

The slope of the relationship between MMR and mass was significantly greater for kōkopu

than mudfish (Homogeneity of slopes test: F1,39 = 10.93, P< 0.01) (Fig 1b). Thus for mudfish

and kōkopu, the relationships between MMR and were best described by the equations:

MMRmudfish = 0.16Mass0.77(±0.05) and MMRkōkopu = 0.35Mass1.0(±0.05), where MMR is in mg O2

h-1. Thus at 6.7 g, these equations predict kōkopu will maximally consume 3.4 times more oxy-

gen (2.35 mg O2 h-1) than mudfish (0.69 mg O2 h-1).

Aerobic scope

Mudfish and kōkopu factorial aerobic scope averaged 1.8 (± 0.03) and 3.6 (± 0.29) times SMR

and ranged between 1.1–2.4 and 1.8–6.3 times SMR, respectively and increased with mass for

both species. There were no differences in the slopes of the relationship between AS and mass

for BM or BK (Homogeneity of slopes test: F1,39 = 1.50, P = 0.23) and AS was significantly

lower for BM than BK for all sizes (ANCOVA species effect: F1,40 = 69.43, P< 0.001) (Fig 1c).

Thus for BM and BK, the relationship between AS and mass was best described by the equa-

tions: ASmudfish = 1.38Mass0.19 and ASkōkopu = 2.45Mass0.19, where y is AS (i.e. MMR/SMR).

Thus at 6.7 g, these equations predict that kōkopu can more than triple its SMR (3.5x SMR) if

needed, whereas mudfish can only double theirs (2.0 × SMR) if needed, which is a 1.75-fold

difference.

Effects of metabolism on population density

Mudfish and kōkopu population sizes averaged 8.8 and 6.4 and ranged between 1–42 and

1–20, respectively. Mudfish had a lower mass-specific SMR than kōkopu and thus, according

to MTE, they should have a higher mass-specific population density, which would require a

species identity term to explain differences in population density (i.e. density = log(μMASS) ×
species identity). If mass-specific SMR differences were responsible for the mass-specific den-

sity difference, then a model that additionally included species mass-specific log(μSMR) would

explain the same variation but species identity and mass effects would become redundant.

In the body mass model, where the effect of log(μSMR) was excluded, the minimal adequate

model that explained variation in mudfish and kōkopu population density included both the

direct effects of log(μMASS) and species identity (Table 1). Population biomass density was

significantly positively related to Log(μMASS) (mass effect: F1,61 = 46.11, P< 0.001), with a

Table 1. Model selection results for the body mass model (i.e. excluding species SMR differences) and the metabolic model (i.e. incorporating

species SMR differences) evaluating the metabolic controls on mudfish and kōkopu population biomass density. R2 is the coefficient of determina-

tion, AICc is Akaike’s information criterion corrected for small sample size and w is the Akaike weight for the models that were simplified (i.e. all non significant

terms removed) from their corresponding full model. Log(μMASS) and log(μSMR) are the average mass and standard metabolic rates of individual fish in a

population in g and mg O2 g-1 h-1, respectively. Species identity is a two-level factor (banded kōkopu or brown mudfish). A ‘×’ denotes an interaction between a

factor and all subsequent variables in brackets.

Model Full model Simplified model R2 AICc w

1 Species identity × (log[μMASS]) log(μMASS) + species 0.52 98.5 0.4

2 Species identity × (log[μMASS] + log[μSMR]) log(μSMR) 0.51 97.6 0.6

https://doi.org/10.1371/journal.pone.0187597.t001
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slope of 0.96, which did not differ significantly between species (species × mass interaction:

F1,60 = 1.44, P = 0.24) (Fig 2a). However, the intercept for this relationship was significantly

higher for mudfish populations (species effect: F1,61 = 42.24, P< 0.001) (Fig 2a). Excluding

species identity resulted in a 36 percent reduction in the model R2 from 0.52 to 0.19, and a

large 30.56 unit increase in AICc. Thus there were large differences in population biomass den-

sities between mudfish and kōkopu that could not be explained by fish mass (Fig 2a).

In the metabolic model, that included the effect of differences in mudfish and kōkopu log

(μSMR), the minimal adequate model that explained variation in mudfish and kōkopu popula-

tion density included only the single effect of log(μSMR) (Table 1). Log(μSMR) was signifi-

cantly negatively related to population biomass density (mass effect: F1,62 = 65.17, P< 0.001),

with a slope of –3.07, which was identical for both species (mass × species interaction: F1,60 =

0.069, P = 0.79) and had an R2 of 0.51 (Fig 2b). In contrast to the body mass model, there were

no significant differences in population biomass density between species when density was

regressed with log(μSMR) (Fig 2a and 2b) (species effect: F1,61 = 1.79, P = 0.19). Thus mudfish

and kōkopu population densities were similar when comparing populations with similar aver-

age individual metabolic rates, but not when comparing populations with similar sized fish

(Fig 2a and 2b). In fact, removal of log(μMASS) and species identity terms reduced the total

model R2 by only 0.04 units and the model AICc by 5.63 units. Consequently, the variance

explained by log(μSMR) in the metabolic model was virtually identical to that explained by the

combination of species identity and log(μMASS) in the body mass model (Table 1). Thus, the

model using only log(μSMR) was the most parsimonious, and explained over 50 percent of the

variation in population biomass density in a single variable (Fig 2b). Consequently, the differ-

ences in mass specific population density between mudfish and kōkopu were explained by spe-

cies mass-specific SMR differences.

Discussion

The assumption that metabolic rate increases with body size with a slope of 0.75 is often made

when explaining variation in population density between different sized species [4,5,7,8].

Many authors have criticised this assumption, highlighting that quarter power scaling of

Fig 2. The effects of (a) the average mass of individuals in a population (log[μMASS]) in g and (b) the average standard

metabolic rate (SMR) of individual fish in a population (log[μSMR]) in mg O2 g-1 h-1, on the density of biomass in mudfish

(closed circles) and kōkopu (open circles) populations. All data points are for individual populations, and all axes are log10

transformed.

https://doi.org/10.1371/journal.pone.0187597.g002
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metabolic rate with body size is not universal and there is significant interspecific variation in

metabolic scaling parameters between taxa [9,10,17]. However few studies have investigated

whether interspecific variation in metabolic scaling parameters yield predictable differences in

population density between species. Here we found significant differences in metabolic rates

between brown mudfish and banded kōkopu, which helped explain interspecific variation in

population density, but not in a way that was consistent with 0.75 scaling. In particular, brown

mudfish had a significantly lower standard metabolic rate compared to banded kōkopu, which

appeared to have enabled them to reach higher population densities. Nevertheless, despite sig-

nificant differences in the slope of mudfish and kōkopu metabolic scaling relationships, the

relationships between body size and population density were equivalent between the two spe-

cies. These findings suggest that interspecific differences in metabolism can be a useful indica-

tor of differences in population density between species, thus supporting the underlying logic

of metabolic theory that species metabolism is an important driver of ecological function.

However, our result ssuggest the precise slope of metabolic scaling relationships, which is the

subject of much debate [14], may not be a reliable indicator of population density as expected

under metabolic theory.

The fact that the slopes of the relationship between body size and population density were

equivalent between mudfish and kōkopu, despite significant differences in metabolic scaling

exponents, suggests that allometric scaling factors other than metabolism were involved in

determining population density. In our case, population density increased with body size

more rapidly than expected from the mudfish and kōkopu metabolic scaling exponents. This

may occur if food availability also increased with body size due to the reduction in gape size

limitation that occurs with mass [52], which can cause a greater than expected slope for the

relationship between body size and population density [9,14]. We observed prey in our pools

ranging from small amphipods (<5 mm long), through to moderately sized odonates and

large terrestrially-derived Prionoplus reticularis beetle adults (New Zealand’s largest terrestrial

beetle) [53]. Thus, although food availability was unlikely to have varied systematically with

species across our sites, there was a large range of prey sizes which would be made available

during ontogeny, within sites. Greater potential food availability for larger individuals may

explain why the slope of the relationship between body size and population density was steeper

than expected from each species metabolic scaling parameters (i.e. why there were more large

individuals supported than expected from their metabolic rates). This illustrates one of the

many factors other than metabolism, that potentially contribute to variations in population

density, and which would likely confound the allometric scaling predictions of metabolic

theory.

Regardless of the lack of correspondence between the metabolic and population density

scaling exponents, it is interesting that the overall interspecific differences in metabolic rates

and population density were directly proportional. Mudfish mass-specific population density

was higher compared to that of kōkopu for the range of fish sizes surveyed because mass did

not account for inter-specific variation in metabolic rate. Differences in species intercepts for

the relationship between mass and density disappeared when species mass-specific metabolic

rate was used to predict density. Thus, mudfish and kōkopu population sizes and total energy

use were equivalent once their metabolic differences were accounted for. It is possible, how-

ever, that higher food availability in mudfish populations could also explain the higher mud-

fish population densities, as has been shown for mammals [6]. Populations in this study were

chosen to minimise the physical differences between mudfish and kōkopu habitat (i.e. only

lentic pools were chosen). Although mudfish pools were significantly more prone to drying

and were more acidic and hypoxic [37], these stressors are likely to cause higher mudfish mor-

tality resulting in lower population density compared to banded kōkopu, which was not the

Metabolism, distribution and abundance

PLOS ONE | https://doi.org/10.1371/journal.pone.0187597 November 27, 2017 10 / 15

https://doi.org/10.1371/journal.pone.0187597


case. However, it is difficult to exclude the possibility of differences in food availability between

species given that such data was not measured. Measuring productivity in these populations is

challenging given that allochthonous detritus and invertebrate subsidies likely represents the

greatest source of energy therein [54]. Recent invertebrate surveys conducted on fifteen of the

mudfish pools used in this study indicated that total aquatic invertebrate community biomass

averaged only 0.0019 g m-3 (± 0.0005 S.E.) (H. Warburton, pers. com.). Although these esti-

mates were made using dry invertebrate body masses, it is likely that additional allochthonous

invertebrate inputs would be required to sustain the total mudfish population biomasses

reported here, which averaged 246 g m-3 (± 61 S.E.). Even so, low metabolic rates are likely

also necessary to sustainably achieve such high biomass. Previous research using the same pop-

ulations studied herein showed no significant differences in canopy cover between each species

suggesting such allochthonous subsidies are likely to be equivalent between species [37]. Thus

although we cannot rule out the possibility of other factors being responsible for the higher

mudfish densities, it seems likely that low mudfish metabolic rate played at least some role.

In addition to the potential influence on population density, the interspecific difference in

mudfish and kōkopu metabolic rates may play an important role in their driving their allopat-

ric distribution associated with environmental harshness. Brown mudfish are generally only

found in lentic pools that may dry up to 20 times a year and are hypoxic and acidic [37,38,54].

A low metabolic rate would enhance their survival in such conditions allowing them limited

need for anaerobic respiration, which is costly and may not be sustainable under times of star-

vation during drought [43]. The ability of mudfish to extract oxygen under drought and hyp-

oxia is likely enhanced by cutaneous respiration, which can comprise up to 43 percent of total

respiration in closely related Canterbury mudfish (Neochanna burrowsius) by virtue of their

scaleless integument, as comes standard with fish in the Galaxiidae family [43]. With nearly

double the resting metabolic rate, kōkopu may be unable to survive such harsh conditions,

despite also being scaleless, thus explaining their restriction to permanent pools and allopatry

with mudfish [37]. At approximately 0.058 mg O2 g-1 h-1, brown mudfish routine metabolic

rate was consistent with previous studies on brown mudfish SMR [44], and approximately

equivalent to closely related Canterbury mudfish [51]. Mudfish SMR is 1.7–2.4 times lower

than other members of the Galaxiidae family, including Galaxias brevipinnis (0.102 mg O2 g-1

h-1), Galaxias vulgaris (0.117 mg O2 g-1 h-1) and Galaxias maculatus (0.141 mg O2 g-1 h-1)

which, like kōkopu, typically inhabit normoxic flowing streams and rivers and struggle to sur-

vive hypoxia and drought [42,55,56]. As our study suggests, such an environment is better

suited to species with high aerobic scope which could enhance growth, reproductive potential

and swimming ability.

Species similar to mudfish, such as African lungfish (Protopterus sp.), also adopt a low meta-

bolic rate during droughts, however, unlike mudfish, lungfish undergo metabolic depression

[57]. This involves suppressing metabolic rate [57], perhaps via mechanisms such as channel

arrest during the drought [33,35], whilst burrowing and secretion of a moist cocoon. Although

mudfish also burrow to maintain moisture during drought, they are incapable of sustained

metabolic depression and instead adopt a consistently low metabolic rate during both emer-

sion and immersion [44]. The process of metabolic depression in African lungfish involves

substantial biochemical reorganisation and cocoon formation, taking days to accomplish and

may last for up to 5 y [58]. Such a lengthy process may be too costly in mudfish habitats which

can dry multiple times a week and may only last several days [38,41]. For mudfish, it may be

more beneficial to pre-empt droughts by maintaining a constantly low metabolic rate. This

hypothesis is supported by the fact that mudfish resume normal swimming activity almost

immediately following weeks of emersion [44,55] indicating they are constantly primed for

rapid, unpredictable changes between dry and wet conditions as is the hydrological nature of
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their pools. Such a strategy may have evolved in response to the relatively unpredictable

weather patterns in New Zealand relative to larger continents where drying is more seasonal

and predictable [59] thus allowing timing of metabolic depression such as is found with Afri-

can lungfish.
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