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Abstract

Many physiological and ecological processes depend on body size and the supply of limiting nutrients.

Hence, it is important to derive quantitative predictions based on a mechanistic understanding of the influ-

ence of body size on metabolic rate and on the ratios of consumed to excreted elements. Among diverse

pelagic invertebrates that change shape during ontogeny, recent analysis has demonstrated a significant posi-

tive correlation between the body-mass allometry of respiration rates (measured as the ontogenetic body

mass-scaling exponent bR) and the allometry of body surface area (bA, as predicted from body-shape changes

using a Euclidean model). As many pelagic invertebrates use a large portion of their external body surface for

both resource uptake and waste excretion, we predicted that body-mass scaling exponents for rates of excre-

tion of soluble N (bN) should also then relate to the degree of body-shape change during growth. We tested

this hypothesis using literature data on bN for 39 species of pelagic invertebrates across five different phyla,

and find strong support: bN is significantly positively correlated with predicted bA, whilst also co-varying

with bR. Intraspecific differences between bN and bR values reveal ontogenetic shifts in the ratio of O2-con-

sumed to N-excreted. We suggest that a variety of factors, including adaptive developmental shifts in the rel-

ative anabolism and catabolism of proteins and lipids, may cause these shifts in consumption–excretion

ratios. Diverse pelagic invertebrates that dominate vast open water ecosystems falsify the predictions of gen-

eral metabolic scaling theories built upon resource-transport networks, but support predictions of surface-

area dependent theory.

Metabolism is central to the physiology and ecology of all

organisms. Hence it is crucial to understand what controls

metabolic variability. One major predictive variable is body

size, but how and why metabolic rates scale with body mass

has been debated for over 80 years (Kleiber 1932, 1961;

Schmidt-Nielsen 1984; Glazier 2005, 2014a; White and Kear-

ney 2014). Major competing theories that predict metabolic

scaling differ according to whether transport of materials

depends primarily on external exchange surfaces, e.g. the

integument or gills (Surface Area or SA theory) (Rubner

1883; Okie 2013), or on the properties of internal transport

networks, e.g. vascular systems (Resource-Transport Network

or RTN theory) (West et al. 1999; Savage et al. 2008; Banavar

et al. 2010). SA theory includes not only Rubner’s (1883) sur-

face law, which focuses specifically on metabolic heat loss in

endotherms, but also other exchanges through surfaces,

including the uptake of energy and materials and the release

of metabolic wastes through the surfaces of many ectother-

mic organisms (Glazier 2014b; Hirst et al. 2014). SA theory

may therefore be considered to apply to taxa that are either

endotherms (where SA-related heat loss is important), or

ectotherms that have permeable surfaces across which fluxes

of respiratory gases, nutrients, and (or) wastes can occur

(Glazier 2014a). When bodies grow in equal proportions in

all three dimensions (isomorphic enlargement), surface area

should scale with body volume with an exponent of 2/3.

Consequently, SA theory predicts that metabolic rate should

also have a volume-scaling exponent of 2/3. Furthermore,

assuming constant body-mass density, the body-mass scaling
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exponent for metabolic (respiration) rate (henceforth

denoted as bR) should be 2/3 as well. By comparison, RTN

theory typically predicts bR to be either 2/3 (Banavar et al.

2010; Dodds 2010) or 3/4 (West et al. 1997, 1999; Banavar

et al. 2010), depending on the physical properties of the

transport network (Savage et al. 2008; Price et al. 2012).

Therefore, the scaling exponents predicted by SA and RTN

theory are very similar, and thus difficult to distinguish with

empirical tests. However, SA and RTN theories make oppo-

site predictions about how body-shape changes should affect

metabolic scaling (Hirst et al. 2014; Glazier et al. 2015), thus

providing a way to test their relative validity.

By applying simple Euclidean geometry to smooth bodies

one can predict the scaling exponent of surface area with

body mass during ontogeny (bA) from the ontogenetic scal-

ing exponent of body mass with body length, bL (see Fig. 1;

for further details also see Figs. 1 and 2 in Hirst et al. 2014),

and how bA should vary with different degrees of body-shape

change. This theory predicts that increased elongation or

flattening of body shape will result in bA being between 2/3

and 1 (Okie 2013; Hirst et al. 2014). Assuming that metabol-

ic rate is proportional to the rate of exchange of energy and

materials across the total body-surface area, then SA theory

predicts that increasing elongation or flattening of an organ-

ism’s body shape during growth should result in bR being

>2/3. In the extreme case, where growth from a minute size

occurs by elongation in only one dimension along the lon-

gest axis (i.e., body length increases without any change in

width or depth, and thus bL 5 1), SA theory predicts that bR

�1 (Okie 2013; Hirst et al. 2014), whereas RTN theory pre-

dicts that bR �0 (Dodds 2010), 1/4 (Banavar et al. 2010; Hirst

et al. 2014), or 1/2 (West et al. 1999), depending on proper-

ties of the resource-transport network. As another extreme

example, when growth occurs only along the two longest

dimensions (e.g., length and width increase, without any

change in depth, and hence the body becomes increasingly

Fig. 1. Three illustrative examples of shape changes in organisms over ontogeny, with associated exponents from mass-length (bL) and surface area-
mass (bA) regressions. L describes the major body axis and is given by the dashed arrow. The left-hand column indicates the initial shape, the right-
hand column the final shape. The three dimensions are denoted as x, y, and z. The upper example describes a ctenophore elongating along its oral–

aboral axis (L), whilst other axes do not enlarge. In this example bL and bA both approach 1. The middle example describes a medusa which elongates
along its bell diameter (L). As the organism is radially symmetrical in the x–y plane throughout ontogeny, size increases along two dimensions (x and

y) equally, but in this example with no increase in the bell thickness (z). In this example bL and bA approach 2 and 1, respectively. The lower example
describes an amphipod which enlarges isomorphically, i.e. proportionately equally in all three dimensions (x, y, and z), hence with no shape change:
here bL and bA approach 3 and 2/3, respectively. These examples assume that mass-density does not change over ontogeny, and hence mass / vol-

ume. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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flattened and thus bL 5 2), SA theory predicts that bR �1

(Okie 2013; Hirst et al. 2014), whereas RTN models predict

an exponent of �1/2 (Dodds 2010), 5/8 (Banavar et al. 2010;

Hirst et al. 2014) or 2/3 (West et al. 1999), depending again

on network geometry and dynamics. Pelagic (open-water)

invertebrates present excellent opportunities to test the com-

peting predictions of SA and RTN theories, as many fulfil the

assumptions of the SA theory, utilizing large portions of

their general body surface for exchange of materials, such as

respiratory gases (Graham 1988; Pirow et al. 1999). These

animals also show a great diversity in the degree of shape

shifting during ontogeny (Hirst 2012), which helps greatly

in distinguishing between predictions of SA and RTN theo-

ries (Hirst et al. 2014; Glazier et al. 2015).

Recent tests of SA and RTN theories applied to pelagic

invertebrates during ontogeny have demonstrated a signifi-

cant positive correlation between bR and degree of body flat-

tening or elongation (Hirst et al. 2014; Glazier et al. 2015),

hence supporting predictions of SA theory, whilst contradict-

ing those of various RTN models (West et al. 1999; Banavar

et al. 2010). Respiration (oxygen consumption) rate is a

proxy for aerobic metabolic rate, which involves many com-

plex life-sustaining biochemical pathways and energy-

producing reactions. Other important outcomes of metabo-

lism include the production of wastes, including CO2 and

nitrogenous compounds, such as ammonia (NH3) and

ammonium ions (NH1
4 ) (Bidigare 1983; Wright 1995). These

terminal metabolic products come from the breakdown and

utilization of proteins, carbohydrates and amino acids

involved in growth and body-tissue maintenance. Examining

the ontogenetic body-mass scaling of waste production and

its relation to the scaling of surface area and respiration rate

may give us valuable insight into how various components

of metabolism (in particular oxygen utilization and nitrogen

excretion) scale with body mass, which is little understood

(see Ikeda 1985; Glazier 2014a). Since many pelagic animals

apparently rely on significant proportions of their external

body surface for oxygen uptake (Hirst et al. 2014; Glazier

et al. 2015), it seems reasonable to suppose that often they

also do so for the efflux of soluble nitrogenous wastes, such

Fig. 2. Body-mass-scaling exponents for nitrogen excretion (bN) in relation to body-mass to length exponents (bL) during ontogeny in diverse pelagic
invertebrates. Each point represents a single species with error bars (6SE) showing the variation in values between studies. The RMA regression of bN

vs. 1/bL data is depicted by a solid line and is significant (bN 5 2.93 (1/bL) 2 0.169; r2 5 0.451; p 5 0.000001). The envelope enclosed by the blue lines

shows the range of surface area-mass scaling exponents (bA) predicted by a Euclidean model of body-shape change (see Hirst et al. 2014 for model
details). Red lines depict the predictions of the resource-transport network models of West et al. (1999), Banavar et al. (2010), and Dodds (2010). Let-
ters within each data point denote the taxonomic group to which each species belong: A, appendicularians; Am, amphipods; D, decapods; E, euphau-

siids; C, chaetognaths; Co, copepods; Ct, ctenophores; S, scyphozoans; and T, thaliaceans.
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as ammonia (Hill et al. 2012). The locations on the body at

which N excretion occurs vary between taxa. In many gelati-

nous and semi-gelatinous taxa waste excretion is believed to

be widely dispersed across the body. By contrast, in some

arthropods, it occurs at the antennary glands and gills. How-

ever, in copepods and potentially other pelagic crustaceans,

the sites of ammonia excretion are more dispersed, and spe-

cifically include regions of gas and osmoregulatory exchange

(D. Weihrauch pers. comm.). For example, the swimming

legs of the copepod Eurytemora affinis have recently been

found to be the location of osmoregulatory tissues (Johnson

et al. 2014), and are therefore likely sites for ammonia excre-

tion as well. The addition of leg pairs during ontogeny

occurs with concurrent body elongation, and therefore the

total area of excretion sites may be expected to correlate

with body length and surface area during body elongation.

Examining body-mass scaling (or allometry) of N-excretion

and comparing this against the allometry of respiration will

therefore help further elucidate important mechanisms that

influence oxygen and nitrogen fluxes. Furthermore, excreted

nitrogenous wastes are used as nutrients that support many

ecologically important processes. For example, the availabili-

ty of fixed nitrogen can limit photosynthesis by algae in

many aquatic ecosystems (Elser et al. 2007). Therefore, anal-

yses of the body-mass scaling of soluble N-products not only

offers a valuable opportunity to test general metabolic scal-

ing theories, but also may provide useful data for modelling

the quantitative dynamics of nutrient recycling in aquatic

ecosystems. Thus, the major aims of this study are (1) to test

whether body-mass scaling of N-excretion during the ontog-

eny of pelagic invertebrates follows predictions based on SA

theory, such that bN is negatively related to bL, (2) to test

alternative hypotheses, that body-mass scaling of N-

excretion follows predictions based on RTN theory, such

that bN is positively related to bL, and (3) to determine the

degree to which bR and bN differ within species, and hence

the degree to which the ratio of O2-respired to N-excreted

varies over ontogeny.

Materials and methods

We obtained estimates of the scaling of N-excretion with

body mass across ontogeny (bN) of marine and freshwater

pelagic invertebrates by searching the literature for regressions

between log10 excretion rate vs. log10 body mass at controlled

constant temperatures. Sources were identified during an

exhaustive search of the literature: this included keyword

searches in ISI Web of Knowledge and Google Scholar. We

followed leads from citations in publications and by contact

with many experts on specific taxa to ensure data had not

been missed. Nitrogen excretion is measured using a range of

methodologies (see Table S2, Supporting Information), includ-

ing the measurement of ammonia (NH3), ammonium ions

(NH1
4 ), and the nitrogen contribution to various nitrogenous

compounds (N, N-NH3, N-NH1
4 ), usually in units of lg, lmol,

or lg-atoms measured per individual overtime. These various

forms of excretion were converted into equivalent units of

moles of N. We also collected studies that provided estimates

of the scaling of both N-excretion (bN) and respiration (bR)

during the ontogeny of single species: these paired scaling

exponents were converted to molar units for comparison. All

experimental animals had been recently collected, or well-fed

in a laboratory environment, thereby excluding data from

studies where animals had undergone long-term starvation.

All allometric (log–log) relationships obtained for our analyses

were based on OLS. Literature values of scaling exponents

based on Reduced Major Axis (RMA) regressions (also referred

to as Geometric Mean regressions) were converted to OLS

equivalents using the formula bRMA 5 bOLS/r, where r is the

correlation coefficient. Data sets were screened to remove val-

ues of scaling exponents that were less reliable, as defined by

regressions with r<0.8. Benthic (bottom-dwelling) species

were excluded because many of them have largely imperme-

able integuments or body coverings (e.g., shells and exoskele-

tons), hence less association between body surface and

material exchange, and they may experience markedly differ-

ent size-scaling of trophic interactions than pelagic species

(Pawar et al. 2012).

Ontogenetic shape change was characterized by a single

statistic: the scaling exponent (bL) from regressions relating

log10 mass to log10 length. We expanded the bL dataset of

Hirst (2012), specifically adding species that would enable us

to relate bN exponents to the degree of body-shape shifting,

and followed his data screening procedure, excluding less reli-

able regression estimates (i.e., where reported correlation coef-

ficients r were <0.8). To avoid systematic over-representation

of commonly measured species, mean scaling exponents were

calculated for species. Values of bA were predicted from bL

using the Euclidean model presented in Hirst et al. (2014).

Briefly, assuming smooth surfaces, this model predicts that bA

will equal 2/3 when bL equals 3 (resulting from equally pro-

portional isomorphic growth in all three dimensions), but bA

will approach 1 as bL approaches either 1 (resulting from elon-

gation or growth chiefly along the longest dimension) or 2

(resulting from shape flattening arising from growth chiefly

along the longest two dimensions) (Fig. 1). Since the Euclide-

an surface-area model of Hirst et al. (2014) predicts linear rela-

tions between metabolic scaling exponents (bN in this case)

and 1/bL, we performed RMA regressions between these two

parameters using software from Bohonak and van der Linde

(2004). These relationships were examined for all of the

species-specific data, as well as across species within each of

the phyla represented. Minitab v12 statistical software was

used to perform the Wilcoxon signed rank test. As well as

examining the relationship among species mean bN and 1/bL

values, we also controlled for taxonomic affiliation and rank

by running a simple linear mixed-effects model using package

nlme in R, which incorporated taxonomic ranks (species,

Hirst et al. N-excretion in pelagic invertebrates
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genus, family, order, class, phylum) as nested hierarchical ran-

dom effects on the intercept (van de Pol and Wright 2009).

Results

To test whether body-mass scaling of N-excretion during

the ontogeny of pelagic invertebrates follows predictions

based on SA or RTN models, we obtained N-excretion scaling

exponents that fulfilled our screening criteria from 75 regres-

sions describing bN in 39 pelagic species (37 marine and 2

freshwater) across five phyla (Tables S1–S3, Supporting Infor-

mation). Mass-length exponents (bL) for 34 of these species

were obtained from Hirst et al. (2014), with additional data

obtained from other published sources (Table S3, Supporting

Information).

We found that as bL values decrease, bN values increase,

i.e. there was a significant increase in species-specific bN with

increasing body elongation or shape flattening (as shown by

the regression through the data given by the black line in

Fig. 2). The direction of this trend supports SA theory, which

predicts negative slopes for both body elongation and shape

flattening (the lower and upper lines of the blue envelope in

Fig. 2). The slope of the RMA regression between bN and 1/bL

is 2.93 with 99% confidence intervals ranging between 2.21

and 3.66, neither of which overlap zero or the predicted neg-

ative slopes predicted by RTN models (red lines, Fig. 2). After

controlling for taxonomic affiliation and rank, there is still a

significant positive relationship between bN and 1/bL across

species (t11 5 5.32, p<0.001; see Supporting Information

Table S5 in our Supporting Information for the coefficient

table), hence corroborating findings from the regression

analysis in Figure 2. Furthermore, RMA regressions between

bN and 1/bL are significant across species within each of the

phyla with n>3 species: Chordata, Ctenophora, and Arthro-

poda (Fig. 3). Most bN values were greater than the predicted

scaling exponents for surface-area in relation to body-mass

(bA) (area contained within the blue lines, Figs. 2 and 3).

Species-specific bN values were significantly positively relat-

ed to bR values (Fig. 4). While some species showed much steep-

er scaling of respiration than N-excretion, others showed much

steeper N-excretion scaling. The ratio of moles of dioxygen con-

sumed to nitrogen excreted (O2:N) over ontogeny for single
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Fig. 3. Relationships between mass-scaling exponent for nitrogen
excretion rate during ontogeny (bN) and change in body shape, 1/bL,

for individual species of pelagic invertebrates. Each species is represented
by a black circle. RMA regression lines, in black, are drawn through sig-
nificant trends only (p<0.05). The envelope enclosed by the blue lines

shows the predictions for Euclidean surface-area increase. (a) All data
(slope 695% CI: 2.93 6 0.73), (b) Chordata (slope 695% CI:
4.65 6 2.18), (c) Cnidaria (ns), (d) Ctenophora (slope 695% CI:

5.16 6 3.40), (e) Arthropoda (slope 695% CI: 3.00 61.15). The
observed positive trends through the empirical data are opposite to

the negative slopes predicted by resource transport network models
(see Fig. 2).
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species for which data were available are presented in Figure 5.

These ratios are useful for revealing the relative rates of differ-

ent metabolic processes (see Discussion section). A Wilcoxon

signed rank test of the allometric slopes of molar O2:N ratios

during ontogeny revealed no significant difference in frequen-

cy of positive and negative slopes (p 5 0.501; Fig. 5). Of the

24 slopes, 12 species had positive slopes (median 5 0.0885;

range 5 0.0008–0.6718) and 12 had negative slopes (median 5

20.1299; range 5 20.67 to 20.0219).

Discussion

The mass scaling of N-excretion, bN, is highly significantly

correlated with the degree of body-shape change (e.g., flat-

tening or elongation) over ontogeny, as described by bL,

across diverse pelagic invertebrate species (Fig. 2), and across

species within 3 of the 4 phyla with sufficient data (Fig. 3).

This correlation, based on bN values, is similar to that

observed for respiration-mass scaling (bR) values (Hirst et al.

2014; Glazier et al. 2015), which together provide strong

support for a functional linkage between metabolic scaling

and SA-related fluxes of metabolic resources and wastes in

pelagic invertebrates. By contrast, the observed positive rela-

tionships between bN and 1/bL contradict RTN models that

predict opposite, negative relationships, i.e. they predict a

decline in the allometric slope for excretion rates when body

shape becomes more elongated or flattened during ontogeny

(West et al. 1999; Banavar et al. 2010; Dodds 2010). The sig-

nificant relationships occurred despite variation in diet

affecting the scaling of N-excretion with body mass (bN)

(Capuzzo and Lancaster 1979).

Individual bN values tend to be greater than the bA values

predicted using simple Euclidean geometry (see Hirst et al.

2014). As a result, the regression lines for species-specific bN

vs. 1/bL values lie substantially above the envelope of pre-

dicted bA values (Figs. 2 and 3). These higher allometric slopes

for N-excretion than for Euclidean surface area are paralleled

by the higher observed values of bR than those of bA (Hirst

et al. 2014; Glazier et al. 2015). These differences between

metabolic allometry and Euclidean surface area allometry may

at least partly result from Euclidean geometry (based on

smooth surfaces) underestimating the changes in actual sur-

face areas. Such an underestimate has been detected in three

species for which there are measurements of surface enlarge-

ment over ontogeny (Hirst et al. 2014). The bA values for

actual surface areas may thus be higher than the prediction

(and closer to observed bN and bR values). The offset may in

part be due to the fact that the Euclidean surface area model

does not account for the development of increasingly convo-

luted body surfaces, including the addition of frills and

appendages, during ontogeny (see Hirst et al. 2014).

The significant regression of bN against bR values (Fig. 4)

contained scatter around the 1:1 line. Although some species

show steeper scaling of aerobic respiration than of N-

excretion, others showed the reverse. The differential scaling

of these processes highlight ontogenetic shifts in the ratio of

consumption of O2 to the excretion of N over ontogeny,

such that when bR exceeds bN the O2:N ratio must increase

during development, whereas when bN exceeds bR the ratio

must decline.

The O2:N ratio is generally considered to be a good indi-

cator of the biochemical composition of metabolized food

(e.g., Mayzaud and Conover 1988). High ratios reflect an

equal catabolism of lipids and proteins, or nearly so, whereas

lower ratios reflect a higher relative use of proteins (Mayzaud

1973; Ikeda 1974). Most of the pelagic invertebrates analyzed

in our study exhibited O2:N molar ratios ranging from low

values near 3, suggesting an emphasis on protein catabolism,

to relatively high values near 60, suggesting nearly equal

proportions of protein and lipid being utilized (Mayzaud and

Conover 1988). Negative scaling exponents for the O2:N

ratio suggest ontogenetic shifts toward a more protein-

dominated catabolism with increasing size, while positive

slopes indicate the reverse (Fig. 5). Both occur in pelagic spe-

cies, with neither predominating. Long-term starvation and

an unbalanced diet can affect the O2:N ratio (Mayzaud and

Conover 1988), but these factors are unlikely to have caused

the ontogenetic shifts that we have observed, because we

only considered fed laboratory animals or those collected

Fig. 4. Comparisons between the ontogenetic scaling exponents for N-
excretion (bN) and for O2-consumption (bR) across individual species of
diverse pelagic invertebrates. Error bars (6SE) are derived from bR or bN

estimates for single species between studies. The solid line depicts the
RMA regression of bN against bR values (bN 5 1.052 (bR) 2 0.0235;

r2 5 0.307; p 5 0.00034). The dashed line indicates a 1:1 relationship.
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from nature and incubated for short time periods. In addi-

tion, ontogenetic shifts in the O2:N ratio are unlikely to be

the result of changes in diet during growth because

laboratory-kept animals fed the same diet throughout their

ontogeny still exhibit these shifts (Fig. 5).

We suggest that strong ontogenetic shifts in the O2:N ratio

observed in some pelagic invertebrates may be related to adap-

tive developmental change in resource allocation priority

between structural growth, somatic storage, reproduction, and

other vital activities. Ontogenetic changes in the relative rates of

structural growth and body-storage deposition may affect the

O2:N ratio because of associated developmental shifts in the rela-

tive magnitudes of protein and lipid accumulation (anabolism)

and breakdown (catabolism). For example, an ontogenetic

decline in the O2:N ratio may result from decrease in the rate of

anabolic structural (protein) growth relative to that for body (lip-

id) storage: i.e., specifically decreasing protein anabolism (sup-

porting growth) relative to its catabolism, and decreasing lipid

catabolism (energizing growth) relative to its anabolism during

ontogeny. By contrast, an ontogenetic increase in the O2:N ratio

may result from an increase in the rate of anabolic structural

growth relative to that for body storage: i.e., specifically an

increase in protein anabolism relative to catabolism, and of lipid

catabolism relative to anabolism. Variation in the ontogeny of

the O2:N ratio may indicate fundamental life-history differences

among pelagic invertebrate species, a hypothesis requiring

testing. Ontogenetic variation in O2:N ratios may not only pro-

vide insight into the developmental metabolism of pelagic ani-

mals, but also the stoichiometry of ecological systems,

including, for example, seasonal changes in N-budgets that are

linked to pelagic animal life cycles. Nitrogen availability often

limits the rate of photosynthesis in marine and some freshwater

ecosystems (James et al. 2003; Moore et al. 2013), and low avail-

ability of N can lead to high C:N ratios in algae, making them a

poorer quality food for algivores (Hessen et al. 2007).

Shape-shifting (bL) explains a similar degree of variability

in bN (r2 5 0.45; data in Fig. 2) and bR values (r2 5 0.37; data

from Hirst et al. 2014). This may be somewhat surprising

because oxygen consumption is generally regarded as a more

direct and reliable measure of overall aerobic metabolism,

whereas excretion rates may vary more with the composition

of consumed prey and specific biochemical needs for tissue

growth, repair and energy demands. Furthermore, the bN val-

ues analyzed in this study are based on measurements of N

excreted as dissolved ammonia (NH3) or ammonium ions

(NH1
4 ) (37.5% and 62.5% of total measures, respectively).

Analyzing nitrogen excretion in this way does not account

for total N-excretion because other nitrogen-containing

waste products, such as urea, may also be released. Yet,

because of the high solubility of NH3 and NH1
4 in water,

most aquatic species excrete the majority of their nitroge-

nous waste in these forms (Wright 1995). Indeed, NH3 and

Fig. 5. Molar ratios of dioxygen consumed to nitrogen excreted (O2:N) vs. body mass in pelagic invertebrate species (n 5 24). Each line represents data
from a single species as given within a single study, in which both respiration and excretion had been determined and r�0.8. Results are divided between

those in which excretion was measured as ammonia (NH3) or ammonium ions (NH1
4 ), and between laboratory-cultured or field-collected animals (see key).

Dashed horizontal lines represent the molar O2:N ratios corresponding to catabolism based entirely on protein (3), vs. equal catabolism of protein and lipid

(60) (after Mayzaud and Conover 1988). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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NH1
4 commonly account for over 80% of the nitrogenous

products excreted by zooplankton (reviewed by Bidigare

1983). However, the similar allometric relationships for N-

excretion and respiration may arise because they comprise

two of a multitude of inter-related metabolic processes. The

process that is limiting may ultimately define scaling rela-

tions of the other metabolic processes, regardless of whether

these other processes are directly governed by surface-area

exchange. A link between the body-mass scaling of a wide

range of metabolic rate processes and body-shape change

over ontogeny may be particularly evident in the many

pelagic invertebrates that rely upon large portions of their

body surface for exchange. Such scaling relationships have

been found for both respiration and nitrogen excretion rates

in these animals, and these processes may strongly affect the

rate of other activities.

We found a significant positive correlation between bN

and 1/bL across arthropod species. This relationship is most

strongly driven by the relationship in copepods, which may

in part relate to a wide distribution over the body of surfaces

for not only osmoregulation and gas exchange (see Johnson

et al. 2014), but also possibly N excretion (D. Weihrauch

pers. comm.). We suggest that the weaker (albeit still signifi-

cant) relationship in the larger and more impermeable

arthropods, including amphipods, euphausiids and decap-

ods, is consistent with SA theory, because a basic assumption

of the model (that permeable surface area is directly propor-

tional to Euclidean surface area of the body) may be less like-

ly to apply to these animals.

Despite undertaking an extensive search for phosphorus

excretion scaling data during ontogeny, we found an insuffi-

cient number of exponents (bP) (28 values across 10 species),

thus precluding reliable comparisons to body-shape changes.

Since rates of phosphorus and nitrogen excretion correlate

tightly across species (Wen and Peters 1994), future analyses

of bP values may prove useful in further evaluating the rela-

tive effects of SA and RTNs on metabolic scaling. Given that

P-excretion involves different biochemical pathways than N-

excretion, the O2:P ratio may not vary in the same way as

the O2:N ratio.

Predictions of metabolic scaling models are most often

tested by using the rate of oxygen consumption as a proxy

for metabolic rate (e.g., Brown et al. 2004). Much more rare-

ly have such theories been tested with scaling relationships

of excretion rates with body size. We found a significant pos-

itive correlation between bN and degree of shape change

over ontogeny (as indexed by 1/bL). An increase in bN with

increasing body elongation or flattening (as indicated by bL

values below 3) supports predictions of SA theory, while con-

tradicting the predictions of RTN models (Figs. 2 and 3). We

also show that in many pelagic invertebrates the ontogenetic

body-mass scaling of N-excretion can differ from that of res-

piration. The associated developmental changes in O2:N

ratio are hypothesized to be the result of adaptive shifts in

the priority of protein and lipid use for growth, reproduc-

tion, body maintenance, and other activities. Our results call

attention to the importance of testing metabolic scaling

models by considering the various components of metabo-

lism, including both the rates of oxygen consumption and

the release of metabolic wastes, and the various anabolic and

catabolic pathways involved in the processing of different

kinds of biochemical materials, including proteins, lipids

and carbohydrates (see also Glazier 2014a).
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