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Temperature-Modulated Expression
of Allometric Respiration Strategies
Supports a Metabolic Scaling Rule
Chet F. Rakocinski * and Kelsey Burns Gillam

Division of Coastal Sciences, Gulf Coast Research Laboratory, School of Ocean Science and Technology, The University of

Southern Mississippi, Ocean Springs, MS, United States

Amodel based on themass-specific oxygen consumption rate of the tolerant polychaete,

Capitella telata, related meaningfully to a novel metabolic scaling rule as applied to

the infaunal size spectrum. Depending on temperature, C. telata expressed divergent

oxyregulating or oxyconforming strategies relative to oxygen availability. A non-linear

response surface fitted to the allometric exponents of a family of VO2 curves for 12

treatment combinations of DO saturation and temperature was used to project oxygen

consumption rates across the infaunal size spectrum. Plasticity in respiration strategies

was evident, based on four simulated dynamic 32 d oxygen-temperature exposure

scenarios and on simulated static oxygen-temperature exposures. The oxyconforming

strategy of C. telata expressed under hypoxia near the upper thermal limit agreed

with a hypothesized allometric scaling rule based on metabolic ecology. Conversely,

an oxyregulating respiration strategy was expressed at cooler temperatures under low

oxygen concentration, except organisms hyper-regulated relative to normoxic conditions.

At warm temperatures, small organisms exhibited relatively greater metabolic depression

than large organisms; whereas at cool temperatures, small organisms hyper-regulated

relatively more than large organisms. Dichotomous shifts in respiration strategies likely

reflect a breakdown in the functioning of special adaptations, and reliance on alternative

coping mechanisms. Divergent temperature-dependent respiration strategies illustrate

how responses to multiple stressors can be synergistic. Moreover, results imply that

population responses to hypoxia may differ, depending on prevailing temperature

regimes.

Keywords: multiple stressors, aerobic respiration, bioenergetics, hypoxia, warming, polychaetes

1. INTRODUCTION

Hypoxia and ocean warming exemplify two imposing stressors of global proportion (Pörtner et al.,
2005). These stressors may interact both environmentally (Riedel et al., 2016) and physiologically
(McBryan et al., 2013). Environmentally, the availability of dissolved oxygen and therefore,
the formation of hypoxia, are mediated by the coupled inverse physical relationship between
temperature and the solubility of dissolved oxygen (Meire et al., 2013; Levin and Le Bris, 2015).
Consequently, ocean warming threatens to exacerbate hypoxia exposure to marine organisms
worldwide (Deutsch et al., 2015), and on benthic macrofauna within coastal ecosystems in
particular (Vaquer-Sunyer and Duarte, 2011). Physiologically, an antagonistic relationship exists
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between temperature and dissolved oxygen (Pörtner et al., 2005),
because elevated reaction kinetics in response to temperature
drive metabolic rates in concert with aerobic demands (Morgan
Ernest et al., 2003; Packard andGómez, 2008). Through effects on
cellular metabolism, temperature also modulates physiological
responses (Morgan Ernest et al., 2003; Clarke and Fraser, 2004)
affecting the aerobic metabolic capacity (Claireaux and Chabot,
2016). As specified by the ecophysiological paradigm for aquatic
ectotherms, temperature primarily controls metabolic demands
for oxygen, while the supply of oxygen primarily limits metabolic
capacity (Fry, 1971; Farrell and Richards, 2009). Accordingly,
temperature-induced hypoxia (Pörtner et al., 2005) occurs when
internal metabolic demands increase to the point where they
cannot bemet by aerobic respiration (Vaquer-Sunyer andDuarte,
2011; Altieri and Gedan, 2015), even under normoxia (Herreid,
1980). Because metabolic rate is coupled with temperature, the
interaction of temperature in connection with hypoxia is vital
(Field et al., 2014).

Critical ambient levels of dissolved oxygen (e.g., Pcrit) reflect
physiological thresholds where the aerobic demands of resting
metabolism cannot bemaintained (McBryan et al., 2013). At such
critical thresholds, aquatic ectotherms shift from oxyregulating
to oxyconforming respiration strategies (Herreid, 1980). As DO
concentration drops below Pcrit, aerobic respiration falls off
(Bridges and Brand, 1980), and anaerobic respiration may be
initiated. This threshold also signals an oxyconforming strategy
and the onset of a physiological response termed metabolic
depression (Wu, 2002). Metabolic depression is expressed as
conserved energy expenditure leading to reductions in activity
and ingestion (Pörtner, 2010; Sokolova et al., 2012). Even though
oxyconforming is adaptive in the short term, it represents an
unsustainable long-term response (Deutsch et al., 2015) due to
an associated reduction in aerobic scope (Sokolova et al., 2012).
Oxyregulation exemplifies an alternative response to declining
DO concentration (Kersey Sturdivant et al., 2015). A type of
oxyregulation termed hyper-regulation is herein operationally
defined as heightened oxygen consumption to a level above that
needed to support normal resting metabolism under normoxia
at a comparable temperature. Elevated metabolic costs associated
with hyper-regulating in-turn imply a reduced aerobic scope
in response to stress (sensu Sokolova, 2013). Hyper-regulation
also requires proper adaptations for supporting elevated aerobic
respiration under limiting DO supply. Such bioenergetic trade-
offs help explain geographic distribution limits of marine
animals, as well as expected shifts in geographic boundaries due
to climate change (Deutsch et al., 2015).

Body size is an overarching biological trait that reflects
multiple adaptive constraints (Makarieva et al., 2008) and
ecological limitations of organisms (Sokolova et al., 2012). The
shift from oxyregulating to oxyconforming as ambient oxygen
declines also hinges on body size, as size reflects the scaling
of physiological processes relative to body design (Bridges
and Brand, 1980), including size-related changes in fractal-like
branching networks (Brown et al., 2004) and surface area:volume
scaling (Kooijman et al., 2008). Accordingly, metabolic rate
scales allometrically with body-size (Gillooly et al., 2001;
Giometto et al., 2013). Because metabolic rate also co-varies

with temperature (Marquet et al., 2005), it scales jointly with
temperature and body size (Brose et al., 2012). Thus, effects of
multiple stressors become more complex when the additional
dimension of body size is considered. Indeed, the allometric
respiration response likely hinges on body size in a nonlinear
manner relative to joint variation in DO and temperature
(Shumway, 1979). Here we address how allometric respiration
strategies of a model tolerant polychaete (Capitella teleta) vary
relative to DO as modulated by temperature, in addition to how
strategies accord with a novel metabolic scaling rule as applied to
the infaunal size spectrum.

1.1. Metabolic Scaling Hypothesis
An allometric scaling rule as applied to the infaunal size
spectrum was previously hypothesized for aerobic respiration
vs. DO concentration (Rakocinski, 2009). Analogous to light
limitation in plants (Causton, 1983), the proposed scaling rule
assumes a hyperbolic relationship between oxygen supply and
mass-specific respiration (VO2). In fact, a hyperbolic aerobic
respiration relationship relative to oxygen availability has been
applied to various marine metazoans (Bayne, 1971; Bridges and
Brand, 1980; Chen et al., 2001). The traditional hyperbolic model
for oxygen consumption rate (OCR), OCR = DO/(K1 + K2
× DO) (Bayne, 1971), specifies how the mass-specific OCR
should increase with ambient DO concentration (Chen et al.,
2001). Moreover, this model can be rearranged to obtain the
hypothesized hyperbolic DO limitation relation: OCR = (K2
+ K1/DO)−1, from which the horizontal OCR asymptote can
be estimated as OCRmax = 1/K2 (Rakocinski, 2009). The OCR
parameter, K2, presumably reflects various paths of diffusion
and biochemical resistance affecting the conductance of O2

within the organism (Herreid, 1980). Under an oxyconforming
strategy, K2 should reflect metabolic limitations and design
constraints in accordance with non-mutually exclusive principles
of the Metabolic Theory of Ecology (MTE, 3/4 power law;
fractal branching networks) (Brown et al., 2004; Finlay and
Esteban, 2007) and Dynamic Energy Budget Theory (DEB,
2/3 power law; surface area: volume scaling) (Kooijman et al.,
2008). Specifically, small organisms should show less capacity to
regulate oxygen uptake than large organisms as DO availability
declines, due to the need to maintain higher mass-specific OCR
(Bridges and Brand, 1980). This trade-off is also conveyed
by the ratio of the hyperbolic curve parameters, first noted
as the oxygen-dependence index by Bayne (1971). The index,
K1/K2, is obtained from the linear relationship between ambient
PO2/VO2 vs. PO2 (Livingstone and Bayne, 1977; Bridges and
Brand, 1980), and reflects the metabolic capacity for regulating
aerobic respiration (Chen et al., 2001). Thus, a lower OCR
capacity (OCR/OCRmax; where OCRmax = 1/K2) reflects relative
oxyconforming as ambient DO declines; and a greater capacity
to sustain OCR (i.e., oxyregulation) is signified by a lower K1/K2
ratio. Moreover, a value of 1 for K1/K2 indicates a transitional
capacity for regulating OCR (Chen et al., 2001). Indeed, the ratio
K1/K2 clearly decreases with body size for marine metazoans
(Chen et al., 2001), which implies that larger organisms possess
relatively greater oxygen regulation capacity (Bayne, 1971; Taylor
and Brand, 1975; Bridges and Brand, 1980).
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An allometric metabolic scaling rule proposed by Rakocinski
(2009), hypothesized that the slope of the log-log body mass
vs. K1/K2 relationship for oxyconforming was −0.285 (i.e.,
intermediate between 3/4 and 2/3 scaling rules). Furthermore, the
proposed relationship was symmetrically centered on 1 (i.e., the
transitional capacity for regulating OCR; Chen et al., 2001) across
eight common geometric scaled (octaves base 2) size-classes
spanning the estuarine infaunal size spectrum for the northern
Gulf of Mexico (Qu et al., 2015). However, this metabolic scaling
rule has not been tested using any robust data sets. Moreover,
the joint effect of temperature and oxygen concentration on
the bearing of the proposed hypothesis has not been fully
considered.

Higher temperatures intensify metabolic demands (Robinson
et al., 1983; Clarke and Fraser, 2004), and hyperbolic mass-
specific OCR curves accordingly reach elevated asymptotic levels
(i.e., 1/K2). Observed increases in K1/K2 with temperature
(Bridges and Brand, 1980) further imply a reduction of
oxyregulating capacity at warmer temperatures under declining
DO concentrations (Chen et al., 2001). As seen for body size, a
concomitant rise in K1/K2 with temperature also reflects higher
maintenance costs in the form of an elevated physiological
work load (Clarke and Fraser, 2004). Conversely, organisms
show a greater capacity to oxyregulate at cooler temperatures
(Herreid, 1980). As noted by Chen et al. (2001), aerobic
respiration rates appear relatively independent of environmental
DO concentration at cooler temperatures. Consequently, large
organisms should be especially capable of oxyregulating at cool
temperatures; whereas small organisms should be more disposed
to oxyconforming at warm temperatures. Here we consider
whether the aerobic respiration pattern of a model tolerant
polychaete, Capitella teleta (formerly Capitella sp. I), conforms to
these expectations in ways that accord with the allometric scaling
hypothesis.

1.2. Model Organism
The tolerant opportunistic polychaete, Capitella teleta, is
often associated with organically enriched sediments, and is
widely distributed from temperate to subtropical waters in
the northeastern United States, Japan, and the Mediterranean
(Grassle and Grassle, 1974, 1976; Blake et al., 2009). This
subsurface deposit feeder is well adapted to disturbance
and environmental stress (Linke-Gamenick et al., 2000).
Consequently, it regularly dominates during hypoxic conditions
in the northeastern US (Mangum, 1973; Forbes et al., 1994;
Sagasti et al., 2001; Wu, 2002; Levin et al., 2009). Various
adaptations to hypoxia and other stressors distinguish C. teleta,
including a small body size (i.e., high surface area/mass),
short-life span (i.e., r-selected), respiratory pigments, ventilation
behavior, and the capacity for anaerobic respiration. As C. teleta
is also currently experiencing warming within its geographic
range, (Laffoley and Baxter, 2016) http://www.nefsc.noaa.gov/
pressrelease/2013/SciSpot/SS1304/, this species is ideal for
considering interactive effects of hypoxia and temperature. Stock
cultures of C. telata were obtained from the laboratory of Dr. J.
Grassle, and maintained at 15◦C and 27 psu in order to provide
subjects for measuring aerobic respiration (Burns Gillam, 2016).

In this paper, we examine mass-specific respiration by C. telata
with regard to the metabolic scaling hypothesis.

2. MATERIALS AND METHODS

2.1. Aerobic Respiration
Aerobic respiration (VO2; mg O2/mg/h) was measured in 3mL
of salt water and complete darkness for subjects of various sizes
(0.14–14.1 mg WW) exposed to 12 treatment combinations of
DO (20, 50, 70 and 100% saturation) and temperature (15, 20,
and 25◦C) (salinity = 27 psu) (Burns Gillam, 2016). Sizes of
subjects spanned across five of the eight geometrically-scaled size
classes within the designated infaunal size spectrum (Rakocinski,
2009). Prior to measuring respiration, C. telata were acclimated
to treatment conditions for 24 h in the presence of 6 g (ca
5mm depth) of enriched sediment within a sealed air chamber
(BioSpherix) into which nitrogen gas was pumped (Proox Model
360) to reach the target DO saturation level by diffusion. Worms
had also been preacclimated to the treatment temperature for
an additional 24 h at ambient PO2 before being introduced
into the air chamber. Oxygen consumption was measured for
individuals under treatment conditions using either an Oxygen
Cuvette (Qubit Systems, Canada) respirometer, accompanied
with a polarographic Clark-type O2 electrode connected to a
C410 LoggerPro Interface (Vernier Software and Technology,
USA) (i.e., 20 and 25◦C), or with an optical FireStingO2 oxygen
meter (PyroScience, Germany) within 10mL syringes sealed
with stopcocks (i.e., 15◦C) (Burns Gillam, 2016). Readings using
both instruments (i.e., at 20◦C and 100% DO) showed similar
spreads in sample residuals relative to the overall allometric
relationship, indicating consistent results between instruments.
Each of the 12 treatment combinations was represented by
respiration measurements from 14 to 21 individuals of various
sizes (total n= 208).

Because our primary interest was in relating body-size
responses to DO and temperature, a common proportionality
constant (a = 0.0096; where VO2 = aWb) was estimated as the
mean of the twelve coefficients from individually fit VO2 curves
[R package - nonlinear least squares routine (nls)]. The same
constant was then used to fit a family of new VO2 curves for
which only the size-related exponent (b) varied. Next, the size-
related exponents from the family of VO2 curves were collectively
fit by a non-linear response surface, for which significant
terms for a constant, DO saturation, temperature and the DO
× temperature interaction were included. The non-significant
term for temperature was subsequently excluded from the final
response-surface model in order to derive the best predictive tool
from the data (Allison, 1999). The fitted model surface describing
the response by the size-related exponent: b=−0.7100+ 0.0038
×DO− 0.0002 DO× Temp (R2 = 0.725; F = 11.863; P= 0.003;
Regression df = 3; Residual df = 8; n= 12; Table 1).

2.2. Hypoxia-Temperature Scenarios
To compare projected (i.e., observed) oxygen consumption
rates (OCR) to expected OCR based on the metabolic scaling
hypothesis, four dynamic (i.e., fluctuating) 32 d exposure
scenarios characterizing relatively severe vs. moderate hypoxia
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TABLE 1 | Non–linear regression model parameters.

Parameter Coefficient t-value P

Constant −0.7100 −30.126 < 0.0001

DO Saturation 0.0038 4.597 0.0013

DO × TEMP −0.0002 4.847 0.0009

at warmer vs. cooler temperatures were created (Rakocinski,
2009). For each dynamic scenario, 768 h OCR values were
generated for each of the eight geometric body-size classes
within the size spectrum. The fitted response surface for b was
used to generate maximum respiration (OCRmax) values (from
OCR b’ = VO2

(1+b)), by holding DO saturation at 100% and
salinity at 27 psu (i.e., the experimental salinity) for each hourly
temperature value within the series. Accordingly, OCRmax was
estimated at 1/K2 (i.e., asymptote) from the predicted OCR curve
for 100 percent DO saturation at the specified temperature.

The OCRmax values were used for obtaining expected
OCR proportions (OCRprop = OCRexp/OCRmax), and projected
OCR proportions (i.e., OCRproj = OCRobs/OCRmax). Observed
(OCRobs) oxygen consumption values were obtained for each
hourly observation in the simulated exposure series using
the fitted nonlinear response surface for b (DO as saturation
using O2.saturation function for R; Miller, 2014). Expected
proportions were also calculated for each hourly observation as
OCRprop =OCRexp/OCRmax; where OCRexp = (K2+K1/DO)−1

(Rakocinski, 2009), and K1= the hypothetical scaling factor (i.e.,
hypothetical K1/K2) multiplied by K2 [i.e., K1= (K1/K2× K2)].
Scaling factors were obtained for each size-class by applying the
point-slope rule, assuming a slope of −0.285 and a value of 0
(i.e., K1/K2 value of 1) corresponding with themid-size spectrum
point for the log-log form of the relationship between K1/K2 with
body size. The parameter K2 was obtained fromOCRmax = 1/K2,
as 1/ OCRmax, and DO concentration was in mg L−1, following
Chen et al. (2001). For the cooler temperature series, warmer
series values were decremented by 10◦C (i.e., Q10).

To compare expected and observed oxygen consumption for
the four dynamic exposure scenarios in light of the proposed
metabolic scaling hypothesis, mean expected vs. mean observed
OCR proportions were plotted for the eight size classes. The
extent to which expected vs. observed OCR proportions followed
a 1:1 linear relationship within the plot indicated agreement
with the scaling hypothesis, and the extent to which values
followed a horizontal line at 1.0 on the y-axis indicated agreement
with an oxyregulating strategy. To consider how abruptly or
gradually aerobic respiration strategies transitioned with respect
to temperature andDO saturation, OCR proportions for the eight
size classes were also examined for 12 static combinations of DO
saturation (20, 50, and 75%) and temperature (15, 20, 25, and
30◦C).

3. RESULTS

3.1. Aerobic Respiration
The family of allometric VO2 curves for which the size exponent
(b) varied (i.e., while a was constrained) accurately fit the

data; curves were significant relative to body size for every
combination of temperature and DO saturation (t = 43.86–
102.30; P <0.0001; Figure 1). Fitted size exponents (b) varied
from −0.80 to −0.58. Conversely, inferred exponents (b’) for
allometric oxygen consumption (OCR) curves (i.e., b’ = 1 + b)
varied from 0.20 to 0.42 (i.e., considerably lower than metabolic
scaling exponents of 0.67 or 0.75). Clearly, VO2 curves were
higher and steeper at warm temperatures (i.e., 25◦C) than at
cooler temperatures, reflecting higher mass-specific respiration,
in particular by small organisms (Figure 1). Individuals exhibited
the highest VO2 values under high levels of temperature
and DO.

The response surface describing how the VO2 size exponent
(b) changes relative to joint variation in DO saturation and
temperature was expressed in a complex nonlinear form
(Figure 2; Table 1). The fitted response surface reflected the
influence of a significant constant, as well strong effects of
DO, and a synergistic interaction between DO and temperature
(Table 1).

3.2. Hypoxia-Temperature Scenarios
The two dynamic scenarios comprising 32 d fluctuating DO
series in combination with alternate temperature series illustrate
how hourly DO-temperature exposure regimes might vary
latitudinally (Figure 3). The warmer series portrays temperatures
near the thermal limit and outside the normal regime to which
the test species is adapted. When paired with the severe hypoxia
series, hourly temperature series (n= 768) averaged 30.2◦C± 0.7
and 20.2◦C ± 0.7 (mean ± SD) for warm and cool series,
respectively. Likewise, DO saturation averaged 22.1% ± 8.7
(mean ± SD) (mean DO = 1.4 mgL−1 warm and 1.7 mgL−1

cool) for the severe hypoxia series, for which all 768 DO values
were <4 mgL−1, 762 were less than 3 mgL−1, and 658 were less
than 2mgL−1.When paired withmoderate hypoxia series, hourly
temperatures (n= 768) averaged 30.5◦ C± 1.1 and 20.5◦ C± 1.1
for warm and cool series, respectively. Likewise, DO saturation
averaged 69.8%± 18.9 (meanDO= 4.4 and 5.4) for themoderate
hypoxia scenarios, for which 305 DO values were <4 mgL−1, 67
were <3 mgL−1, and 8 were <2 mgL−1.

Depending on the corresponding temperature series, scenario
projections based on the C. telata model exemplified divergent
aerobic respiration strategies, as delineated by reference lines
within proportional OCR space (Figure 4). Moreover, the
oxyconforming patterns for the scenarios closely agreed with
the proposed scaling hypothesis (Figure 4A). Specifically, under
the higher temperature scenarios, observed OCRproj values for
the size classes closely tracked expected OCRprop values based
on the hypothetical scaling rule (Figure 4A). As expected,
smaller organisms oxyconformed to a greater extent than
larger organisms, which also infers relatively greater metabolic
depression for smaller organisms. Notably, size-classes were
displaced to positions indicating less stringent oxyconforming
along the metabolic scaling line under the moderate hypoxia-
high temperature scenario compared to the severe hypoxia-
high temperature scenario.Coordinates for size-classes were less
spread out under moderate hypoxia than severe hypoxia for both
warm and cool scenarios.
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FIGURE 1 | VO2 vs. body-size of Capitella telata for twelve DO × temperature combinations. VO2 curves fit (VO2 = aWb) by allowing the size-related exponent (b) to

vary, while assuming a common proportionality constant (a = 0.0096).

FIGURE 2 | Non-linear response surface fit to VO2 size-related exponent (b)

relative to DO and temperature, including significant terms for a constant, DO

saturation, and the DO × temperature interaction (see Table 1).

For scenarios at cooler temperatures, size series tended
to follow the oxyregulation reference line (Figure 4A).
However, OCRproj values were positioned noticeably above

the oxyregulation line for the severe hypoxia scenario at cool
temperatures, indicating hyper-regulation relative to normoxia at
the same temperature for all size classes. Relatively greater hyper-
regulation reflected higher metabolic costs for small organisms.
Size series converged closer to the oxyregulation reference line
and shifted toward the intersection of the oxyregulation and
metabolic scaling reference lines under the moderate hypoxia
regime. Hyper-regulation was accordingly relaxed for small
organisms, and all sizes regulated better under moderate than
severe hypoxia at cooler temperatures. Consequently, size series
were less separated within proportional OCR space between the
two temperature regimes under moderate than severe hypoxia.
In general, all size classes oxyconformed at higher temperatures,
and oxyregulated at lower temperatures. Moreover, all size
classes oxyregulated better under moderate hypoxia than under
severe hypoxia.

To consider how abruptly organisms transitioned between
respiration strategies, observed OCRproj vs. expected OCRprop

values were compared for the eight size classes under static
combinations of three DO saturation levels (20, 50, and 75%)
crossed with four temperature levels (15, 20, 25, and 30◦C).
Coordinates for the size classes within proportional OCR space
at 20 and 30◦C agreed closely with the dynamic scenarios,
which were at similar temperatures. However, observed OCRproj

vs. expected OCRprop values at 15◦C under hypoxia indicated
even greater hyper-regulation by all sizes compared to the cool
dynamic scenarios. Again, smaller organisms showed greater
hyper-regulation than larger organisms at 15◦C. Indeed, the
smallest size class exhibited a 2-fold higher respiration rate at
15◦C and 20 % DO than at 15◦C and 100 % DO.
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FIGURE 3 | (A) DO series comprising 768 hourly values over 32 d; (B)

corresponding alternate warm and cool temperature series which when

combined with the DO series, create the two dynamic severe hypoxia

exposure scenarios.

Size spectra tracked close to the metabolic scaling reference
line at 25◦C; however, they were visibly displaced from the
reference line within the oxyconforming portion of proportional
OCR space (Figure 4B). Size spectra shifted progressively and
converged toward the metabolic scaling reference line with
increasing DO saturation at 25◦C. Again, small sizes exhibited
lower observed OCRproj values than large organisms. Thus, 25◦C
approaches the pivotal temperature for showing how size spectra
transition from oxyregulating to oxyconforming respiration
strategies, as projected by the C. telatamodel.

4. DISCUSSION

The allometric respiratory response of C. teleta varied non-
linearly under multiple levels of the two most important physical
variables regulating aerobic metabolism, DO and temperature
(Claireaux and Chabot, 2016). Divergent oxyregulating vs.
oxyconforming strategies were expressed, depending on
temperature. Moreover, a novel metabolic scaling rule applied to

FIGURE 4 | (A) Mean observed (OCRproj) vs. mean expected (OCRprop)

values for eight size classes, generated from dynamic exposure scenarios;

(B) Observed vs. expected OCR values from static combinations of DO

saturation at 25◦C. Horizontal reference line depicts oxyregulation and

diagonal reference line depicts metabolic scaling hypothesis. Series arrayed

from small (left) to large (right) size classes.

the infaunal size spectrum was supported by allometric oxygen
consumption responses at higher temperatures. Few studies
examine complex biological responses within the context of
multiple levels of more than one interacting environmental
variable. Non-linear biological responses are expected where
stressors elicit counteracting physiological trade-offs, such
that either: (1) the effect of one stressor is strengthened or
weakened by interaction with another stressor, or (2) the
combined effect of two stressors pushes an individual or
population beyond a critical threshold that would not have been
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reached from one stressor alone (Harley et al., 2006). Though
it is well-known that aquatic species vary in their ability to
oxyregulate and will ultimately oxyconform as DO declines
or as temperature increases (Herreid, 1980), fewer studies
examine how both temperature and DO interact to elicit shifts in
respiration strategies. Moreover, none have related the emergent
respiration pattern to the metabolic scaling rule applied in this
study.

Although oxygen consumption power curves often show fairly
good agreement with 0.75 or 0.67 allometric scaling rules, for
a number of aquatic species, including C. telata and various
other polychaetes (Shumway, 1979), scaling exponents do not
conform to these expectations (Glazier, 2006). Non-agreement
might reflect variable experimental or ecological conditions
(Shumway, 1979), but could also result from obscuring effects of
physiological traits that do not scale according to the same design
principles underpinning the scaling rules. Indeed, as Glazier
(2006) asserts, “the scaling of metabolism is not the simple result
of a physical law, but rather appears to be the more complex
result of diverse adaptations evolved in the context of both
physico-chemical and ecological constraints.” The intermediate
scaling rule of 0.715 used for this study presumes that design
principles justifying the two scaling rules both apply and are not
mutually exclusive. Indeed, polychaetes possess both surface-area
and branching-network based anatomical systems. Despite non-
agreement between observed allometric oxygen consumption
andmetabolic scaling in this study, the oxygen dependence index
(K1/K2) followed the proposed −0.285 allometric scaling rule at
the upper thermal limit of the model species.

The metabolic scaling exponent of −0.285 as applied to
the infaunal size spectrum conceivably reflects self-similarity
in the form of design constraints associated with branching
networks and the scaling of diffusion processes involving
surfaces (Schmid and Schmid-Araya, 2007). Resting aerobic
respiration approximates basal metabolic rate (BMR), which
in turn represents the scaling of maintenance costs according
to the same size-related design constraints. The metabolic
scaling of BMR emerges from allometric scaling of cellular
and biochemical processes (Hulbert and Else, 2000). Since K2
is inversely related to ambient oxygen concentration, it likely
represents various diffusion and biochemical resistances to the
paths of molecules within the organism (Herreid, 1980; Causton,
1983). By comparison, K1 expresses respiration efficiency at low
ambient DO levels. Allometric scaling of the index hinges on
suppositions about two parameters relative to the size-spectrum:
(1) designation of a body size representing the turning point in
oxyregulation capability (i.e., K1/K2= 1 at spectrummid-point);
(2) the scale invariant rule relative to body size (i.e., −0.285
scaling exponent). The spectrum size range approximated
the functional group defined by infaunal organisms that are
dependent on the same source of energy (Kelly-Gerreyn et al.,
2014), centered at 8.44 mg WW. Defining size spectra based on
functional traits offers a promising approach to understanding
marine ecosystems (Jennings et al., 2002; Blanchard et al.,
2017).

Organisms that follow the C. telata aerobic respiration
pattern would presumably incur different energy-balance

outcomes relative to joint variation in oxygen and temperature.
Hyper-regulation under hypoxia at cooler temperatures implies
elevated metabolic costs relative to the same temperatures under
normoxia; whereas, oxyconforming at warmer temperatures
implies relatively lower metabolic costs. But in either case, these
contrasting patterns translate into lower aerobic scope, as defined
by a diminished energetic capacity for fitness-related functions
like growth and activity (Pörtner, 2010; Sokolova et al., 2012;
Sokolova, 2013). Accordingly, hyper-regulation implies elevated
maintenance costs; whereas oxyconforming implies depressed
basal metabolic activity. Furthermore, higher energetic costs and
potentially more time needed for ventilation behavior associated
with hyper-regulation vs. commensurate deficits in ingestion
or assimilation associated with metabolic depression would all
contribute to a lower aerobic scope. Former seminal studies
of C. telata have shown reduced ingestion or food conversion
efficiency under hypoxia (Mangum, 1973; Forbes and Lopez,
1990), as opposed to elevated ingestion rates in response to
metabolic demands associated with high temperatures (Forbes
and Lopez, 1987; Forbes, 1989). Reduced egestion was also
observed for C. telata at 20 % DO saturation within a four-day
exposure experiment (Burns Gillam, 2016). Moreover, because
the maximum ingestion rate is asymptotically limited by design
constraints, aerobic scope must also inevitably be reduced in
connection with hyper-regulation.

Dichotomous shifts in respiration strategies by the model
species likely reflect a breakdown in the functioning of special
adaptations, and reliance on alternative coping mechanisms.
Polychaetes possess diverse adaptations for maintaining aerobic
respiration, including ventilation behavior and respiratory
pigments for oxygen storage and transport (Kristensen, 1983;
Grieshaber et al., 1994; Burnett and Stickle, 2001; Wu, 2002;
Riedel et al., 2016). Conversely, an oxyconforming strategy
entails metabolic depression comprising various gene regulation
and molecular mechanisms (Wu, 2002), reduced feeding, and
the onset of anaerobic metabolism (Gonzalez and Quionones,
2000; Burnett and Stickle, 2001; Wu, 2002). Critical oxygen
concentrations specify physiological thresholds (Pcrit), below
which the aerobic demands of resting metabolism cannot be
maintained (Kersey Sturdivant et al., 2015), and thus where
respiration strategies shift from oxyregulating to oxyconforming
(Herreid, 1980). Critical thresholds (Pcrit) vary notably with
temperature, and dip lower at cool temperatures (Pörtner,
2010). Although oxyregulating capacities are well-known to
vary among taxa, fewer studies elucidate temperature-modulated
plasticity in respiration strategies (but see Salvato et al., 2001;
Sokolova and Pörtner, 2003). Theoretical underpinnings of such
synergistic interactions are explained by the thermal envelope
and related aerobic limit concepts (Pörtner, 2010), which offer a
mechanistic basis for understanding how temperature modulates
respiration. For the C. telata model, successful oxyregulation
(or hyper-regulation) by all size classes indicated that under
cooler temperatures, experimental DO levels did not reach
Pcrit. Conversely, the expression of an oxyconforming strategy
indicated that the aerobic limit (Pcrit) was reached under
warm temperatures at all DO levels. Effective oxyregulators
are expected to show relatively abrupt transitions between
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respiration strategies (Herreid, 1980). In this study, a fairly abrupt
transition between strategies was evidenced by relatively close
tracking of size classes relative to the metabolic scaling line
for the static 25◦C scenario. A shift of only 5◦C (between 20
and 25◦C) changed the aerobic respiration response of C. telata
from an oxyregulating to a virtual oxyconforming strategy.
Moreover, close agreement with the hypothesized scaling rule for
the warm dynamic scenarios implied that the transition to an
oxyconforming strategy was complete at the thermal limit of the
model species.

Divergent temperature-dependent respiration strategies
illustrate how responses to multiple stressors can be
synergistic. Stressors interact in complex non-linear ways
to affect physiological mechanisms at the individual level.
For example, Salvato et al. (2001) demonstrated synergistic
effects of temperature, salinity, and oxygen on respiration for
two decapod crustaceans and two prosobranch mollusks. The
manifestation of temperature-modulated synergistic effects
on metabolism relative to oxygen supply within the C. telata
model underscores the importance of considering how multiple
stressors can affect populations via allometric responses at the
individual level (Marquet et al., 2005; Van Der Meer, 2006;
Bruno et al., 2015). Accordingly, Sokolova (2013) recently called
for, “an integrative physiological platform from which to assess
and predict the effects of multiple stressors on populations.”
This study contributes to and can extend such a platform by
incorporating other: (1) species with characteristic responses
(i.e., different adaptations and thresholds), (2) segments of the
infaunal size spectrum; (3) potentially interacting stressors (e.g.,
salinity, pH, etc.); (4) dimensions, in terms of stressors; and (5)
size-spectra within the marine ecosystem. Results of this study
will also be extended via a mass-balance modeling framework for
integrating energetic costs and benefits (Peters, 1983; Rakocinski,
2009). Other metabolic scaling relationships are expected to

apply within that framework. For example, ingestion varies
allometrically according to metabolic scaling constraints and
exponentially with temperature for C. telata (Forbes and Lopez,
1987). Integrated approaches predicated on metabolic scaling
offer a vehicle for extending effects of stressors at the individual
level to population responses (Jager and Selck, 2011). Indeed, this
study illustrates how individual-level ecophysiological responses
to multiple stressors can be complex. Moreover, it underscores
how temperature can modulate the effects of low oxygen on the
macrobenthic fauna (Vaquer-Sunyer and Duarte, 2011).
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