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Abstract Consumption rates of marine predators are
vital to assessing their trophic impacts and potential con-
sequences of fisheries removal and habitat alteration, yet
are rarely estimated. Standard metabolic rates were esti-
mated for juvenile brown stingrays, Dasyatis lata, and used
as input parameters for a bioenergetics model to predict
consumption rates. Temperature and mass had significant
effects on metabolic rates. The energy budget of juvenile
brown stingrays was heavily weighted toward metabo-
lism, accounting for 66 % of consumed energy. Growth
accounted for 7 % of the energy budget indicating very
slow growth potentially due to limited food resources. Pop-
ulation consumption rates suggest potential for strong top-
down effects on prey populations due to stingray predation.
This study suggests the use of Kane‘ohe Bay as a nursery
habitat for juvenile brown stingrays is a trade-off between
increased juvenile survival through predator avoidance and
a late age at first maturity due to slow growth rates result-
ing from low prey availability.
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Introduction

Dietary studies of elasmobranchs suggest they are high
trophic position predators in marine ecosystems (Cortés
1999; Ebert and Bizzarro 2007) with the potential for sig-
nificant impacts on prey populations and food web dynam-
ics (Heithaus 2004). However, food habit studies only pro-
vide information on the relative contribution of prey items
to the predator’s diet. In order to evaluate the ecosystem
impacts of elasmobranch predation, consumption rates
must also be quantified. Understanding the trophic impacts
of elasmobranchs has become increasingly important due
to the effects of fisheries removal and habitat alteration on
elasmobranch populations (Cortés 2004; Jennings et al.
2008; Pierce and Bennett 2010). Because biological sys-
tems conform to the laws of thermodynamics, information
on energy used in growth and metabolism and energy lost
through wastes can be incorporated into bioenergetics mod-
els to estimate consumption rates (Brett and Groves 1979).
Yet despite the growing need for estimates of elasmobranch
consumption rates, only a handful of studies have utilized
this technique (e.g., Lowe 2002; Schindler et al. 2002;
Dowd et al. 2006a; Bethea et al. 2007).

Metabolic rates are typically the largest and most vari-
able components of an organism’s daily energy budget
(Boisclair and Sirois 1993; Lowe 2001), having the great-
est effect on consumption rates estimated from bioenerget-
ics models (e.g., Bartell et al. 1986). Due to the difficulties
of measuring metabolic rates for elasmobranchs, bioener-
getics models often lack species-specific data for metabo-
lism (Stillwell and Kohler 1982, 1993; Medved et al. 1988;
Schindler et al. 2002), limiting the accuracy of consump-
tion rate estimates. For example, estimates of daily ration
for juvenile sandbar sharks, Carcharhinus plumbeus, which
incorporated species-specific metabolic rates (Dowd et al.
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2006a), were 60-70 % higher than previous estimates,
which used metabolic rates of spiny dogfish (Squalus acan-
thias, Stillwell and Kohler 1993; Medved et al. 1988). Such
inconsistencies could create significant bias when evaluat-
ing the trophic impacts of elasmobranchs on marine eco-
systems. Clearly, obtaining species-specific estimates of
metabolic rates should be of high priority when estimating
daily ration from bioenergetics models.

Another application of bioenergetics models is the eval-
uation of impacts from habitat alteration. Several demo-
graphic studies have shown that survivorship of juvenile
age classes contributes significantly to elasticity analyses,
and minimizing negative impacts on juveniles is one of the
most effective ways of stabilizing populations (Heppell
et al. 1999; Cortés 2002; Pierce and Bennett 2010). Juve-
niles of many elasmobranch species use coastal estuaries
as nursery habitats (Heupel et al. 2007) where the poten-
tial for anthropogenic impacts is high (Lotze et al. 2006;
Jennings et al. 2008). Estimates of consumption rates could
provide a means of evaluating the effects of anthropo-
genic impacts on juvenile populations within these nursery
habitats. For example, an individual-based bioenergetics
model predicted a 12 % increase in consumption rates for
cownose rays (Rhinoptera bonasus) due to an increase in
water temperature (Neer et al. 2007). Kane‘ohe Bay (Oahu,
Hawai‘i) is one such nursery habitat, used by juvenile
brown stingrays (JBS), Dasyatis lata, and juvenile scal-
loped hammerhead sharks, Sphyrna lewini. Juvenile brown
stingrays forage within Kane‘ohe Bay for the majority of
their juvenile lives before shifting to offshore habitats with
the onset of sexual maturity (~8 and 15 years for males and
females, respectively; Dale et al. 2011a; Dale and Holland
2012). With a lack of fisheries exploitation for this species
in Hawai ‘i, habitat alteration may have the greatest impacts
on juvenile populations (e.g., Jennings et al. 2008). This
bay is relatively small (46 km?) and provides an excellent
system to evaluate the trophic role of an abundant benthic
predator. The objectives of this study were to estimate the
standard metabolic rates of JBS through respirometry and
incorporate previous estimates of food habits and growth
(Dale et al. 2011a; Dale and Holland 2012) to develop an
energy budget and estimate their age-specific daily ration
with a bioenergetics model. Results from the model are
then used to evaluate the potential influences of nursery
habitat use on the life history of this species.

Materials and methods
Sample collection

Juvenile brown stingrays were captured within Kane‘ohe
Bay (21°26.1'N, 157°46.6'W) using standard demersal
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longlines. Upon capture, stingrays were transported back
to the Hawai‘i Institute of Marine Biology (HIMB, located
within Kane‘ohe Bay) where they were maintained in a
7-m-diameter tank with flow-through seawater. Stingrays
were fed ad libitum (squid and sardines) and maintained for
a minimum of 7 days. Prior to experimental trials, stingrays
were starved for 96 h to ensure that they were in a post-
absorptive state (Lowe 2001).

Respirometry

Measurements of oxygen consumption were made on indi-
vidual JBS in a rectangular 650-L closed-system, recircu-
lating respirometer (107 x 107 x 57 cm, acrylic) (Fig. S1).
Seawater for the respirometer was taken from Kane‘ohe
Bay adjacent to HIMB at ambient temperature and salinity,
and no manipulation of water temperature was conducted
(i.e., experiments were run on seasonally acclimated rays).
The respirometer could also be operated in flow-through
mode allowing stingrays to acclimate to the respirom-
eter for 24 h prior to experimental trials. During acclima-
tion, fresh seawater was continuously pumped into the
respirometer to maintain ambient oxygen concentrations.
The respirometer was isolated with shade cloth to minimize
visual disturbance.

Immediately prior to experimental trials, the inflow
water was shut off and the respirometer switched to closed
circuit. Oxygen concentration and water temperature were
measured once per minute with a fiber optic oxygen sen-
sor (Aanderaa Data Instruments, oxygen optode 3830)
interfaced with a notebook computer through HyperTermi-
nal, and salinity was measured at the end of each trial. All
equipment was calibrated to the manufacturer’s specifica-
tions. Trials lasted a minimum of 2 h and were terminated
after a maximum of 3.5 h or when oxygen concentration
in the respirometer dropped to 70 % saturation. On aver-
age, water temperature during experimental trials increased
by 0.32 £ 0.15 °C. Activity of the ray was monitored with
an infrared video camera mounted above the respirom-
eter. However, activity in the respirometer was not repre-
sentative of natural swimming activity (i.e., rays resisted
straight-line swimming and would move in small circles
around the respirometer) preventing measurements of rou-
tine metabolic rates. Therefore, only trials where the ray
remained quiescent were used for calculation of oxygen
consumption. At the conclusion of each experimental trial,
the respirometer was run without animals to measure back-
ground respiration, which was accounted for in final MO,
calculations. Additionally, the disk width of each ray was
measured to the nearest 0.1 cm, weight measured to the
nearest 0.1 kg, and the animal was subsequently released
back into Kane ‘ohe Bay following resumption of feeding in
the holding tank.



Mar Biol (2013) 160:3181-3192 3183
; RMR + G
Data analysis C— + )
(1 —SDA — W)
Oxygen consumption rate was calculated using the slope of
the change in O, concentration over the course of the experi-  Model parameters

mental trial (Lowe 2001) and normalized by mass for mass-
specific metabolic rates (mgO, kg~' h™!). The decrease in
water volume due to stingray displacement was measured
and accounted for in final calculations. Multiple linear regres-
sion analysis was used to estimate the effects of stingray mass
and water temperature on mass-independent metabolic rates
(mgO, h™!). In order to meet the assumptions of parametric
testing, data were log transformed prior to analysis.

Proximate chemical analysis

Proximate chemical analysis was conducted on five JBS
to determine their energy density. For each stingray, disk
width, total mass and liver mass were measured and a sam-
ple of white muscle and liver tissue was analyzed for per-
cent dry matter, ash, crude protein and crude fat (Ag Diag-
nostic Services, University of Hawai‘i, Honolulu). Energy
densities of muscle and liver samples were estimated
using a conversion factor of 5.7 kcal g~! for protein and
8.7 kcal g~! for lipid. Values were converted from kcal to
kJ using the conversion factor 4.19 kJ kcal ™! (McNeill and
Lawton 1970; Drazen 2007). Total energy density of the
stingrays was estimated by multiplying the tissue-specific
energy density by the relative contribution of that tissue to
total mass assuming the energy density of all nonliver tissue
was approximated by the energy density of white muscle.
Energy densities of three whole crabs, Podophthalmus vigil,
an important component of the stingray diet and commonly
found in Kane‘ohe Bay, were also estimated from proximate
chemical analysis using the same conversion factors.

Bioenergetics model

A Dbioenergetics model was used to develop an energy
budget and estimate age-specific daily energy consumption
(kJ day™!) of individual JBS in Kane‘ohe Bay, expressed as
follows:

C=RMR(I'M)+ G (M) +SDA+ W 1)

where RMR (7, M) = energy used in daily routine meta-
bolic rate as a function of temperature and individual
mass, G(M) = energy used for daily growth as a function
of individual mass, SDA = daily metabolic costs of spe-
cific dynamic action, W = daily energy lost as waste and is
the sum of energy lost through feces and urine (Brett and
Groves 1979). The model used a daily time step and ran for
1 year beginning July 1. Because SDA and W were repre-
sented as fractions of consumption (see below), Eq. (1) was
rearranged and solved for C as follows:

Daily standard metabolic rates were calculated for each
individual in the model using a regression equation relating
mass-independent standard metabolic rates (SMR) to mass
and temperature for JBS (see Results);

SMR = aM’T*¢ (3)

where a = intercept, b = mass scaling coefficient, ¢ = tem-
perature scaling coefficient, M = mass and 7 = tempera-
ture. There are currently no quantitative estimates relat-
ing routine metabolic rates to standard metabolic rates
for batoids. The relationship between MO, and swim-
ming speed for blacknose sharks was used (Carcharhinus
arconotus, Carlson et al. 1999);

log MO, = 0.007U + 2.38 )

where U = swimming speed (cm s~ '), with the average
rate of movement for JBS actively tracked in Kane‘ohe Bay
(6.78 cm s~!, Cartamil et al. 2003) as an approximation
of the increase in standard metabolic rate due to activity.
Based on this relationship, the mean ratio of RMR/SMR
was 1.11, which was the initial estimate of the activity mul-
tiplier (ACT) to generate field metabolic rates (Schindler
et al. 2002). In comparison, this ACT value is lower than
those estimated for juvenile sandbar sharks, Carcharhinus
plumbeus (1.6, Dowd et al. 2006b), and juvenile scalloped
hammerhead sharks (1.4, Lowe 2002), both obligate ram
ventilators, and subadult lemon sharks, Negaprion breviro-
stris (1.3, Sundstréom and Gruber 1998), but similar to that
of a dorsoventrally flattened teleost, Platichthys flesus (1.1,
Stevens et al. 2006). Daily metabolic rates (mgO, day ')
were converted to daily metabolic energy consumption (kJ
day~!) using the oxycalorific coefficient 13.59 J mgO;5 !
(Elliott and Davison 1975).

The growth component of the bioenergetics model is
composed of somatic and reproductive growth. Repro-
ductive growth was assumed negligible as the model only
included juvenile stingrays. Somatic growth was based on
growth rates obtained from a logistic growth function fit
to observed weight-at-age data (Dale and Holland 2012),
which were used to calculate daily growth increments (kg
day™");

kM1 (Woo — M;—1)

My =M, 1+
t t—1 Weo (5)

where M = mass, k = growth coefficient, W, = asymp-
totic size. Growth in mass was then converted to growth in
energy (kJ day~!) using the energy density of JBS deter-
mined from proximate chemical analysis.
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Specific dynamic action represents energy expended
on pre- and post-absorptive activities, including gastroin-
testinal muscle contraction, production of digestive acids
and enzymes, nutrient absorption and the synthesis of
compounds from absorbed nutrients (Jobling 1981; Secor
et al. 2007), and has only been estimated for a few elasmo-
branchs (range 0.6-0.17C; Du Preez et al. 1988; Sims and
Davies 1994; Duffy 1999; Ferry-Graham and Gibb 2001).
A nominal value of 0.1 C was used to estimate the fraction
of consumed energy attributed to SDA in the model (sensu
Schindler et al. 2002; Dowd et al. 2006a).

Absorption efficiency has only been estimated for a sin-
gle elasmobranch species, N. brevirostris, and ranged from
61.9 to 83.1 %, with the greatest absorption efficiencies
occurring at the highest ration levels which approached
feeding rates in the field (Wetherbee and Gruber 1993).
Based on these values and mean waste values (F + U) for
carnivorous teleosts, a total waste component of 27 % of
consumed energy is generally accepted (Brett and Groves
1979; Lowe 2002; Schindler et al. 2002; Dowd et al. 2006a;
Bethea et al. 2007; Neer et al. 2007). Energy lost as feces
and urine accounts for 20 and 7 %, respectively (Brett and
Groves 1979; Wetherbee and Gruber 1993).

To calculate consumption rates for individuals of each
age class (males 0-8 year, females 0-14 year), starting
weights were estimated by a logistic growth function based
on observed weight-at-age data (Dale and Holland 2012);

Woo

M = (1 _i_efk(tflo))’ (6)

where #, is the inflection point of the curve and the other
parameters are as previously defined. Water tempera-
ture data from 2009 and 2010 were taken from a NOAA
weather station located in Kane‘ohe Bay, and daily water
temperatures for the model were averaged between years
and ranged from 22.2 to 28.3 °C. Diet composition data

were taken from a recent diet study of JBS in Kane‘ohe
Bay (Dale et al. 2011a). Dietary data were represented as
the gravimetric contribution (% Weight) of individual prey
items, and observed ontogenetic shifts were incorporated
into calculations of consumption rates (Table 1). Esti-
mated daily energy rations (kJ day~') were converted to
daily ration (%Body Weight (BW) day~!) using the rela-
tive gravimetric contribution of prey items to the stingray
diet and the energy density of prey items (Table 1). Energy
densities of prey items which could not be sampled were
obtained from the literature (Table 1). Portunid crabs were
approximated by the energy density of P. vigil. The relative
abundance (Catch Per Unit Effort, CPUE) and sex ratio of
JBS age classes in Kane‘ohe Bay were taken from longline
surveys conducted from 2006 to 2010 (J. Dale unpubl
data). Sex ratios were not significantly different from 1:1
(chi-square test, X3 = 2.9, P = 0.09) for stingrays < 9 years
old (all stingrays > 8 years old were female).

Error analysis

A Monte Carlo simulation was used to evaluate the sensi-
tivity of consumption rate estimates to variation in input
parameters (Bartell et al. 1986; Dowd et al. 2006a; Bethea
et al. 2007). Probability density functions were used to
generate variation within model parameters (Table 2).
Multivariate normal distributions were used for metabolic
scaling exponents based on their covariance and esti-
mated from the relationship between mass, temperature
and SMR (SMR, = intercept, SMR, = mass coefficient,
SMR, = temperature coefficient). Normal distributions
were used for daily water temperature, age-specific start-
ing mass, waste and stingray energy density. The ACT and
SDA were represented by triangular distributions due to the
limited amount of data for these variables. Asymptotic size
(W,,) and the growth coefficient (k) were estimated from

Table 1 Gravimetric

S o Prey % Gravimetric contribution by age class Energy Source
contribution of individual prey
items to the diets of juvenile 0-3 4-7 7-14 Density
brown stingray age classes (kI g™h
Alpheidae 55.58 20.4 2.64 3.6 Bush (2002),
Lowe (2002)
Gobiidae 1.25 8.82 13.88 4.64 Bush (2002),
Age class divisions are based on Lowe (2002)
?bserVDedl Onto‘fe?;glcldl)et];hlﬁs Portunidae 31.93 53.28 70.71 2.67 This study
rom Dale et al. a). Energy . .
density of Stomatopoda based Podophthalmus vigil 9.50 20.83 47.11 2.67 This study
on the average energy density of Stomatopoda 0.22 4.89 8.2 5.2 Thayer et al.
benthic decapods from Thayer (1973)
etal. (1973). Energy density of Polychaeta 6.69 6.01 1.44 3.55 Thayer et al.
unidentified prey estimated as (1973)
the average energy density of all (5440 niified 4.46 6.6 3.13 3.93

prey types
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Table 2 Parameters, probability distributions, nominal values and variability used in the bioenergetics model

Parameters Distribution Nominal SE or IPP RPSS Source
value range

SMRa Multivariate normal —0.05 —0.002, —0.071 65.0, —37.6 18.5 This study

SMRb Multivariate normal 0.78 —0.002, 0.002 924, —-45.2 0.6 This study

SMRc Multivariate normal 1.48 —0.071, 0.050 55.4, —34.1 9.7 This study

ACT Triangular 1.11 1.06-1.16 8.9 6.7 Carlson et al.
(1999), Cartamil
et al. (2003)

SDA Triangular 0.1 0.06-0.17 4.6 1.6 Du Preez et al.
(1988), Sims and
Davies (1994),
Dufty (1999),
Ferry-Graham and
Gibb (2001)

Wi and k 0.3, 1.1 19.3,17.1 Dale and Holland
(2012)

Female Bivariate normal 63.7,0.23 —0.008

Male Bivariate normal 35.6,0.25 —0.008

Waste Normal 0.27 3 1.1 0.6 Brett and Groves
(1979), Wetherbee
and Gruber (1993)

Energy density Normal 6.03 0.4 1.8 1.5 This study

Results of sensitivity analyses are represented as the mean value for all age classes. IPP, individual parameter perturbation (=10 %). Values
represent the percent change in consumption rate estimates due to a 10 % change in nominal parameter values. Single values represent linear
sensitivities. RPSS, relative residual sum of squares. Values represent the contribution of each parameter to the variance of consumption rate esti-
mates. Energy density parameter represents the energy density of brown stingrays. See text for remaining parameter definitions

a bivariate normal distribution based on the covariance
between W_, and k (Dale and Holland 2012). Parameters
SMR,, SMR;, SMR_, W, and k were considered individ-
ual traits and were assigned to each individual at the start
of a simulation run and then held constant. The remaining
parameters were considered environmental traits and were
allowed to vary on a daily basis. For each run of the simu-
lation, parameter values were randomly chosen from the
assigned probability density functions. An average daily
value over the 1-year simulation was calculated for each
parameter in each age class. This process was repeated
2,000 times, providing frequency distributions, medians
and confidence intervals (2.5th and 97.5th percentiles) for
parameter estimates. Monte Carlo simulations were run in
R (R Development Core Team 2010). Individual param-
eters where ranked in importance by their relative contri-
bution to the variance of daily consumption rates using
relative partial sum of squares (RPSS, Bartell et al. 1986).
This method estimates the sensitivity of consumption rate
estimates to modeled variation in individual parameters.
A sensitivity analysis using individual parameter perturba-
tions (IPP) was also conducted (Bartell et al. 1986). Age-
specific consumption rates were estimated from a deter-
ministic model using nominal input parameter values. Each
parameter was then increased or decreased by 10 % with
the remaining parameters fixed at their nominal values.

The percent change in consumption rate estimates due to a
410 % change in parameter values was then calculated to
assess the sensitivity to variation in individual parameters
due to model structure.

Results
Metabolic rates

Standard metabolic rates were calculated for 22 JBS rang-
ing in mass from 1.03 to 9.85 kg at temperatures ranging
from 22.5 to 27.3 °C and salinities ranging from 34 to
37 %o (Table S1). Estimates of mass-specific MO, ranged
from 53.06 mgO, kg~! h™' for a 9.85-kg individual at
23 °C to 115.99 mgO, kg~' h™! for a 1.16-kg animal at
27 °C (mean £ SD = 76.98 + 15.31 mgO, kg™' h™! at
25 °C) (Fig. 1). Both log-transformed mass and tempera-
ture had significant effects on mass-independent MO,
(P < 0.001), explained 98 % of the variance in MO, val-
ues and was represented by the equation (SE): log MO,
(mgO, h™!) = —0.05 (0.32) + log Mass*0.78 (0.02) + log
Temp*1.48 (0.22) (Fig. 1). This equation was used to
standardize the mass of all animals to 5.0 kg in order to
calculate a Q;, value, which was 1.8 (22-27 °C). Similarly,
temperature was standardized to 25 °C in order to estimate
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Fig.1 Contour plot of standard mass-independent metabolic rates
(mgO, h™") as a function of mass (kg) and temperature (°C) deter-
mined for juvenile brown stingrays. Circles represent measured val-
ues for each stingray (n = 22)

the allometric relationship between mass and MO,, which
was best represented by the equation: MO, (mgO,
h™") = 105*Mass’78.

Bioenergetics

Average energy density of JBS (mass range 2.8-9.9 kg)
determined from proximate chemical analysis was
6.03 & 0.40 kJ g~! and ranged from 5.58 kJ g~! for a
2.8-kg individual to 6.55 kJ g~! for a 7.3-kg individ-
ual. Average water, crude protein and crude fat content
were 769 £ 1.8, 21.8 £ 1.1 and 2.3 + 1.0 % respec-
tively. There was a slight increase in energy density with
increasing size; however, this relationship was insignifi-
cant (linear regression, F; 4y = 7.0, P = 0.08), likely due
to the small sample size. Average water, crude protein,
crude fat and energy density of the three P. vigil indi-
viduals were 65.9 + 6.4, 10.7 &+ 1.9, 0.3 &+ 0.2 % and
2.67 + 0.56 kJ g~!, respectively.

The energy budget of JBS was heavily weighted toward
metabolism (RMR + SDA), which represented 66 + 0.4 %
of total consumed energy. Routine metabolic rate alone
represented 55 + 0.4 % of total consumed energy. Growth
on the other hand was a relatively small fraction of the
energy budget representing 7 £ 0.4 % of total consumed
energy (Fig. 2). The percentage of total energy expenditure
devoted to growth relative to metabolism remained stable
at ~9 %.

Variation in consumption rate estimates from the use
of stochastic input parameters ranged from 48 kJ day~!
for age-1 individuals to 345 kJ day~! for age-10 individu-
als (Table 3). Median daily energy rations increased from
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Fig. 2 Daily energy budget (kJ Ind~' day™") for individual juvenile
brown stingrays as a function of mass (kg). Total expenditure is the
sum of metabolism and growth. Total consumption is the sum of
metabolism, growth and waste

135 kJ day~! for age-0 (mean BW = 2.2 kg) individuals to
1,045 kJ day~! for age-14 (mean BW = 31.4 kg) individu-
als. Relative to BW, daily ration decreased from a high of
1.81 %BW day~! for age-0 individuals to 1.03 %BW day ™"
for age-14 individuals (Table 3). Gross conversion effi-
ciency, the fraction of consumed energy incorporated into
growth, was ~7 % for all age classes. Maintenance ration,
the consumption rate at zero growth, was ~93 % of total
energy consumption.

Total yearly consumption ranged from 15 (661 % mean
BW) to 118 kg year’1 (375 % mean BW) (Table 3), and
total yearly energy consumption ranged from 49,200
(365 % total stingray energy content) to 381,320 kJ
year™! (201 % total stingray energy content) for age-0
and age-14 individuals, respectively. Based on the relative
abundance of juvenile age classes, population consump-
tion rates were highest for the 4- and 5-year age classes
and decline with increasing age (Fig. 3). This trend is due
to individual consumption increasing with size, coupled
with a corresponding decrease in the relative abundance
of older age classes.

Individual parameter perturbations indicated that the
model was highly sensitive to variation in the scaling
coefficients related to metabolism (SMR,, SMR,, SMR,)
(Table 2). The response of consumption rate estimates to
variation in these parameters was nonlinear, with a 10 %
increase resulting in an average increase in consump-
tion rate estimates of 65, 92 and 52 % for SMR,, SMRy
and SMR_, respectively. A 10 % decrease in these param-
eters resulted in an average decrease in consumption rate
estimates of 37, 45 and 34 % for SMR,, SMR, and SMR_,
respectively. Consumption rate estimates were linearly
sensitive to the remaining parameters, and a 10 % change
resulted in a change in consumption rate estimates < 10 %.
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Table 3 Median daily . Ageclass DER CI Consumption rate ~ CI Consumption CI
energy ration (DER)’ daily (year) (KJ day™") (%BW day™) rate (kg year™!)
consumption relative to mass
and toﬁal prey COT;SmetiOf“ 0 135 101-168  1.81 136-223 15 11-61
t
over the Foutse o ° yeda fora -y 161 136-184 173 146-198 18 15-67
average juvenile brown stingray
individual of each age class 2 192 161-223 1.65 1.39-1.92 21 18-81
estimated from Monte Carlo 3 230 183-269 1.58 1.26-1.85 25 20-98
Slmé’l;‘“"ns of the bioenergetics 4 271 27316 153 128-178 30 25-115
mode
5 319 265-366 1.46 1.21-1.68 35 29-134
6 375 309434 1.40 1.15-1.62 42 34-158
7 431 334-519 1.34 1.04-1.62 48 37-189
8 498 392-595 1.30 1.02-1.55 56 44-217
9 568 478-659 1.25 1.05-1.45 64 54-241
10 683 511-856 1.19 0.89-1.49 77 58-312
11 775 609-940 1.14 0.90-1.39 87 69-343
12 864 707-1017 1.10 0.90-1.29 97 80-371
Confidence intervals (CI) are 13 954 843-1085  1.06 0.94-121 108 95-396
represented as the 2.5and 97.5 1y 1045 938-1159  1.03 092-1.14 118 106-423
percentiles
350 25 Table 4 Comparison of mass-specific metabolic rates among mylio-
< ] ° batiform stingrays
o 300 .
= [ . [ 20 Species N MO, (mgO, Source
o 250 /‘ N\ o kg7'h7h
& 200 ° [ 15 =
- . E Myliobatis aquila 5 47.5 Du Preez et al. (1988)
-3 150 i 10 2 Mpyliobatis californica 6 158.1° Hopkins and Cech
g_ o (1994)
a 100 o [* * " Dasyatis americana 6 93.6*° Fournier (1996)
S 50 o ® Dasyatis violacea 8 63.3 Ezcurra (2001)
© 0 [ P— 0 Rhinoptera bonasus 19 73.0 Neer et al. (2006)
0 2 4 6 8 10 12 14 Dasyatis lata 22 52.8 This study

Age Class

Fig. 3 Relative abundance of each age class (%, vertical bars), age-
specific consumption rate (g day ™', black circles) and percent of total
population consumption by age class (%, solid line) calculated from
the relative abundance of each age class. Relative abundance is based
on longline surveys conducted from 2006 to 2010 within Kane‘ohe
Bay (J. Dale unpubl data)

Of these remaining parameters, consumption rate estimates
were most sensitive to variation in the ACT parameter with
a 10 % change resulting in a 9 % change in consumption
rate estimates. Error analysis with RPSS indicated the
metabolic coefficient SMR,, and growth coefficients Wi
and k contributed most to the variance of estimated con-
sumption rates (Table 2). The percentage of variance due
to these parameters was 18, 19 and 17 % for SMR,, W, and
k, respectively. Parameters SMR, and ACT had marginal
contributions to model variance of 10 and 7 %, respec-
tively. The relative contributions of the remaining param-
eters to the variance of estimated consumption rates were
all negligible.

When necessary, metabolic rates have been corrected to 20 °C and
5 kg using species-specific scaling coefficients. A mass coefficient of
0.8 was used (McNab 2002) when unavailable from the literature

2 Routine metabolic rate

® Mass scaling coefficient of 0.8 used

Discussion
Metabolic rates

Mass-specific metabolic rates for JBS in this study were
similar to those reported for other myliobatiform stingrays
when standardized to 5 kg and 20 °C (Table 4). The meta-
bolic rate of a 5-kg JBS at 20 °C was most similar to those
of the bull ray (Myliobatis Aquila, Du Preez et al. 1988),
pelagic stingray (Pteroplatytrygon violacea, FEzcurra
2001) and cownose ray (Rhinoptera bonasus, Neer et al.
2006) despite significant differences in their autecology.
The pelagic stingray, cownose and bull ray are specialized
for active swimming (McEachran 1990), whereas brown
stingrays are primarily benthic and relatively sedentary
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(Cartamil et al. 2003). Metabolic rates of the pelagic
stingray and cownose ray were notably higher than those
of the bull ray, which has the lowest metabolic rate of any
previously studied myliobatiform stingray. Adaptations
for active swimming could include large gill surface area
and greater cardiac and swimming muscle capacity, which
would increase SMR (Brill 1996). Due to the potential
morphological and physiological adaptations, metabolic
rates of these active stingrays might be expected to be
closer to that of the bat ray (Myliobatis californica, Hop-
kins and Cech 1994), whose metabolic rates are more sim-
ilar to active sharks (Carlson et al. 2004). Alternatively,
the metabolic rates of the pelagic stingray, cownose and
bull rays may be representative of stingrays specialized
for active swimming, and the metabolic rates of brown
stingrays and bat rays are unusually high. However, due
to the low number of myliobatiform species for which
metabolic rates have been experimentally determined, the
effects of active swimming specialization can not yet be
evaluated.

Mass and temperature explained the majority of variance
in mass-independent metabolic rates. The mass scaling
exponent was 0.78 and falls within range of scaling expo-
nents estimated for other elasmobranchs (e.g., 0.68-0.85;
Du Preez et al. 1988; Sims 1996; Dowd et al. 2006b).
The Q;, of 1.8 in this study is among the lowest value yet
reported for a batoid species. However, comparisons of
Q,, between studies may be misleading due to differences
in experimental procedures. For example, experimen-
tal temperatures for the bat ray were increased by 0.5 °C
h~! until desired temperatures were reached (Hopkins and
Cech 1994), resulting in a mean Q;, of 3.0. Such rapid
changes in temperature could increase the effects of tem-
perature on metabolic rates, resulting in inflated Q,, values
(McNab 2002). In contrast, temperatures for the bull ray
were increased by 1 °C 24 h~!, and animals were allowed
to acclimate to experimental temperatures for 8 days prior
to trials resulting in a Q;, of 1.87 (Du Preez et al. 1988).
Acclimation to warmer temperatures is generally quicker
compared to cooler temperatures (McNab 2002), and
8 days may have been sufficient for complete acclima-
tion to occur. Q;, values may also vary between tempera-
ture ranges (Gillooly et al. 2001). A pattern of decreas-
ing Q,, values with increasing temperature was found
for the bull ray and was lowest at the highest temperature
range (Q,;, = 1.61, 20-25 °C, Du Preez et al. 1988). The
bat ray had a Q,, value of 6.81 at a temperature range of
14-20 °C, but Q,, was notably lower at higher and lower
temperature ranges (Hopkins and Cech 1994). The bat ray
Q) at a temperature range of 20-26 °C was 1.85, similar
to the value for JBS in this study at a temperature range
of 22-27 °C. The Q,, of juvenile scalloped hammerhead
sharks in Kane‘ohe Bay was also relatively low (1.34) at a
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temperature range of 21-29 °C (Lowe 2001). Because Q,,
is also temperature dependent, metabolic rates will depart
from a purely exponential relationship with temperature at
high temperatures (Gillooly et al. 2001). The low Q,, val-
ues for JBS, bull rays, bat rays and juvenile scalloped ham-
merhead sharks are likely due to the relatively high tem-
peratures at which they were estimated.

Bioenergetics

Metabolism was the largest component of the energy
budget, accounting for 66 % of total energy consumed.
This value is relatively high in comparison with estimates
for other elasmobranch species and carnivorous teleosts,
which range from 44 (Brett and Groves 1979, various tel-
eosts) to 60 % (Gruber 1984, lemon shark Negaprion brevi-
rostris; Dowd et al. 2006a, sandbar shark Carcharhinus
plumbeus; Chen et al. 2008, whitespotted bamboo shark
Chiloscyllium plagiosum). Growth was a much smaller
component of the energy budget accounting for 7 % of total
consumed energy, which is substantially lower than those
estimated for other elasmobranchs and carnivorous teleosts
(20-30 %, Brett and Groves 1979; Gruber 1984; Dowd
et al. 2006a; Chen et al. 2008). However, these estimates
are remarkably similar to estimates for juvenile scalloped
hammerhead sharks in Kane‘ohe Bay which exhibited posi-
tive growth (M = 69 %, G = 5 %, Lowe 2002). For both of
these species, 93-95 % of their total energy consumption
was allocated to maintenance and routine activity.

Daily ration estimates (as %BW) decreased with
increasing age primarily due to associated decreases in
mass-specific metabolic rates. Consumption rates for age-0
to age-5 brown stingrays (1.8-1.5 %BW day~') were com-
parable to those estimated for similarly aged sandbar sharks
(2.2-1.3 %BW day™!) in Chesapeake Bay (Dowd et al.
2006a). Although sandbar sharks are a relatively active
species with higher mass-specific metabolic rates (Dowd
et al. 2006b), modeled water temperatures in Chesapeake
Bay were on average 2-3 °C cooler than those used in this
bioenergetics model. Daily ration was markedly lower than
estimates for juvenile scalloped hammerhead sharks in
Kane‘ohe Bay which showed positive growth (3.9 %BW
day_l, Lowe 2002). These differences can be attributed to
the significantly higher metabolic rates required to sustain
activity rates of juvenile scalloped hammerhead sharks
(Lowe 2001, 2002). However, gross conversion efficiency
was similar between the two species (~4 %, Lowe 2002;
Duncan 2006), but lower than juvenile sandbar sharks (10—
16 %, Dowd et al. 2006a).

Gross conversion efficiency generally increases with
decreasing temperature due to the effects of temperature on
metabolic rates (Mateo 2007), which may partially explain
differences between studies. Conversion efficiencies are
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also linked to prey density and quality (Stewart and Ibarra
1991). Low conversion efficiencies may be an adaptation to
an abundant prey base, maximizing foraging at the expense
of efficiency (Mateo 2007). However, Kane‘ohe Bay is an
oligotrophic system represented by a low diversity of ben-
thic fauna (Laws and Allen 1996; Smith and Kukert 1996),
and the very low growth rates of JBS suggests food is limit-
ing as has been suggested for sympatric juvenile scalloped
hammerhead sharks (Bush and Holland 2002; Lowe 2002).
Conversion efficiency has also been shown to decrease
with decreasing protein content of consumed energy (e.g.,
Pérez-Casanova et al. 2009). The diet of JBS is dominated
by crustaceans, which are generally of low protein and
energy content relative to teleosts (Bush 2002; Lowe 2002;
Goodman-Lowe et al. 1999). For example, crude protein
content of P. vigil and Alpheus malabaricus, two common
prey items of JBS in Kane‘ohe Bay, were 31 and 50 %
(dry weight), respectively (Bush 2002; Lowe 2002), sig-
nificantly lower than the crude protein content of Hawaiian
teleosts (mean = 63 % dry weight, Goodman-Lowe et al.
1999). The combination of low gross conversion efficiency,
relatively high metabolic requirements, low prey qual-
ity and warm subtropical waters of Kane‘ohe Bay likely
explains the very low growth rates of JBS.

Individual parameter perturbations indicated that sev-
eral input parameters had minimal impacts on predicted
consumption rates. Fortunately, these low-impact param-
eters included those parameters for which the least amount
of empirical data were available (e.g., waste, SDA). This
analysis also indicated that uncertainty in input parameters
associated with metabolism (SMR,, SMR,, SMR, and to
a lesser extent ACT) can have important impacts on con-
sumption rate estimates, consistent with sensitivity analy-
ses in other bioenergetics studies (Bartell et al. 1986; Dowd
et al. 2006a; Bethea et al. 2007). The input parameters
identified by RPSS analysis as contributing most signifi-
cantly to the variance in consumption rate estimates were
associated with metabolism (SMR,) and growth (Wi and
k). Values used for these parameters were experimentally
determined for JBS in this study and a concurrent age and
growth study (Dale and Holland 2012), and these results
likely represent the contribution of natural variation to the
variability in consumption rate estimates. However, the
relationships between SMR and mass and temperature were
only calibrated for stingrays up to 10 kg, whereas juveniles
up to 30 kg were modeled. Extrapolation of these relation-
ships to larger stingrays may have introduced additional
error to the model. Although the ACT parameter used to
estimate RMR had a minimal contribution to the variance
of consumption rates, it may have introduced additional
variance through its multiplicative effects on the error
associated with RMR. The relationship between metabolic
rate and swimming speed was based on data for blacknose

sharks (Carlson et al. 1999). However, this assumes that
these two species have similar body shapes and swimming
kinematics and may overestimate the effects of activity on
standard metabolic rates. Additionally, estimates of rate of
movement for juvenile brown stingrays were point-to-point
estimates (Cartamil et al. 2003), which tend to underes-
timate actual rates of movement (Gruber et al. 1988) and
would therefore underestimate RMR. These results high-
light the need for quantitative data on energy expenditures
in the field for stingrays (e.g., Lowe 2002).

Population consumption rates were highest for the 4-
and S-year age classes due to their high abundance rela-
tive to other age classes. A number of factors can affect the
relative catchability of different age classes such as hook
and bait size, variation in foraging behavior and competi-
tion with conspecifics (e.g., Godg et al. 1997; Dale et al.
2011b). To minimize gear effects, multiple gear configura-
tions were concurrently used during longline surveys (see
Dale and Holland 2012 for additional information on gear
configurations). However, the influence of foraging behav-
ior and competitors on stingray catchability could not be
accounted for and may have led to underestimates of rela-
tive abundance for the smallest age classes.

In order to evaluate the ecosystem impacts of JBS
within Kane‘ohe Bay, an estimate of 3,000 individuals was
modeled as their population size. This value is based on
the population estimates for juvenile scalloped hammer-
head sharks in Kane‘ohe Bay (Duncan and Holland 2006)
and the ratio of JBS to juvenile scalloped hammerhead
CPUE from longline survey data. The use of CPUE data
to estimate population size assumes this metric accurately
reflects the actual abundance of these two species and the
catchability of these two species is equivalent. Although
there are currently no empirical estimates of population
size for JBS to compare with CPUE data, juvenile scal-
loped hammerhead CPUE based on longline data closely
follows the relative seasonal trends in actual juvenile scal-
loped hammerhead population size (Duncan and Holland
20006). Several lines of evidence also support this value:
(1) 500 animals were captured during longline surveys.
The majority of these animals were tagged with exter-
nal ID tags and released. Very low numbers of recaptures
(<1 %) suggests either a transient population or a popu-
lation size larger than the number of tagged animals, (2)
a stable isotope study revealed that JBS forage within
Kane‘ohe Bay for the majority of their juvenile lives, indi-
cating long-term use of this habitat (Dale et al. 2011a) and
a population size greater than 500 stingrays, and (3) the
density of JBS in Kane‘ohe Bay based on a population size
of 3,000 individuals (0.0002 stingrays m~2) is similar to
that of similarly sized giant shovelnose rays (Glaucostegus
typus, 0.00014 rays m’z) in Sharks Bay, Australia (Vaudo
and Heithaus 2009).
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Fig. 4 Prey-specific population consumption rates by juvenile brown
stingrays in Kane‘ohe Bay based on a population size of 3,000 indi-
viduals. Estimates based on the relative abundance of each age class,
the yearly consumption of an average individual of each age class and
the gravimetric contribution of prey items to the diet of each age class

A population of 3,000 stingrays within Kane‘ohe Bay
would consume ~113,000 kg of benthic prey year !
(Fig. 4) based on the relative abundance of JBS age classes
(Fig. 3) and the estimated yearly consumption of an aver-
age individual of each age class (Table 3). Consumption
rates were highest on portunid crabs (~62,000 kg year™!)
followed by alpheid shrimps (~23,000 kg year™') based
on the gravimetric contribution of prey types to the diet of
each age class (Table 1). Podophthalmus vigil is the most
common portunid crab consumed, with consumption rates
of ~29,500 kg year~!. The average P. vigil consumed by
juvenile brown stingrays weighs ~9 g and an average alp-
heid shrimp weighs ~0.4 g (Bush 2002). These weights
would translate to ~3.2 x 10° P. vigil and ~5.8 x 107 alp-
heid shrimps consumed per year. The most recent estimates
of population density for P. vigil and A. malabaricus are
1.27 and 3.62 m~2, respectively (Bush 2003), and the mud
floor of Kane‘ohe Bay covers 14.9 x 10° m~2 (Smith et al.
1981). Assuming these prey are uniformly distributed, total
population sizes for these species may be 1.9 x 107 crabs
and 5.4 x 107 shrimps. Therefore, the stingray population
would consume ~17 and 108 % of the crab and shrimp
population by number, respectively, without replacement,
over the course of 1 year. However, the productivity of A.
malabaricus was estimated to be 0.669 g m~2 year~! ash-
free dry weight (Bush and Holland 2002), which amounts
to 47,636 kg year’1 wet weight (13.3 % ash, 25 % water,
Bush 2002), and the stingray population would consume
~49 % of the estimated productivity. Based on the esti-
mates of daily ration, population size and mortality rates
for juvenile scalloped hammerhead sharks in Kane‘ohe
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Bay, which are sympatric with JBS, their population con-
sumption rate would be 4,658 kg year~! (Bush and Holland
2002; Lowe 2002; Duncan and Holland 2006). They would
consume 658 kg of alpheids year~! (Bush 2003) or 1.4 %
of alpheid productivity, and the combined consumption
by these two elasmobranchs would be 50.4 % of alpheid
productivity. Assuming the true stingray population size in
Kane‘ohe Bay is in the low thousands as suggested by low
recapture rates and CPUE data, the population would have
a moderate to strong impact on these two species, and their
impacts on the shrimp population are significantly greater
than those of juvenile hammerhead sharks. These results
suggest that slow growth rates for JBS may be due to insuf-
ficient prey resources to support higher consumption rates
and therefore higher growth rates. Food limitation is sup-
ported by growth rates of two juvenile stingrays held in
captivity at HIMB (J. Dale unpubl data). These stingrays
were fed ad libitum daily and gained 14 and 11 kg in mass
over the course of 1 year. These growth rates are substan-
tially higher than field-based rates, which peak at 3.7 and
2.3 kg year™! for females and males, respectively (Dale
and Holland 2012), and demonstrate the capacity for faster
growth with sufficient dietary intake. Additionally, other
factors such as habitat complexity, anti-predator behavior
or interspecific competition with carnivorous teleosts such
as jacks may decrease encounter rates or capture efficiency,
further limiting growth in the field (Laprise and Blaber
1992; Meyer et al. 2001; Bush and Holland 2002).

Conclusions

An increased forage base and/or refuge from predation
are generally the two main factors proposed to explain
the advantages of nursery habitat use. The high energetic
requirements of JBS and low energetic quality of their prey
suggest that their slow growth rates in Kane‘ohe Bay are a
trade-off between increased juvenile survival and a late age
at first maturity resulting in delayed recruitment to adult
populations (Dale et al. 2011a; Dale and Holland 2012).
Survival would be enhanced through decreased predation
from larger predators such as tiger sharks, which are less
abundant in Kane‘ohe Bay compared to surrounding waters
(Crowe et al. 1996). Stomach content analysis indicated the
youngest age classes of JBS had the highest proportion of
empty stomachs relative to older age classes (Dale et al.
2011a). Slow development of foraging skills may explain
the especially low relative growth rates of the youngest age
classes as has been suggested for juvenile scalloped ham-
merhead sharks (Bush and Holland 2002; Lowe 2002;
Duncan and Holland 2006). Estimated consumption rates
suggest that JBS can have a strong impact on their prey
populations. These results are in agreement with previous
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studies, which suggest that some elasmobranchs may have
a substantial top-down ecosystem role (e.g., Stevens et al.
2000; Bascompte et al. 2005). Estimates of prey population
densities have decreased in recent years due to the diver-
sion of treated waste water, which was dumped into the bay
between 1951 and 1978 (Smith et al. 1981). These changes
in habitat quality due to anthropogenic impacts, although
generally beneficial for a coral reef ecosystem, may have
decreased stingray consumption rates resulting in the cur-
rent slow growth rates. Although no data exist concerning
growth rates for JBS concurrent with elevated prey densities
in the field, accelerated growth rates in captivity suggest that
bottom-up effects could have important implications on the
life history of brown stingrays (e.g., Jennings et al. 2008).
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