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ABSTRACT: Cownose rays Rhinoptera bonasus typify the K-selected life history strategy that makes
their population dynamics susceptible to variation in natural and anthropogenic factors. We used an
individual-based bioenergetics model, coupled to a matrix projection model, to predict how water
temperatures warmer and cooler than current conditions would affect the individual growth and the
population dynamics of cownose rays. The bioenergetics model simulated the daily growth, survival,
and reproductive output of a cohort of female individuals from birth over their lifetime. Warmer and
cooler temperature scenarios under alternative assumptions about ray movement were simulated.
Under warmer conditions, daily consumption rate would have to increase by about 12% or weightsat-age would decrease by 10 to 17%, while under cooler conditions, daily consumption would have
to decrease by about 14% or weights-at-age would increase by about 15%. Slowed individual
growth under warmer water temperatures translated into slowed population growth rate, decreased
net reproductive rate, longer generation time, and higher but delayed age-specific reproductive values. For example, under the scenario that resulted in the slowest individual growth rates, the population growth rate would decrease from 0.027 to 0.005 yr–1. Population growth rates were more sensitive to variation in survival rates, especially those of mature age-classes, than to fertility rates. Our
coupling of an individual-based bioenergetics model with a matrix projection model offers a potentially powerful approach for relating how, with limited to moderate information, changes in environmental variables and habitat that affect individual growth can be expressed as population-level
responses.
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change · Movement
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Cownose rays Rhinoptera bonasus, like many other
elasmobranchs (sharks, skates, and rays), typify the
K-selected life history strategy that makes their population dynamics especially susceptible to variation in
natural and anthropogenic factors, including harvesting and habitat quality (Heppell et al. 1999, Russell
1999). In general, elasmobranchs are long-lived, late
reproducing, low fecundity organisms, with many
species having complex reproductive cycles and
movement patterns (Compagno 1990). While all spe-

cies do not behave identically, the slow life style of
K-strategists makes their populations particularly sensitive to relatively small changes in their growth, mortality, and reproductive rates (Musick 1999).
Cownose ray abundance and distribution seems to
be determined, at least in part, by water temperature
(Smith & Merriner 1987, Schwartz 1990). Cownose
rays appear in the Chesapeake Bay when water temperatures reach 16°C in the spring, and usually begin
their southward migration when water temperatures
cool to 22°C in the fall (Smith & Merriner 1987,
Schwartz 1990). Along the northwest Florida shelf,
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rays begin to depart the area when the summer water
temperatures are between 28 and 30°C, and very few
rays are captured at temperatures warmer than 30°C
(Neer 2005). As waters cool to 28°C in early fall, the
rays return to the region, where they remain until
water temperatures drop below 18°C in early winter.
Cownose rays are rarely collected at waters cooler
than 15°C (Neer 2005). These documented movements
of cownose rays in response to water temperature suggest that cownose rays may behaviorally thermoregulate to facilitate their growth or some other biological
process (Matern et al. 2000), and that relatively small
changes in water temperature could affect their population dynamics.
Water temperature can vary as a result of natural
interannual and seasonal fluctuations, and as a result
of global climate change. The average temperature in
the United States could increase by 2 to 8°C over the
next century due to the injection of greenhouse gases
into the atmosphere in that region, with the most likely
increase being around 4°C or less (Smith 2004).
Increases in temperature due to global warming could
have significant effects on aquatic ecosystems (Hill &
Magnuson 1990). Kennedy et al. (2002) state that,
although summer temperatures in tropical waters may
not increase much beyond present levels due to evaporative cooling, temperate and boreal regions may
experience temperature increases that will be stressful
or lethal for some organisms. Sub-lethal effects of
warmer temperatures may include changes in metabolism, growth, and distribution (Kennedy et al. 2002).
In this paper, we used an individual-based bioenergetics model coupled to a matrix projection model to
predict how water temperatures warmer than current
conditions and cooler than current conditions would
affect the individual growth and the population
dynamics of the cownose ray in the northern Gulf of
Mexico. Bioenergetics models use a balanced energy
budget equation to estimate growth or production, or
to predict consumption rates (Hanson et al. 1997).
Bioenergetics modeling is appealing as it provides a
link between fish physiology and environmental conditions, and provides a means for quantifying the relative importance of various environmental factors on
individual growth or consumption (Brandt & Hartman
1993). Our bioenergetics model was used to predict the
effects of warmer and cooler water temperatures on
the growth, survival, and reproductive output of individual rays over their lifetime. The outputs of the
bioenergetics model were then used to estimate the
parameters (inputs) of an age-based matrix projection
model. Matrix projection models are based on a
description of the life cycle of the species. Vital rates,
such as birth, growth, maturation, fertility, and mortality, describe the progression of individuals through

their life cycle, and the magnitudes of these rates
determine the dynamics of the population over time.
Eigenvalue analysis of the matrix projection model
then allowed for the extrapolation of the growth, survival, and reproductive responses of individuals to the
population level. Eigenvalue analysis produces estimates of population growth rate and other populationrelated variables under equilibrium conditions (i.e.
once the stable age distribution has been obtained).
Age-structured matrix projection models, and associated life tables, have recently been used to examine
the population dynamics of several elasmobranch species (e.g. Simpfendorfer 1999, Cortés 2002, 2004, Frisk
et al. 2002). However, fully dynamic bioenergetics
models of elasmobranchs have been limited (e.g. Du
Preez et al. 1990, Schindler et al. 2002) compared to
the widely studied teleost fishes, partially due to difficulties in performing experiments on elasmobranchs in
captivity (Carlson et al. 2004). Our coupling of individual-based bioenergetics and age-structured matrix
projection models demonstrates a powerful approach
for relating the population level to changes in environmental conditions that affect growth, mortality, and
reproduction of individuals.
Life history. The cownose ray ranges from southern
New England to southern Brazil in the western
Atlantic Ocean, as well as throughout the Gulf of Mexico and off the coast of Cuba (Bigelow & Schroeder
1953, McEachran & Fechhelm 1998). Rays are semipelagic and gregarious; often forming large schools,
and rays are known to undertake long migratory
movements (Schwartz 1990). Cownose rays are most
often encountered on continental and insular shelves,
where they feed primarily on bivalve mollusks and
crustaceans (Smith & Merriner 1985, McEachran &
Fechhelm 1998).
Cownose rays in the northern Gulf of Mexico exhibit
a K-selected life history (Neer & Thompson 2005). Verified age estimates indicate that cownose rays live in
nature for at least 18 yr, with a predicted theoretical
longevity of 26 yr. Fifty percent of the cownose ray
population reaches maturity at age 4 to 5 yr (~4.6 to
4.9 kg weight wet [ww]). Cownose rays reproduce
annually, with females producing one pup per litter,
with a gestation time of 11 to 12 mo. Cownose rays
have few natural predators, with the exception of some
large shark species such as the bull shark (J. Blackburn, pers. comm.). There is currently no directed fishery for cownose rays, although they are often taken as
bycatch in a number of fisheries (Smith & Merriner
1987, Trent et al. 1997). In the northern Gulf of Mexico,
cownose rays are encountered at temperatures from 15
to 34°C, and at salinities ranging from 17 to 37 ppt
(Neer 2005), suggesting that they are both eurythermal
and euryhaline.
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Growth: Daily change in body weight was based on
a mass balance equation:

METHODS
Bioenergetics model. The cownose ray bioenergetics model followed a cohort of 1000 female individuals
from birth over their lifetime to either death or a maximum age of 25 yr. Numbers of individuals in the cohort
were decremented daily based on a specified sizedependent mortality rate. Body weight of each individual (g ww) was updated daily based on a revised
version of the Wisconsin bioenergetics formulation
(Hanson et al. 1997). Size-dependent maturity was
used to determine reproduction; weight loss associated
with birth of a pup was based on observed average
weight of pups at birth and was imposed each May 15
for all mature females. The model predicted daily survival, daily body weight, and annual pup production.
Predictions were summarized as the number of individuals alive, average weight of an individual, and
number of pups produced by year, which was equivalent to age since we followed a single cohort. We used
the bioenergetics model to simulate the effects of
cooler and warmer water temperature scenarios on
cownose ray growth, survival, and reproductive output.
Water temperature: A daily temperature function
was developed (see Fig. 1; gray line), starting on May
1 and ending on April 30, using data from the Panama
City, Florida region, where the biological data used to
develop and calibrate the model were also collected.
Temperatures experienced by the cownose rays in
baseline simulations were truncated at 30°C, as field
data demonstrated that rays begin to depart the area
when water temperatures are between 28 and 30°C
and very few rays are captured at temperatures
warmer than 30°C (Neer 2005).
Mortality: Daily probability of dying was determined by fitting a decreasing curve between annual
mortality rate and body weight (Roff 1992, Cortés
2004). Instantaneous annual natural mortality (IMR)
was assumed to be 0.2 for the smallest individuals and
decreased exponentially with weight, approaching 0.1
for the heaviest (oldest) individuals:
IMR = 0.1 + [0.6658 · e(–W/921.49)]
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(1)

where W = weight (g ww). The upper mortality rate of
0.2 yr–1 was calculated using a general equation
between mortality rate and longevity (Hoenig 1983),
while the lower value of 0.1 yr–1 was based on reported
rates for sandbar sharks and has been used previously
in analysis of shark population dynamics (BrewsterGeisz & Miller 2000). Annual mortality rates were converted to daily rates and if the randomly generated
number from a uniform distribution was less than the
daily probability of dying, then the individual died and
was removed from the simulation.

GS = {[Cmax · p · ƒ(T)] – MR – SDA – F – U} · CF – GR (2)
where GS = somatic growth; Cmax = maximum consumption rate; p = proportion of maximum consumption actually obtained; ƒ(T) = temperature dependence
function; T = water temperature (°C); MR = total respiration rate; SDA = metabolic costs of specific dynamic
action; F = egestion; U = excretion; CF = caloric conversion factor, and GR = growth used for reproduction. All
rates, except growth used for reproduction (GR), were
in the units of g prey g ray–1 d–1. These rates were converted to g prey g ray–1 d–1 based on the ratio (CF) of the
caloric densities of ray to their prey. Model equations
for growth are shown in Table 1, and associated parameter values are documented in Table 2. Age-specific
values of p were determined by calibration.
Realized consumption (C) was estimated as the proportion (p) of the maximum consumption rate. Estimates for the CA (intercept of the allometric mass function; in g prey g ray–1 d–1) and CB (slope of the
allometric mass function) parameters that governed
the weight-dependence of maximum consumption rate
were determined using available information on daily
ration of elasmobranchs. The temperature dependence
function for maximum consumption was a slowly rising
function that reached 1 at a specific optimal temperature (Topt) and then declined to zero at a specific maximum temperature (Tmax). A third parameter (CQ),
similar to a Q10 parameter, dictated how rapidly the
function increased for temperatures below Topt. Once
CA, CB, CQ, and respiration-related parameters were
specified, we iteratively solved for values of Topt and
Tmax to obtain realistic consumption rates.
Total daily respiration rate (MR) was computed as a
standard respiration rate dependent on weight, and
was then adjusted for temperature using a Q10 relationship (g(T )) and adjusted for the metabolic cost of
activity using a simple multiplier (ACT). Values for the
RA (intercept of the allometric mass function; in g prey
g ray–1 d–1) and RB (slope of the allometric mass function) parameters of standard respiration rate were
obtained directly from experiments performed on
cownose rays (Table 1; Neer et al. 2006), and the activity multiplier (1.9) was from experimental data for the
bonnethead shark (J. K. Carlson unpubl. data). As with
many bioenergetics models, specific dynamic action,
egestion, and excretion were assumed to be proportional to realized consumption (Du Preez et al. 1988,
1990, Lowe 2002, Schindler et al. 2002). Caloric densities of prey and rays were assumed constant.
Reproduction: The probability of an individual reproducing at a given age was determined based on a
logistic function that related the fraction of mature
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Table 1. Formulations and parameter values of growth-related components of cownose ray bioenergetics model. T = daily
temperature (°C) experienced by individual ray
Parameter
Consumption (C )
p
Cmax
CA
CB
CQ
Topt
Tmax
Respiration
RA
RB
g(T )
KQ10
Tref
ACT
Reproduction
GR
Specific dynamic action (SDA)
KSDA
Egestion (F ) and excretion (U )
KFA

Equation

Units

p · Cmax

g prey g ray–1 d–1
proportion
g prey g ray–1 d–1
g prey g ray–1 d–1
unitless
unitless
°C
°C
g prey g ray–1 d–1
g prey g ray–1 d–1
unitless
°C
unitless
°C
unitless

CA · W CB · ƒ(T )
⎫
⎬ ƒ(T )
⎭

RA · W RB · g(T ) · ACT
g (T ) = KQ10

KSDA · C
KFA · C

T −Tref
10

g ww
g prey g ray–1 d–1
proportion
g prey g ray–1 d–1
proportion

Value

0.0–1.0
0.289
–0.374
2.33
28.0
36.0
0.0068
–0.0919
2.33
24.0
1.9
777
0.14
0.27

Table 2. Estimation methods and data sources for growth component parameters of cownose ray bioenergetics model
Growth component

Description and sources

Maximum
consumption (Cmax)

CA and CB estimates determined using available information on daily ration of elasmobranchs
(e.g. Wetherbee & Cortés 2004) and the Atlantic stingray Dasyatis sabina (Bradley 1996); additional
evidence indicates adult elasmobranch consumption rates may be one order of magnitude less than
those of pups (Van Dykhuizen & Mollet 1992, E. Cortés unpubl. data). Various CA and CB
values substituted into Cmax equation (W range 1000–22000 g ww) until Cmax ranged from ~7%
(small ind.) to ~3% (large ind.) BW d–1
Values of CA and CB as determined above, respiration-related parameters as in Neer et al.
2006), and value of p set to 0.5, various Topt and Tmax values were substituted into consumption
equation until realistic realized consumption rates were obtained over a range of temperatures.
Starting values (Topt = 25°C, Tmax = 35°C) as for bonnethead shark Sphyrna tiburo (J. K. Carlson
unpubl. data), a similar active elasmobranch from same area as cownose rays. Realized consumption target: that highest realized consumption rate occurs at ~25°C for a range of body weights, and
respiration rate is 15–25% of realized consumption rate (Hanson et al. 1997)
Values obtained from oxygen consumption data (Neer et al. 2006). Standard respiration rate
(mg O2 kg–1 hr–1) obtained from 19 acclimatized cownose rays using flow-through respirometry.
Animal weight range 0.4–8.25 kg ww, experiments conducted for temp. range 19.0–28.8°C.
Respiration rates converted from oxygen consumption rates using oxycalorific coefficient of
3.25 cal mg–1 O2 (Brett & Groves 1979)
KQ10 based on respiration rate variation within temp. range 19.0–28.8°C in respirometry experiments (Neer et al. 2006). Tref = Ave. temp. of oxygen consumption experiments used to estimate RA
and RB
As for bonnethead shark Sphyrna tiburo (J. K. Carlson unpubl. data), a similar active elasmobranch
from same area as cownose rays used in respiration experiments
A KSDA value of 0.14 was used, as determined for the bull ray Myliobatus aquila at 20°C (Du
Preez et al. 1988), a species with a similar autecology as the cownose ray. This is the only empirical
estimate of KSDA available for a batoid
As for lemon shark Negaprion brevirostris (Wetherbee & Gruber 1993); sole empirical estimate
available for any elasmobranch (no estimates available for batoids), but elasmobranchs in general
have similar physiological traits
Ray caloric density assumed to be 1415 cal g–1 ww as for lemon shark Negaprion brevirostris
(Gruber 1984), as used in other elasmobranch studies (e.g. Wetherbee & Gruber 1993, Schindler et
al. 2002); no estimate available for batoids, but elasmobranchs in general have similar physiological traits. Bivalves (dominant prey of cownose rays) caloric density = 6390 cal g–1 ww (Bradley
1996). i.e. CF = 6390/1415 = 4.516

Temp. effect on
consumption
(CQ, Topt, Tmax)

Standard respiration
(RA, RB)

Temperature effect
on respiration
(KQ10, Tref)
Activity multiplier on
respiration (ACT)
Specific dynamic
action (KSDA)
Egestion and excretion
(KFA)
Caloric conversion
factor (CF)
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individuals at that age to body weight (Neer & Thompson 2005). If the random number drawn from a uniform
distribution was smaller than the fraction mature
based on an individual’s weight on May 15 of the previous year, then the individual would reproduce in the
current year. We used the weight from the previous
year to mimic the 12 mo gestation period. The reproductive event was modeled by the loss of 777 g ww on
May 15, representing the average birth weight of one
pup (Neer & Thompson 2005).
Individual-level variability: Three sources of individual variability in ray growth were simulated: daily
temperature experienced, weight-specific respiration
rate, and daily value of p. For each day of the simulation, each ray was assigned a daily water temperature
drawn from a normal distribution with the mean equal
to the temperature predicted by the temperature function and a standard deviation of 1.5°C. Minimum and
maximum daily water temperature limits were set at
plus and minus 2°C of the daily generated mean temperature. This individual temperature variability was
incorporated to account for the fact that all rays are not
located in the same place, and therefore would experience similar, but not identical, daily temperatures.
Mean daily water temperatures along the northwest
Florida coast in areas where cownose rays occur varied
by approximately 0.5 to 3°C during 2000–2002 (National Ocean Services Center for Operational Oceanography Products and Services). Individual variability in
the RA parameter of standard respiration was incorporated by assigning each ray a value of RA drawn from
a normal distribution with a mean set to a calibrated
value of 0.0068 and a coefficient of variation (CV) of
5%. Variation in values of RA was a crude way to allow
for individual variation in growth efficiency. Rays were
assigned individual daily values of p from a normal distribution having a mean of the age-specific p-value
determined through the calibration process, and a CV
of 5%. Variability in values of p was incorporated to
reflect the variability in prey encountered and ingested among individual rays, as well as variability in
prey capture ability.
Initial conditions: All simulations of the bioenergetics model started with 1000 female individuals on May
1. Initial weights (g ww) were generated from a normal
distribution with a mean of 777 g ww and a standard
deviation of 171 g ww. Minimum (500 g ww) and maximum (1000 g ww) initial weights were imposed to
ensure realistic initial weights based on observed
weight-at-birth information (Neer & Thompson 2005).
Calibration of values of p: Values of p were determined for each year (age) of the 25 yr simulation by
calibration. Iterative simulations were performed that
adjusted each age’s p-value until the model-simulated
daily growth resulted in a predicted weight at the end
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of each age that matched observed weights-at-age
determined from field data (Neer & Thompson 2005).
We used a bisection algorithm to determine successive
values of p, and stopped when predicted mean weight
was within 1% of the observed mean weight for each
age.
Matrix projection model. We used an age-structured matrix projection model to analyze the population-level consequences of the cooler and warmer
water temperature scenarios. The predictions of the
bioenergetics model of growth, survival, and reproductive output under baseline, cooler, and warmer scenarios were used to estimate the parameters of matrix
projection models. We then analyzed the resulting
matrix projection models to obtain estimates of population growth rate, the stable age-distribution, reproductive values by age, and elasticity.
The matrix projection model followed females using
a birth-pulse structure with a post-breeding census
(Caswell 2001). Annual survival rates (sub-diagonal
elements) and fertility values, (top row; defined as
fi = Pi · mi where fi = fertility at age i, Pi = age-specific
survival probability and mi = age-specific reproductive
output) of each 25 × 25 matrix were estimated from the
numbers surviving and pup production (number of
pups per female) predicted by the bioenergetics
model. The age-specific fecundity estimates predicted
by the bioenergetics model were divided by 2 to reflect
a 1:1 male:female sex ratio (Neer & Thompson 2005).
For each scenario, we estimated a matrix model and
computed finite and instantaneous population growth
rates, net reproductive rate, generation time, stable
age distribution, and age-specific reproductive values
and elasticities. Net reproductive rate is the mean
number of offspring by which a newborn will be
replaced by the end of its lifetime. There are 3 commonly used measures of generation time (Caswell
2001), whose differences can, in some circumstances,
be important. In our analysis, all 3 formulations produced very similar estimates. We have therefore only
reported one of the generation time measures (Ā;
mean age of the parents of the offspring produced by a
population at the stable age distribution), which is the
most commonly used measure in elasmobranch studies
(e.g. Cortés 2002, Mollet & Cailliet 2002). Reproductive
value is the number, relative to a value of 1 for the first
age-class, of offspring that are yet to be born by individuals in a given age class (Gotelli 2001). If a population is growing at its instantaneous growth rate, the
population will eventually converge on a stable age
distribution (i.e. reach equilibrium), where the proportion of individuals in each age class remains constant.
Elasticity is the proportional change in the finite population growth rate due to changes in fertility and survival (i.e. elements in the projection matrix; Heppell et
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In all of our scenarios, we assumed that the cownose
rays would respond to water warmer than 30°C, and
not change their behavior in response to water cooler
than 30°C. The thermal refuges scenarios in model
simulations assumed that, on days when temperature
exceeded 30°C, if needed, cownose rays would find
additional locations (i.e. refuges) to those used under
baseline conditions that had a maximum temperature
of 30°C. To simulate this, the maximum daily temperature was truncated at 30°C after the 2°C increase
under the warmer scenario (Fig. 1a). No truncation was
needed under the cooler scenario because once baseline temperatures were lowered by 2°C they never
exceeded 30°C (Fig. 1b); cownose rays could move
around and never need to seek out refuge locations.
The restricted movement assumption presumed that
cownose rays were unable to move around enough to
find additional cooler water other than the locations
they used under baseline conditions. In this case, the
truncation at 30°C occurred before the 2°C was added
or subtracted. This resulted in temperature being truncated at 32°C under the warmer scenario (Fig. 1c) and
at 28°C under the cooler scenario (Fig. 1d) because in
both situations, the restricted movement would have
the rays using the same refuge locations as they used
in baseline, which are now either 2°C warmer or
cooler.
In all simulations, some rays experienced slightly
warmer temperatures than 30°C due to individual variability in temperatures being applied after the truncations of the daily mean at 30°C. For simplicity, we label
our scenarios as warmer or cooler with thermal refuges
or restricted movement, recognizing that our use of
truncation to simulate the scenarios resulted in asymmetric changes to the temperature time
series among the 4 scenarios.
a
b
35
Bioenergetics and matrix model sim30
ulations: The bioenergetics model was
25
20
run in 2 different modes (temperature
15
effect and consumption effect) for each
10
baseline
baseline
5
warmer with thermal refuges
cooler with thermal refuges
of the 5 temperature scenarios, with the
0
temperature effect mode output providd
35 c
ing inputs to configure matrix projec30
25
tion models (Table 3). The temperature
20
effect mode examined the effect of a
15
10
baseline
baseline
daily temperature change on the pre5
warmer with restricted movement
cooler with restricted movement
dicted growth of individuals, given that
0
0
100
200
300
400 0
100
300
400
200
the values of p were held at baseline
Day of simulation
calibrated values. This assumed that
the cownose rays would not change
Fig. 1. Average daily temp. experienced by rays in bioenergetics model for combinations of baseline, warmer, and cooler scenarios with 2 alternative movement
their foraging in response to altered
assumptions (thermal refuges vs. restricted). Baseline shown on all graphs and
water temperatures, and that prey
truncated at max. temp. of 30°C. Day 1 = May 1. Temp. data provided by
dynamics remained the same as in
National Marine Fisheries Service (J. K. Carlson unpubl. data) and National
baseline conditions. Because values of p
Ocean Services Center for Operational Oceanography Products and Services for
were fixed, temperature effect simulaPanama City, Florida

Temperature (°C)

al. 2000). We report age-specific elasticities, and also
elasticities summed over ages (aggregated elasticities)
to examine the overall effects of fertility (all ages),
juvenile (age 1 to 4 yr) survival, and adult (age ≥4 yr)
survival on that rate (Heppell et al. 2000). All calculations were completed using the PopTools add-in
to Excel (www.cse.csiro.au/ poptools/).
Design of model simulations. Cooler and warmer
water temperature scenarios and thermoregulation:
Five temperature scenarios were simulated using the
bioenergetics and matrix projection models (Fig. 1).
These temperature scenarios were baseline conditions
(representing present day water conditions), and a 2°C
warmer scenario and a 2°C cooler scenario, each under
the assumption of thermal refuges or restricted movement for cownose rays. The increase of 2°C was
selected to crudely mimic warmer than average years
or the moderate level changes predicted by global climate change (Smith 2004). The decrease in 2°C was
conducted to examine the symmetry of response of the
rays to temperature variation around the average
(baseline) conditions.
Recent research (e.g. Matern et al. 2000) suggests
that some elasmobranchs, like many species of teleosts
(Neill 1979, Hill & Magnuson 1990), may behaviorally
thermoregulate and seek out temperatures close to
their optimal temperature. The maximum daily water
temperature allowed to be experienced by the cownose
ray for the baseline scenario was 30°C (i.e. truncated at
30°C; baseline in Fig. 1), as field data demonstrated that
rays left the study area at warmer water temperature.
Alternative temperature truncations at warm temperatures were done to mimic the thermal refuges versus
restricted movement assumptions (Fig. 1).
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Table 3. Combinations of bioenergetics model simulations and matrix projection model analyses used in this paper. Movement
assumption (thermal refuges vs. restricted) affected truncation point of altered water temp. when this exceeded rays’ upper
tolerance limit of 30°C
Mode

Consumption

Temp. scenario

Baseline
Warmer
Cooler

Temperature

Baseline
Warmer

Cooler

Movement
assumption
Thermal refuges
Thermal refuges
Restricted
Thermal refuges
Restricted

Model outputs
Bioenergetics

Matrix projection

Re-calibrated values of p
Also expressed as changes in
daily consumption

Thermal refuges
Thermal refuges
Restricted

Annual age-specific
survival

Thermal refuges
Restricted

Maturity and reproductive
output by age

Population growth rate
Stable
age-distribution
Reproductive values
by age
Elasticities

Mass (g ww)

maturity. We report the results of a single replicate
tions of the bioenergetics model predicted changes in
simulation because differences among replicates in
weight, and therefore changes in survival and repropredictions of weights-at-age were less than 2%
ductive rates. The matrix projection model extraamong all temperature scenarios. The matrix projecpolated these changes in survival and reproduction to
tion models were all deterministic so single predictions
the population level.
are reported.
The consumption effect simulations examined how
the age-specific values of p would have to change
under the altered temperature scenarios in order for
RESULTS
the rays to maintain the baseline (i.e. field-determined)
weights-at-age. We allowed the age-specific values of
Bioenergetics model
p to be re-estimated for each of the 4 altered temperature scenarios. Because values of p were allowed to
Model-predicted weights-at-age under baseline
change, predicted weights-at-age, and therefore surconditions closely matched the mean weights from a
vival and reproduction, were virtually identical to
Gompertz growth curve and individual measurements
baseline values.
derived from observed size-at-age data (Fig. 2, Neer &
For simulations in the temperature effect mode, we
Thompson 2005). This good fit was expected, as the
compared predicted weights-at-age, survival by age,
and reproduction (maturity and number
of pups per female) by age between the
40000
baseline scenario and the 4 altered
Individual model-predicted growth
under baseline conditions
temperature scenarios. For simulations
35000
Average model-predicted growth
in the consumption effect mode, we
under baseline conditions
30000
reported the percent changes in values
Growth curve predicted by the
25000
Gompertz growth model
of p by age between the altered temObserved size-at-age-data
perature and baseline conditions. We
20000
also expressed the changes in values
15000
of p as the corresponding changes in
10000
daily consumption rate (% body weight
[BW] d–1).
5000
We report the results from one of the
0
3 replicate simulations of the bioener10
25
0
5
15
20
getics model. Replicate simulations
Age (yr)
used different random number seFig. 2. Bioenergetics model predictions of average and individual weights-atquences that affected the stochastic
age for baseline conditions (calibration), compared with weights-at-age from
aspects of the bioenergetics model,
fitted Gompertz growth curve and individual measurements from field data.
Observed size-at-age data offset for clarity
including initial weights, survival, and
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values of p would need to be 1.4 to
3.8% greater than the baseline calibrated values (mean increase over all
ages of 2.8%) in order for rays to
achieve baseline weights-at-age under
Warmer
Cooler
warmer conditions; that is, cownose
Age
Baseline
Thermal
Restricted
Thermal
Restricted
rays would have to consume approxiRefuges
Refuges
mately 12.0% more BW d–1 (range over
1
0.000
0.000
0.000
0.000
0.000
ages: 10.4 to 13.0% BW d–1).
2
0.000
0.000
0.000
0.000
0.000
Under the restricted movement as3
0.000
0.000
0.000
0.000
0.000
sumption,
warming generated a larger
4
0.004
0.002
0.000
0.003
0.010
reduction in growth and greater de5
0.024
0.011
0.009
0.063
0.080
6
0.141
0.099
0.055
0.214
0.245
mands on consumption than under the
7
0.288
0.235
0.169
0.390
0.400
thermal refuges assumption (Fig. 3).
8
0.435
0.372
0.330
0.466
0.467
Weights-at-age predicted under the re9
0.474
0.440
0.423
0.485
0.489
stricted movement assumption aver10
0.495
0.480
0.472
0.497
0.492
11
0.496
0.495
0.487
0.498
0.496
aged 16.8% smaller (range: 11.5 to
12–25
0.496
0.500
0.492
0.496
0.496
19.4%) than baseline values. The new
calculated age-specific values of p averaged 5.2% higher (range: 4.1 to 6.7%)
Table 5. Predicted percent maturity by age for combinations of baseline, cooler,
and warmer scenarios with 2 alternative movement assumptions (thermal
than baseline values, meaning that rays
refuges vs. restricted). Predictions from bioenergetics model run in temp. effect
would need to consume about 11.7%
mode
more BW d–1 to achieve baseline
weights-at-age.
Warmer
Cooler
Using the thermal refuges assumpAge
Baseline
Thermal
Restricted
Thermal
Restricted
tion,
cooler temperatures resulted in
Refuges
Refuges
faster growth compared to the baseline
1
0.0
0.0
0.0
0.0
0.0
conditions (Fig. 3). Mean weights-at2
0.0
0.0
0.0
0.0
0.0
age increased by an average of 13.4%
3
0.0
0.0
0.0
0.0
0.0
(range: 6.9 to 16.4%) over baseline con4
0.8
0.4
0.0
0.5
1.9
ditions. Percent reductions in p-values
5
4.7
2.3
1.7
12.7
15.9
6
28.1
19.8
11.0
42.7
49.0
from baseline values averaged 3.7%
7
57.7
47.0
33.8
78.0
80.0
(range: 2.6 to 4.8%), meaning that rays
8
87.0
74.4
66.1
93.3
93.3
needed to consume an average of
9
94.7
88.0
84.6
96.9
97.7
12.7% less BW d–1 (range: 13.0 to
10
98.9
96.0
94.4
99.3
98.4
14.5%) to maintain baseline weights11
99.2
99.1
97.5
99.6
99.3
12–25
99.1
100.0
98.3
99.2
99.2
at-age.
Restricted movement produced simimodel was calibrated to these same data. Estimated
lar results as the thermal refuges assumption (Fig. 3).
values of p by age under baseline conditions increased
Weights-at-age increased by an average of 17.2%
with age and varied from 0.414 for age 1 yr to 0.828 for
(range: 10.4 to 20.2%). Age-specific p-values
age 25 yr. Age-specific annual survival ranged from 74
decreased an average of 4.4% (range: 3.3 to 5.3%),
to 95%, with an average annual survival over all age
meaning that rays would need to consume an average
classes of 90%. Predicted pup production and maturity
of 13.6% less BW d–1 (range: 13.0 to 14.5%) to achieve
were initiated at age 4 yr and reached their maximum
baseline weights-at-age.
values by about age 10 yr (Tables 4 & 5).
Changes in reproductive output by age predicted by
Under the thermal refuges assumption, fixing values
the bioenergetics model in the temperature effect
of p at baseline values (temperature effect mode)
mode varied among the temperature scenarios (Table
resulted in warming causing slowed growth when
4), and were caused by growth differences affecting
compared to the baseline scenario (Fig. 3). Agethe percent of individuals mature by a given age
specific average weights were between 4.8 and 11.2%
(Table 5). The most delayed maturity and lowest reprosmaller compared to baseline values; the overall averductive output was predicted under the slowest growth
age decrease in weight-at-age (averaged over all ages)
(i.e. warmer with restricted movement assumption),
was 9.6%. Allowing the values of p to be re-calibrated
while the earliest maturation and highest reproductive
(consumption effect mode) showed that age-specific
output was predicted for the fastest growth (i.e. cooler
Table 4. Predicted reproductive output (number of female pups per female) by
age for combinations of baseline, cooler, and warmer scenarios with 2 alternative movement assumptions (thermal refuges vs. restricted). Predictions from
bioenergetics model run in temp. effect mode
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Matrix projection model

Number of individuals surviving

Average mass (g ww)

The slowed growth of individuals under warmer temperatures, and associ20000
ated changes in reproduction and survival rates, resulted in slowed
15000
population growth rate, reduced reproductive rates, and longer generation
10000
times, while the faster individual
growth under cooler temperatures re5000
sulted in faster population growth rate,
increased reproductive rate, and
0
shorter generation time (Table 6). Instan0
5
10
15
20
25
taneous population growth rate was
Age (yr)
0.027 yr–1 for baseline, decreased under
Fig. 3. Predicted average weights of all individuals alive on April 30 of each year
warmer conditions to 0.012 yr–1 for therfor combinations of baseline, warmer, and cooler scenarios with 2 alternative
mal refuges and to 0.005 yr–1 for removement assumptions (thermal refuges vs. restricted). Predictions from bioenergetics model run in temp. effect mode
stricted movement, and increased under
cooler conditions to 0.043 yr–1 for thermal
refuges and to 0.046 yr–1 for restricted movement. The
with restricted movement). For example, reproductive
output and maturity at age 7 yr were 0.169 pups per
shortest generation time (11.4 yr) and the highest net refemale and 33.8% for the warmer with restricted
productive rate (1.73 females per female over her lifemovement assumption, and 0.4 pups per female and
time) was predicted for the fastest growth scenario (i.e.
80% for the cooler with restricted movement scenario.
cooler with restricted movement), while the longest genBaseline and the other 2 temperature scenarios genereration time (13.8 yr) and lowest net reproductive rate
ated reproductive output and maturity by age values
(1.07 females per female over her lifetime) was predicted
intermediate to these 2 extreme scenarios.
for the slowest growth scenario (i.e. warmer with reThe number of individuals surviving to each age prestricted movement assumption).
dicted by the bioenergetics model under the temperaStable age distributions showed little response to
ture effect mode was higher than baseline under the
altered temperatures (Fig. 5), and warmer and cooler
cooler scenarios and lower than baseline under the
conditions predicted relatively small shifts in the ages
warmer scenarios (Fig. 4). The largest differences in
of peak reproductive values (Fig. 6). The cooler temsurvival were predicted for the intermediate age
perature scenarios consistently had slightly greater
classes. Overall survivorship from birth to age 25 yr
proportions in the younger age classes than the stable
was 5.0% under baseline, ~4.5% for the warmer sceage distributions under the baseline and warmer scenarios, and ~6.0% for the cooler scenarios.
narios, but differences were very small in magnitude.
Under warming, lower survival and
1000
slower growth resulted in a somewhat
baseline
delayed peak in reproductive values
900
warmer with thermal refuges
compared to baseline (Fig. 6). The
800
warmer with restricted movement
higher survival and faster growth under
700
cooler conditions, particularly under
cooler with thermal refuges
600
restricted movement, resulted in reprocooler with restricted movement
ductive values with age that tended to
500
have broader and earlier peaks.
400
Age-specific and aggregated elastici300
ties to survival were larger than elastici200
ties related to fertility (Fig. 7). Elasticity
to survival for juvenile ages was greatest
100
for the cooler scenarios, intermediate for
0
baseline, and lowest for warmer scenar0
5
10
15
20
25
ios, and this pattern reversed for elasticAge (yr)
ity aggregated across mature ages. ElasFig. 4. Predicted survivorship curves for combinations of baseline, warmer, and
ticities to fertility were smaller than for
cooler scenarios with 2 alternative movement assumptions (thermal refuges vs. restricted). Predictions from bioenergetics model run in the temperature effect mode
survival, and differences among temper25000
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Table 6. Population growth rates (yr–1), net reproductive rate (females per female over her lifetime), and generation time (yr) calculated from matrix projection model for combinations of baseline, cooler, and warmer scenarios with 2 alternative movement assumptions (thermal refuges vs. restricted). Matrix models
configured from outputs of bioenergetics model run in temp. effect mode
Scenario

Movement
assumption

Finite
Instantaneous Net Generation
population
population
reprotime
growth
growth
ductive
rate
rate
rate

Baseline Thermal refuges

1.027

0.027

1.411

12.4

Warmer

Thermal refuges
Restricted

1.012
1.005

0.012
0.005

1.177
1.070

13.0
13.8

Thermal refuges
Restricted

1.044
1.047

0.043
0.046

1.696
1.731

11.8
11.4

Cooler

DISCUSSION

0.20
baseline

0.18

warmer with thermal refuges

Proportion

0.16

warmer with restricted movement

0.14

cooler with thermal refuges

0.12

cooler with restricted movement

0.10
0.08
0.06
0.04
0.02
0.00
5

10

15

20

25

Age (yr)
Fig. 5. Stable age distributions calculated from the matrix projection models for
combinations of baseline, warmer, and cooler scenarios with 2 alternative movement assumptions (thermal refuges vs. restricted)

4.0

Reproductive value

3.5

cooler with thermal refuges
cooler with restricted movement

warmer with thermal refuges
warmer with restricted movement
baseline

50% maturity

3.0
2.5
2.0
1.5
1.0
0.5
0.0
5

10

15

20

ature scenarios, while consistent with
elasticities to survival, were very small in
magnitude. Aggregated elasticities
were very similar among scenarios, with
elasticity to adult survival the highest
(~0.65), elasticity to juvenile survival intermediate (~0.25), and elasticity to fertility the lowest (~0.08).

25

Age (yr)
Fig. 6. Age-specific reproductive values calculated from the matrix projection
models for combinations of baseline, warmer, and cooler scenarios with 2 alternative movement assumptions (thermal refuges vs. restricted). Also shown: field
determination of 50% maturity

Our bioenergetics simulations in consumption mode suggested that realized
daily consumption rate would have to
significantly change under the different temperature scenarios and movement assumptions for simulated average weights-at-age to match historical
weights-at-age. Rays would need to
consume approximately 11% BW d–1
more energy over their entire lifetime
under warmer conditions to achieve
baseline weights-at-age. This would
imply that rays would have to alter their
foraging behavior to increase prey consumption, as shifts in diet are unlikely
because the caloric content of their
bivalve prey is already high. Whether
rays would be able to increase their
prey consumption in nature to compensate for the increased metabolic cost
incurred under warmer water temperatures is unknown. A decrease in consumption of similar magnitude (11 to
13% BW d–1) under the cooler scenarios
would be necessary for rays to achieve
their baseline weights-at-age.
Bioenergetics model simulations in
temperature effect mode suggested
that changes in individual cownose ray
growth rates in response to warmer and
cooler temperatures depended on
assumptions about ray movement. The
predicted decrease in weights-at-age
under warmer conditions for the restricted movement assumption (average of 16.8% over all ages) was almost
twice that predicted for the thermal
refuges assumption (average of 9.6%
over all ages). In contrast, under the
cooler temperature scenario, both the
restricted movement and thermal refuges assumptions predicted more similar increases in weights-at-age be-
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Elasticity

resilience, making even what appear to
be small changes in growth and population-level responses, such as our predictions, worthy of attention (Heppell et al.
1999, Rose et al. 2001, Cortés 2002).
Population growth rates of cownose
rays are more sensitive to variation in
age-specific survival rates than to agespecific fertility rates (Fig. 7). The
Fertility
importance of survival has also been
documented for other long-lived spe0
5
10
15
20
25
cies (Heppell et al. 1999). In our analyAge (yr)
sis, population growth rate was relaFig. 7. Age-specific elasticities of survival and fertility calculated from matrix protively insensitive to variation in fertility
jection models for combinations of baseline, warmer, and cooler scenarios with 2
rates. Frisk et al. (2002) examined the
alternative movement assumptions (thermal refuges vs. restricted). Solid lines =
demographics of 3 species of skates and
survival elasticities; dashed lines = fertility elasticities for each combination
suggested that for species with low
fecundity, a trade-off between somatic growth and
tween movement assumptions (17.2 and 13.4%, averreproductive output could cause population growth
aged over all ages). Matern et al. (2000) suggested that
rate to be insensitive to fertility. The insensitivity to ferbat rays Myliobatis californica behaviorally thertility of cownose rays relates to their very low fecundity
moregulated to maximize their feeding efficiency.
(one pup per litter and one litter per year) and the fact
They suggested that bat rays utilized warmer waters
that only small changes in fecundity are possible due
during the day to enhance their foraging and then used
to biological constraints, such as limited space availcooler waters at night to increase digestive times. Our
able for a female to carry any additional young.
results implied that, while warmer temperatures may
Aggregated elasticities indicated that population
provide a short-term advantage to certain behaviors
growth rate was most sensitive to variation in adult
such as foraging, warmer conditions would have a
survival. Evidence from other analyses of elasmonegative long-term (life time) effect whose magnitude
branchs appears contradictory over the importance of
would depend upon the movement abilities of the
juvenile survival versus mature adult survival. Frisk et
cownose rays.
al. (2002) reported that adult survival had the greatest
Differences in individual growth rates predicted by the
effect on population growth rate of the barndoor skate
bioenergetics model in temperature effect mode can be
Dipturus laevis and Mollet & Cailliet (2002) reported
expressed as population-level responses. The matrix
similar results for the pelagic stingray Dasyatis vioprojection models predicted that, under equilibrium conlacea. However, juvenile survival has been reported as
ditions (i.e. attainment of the stable age distribution),
having the greatest impact on population growth rate
slowed individual growth under warmer water temperfor sharks in a variety of studies (Heppell et al. 1999,
atures would translate into slowed population growth
Brewster-Geisz & Miller 2000, Cortés 2002). This shift
rate, decreased net reproductive rate, and longer generin importance from juvenile survival for sharks to adult
ation times (Table 6). Interestingly, predicted stable age
survival for batoids may be explained by differences in
distributions were similar among all temperature scenartheir life histories. Rays appear to reproduce at an earios (Fig. 5), and while reproductive values with age
lier age in relation to their longevity than many sharks,
showed some shifts under the temperature scenarios, inresulting in rays having a relatively shorter juvenile
termediate ages were always indicated as important
stage and a relatively longer adult stage (Martin &
(Fig. 6). Cooler temperatures would have the opposite efCailliet 1988, Neer & Cailliet 2001, Frisk et al. 2002). If
fect, suggesting that, at least according to our models,
rays generally had relatively longer adult stages than
cownose rays are near their thermal maximum.
sharks, this would act to amplify the importance of
Whether our predicted bioenergetics and population dytheir adult survival rates because individual age elasnamics changes have biological significance in nature is
ticities are summed to obtain single values for juvenot clear. Predicted responses based on our coupled
niles and for adults.
models would need to be viewed in the context of the
Additional measurements and laboratory experivariability generated by unmet assumptions (e.g. movements designed to estimate specific components of the
ment, equilibrium), uncertain parameter values, and
bioenergetics model would allow for increased accuvariation from the many other sources not included in the
racy and precision in bioenergetics model predictions.
models. The ‘K-strategy’ life history of cownose rays reValues of parameters related to specific dynamic
sults in a population with relatively low resistance and
0.10
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

Survival

baseline
baseline
warmer with thermal refuges
warmer with thermal refuges
cooler with thermal refuges
cooler with thermal refuges
warmer with restricted movement
warmer with restricted movement
cooler with restricted movement
cooler with restricted movement
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action, egestion, excretion, and the multiplier representing the metabolic cost of activity used in the
model, were all obtained from the literature. While the
estimate of specific dynamic action was experimentally
determined for another batoid, all the other parameter
values were based on experiments with sharks, not
rays. Error can be introduced by utilizing parameter
estimates from different taxa (Pepin & Miller 1993),
and this error could bias simulated growth results
(Bartell et al. 1986).
The assumption of a closed population and densityindependent growth, survival, and reproduction,
while common for demographic analysis, may not
hold true for cownose rays (Schwartz 1990, BrewsterGeisz & Miller 2000). Cownose rays are known to
undertake long-distance migrations (Schwartz 1990);
however, the details of these migrations within the
Gulf of Mexico are currently unknown. The metabolic
costs of migration were not explicitly incorporated
into our bioenergetics model. Should these costs be
significantly different (most likely greater) than the
metabolic cost of normal activity as presently represented in the bioenergetics model, the results presented here could change. Furthermore, changes in
species distribution may occur under altered temperatures (Hopkins & Cech 2003, Simpfendorfer & Heupel
2004). Despite the documentation of density-dependent regulation for a variety of teleost species (Rose et
al. 2001), very little empirical evidence exists to judge
the importance of density dependence in elasmobranchs (Sminkey & Musick 1995, Carlson & Baremore 2003). Shifts in age at maturity and juvenile survivorship are the most likely mechanism for
compensation in sharks, as most species have a limited capacity for increased fecundity due to physical
constraints (Cortés 2002).
Previous demographic analyses of elasmobranchs
have been conducted using life table and age-structured matrix projection approaches (Sminkey &
Musick 1996, Simpfendorfer 1999, Cortés 2002, Frisk
et al. 2002) or stage-based modeling (Brewster-Geisz &
Miller 2000, Frisk et al. 2002, Mollet & Cailliet 2002). In
the majority of these studies, age- or stage-specific survivorship, maturity, and fecundity had to be inferred
from a variety of sources and from information on other
species. Furthermore, natural mortality was often
assumed to be a constant, when in reality, mortality
rate is likely size-dependent (Sminkey & Musick 1996,
Cortés 1998, Simpfendorfer 1999, Frisk et al. 2002).
Our coupling of an individual-based bioenergetics
model with a matrix projection model offers a potentially powerful approach for relating how, with limited
to moderate information, changes in environmental
variables and habitat that affect individual growth can
be expressed as population-level responses.
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