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Metabolism should drive demography by determining the rates of
both biological work and resource demand. Long-standing “rules”
for how metabolism should covary with demography permeate
biology, from predicting the impacts of climate change to manag-
ing fisheries. Evidence for these rules is almost exclusively indirect
and in the form of among-species comparisons, while direct evi-
dence is exceptionally rare. In a manipulative field experiment on a
sessile marine invertebrate, we created experimental populations
that varied in population size (density) and metabolic rate, but not
body size. We then tested key theoretical predictions regarding
relationships between metabolism and demography by parame-
terizing population models with lifetime performance data from
our field experiment. We found that populations with higher me-
tabolisms had greater intrinsic rates of increase and lower carrying
capacities, in qualitative accordance with classic theory. We also
found important departures from theory—in particular, carrying
capacity declined less steeply than predicted, such that energy use
at equilibrium increased with metabolic rate, violating the long-
standing axiom of energy equivalence. Theory holds that energy
equivalence emerges because resource supply is assumed to
be independent of metabolic rate. We find this assumption to
be violated under real-world conditions, with potentially far-reaching
consequences for the management of biological systems.
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Metabolism is thought to drive demography by setting the
rate of biological work and resource consumption. For

instance, theory predicts that metabolic rate should determine a
population’s carrying capacity by setting per capita resource de-
mands (1–5). The idea that carrying capacity—the density at which
a population stops growing—is linked to metabolism has intuitive
appeal. Because higher metabolic rates are associated with higher
resource demands, a population’s carrying capacity (in terms of
number of individuals) should be inversely proportional to meta-
bolic rate (MR). In other words, carrying capacity (K) should scale
at an exponent of MR−1 (1, 3, 4). Similarly, because metabolism
powers the biological work of production and time to first re-
production, organisms with higher mass-specific metabolic rates
should be able to replicate themselves faster. Accordingly, theory
predicts that the rate at which populations grow should be pro-
portional to mass-specific metabolic rate—that is, the intrinsic rate
of increase (r) of populations should scale at an exponent of MR1

(6, 7). The idea that metabolic rate mechanistically determines
population processes is well accepted (5), providing an explana-
tion for biogeographical patterns and informing projections of the
impacts of global change (8). Yet empirical support for relation-
ships between metabolic rate and demography is largely indirect,
mostly in the form of among-species comparisons of organisms
that also differ in body size and temperature range. In contrast,
these relationships have rarely been tested directly within species.
Among species, metabolic rate strongly covaries with body

size, which in turn covaries with demography (2, 9). There is a
long history of studies that examine how body size covaries with
population density at equilibrium and whether this covariance
matches predictions from metabolic theory (1, 3, 8, 10). For

example, because larger species have higher absolute metabolic
rates, population density at carrying capacity should covary
negatively with body size—and among species, they often do
(1, 3, 8, 10). Furthermore, because metabolic rate scales hypo-
allometrically with body size (4, 11), larger species have lower
mass-specific metabolic rates, such that per unit body mass, larger
species have lower energy demands. Note that classic metabolic
theory focuses on resource use alone—factors such as predation
risk, while undoubtedly demographically important (12), do not
feature. Consequently, the total biomass of a population at car-
rying capacity should covary positively with body size (13, 14). For
example, because metabolic rate scales with body size at an ex-
ponent of around 0.75 in mammals (4), mammal population
density should scale with body size at −0.75, and total population
biomass should scale with body mass at around 0.25 (5). Mean-
while, the total energy consumption of a population at equilibrium
should be mass independent—that is, populations consisting of
individuals that differ in their mean body size (but share the same
cumulative biomass) should have equivalent energy consumption
rates, known as the “energy equivalence rule” (1, 3).
Among-species comparisons of mass and population density

have long been used as indirect (albeit compelling) evidence for
the negative relationship between energy consumption and
density (1, 3, 8, 10). Despite the often-remarkable congruence
between predicted and observed relationships between body size
and population density among species, these patterns do not
directly test the link between metabolic rate and demography.
Yet the energy equivalence rule and links between body size and
population processes are explicitly mechanistic—body size should
affect population processes because of differences in absolute and
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mass-specific metabolic rates. However, species of different body
sizes also differ in myriad other life-history traits such as growth,
longevity, and reproduction, all of which also affect demography
(2, 10). Thus, interspecific covariances between body size and
demography could be driven by metabolic rate but could also be
driven by other covarying factors (10, 15).
A more direct test of the link between metabolic rate and

demography is to manipulate metabolic rate within species, in-
dependently of body size. In a rare and elegant example, Bern-
hardt, Sunday, and O’Connor (16) manipulated metabolic rate
by growing phytoplankton under different thermal regimes.
Their results were consistent with theoretical expectations based
on the temperature-dependence of metabolic rate—population
density at carrying capacity decreased with increasing metabolic
rates at higher temperatures (refer also to ref. 17). While
strongly suggestive of a link between metabolic rate and de-
mography, other effects of temperature on biological processes
cannot be excluded. Few studies vary metabolic rate independently
of body size or temperature, particularly under field conditions.
We would argue that such tests are critical, given that alternative
hypotheses imply different expectations about how metabolic rate
should affect energy acquisition and demography (18–20).
Since its inception, discussions regarding the “energy equiva-

lence rule” and other metabolic theories at the population level
have focused on the special case in which the rate of resource
delivery into a population is assumed to be independent of
metabolic rate and body size (13, 21). On the other hand, studies
of individuals often find that metabolic rate affects access to
resources (18–20). The increased intake hypothesis posits that
because individuals with a higher metabolic rate have faster
physiologies, they may forage more voraciously or effectively,
such that they can extract more resources from their environ-
ment (12, 18–20). Thus, resource access could positively covary
with metabolic rate at the level of populations—a possibility that
contradicts the assumptions of energy equivalence—but too few
studies have explored the extent to which such covariance occurs,
particularly under field conditions.
In a manipulative field experiment, we tested theoretical

predications regarding metabolic rate and demography using the
sessile, filter-feeding marine bryozoan, Bugula neritina. We
generated 172 experimental populations that differed in pop-
ulation size (density) and per capita metabolic demands, while
holding mean body size constant (SI Appendix, Appendix S1).
We measured several performance components (i.e., survival,
growth, and reproduction) for all individuals (n = 1,028) in these
experimental populations across their entire lifetime. We then
parameterized integral projection models (IPMs) (22) with our
experimental data to determine how metabolic rate and pop-
ulation size alters the asymptotic growth rate (λ) of populations.
From these projections of λ, we were then able to estimate
several demographic parameters—intrinsic rate of increase (r),
carrying capacity (K), and total energy use at equilibrium (ΣE).
Consequently, our combined experimental and modeling ap-
proach allowed us to provide direct field estimates of the co-
variance between metabolic rate and fundamental parameters of
population dynamics predicted by classic metabolic theories.

Results
We found that the per capita mass-independent metabolic rate
(MI-MR; SI Appendix, Appendix S1) of our experimental pop-
ulations affected some but not all performance functions (vital
rates). Briefly, individuals in populations with higher metabolic
rates had similar rates of survival and organismal growth as in-
dividuals in populations with lower metabolic rates, but differed
in their timing of reproduction and reproductive outputs (SI Ap-
pendix, Appendix S2). In general, individuals in populations with
higher metabolic rates became reproductive sooner, and were
more fecund earlier in their lives, than those in populations with

lower metabolic rates. These differences in performance (SI Ap-
pendix, Appendix S2) resulted in systematic differences in the
ecological parameters of populations with different metabolic rates.
For example, we found that projections of asymptotic pop-

ulation growth rate (λ) depended on both population density and
metabolic rate (Fig. 1). Note that in all cases, values of λ were >1,
suggesting that our experimental populations did not reach carrying
capacity at either density explored (4 and 8 individuals per 25 cm2).
Although our manipulations did not reach carrying capacity, our
projections of λ show that density-dependence was operating in our
experiment, and most importantly, was metabolism specific (Fig.
1). At low population densities, λ increased nonlinearly with in-
creases in metabolic rate. In other words, populations with higher
metabolic rates grew disproportionately faster than those with
lower metabolic rates. In contrast, at high population densities, λ
showed a relatively shallower and linear increase with metabolic
rate. Overall, these results suggest that populations with higher
metabolic rates experienced density-dependence relatively more
strongly than populations with lower metabolic rates, as shown by
the increase in the difference between estimates of λ at low and
high densities as metabolic rate increases (Fig. 1).
Using estimates of λ from our IPMs, we estimated relation-

ships between metabolism and several key demographic pa-
rameters (see Materials and Methods for details). We found that
the intrinsic rate of increase (r) showed a steep nonlinear in-
crease with metabolic rate across much of the parameter space
explored. Thus, we found no evidence for a strictly proportional
increase in r with metabolic rate, in contrast to the predictions of
classic theory (Fig. 2A).
In contrast, carrying capacity (K) showed a concave relation-

ship with metabolic rate across the parameter space (Fig. 2B).
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Fig. 1. Projections of asymptotic population growth rate (λ) as a function of
metabolic rate and density (low density = green; high density = orange),
estimated from IPMs parameterized with our experimental data (SI Ap-
pendix, Appendix S3). Measures of metabolic rate are population-average
values of MI-MR—that is, the component of a metabolic phenotype that is
not determined by size. Positive values of MI-MR indicate a population that
is comprised of individuals with higher-than-average metabolic rates for
their size, and negative values indicate the converse (SI Appendix, Appendix
S1). Box plots show the distribution of population-level metabolic pheno-
types within each density treatment in our experiment.
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Carrying capacity initially increased with metabolic rate until a
local maximum was achieved (when MI-MR was ∼ −4) but then
declined nonlinearly with any further increase in metabolic rate.
While theory predicts a qualitative decline in K with metabolic
rate, it is important to note that this decline was shallower than
theory predicts (i.e., scaled at an exponent >−1) across much of
the parameter space and only approached the predicted scaling
exponent of −1 at relatively higher metabolic rates (i.e., values of
MI-MR between 7 and 13; Fig. 2B).
Finally, the total energy demands of our experimental pop-

ulations at carrying capacity (ΣE) showed a positive and asymp-
totic relationship with metabolic rate. Initially, energy demands
rose steeply and almost linearly with increases in metabolic
rate before beginning to plateau (at values of MI-MR > 0). As
such, total energy demands only resembled energy equivalency
(i.e., scaled at MR0) only at very high values of metabolic rate
(MI-MR >7 (Fig. 2C). Overall then, our results found qualified
support for the predicted theoretical relationships between
metabolic rate and demography across much of the parameter
space explored, but only quantitatively converged with theoretical
expectations when population-level metabolic rates were extremely
high (MI-MR > 7; Fig. 2).

Discussion
The role of energy and metabolism in shaping ecological patterns
and processes has a venerable history of investigation (4, 23–26),
yet remains controversial (15, 27)—perhaps because some core
principles have only been tested indirectly. We show experi-
mentally that demography is qualitatively affected by metabolic
rate in accordance with theory based on among-species patterns.
In general, populations with higher metabolic rates showed rel-
atively greater per generation population growth (r) and lower
carrying capacities (K). Yet we also found important deviations
from theory. Specifically, carrying capacity scaled less steeply
than theory predicts (i.e., at an exponent >−1) across much of
the parameter space. Consequently, total energy usage at equi-
librium was a positively asymptotic function of metabolic rate,
rather than being independent of metabolism (i.e., MR0) as
predicted by theory. Importantly, however, we found strong ev-
idence for energy equivalency when metabolic rates were rela-
tively high (Fig. 2). We suggest a critical assumption of classic
metabolic theory—the independence of metabolic rate and re-
source supply—can be violated under field conditions.
Qualitative patterns in key population parameters were con-

gruent with classic metabolic theory (6) across much of the pa-
rameter space—populations with higher metabolic rates had
relatively lower carrying capacities and higher intrinsic rates of
increase. This finding provides direct evidence for a link between
metabolism and demography and suggests that such correlations
at the interspecific level might also reflect a causal relationship
(1, 3). Higher metabolic rates allow for faster biological work, leading
to earlier and more reproduction (as reflected by the differences
in vital rates among populations; SI Appendix, Appendix S2) and
subsequent increases in the rate at which populations can grow
(6). Similarly, higher metabolism resulted in higher per capita
resource demands, such that carrying capacities tended to be
lower for higher metabolic rate populations. While more
manipulative studies are necessary, at this point it seems that
classic metabolic theory can predict population dynamics within
species, and that this extends beyond size- and temperature-
related trends.
Nevertheless, we observed two (related) departures from the-

oretical expectations: a concave relationship between metabolic
rate and carrying capacity; and a positively asymptotic relationship
between metabolic rate and total energy use at equilibrium (Fig.
2). We propose that these departures from classic theory can be
reconciled by incorporating perspectives from the increased intake
hypothesis (18–20)—that is, by considering that metabolic rate
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Fig. 2. Relationships between the average metabolic rate (as MI-MR) of our
experimental populations and the demographic parameters: (A) intrinsic
rate of increase (r), (B) carrying capacity (K), and (C) total energy use at
equilibrium (ΣE). Black lines show our empirical estimates; blue lines show
classic theoretical predictions. Note that our demographic estimates quan-
titatively depart from theoretical predictions across most of the parameter
space explored, with the exception of estimates of K and ΣE at very high
values of metabolic rate (MI-MR > 7; shown by the dotted gray line). Box
plot and data points in C show the distribution of population-level metabolic
phenotypes in our study.
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may affect both resource supply and acquisition. Classic metabolic
theory explores the special case of resource supply being inde-
pendent of metabolic rate—thus, any increase in metabolic rate
must be perfectly counterbalanced by a decrease in the density of
individuals (1, 3, 4). Meanwhile, the increased intake hypothesis
holds that resource acquisition positively covaries with metabolism
(refer also to ref. 12)—but the implications for population dy-
namics have not been formally explored.
Intuitively, one might expect that if resource supply increases

with metabolic rate, this could offset the increased resource de-
mands associated with populations with higher metabolic rates. As
such, K might decline less sharply than at an exponent of −1,
leading to an initial increase in total energy use as metabolism
increases. This is exactly what we observe—K shows a shallow
decline moving from low to higher metabolic rates (in fact, it in-
creases slightly at first), and so, total energy use increases with
metabolic rate in this region of parameter space (Fig. 2). Once
population-level metabolic rates become sufficiently high, how-
ever, any further increase in metabolic rate appears to increase
resource demand at a greater rate than resource supply—thus, the
total amount of energy being used by the population begins to
level off as predicted by theory (1, 3, 6). Although somewhat
speculative, this hypothesis seems reasonable—indeed, if we as-
sume a simple (but biologically realistic) asymptotic relationship
between metabolic rate and population-level access to resources,
we recover almost identical predictions for the relationships be-
tween metabolic rate, carrying capacity, and energy use as those
that we observe empirically (SI Appendix, Appendix S3).

Our hypothesis that metabolism drives resource supply and
demand to affect population demography appears most relevant
for sessile organisms (plants, fungi, and marine invertebrates)—
which comprise much of the life on earth in terms of both bio-
diversity and abundance. Thus, we suspect such dynamics are
likely widespread. In filter-feeding marine invertebrates such as
Bugula, initial increases in metabolic rate might increase resource
supply through more active filter feeding or greater disruption of
the benthic boundary layer in higher metabolic rate populations
(28, 29). Likewise, the plateauing of energy use as metabolic rates
become exceptionally high may occur because the flux of plank-
tonic food in the boundary layer is exhausted, such that further
increases in filtering activity yield no further gains in supply (30).
Meanwhile, in plants, metabolic rate can affect growth rates and
root biomass such that plants with higher metabolic rates may
access resources deeper in the soil than plants with lower meta-
bolic rates (and shallower root systems) (31). Under both scenar-
ios, we would expect total resource use to increase with metabolism
(at least at first), such that carrying capacities are likely to decline
less sharply with metabolic rate than classic theory predicts.
Although less immediately obvious, our results also have ap-

plicability to mobile organisms. For example, fish with higher
metabolic rates forage more voraciously than fish with lower
metabolic rates, potentially accessing more food from their en-
vironment (32). While mobile organisms can move and forage in
space, allowing them to access new resources, the area from
which they draw resources is not infinite. At higher spatial scales,
therefore, many of the differences between mobile and sessile
consumers collapse. We therefore suspect that in both groups
increases in metabolic rate are likely to increase resource access
by populations up to a point, but eventually any further increase
in metabolic rate (and thus resource demand) will exhaust the
local supply, such that carrying capacities should decline.
One important difference between sessile and mobile animals,

however, is the potential for metabolic rate, foraging, and pre-
dation to interact. In sessile systems (such as ours), predation
risk is most likely unrelated to feeding activity or metabolism, but
in mobile organisms, higher metabolisms can demand more forag-
ing activity, which also entails greater predation risk (12). Mean-
while, classic metabolic theories focus solely on resource demand

and ignore predation, yet these models predict demographic
patterns among mobile species, for whom predation is an issue (1,
3, 10). Given that these among-species comparisons often con-
found body size (which will also affect predation risk), it would be
interesting to disentangle whether metabolism affects predation
risk independently of body size within mobile species. Regardless,
we view our results as strong empirical support for the prescient
insight of Houston, McNamara, and Hutchinson (12) that me-
tabolism should affect access to resources. We suggest that the
assumption that resource access or supply is insensitive to meta-
bolic rate requires more attention, particularly given its potential
to drive covariances between metabolism and demography.
The capacity for metabolic rate to affect resource access is also

likely to vary among experimental approaches and could explain
variation among previous studies in providing support for theo-
retical predictions. For example, in contrast to our finding that
metabolic rate affects carrying capacity in a curvilinear fashion,
Bernhardt, Sunday, and O’Connor (16) showed that carrying
capacities scaled with metabolic demands (induced by higher
temperatures) in accordance with classic theory (i.e., at MR−1).
We suspect differences between our findings and those of
Bernhardt, Sunday, and O’Connor (16) arise because in their
study, resource supply was sensibly kept constant across tem-
perature treatments—thus, there was no scope for metabolic rate
to affect resource supply. In contrast, resource availability could
vary naturally in our field experiment—creating the potential for
metabolic rate to affect the rate at which populations deplete
resources. We thus predict that closed experimental systems—in
which resources are regulated—will show different patterns to
more open systems in which resources can covary with metabolic
rate. We look forward to further tests that directly examine how
metabolic rate affects resource access or supply, and the conse-
quences of such dynamics for demography in the field.
Overall, our results support a hybrid of the increased intake

hypothesis and energy equivalence, whereby the relative influ-
ence of metabolism on resource aquisition and demand, re-
spectively, shifts along a continuum depending on the metabolic
rate of the population. This finding contrasts consistent among-
species relationships between mass-specific metabolic rate and
population density in broad-scale comparisons (1, 3, 4, 8, 10).
However, such among-species patterns are not always observed
when examined across smaller body size ranges (5, 33, 34). We
hypothesize that these apparently contradictory patterns might
be reconciled by considering how resource availability varies at
different scales and how resource intake covaries with metabolic
rate. Energy equivalence may be observed across larger mass
ranges, because variation in resource access is small relative to
variation in mass-specific metabolic rates among species that
differ greatly in size. On the other hand, across smaller mass
ranges, variation in resource access might be greater than vari-
ation in mass-specific metabolic rates, limiting the ability to de-
tect energy equivalence. Integration of demand- and supply-
focused perspectives into metabolic theory has the potential to
reconcile the above observations. That carrying capacity is not
necessarily inversely proportional to metabolism has potentially
far-reaching consequences for predictions of climate change
impacts and the management of fisheries (35).

Materials and Methods
Study Species. B. neritina Linnaeus, 1758, is a colonial bryozoan common to
sessile marine communities worldwide. Growth occurs by the regular bud-
ding of zooids (individual subunits) at the colony tips to form symmetrically
branched, arborescent colonies (36, 37). Colonies filter-feed by actively
extracting phytoplankton from the water column. Importantly, this species
shows an approximate twofold variation in metabolic rate that can occur
independently of colony size (28, 29, 38–41), and is increasingly used as a
model for exploring the ecological consequences of metabolic rate in both
laboratory and field settings (28, 39).
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Field Collections. We conducted our experiments at the Royal Brighton Yacht
Club in Port Phillip Bay, Victoria, Australia, from April to October 2018. We
obtained colonies for ourmanipulations using standardmethods (42). Briefly,
we collected mature B. neritina colonies from the field and induced them to
spawn their brooded larvae in the laboratory with light shock after ∼24 h of
darkness (43). We settled the released larvae onto roughened A4 acetate
sheets (∼200 settlers per sheet), then deployed the settlers into the field by
attaching the acetate sheets to the undersides of eight polyvinyl chloride
(PVC) backing panels (57 × 57 × 0.6 cm; three acetate sheets per panel) that
hung 1 m below the water surface. We retrieved the acetate sheets after 2
wk in the field for use in our experiments. We maintained the acetate sheets
bearing experimental colonies in aerated tanks overnight at 19 °C to accli-
mate them to laboratory conditions.

Measuring Metabolic Rate. Prior to measuring metabolic rate, we cut indi-
vidual colonies from the acetate sheets (each colony remained attached to an
acetate square), and we removed epibionts and debris with a soft paintbrush.
We measured rate of oxygen consumption (V

.
O2) as a proxy for metabolic

rate. Briefly, we measured oxygen consumption with 24-channel sensor dish
readers (SDR2, Germany) and 24-chamber glass microplates (750 μl) fitted
with nonconsumptive O2 sensor spots (Loligo Systems, Denmark). The
24-chamber microplates were filled with sterilized, filtered (0.2 μm) seawa-
ter: 20 of these chambers received individual Bugula colonies; the remaining
four chambers received a small square of blank acetate (without a colony
attached) to control for microbial oxygen consumption. V

.
O2 measurements

were taken over 3 h in a dark, constant temperature room at 19 °C. We
calculated V

.
O2 from the rate of change in oxygen saturation from our traces

using local linear regression and the package LoLinR (44, 45). We converted
our measures of V

.
O2 (milliliters per hour) to metabolic rate (millijoules per

hour) with a calorific conversion factor of 20.08 J ml−1 O2 (46). We then
measured the body size (as number of zooids) of each colony using a dis-
secting microscope and converted our measures of absolute metabolic rate
to mass-independent values (SI Appendix, Appendix S1).

Experimental Design. To test whether metabolic rate alters demographic
parameters under field conditions, we created experimental populations that
differed in their per capita mass-independent metabolic rates (MI-MRs), as
well as population size (density). To create our experimental populations, we
glued our B. neritina colonies onto PVC plates (55 × 55 × 3 mm) at one of
two densities characteristic of those observed in the field (47): a “low-
density” treatment (4 individuals per 25 cm2); and a “high-density” treat-
ment (8 individuals per 25 cm2). We systematically assigned our B. neritina
colonies to our experimental populations to generate populations across a
continuous range of mean metabolic rates (low density: MI-MR range: −6.98
to 9.88; absolute MR range: 1.15 to 8.95 mJ h−1; high density: MI-MR
range: −6.83 to 12.59; absolute MR range: 1.08 to 23.21 mJ h−1; SI Appendix,
Fig. S1). Importantly, we ensured that within-population variance in meta-
bolic rates were constant across our treatments (low density: mean SD =
0.61; range in SD: 0.06 to 3.48; high density: mean SD = 0.61; range in SD:
0.09 to 3.25). We glued four blank acetate squares (without experimental
colonies) onto our low-density plates such that the number of acetate
squares were equal among our density treatments.
Field deployment and replication. We deployed our experimental populations
(plates) into the field by attaching them to PVC panels (up to 24 plates per
panel) as previously described. Due to logistical constraints, we processed a
single panel in the laboratory per day, such that the deployment of panels
into the field were staggered across a 2-wk period. In total, our experiment
consisted of 1,028 B. neritina colonies that we deployed across 172 plates
(our unit of replication) and eight backing panels.

Measuring Performance. We measured several performance components
(vital rates) for all B. neritina colonies in our experimental populations every
2 wks across their entire lifetime (April through October 2018).
Survival and growth.At each census, we scored the colonies as alive if they were
present on the plates and contained living zooids. Colonies that were absent
from the plates or did not contain living zooids were scored as dead and in the
latter case were removed from the plates. Values for survival were condi-
tional on survival in the previous census—any colony that had died in a
previous census received no value for survival (or any other performance
measure) at subsequent census times. We measured growth as the number
of times a living colony had branched (bifurcated)—a good proxy for colony
biomass (36).
Reproduction and fecundity. We scored reproduction as a binary response
variable that indicated whether external reproductive chambers (ovicells)
were present on each colony at each census (ovicells present = value of 1; no

ovicells = value of 0). Thus, we measured the onset of reproduction. We also
measured reproductive output (fecundity) as the number of ovicells present
on each colony at each census. Each ovicell houses a single embryo at a time,
which is brooded for 1 wk before being released into the plankton as a fully
competent, nonfeeding larva. Colonies use ovicells to brood embryos more
than once—thus measuring intact ovicells biweekly provides a good indi-
cation of lifetime reproductive output (38, 39, 41). Colonies that did not
reproduce (received a value of 0 for reproduction) at a given census received
no value for fecundity.
Offspring size. We measured the size of second-generation offspring (larvae)
produced by our experimental populations after 16 wk in the field (when
fecundity was highest). To do this, we spawned each of our experimental
populations (plates) in separate containers of seawater as previously de-
scribed. We collected all larvae released by these populations and fixed them
in vials containing 3.5% formalin–seawater solution—these are methods
that do not distort larval size (43). We measured the length (micrometers) of
∼50 randomly selected larvae from each population from photographs
taken at 100× magnification, and converted larval length to larval mass
(micrograms) using an equation that describes this relationship (48).

Modeling Approach. To explore how metabolic rate and population density
affect asymptotic population growth rate (λ), we parameterized single-sex,
deterministic IPMs with our experimental data (22). While B. neritina colonies
are simultaneous hermaphrodites, we only consider female performance here.
The model. For each population density, we constructed a size- and age-
structured IPM (42, 49):

n(z’, a, t + 1) = ∑
a

∫ [D(z’|z, a, ym,Nb)M(z, a, ym,Nb)B(z, a, ym,Nb)n(z, a, t)]dz
[1]

n(z’, a + 1, t + 1) = ∫ [G(z’|z, a, ym,Nb)S(z, a, ym,Nb)n(z, a, t)]dz. [2]

Wemodeled the continuous trait for size, z, as the number of bifurcations on
our colonies, which produced a linear growth curve over the course of our
study (SI Appendix, Appendix S2 and Fig. S3). Importantly, because B. ner-
itina grows via the regular addition of zooids between each bifurcation
(colony branch), colony mass scales in direct proportion to bifurcations on a
log2 scale (36). In our models, the first equation deals with new settlers, and
the second equation deals with the survival and growth of the colonies. Our
models are thus multigenerational—individuals reproduce and recruit into
the populations, but we do not model the dispersal of offspring outside
their natal environment, nor their planktonic mortality.

D(z’|z, ym,a,Nb) is the conditional probability density function that de-
scribes the distribution of offspring sizes, z’, produced by parental colonies
of size z at time t + 1. a is the experimental age class, ym is the average mass-
independent metabolic rate of our experimental populations, and Nb is the
number of B. neritina colonies (density) within our experimental pop-
ulations. For this function, we modeled the Gaussian distribution of off-
spring sizes (mean = 0.0144 mg ± 0.0017 SD) observed for second-generation
offspring, which was independent of parental size and age, as well as the
metabolic rate and density of our experimental populations (SI Appendix,
Appendix S2 and Table S2).M(z, a, ym,Nb) is a continuous function describing
the mean number of offspring produced by an individual with colony size z
and of experimental age a given the mean metabolic rate ym, and initial
density Nb of the population. S(z, a, ym,Nb) and B(z, a, ym,Nb) are continuous
functions that describe the probability of an individual with colony size z
and experimental age a at the beginning of the interval surviving and
reproducing at the end of the interval, respectively, as a function of pop-
ulation mean metabolic rate and initial population density. G(z’|z, a, yb,Nb)
is the Gaussian probability density function describing transitions from col-
ony size z at time t to colony size z’ at time t + 1 among survivors as a
function of experimental age, metabolic rate, and initial population density.

n(z, t) is the distribution of colony sizes at time t such that N(t) = ∫ y
xn(z, t)dz

is the number of individuals between size z and y. We note that ym and Nb

are experimental factors that we manipulated and are not dynamic in our
model. As such, we use our IPMs to estimate asymptotic population growth
rates (λ) across the range of population-level metabolic rates and two
population densities used in our experimental manipulations. Our IPMs are
thus not density-dependent models—that is, our models are not informed
by changes in population density throughout the course of the experiment.
Parameterizing the IPMs with our experimental data. To estimate the demo-
graphic functions (vital rates) required to parameterize the IPMs, we used
generalized linearmodels on our experimental data (SI Appendix, Appendix S2).
For numerical solutions of the IPMs, we approximate the integro-difference
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equation describing the per-time step dynamics with an age- and size-
structured matrix, using the midpoint rule for numerical integration (22, 50).
The sizes of our B. neritina colonies were split into 100 classes that ranged
from −2 to 22 bifurcations, and model projections were checked to ensure
there was no eviction from the model (51). Colonies rarely grow larger than 22
bifurcations in our study population and never obtained sizes larger than this in
our experiment.

As per standard practice, we calculated the asymptotic population growth
rate (λ) at equilibrium as the dominant right eigenvectors from our IPMs
across our range of metabolic rates. We note that this definition of equi-
librium describes when the models had reached a stable population struc-
ture and constant population growth rate (52) but does not imply that our
experimental populations had reached a constant population size (carrying
capacity).
Estimating demographic parameters. In an IPM framework, population param-
eters such as r and K could be directly estimated from a density-dependent
model. Our experiments precluded such an approach for two main reasons:
1) our density manipulations only included two levels, and 2) mortality
within our experimental populations was extremely low (SI Appendix, Ap-
pendix S2), such that densities did not substantially deviate from their initial
starting values. To make our IPM density-dependent would thus require
extrapolating each vital rate function far beyond our experimental data
range (i.e., beyond our two densities), resulting in the substantial propagation
of error.

Given the above limitations, we used a two-step approach to estimate
relationships between metabolic rate and the demographic parameters of
interest. First, as already described, we used our IPMs to integrate the effects
of metabolism and initial population density on our experimental mea-
sures of performance (vital rates) over time; thus, we obtained reliable es-
timates of λ across the data range explored. Next, we used these projections
of λ from our IPMs to parameterize a Ricker model (53) to obtain estimates
of r and K:

Nt+1 = Nte
r0(1−Nt

K ) [3]

Nt+1
Nt

= er0(1−Nt
K ), [4]

where r0 is the intrinsic rate of increase, Nt is population density, K is carrying

capacity, and λ = Nt+1
Nt

, such that:

λ = ero(1− Nt
K ). [5]

Importantly, a Rickermodel provides the best description of density-dependent
dynamics in our system (47). Note that although the Ricker model is an

unstructured model (53), because we parameterized this model with our es-
timates of λ from our IPMs, our estimates of both r and K are informed by our
vital rate functions and the underlying size- and age-structure in our
experimental data.

Rearranging Eq. 5, we estimated carrying capacity for populations with a
given metabolic rate, Km, by solving simultaneous equations using our es-
timates of λm at low and high density [where Nt(low) and Nt(high) = 4 and 8
individuals, respectively]:

lnλ = ro(1 − Nt

K
) [6]

ro = lnλ

1 − Nt
K

[7]

lnλm(low)(1 − Nt(high)
Km

) = lnλm(high)(1 − Nt(low)
Km

) [8]

Km = −Nt(low)lnλm(high) + Nt(high)lnλm(low)
lnλm(low) − lnλm(high)

. [9]

Importantly then, our two-step approach allowed us to make inferences
within the data range that we explored experimentally, but we acknowl-
edge that an alternative (and more sophisticated) approach would involve
manipulations of population-level metabolic rates across a continuous range
of population densities (which we did not do here), coupled with explora-
tions of relationships between metabolism and demography via a density-
dependent IPM.

From our estimates of Km, we then solved Eq. 7 to estimate r0m—that is,
the intrinsic rate of increase for a population of a given metabolic rate. Finally,
we estimated the total energy demands of our experimental populations at
equilibrium (ΣEm) by multiplying our values of Km by the equation that de-
scribes the (average) relationship between mass-independent and absolute
metabolic rates (SI Appendix, Appendix S1) to project energetic demands in
millijoules per hour.

Data Availability.Quantitative data have been deposited in Dryad (https://doi.
org/10.5061/dryad.vhhmgqntv) (54).
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