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Marine fisheries are an essential component of global food security,
but many are close to their limits and some are overfished. The
models that guide themanagement of these fisheries almost always
assume reproduction is proportional to mass (isometry), when
fecundity generally increases disproportionately to mass (hyper-
allometry). Judged against several management reference points,
we show that assuming isometry overestimates the replenishment
potential of exploited fish stocks by 22% (range: 2% to 78%) for
32 of the world’s largest fisheries, risking systematic overharvest-
ing. We calculate that target catches based on assumptions of
isometry are more than double those based on assumptions of
hyperallometry for most species, such that common reference points
are set twice as high as they should be to maintain the target level of
replenishment. We also show that hyperallometric reproduction pro-
vides opportunities for increasing the efficacy of tools that are un-
derused in standard fisheries management, such as protected areas
or harvest slot limits. Adopting management strategies that con-
serve large, hyperfecund fish may, in some instances, result in higher
yields relative to traditional approaches. We recommend that future
assessment of reference points and quotas include reproductive
hyperallometry unless there is clear evidence that it does not occur
in that species.
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Humans rely on fish for protein and micronutrients, and sea-
food consumption continues to grow. Seafood is generally

less environmentally destructive than other animal protein sources
(1), and global consumption of seafood is projected to increase to
180 million tons in the next 10 y (2). However, the global catch of
wild-caught seafood has plateaued despite increasing effort and
improved technology (3), and many fisheries are at or beyond their
limit (4). More than a third of fisheries for which there are stock
assessment data are overfished, and another third are exploited
at maximum levels (5). Increasingly, active management can and
does successfully rebuild once-depleted stocks (6, 7), but in some
cases, actively managed fisheries can still suffer declines (8). Partly
offsetting the limits set by capture fisheries, aquaculture has ex-
panded massively to meet rising seafood demands, but aquaculture
is not without its own inherent limits (2, 9). Recently discovered
widespread patterns in fish reproductive biology present new chal-
lenges but also novel opportunities to balance management and
conservation in capture fisheries.
A meta-analysis of over 300 marine fish species (10) revealed

that for 95% of species studied, fish reproductive output scaled
disproportionately with individual fish mass. That is, a doubling
of mass of an individual fish more than doubles its reproductive
output. While this pattern may seem innocuous, it contradicts a
fundamental assumption present in most models that fisheries
managers use to determine exploitation levels (11, 12). For 32 of
the world’s largest fisheries (each more than 100,000 tons caught
per annum, totaling around a third of global catch; SI Appendix,
Table S1), almost all (95%) of the stock assessment models used

to set target catches assume that fecundity is isometric, that is,
strictly proportional to fish mass (SI Appendix, Table S1). In
other words, the key tools used to manage fisheries and set catches
assume that the total mass of reproductive fish determines the
total egg production of the population, regardless of the size struc-
ture in that population. However, when reproduction scales hyper-
allometrically, assuming isometry will systematically overestimate the
reproductive output of populations of smaller fish relative to pop-
ulations of larger fish of the same total mass. While others have
noted this may be an issue (13), in practice, the overwhelming ma-
jority of contemporary stock assessments for these large fisheries rely
on total spawner biomass alone, either as a reference point or during
the assessment process to estimate other reference points (e.g., the
fishing mortality rate that maximizes yield, FMSY) or both (SI Ap-
pendix, Table S1).
Fishing alters the size distribution of fished populations (14)

such that reproductive hyperallometry matters. An inevitable con-
sequence of increasing mortality (whether it be natural or fishing
mortality) is that fish are less likely to reach an older age, such that
the largest members of the population are rarer in exploited stocks
(15). Fishing therefore reduces the average age and size of in-
dividuals in a population, and standard yield models suggest
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optimal exploitation is achieved by letting the fish grow until an
optimal age and then harvesting them intensively (16). What is
overlooked is that the standard assumption of isometry in fe-
cundity systematically underestimates the loss of egg production
caused by the loss of larger fish (17).
We examined how two standard management reference points

(population parameters used to guide management decisions),
spawning potential ratio (SPR; SI Appendix, Fig. S1) and maxi-
mum sustainable yield (MSY), change when reproductive hyper-
allometry is incorporated. SPR and MSY are used as reference
points for almost every fishery considered here (SI Appendix,
Table S1). In essence, we estimate egg production the same way
as standard modeling approaches but we couple size-frequency
distributions to estimates of reproductive scaling to create a
more accurate estimate of egg production. Although the idea of
protecting the natural size and age structure has been raised
before (see ref. 12 for a review), the relative importance of hyper-
allometry in fecundity has not been formally assessed across a
range of stocks. We modeled how species-specific estimates (SI
Appendix, Table S2) of hyperallometric scaling alter standard
fisheries-management benchmarks of the world’s 32 major fish-
eries relative to making the traditional assumption of reproductive
isometry.
First, we consider the SPR as a reference point, which is the

ratio of the egg production of an exploited population to the egg
production that would occur in the absence of exploitation. We
found that SPR is by far the most common reference point in
fisheries management, even for relatively high-information stocks
(SI Appendix, Table S1), but it does not explicitly consider density-
dependent recruitment. Thus, second, we consider MSY, a less
commonly used reference point (SI Appendix, Table S1) but one
that incorporates density-dependent recruitment via either as-
suming or estimating “steepness,” which is the fraction of unf-
ished recruitment when the spawning biomass is reduced to 20%
of its unfished size (18). Higher steepness values imply stronger
density dependence. Calculating MSY requires more parameters
and constitutes an internationally agreed-upon management ob-
jective if the aim is to achieve highly productive fisheries in terms
of yield. SPR and MSY, and variants of them, are used to inform
target removals of almost all the world’s managed stocks, and in
practice, these reference points almost always assume reproduc-
tive isometry (SI Appendix, Table S1).

We find the assumption of reproductive isometry results in
systematic overestimates of population replenishment potential,
such that removal-based reference points are inadvertently too
high (see Results). Fortunately, the solution to this problem is as
simple as estimating the degree of hyperallometry in a species’
reproductive output—these analyses have often been done for
commercially harvested species (SI Appendix, Table S2 and Fig.
S2)—and altering the exponent of the reproductive relationship
in the stock-assessment model. Next, we explored how incor-
porating reproductive hyperallometry changes the predicted
benefits of alternative management approaches that seek to
maintain reservoirs of larger females in the population and choose
two possible tools: spatiotemporal closures (STCs) and harvest
slots (HSs).
STCs, in which fishing is excluded from specific areas or times,

are one way to maintain larger-sized fish within a metapopulation.
Well-enforced STCs allow some fish to avoid fishing mortality
and continue to grow such that, on average, STCs generate fish
that are around twice the mass of fish outside the STC (19, 20).
An often-cited benefit for fisheries is that recruits produced by
spawners within STCs will replenish exploited populations out-
side protected areas (21). Indeed, dispersing larvae from STCs
can enhance replenishment up to 185 km away [though typical
estimates are around 18 to 30 km (22–24)]. Twenty years ago,
theory suggested that STCs could be as effective at managing
exploited fished populations (at least, in terms of numerical yield)

as traditional fisheries approaches that control fishing mortality
directly, such as through quotas (25), but the effects of repro-
ductive hyperallometry were not considered. We compare two
types of STC: one where the closure is permanent and unmoving
in space (i.e., akin to a standard no-take marine protected area),
the other where the closure is temporary (we chose illustrative
periods of 5 and 10 y) and moves through space at the end of
every period, creating what is known as rotating harvest. Both
approaches mimic current management tools and either may be
more appropriate depending on social-ecological context. We
augmented standard models of catch restriction (the setting of
maximum catch by fishers) and STC-managed fisheries to include
hyperallometric reproduction and size-dependent natural mortal-
ity, another key biological dimension that is often disregarded in
fisheries-management models given the difficulty in estimating it
precisely under fished conditions (see Methods). We solved these
models to maximize yield of biomass, rather than numbers; we
refer to the solution as the optimal STC approach.
The use of STCs as a fisheries-management tool remains con-

tentious, and the traditional approach of limiting catch remains
the dominant tool (26, 27). HSs, in which there are maximum and
minimum limits to the size of fish that can be taken (28) rather
than the standard approach of minimum-length limits, are an-
other way of maintaining larger-sized fish within a population.
Some gear types produce natural HSs, such as gill nets with lower
and upper bounds on mesh sizes. We therefore also examined
the possible value of HSs in achieving optimal catch when re-
production is hyperallometric. Although HSs are less utilized in
commercial fisheries, the regulation may work well in small-scale
commercial or recreational fisheries. We thus include HSs here
to highlight their potential value more broadly.

Results
We compared models that use standard assumptions of repro-
ductive isometry to those that use the scaling exponents appro-
priate to each species (see SI Appendix, Fig. S1 for an illustration).
We find that assuming reproductive isometry systematically un-
derestimates the contribution of larger individuals to egg pro-
duction, and even though they are rare, large fish make very strong
contributions to total egg production (SI Appendix, Table S2). For
example, assuming a fishing mortality of 0.2 for yellowfin tuna
Thunnus albacares (a species with moderate reproductive hyper-
allometry), fish older than 3 y in a fished population will constitute
only around 7% of the population. Under the (incorrect) as-
sumption of isometry, these older fish are still responsible for
roughly 58% of total egg production. Yet, under the assumption
of hyperallometry, these same rather rare fish are responsible for
68% of total egg production. For species with more extreme
hyperallometry (e.g., the European pilchard Sardinops sagax),
the error introduced by assuming isometry in egg production is
exacerbated: older (>3 y) fish are predicted to produce only 30%
of eggs under isometry but 97% of eggs after accounting for
hyperallometry.
The systematic underestimation of the contribution of larger

individuals introduced by assuming reproductive isometry results
in the systematic overestimation of spawning potential of fished
stocks relative to virgin stocks (the SPR). In our analysis for 32
exploited stocks, the intended SPR calculated under the assump-
tion of isometry was found to be 22% higher on average than the
actual SPR based on hyperallometry, but there was significant
variation from species to species (3% to 78%; SI Appendix, Table
S2). We found the degree to which assuming isometry over-
estimated SPR increasing with reproductive scaling. For example,
SPR estimates for Euthynnus affinis, with relatively low repro-
ductive scaling, were barely different from each other (∼3% dif-
ference) regardless of whether isometry or hyperallometry was
assumed, whereas S. sagax with its very steep reproductive scaling
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resulted in large discrepancies (∼78%) between the intended
SPR under isometry and the actual SPR under hyperallometry.
The misestimation of spawning potential due to assuming re-

productive isometry leads to management reference points being
set too high relative to when hyperallometry is accounted for (SI
Appendix, Table S2). Using SPR as a reference point, simulating
replenishment in a model under reproductive isometry resulted
in target catches that were ∼2.7 times higher, on average, than what
they would be based on reproductive hyperallometry (Fig. 1A). Using
MSY as a reference point and incorporating a density-dependent
stock-recruitment relationship (SRR), we find that assuming
reproductive isometry results in reference points that are around
30% higher than they should be once reproductive hyperallometry
is incorporated (Fig. 1B). The relationship between reproductive
scaling and the degree to which target catches are set too high is
more variable using this reference point because other elements
(e.g., steepness) affect MSY calculations.
Comparing STCs and catch-restriction management with hyper-

allometric reproduction, the biomass yields of optimal STCs always
exceeded those based on optimal catch-restriction management
(Fig. 2 shows results assuming steepness = 0.7; see SI Appendix,
Table S3 for other steepnesses). The yield benefits of STCs were
found to be particularly pronounced for species with “slow” life
histories (i.e., low natural mortality, slow growth) and relatively
high reproductive scaling exponents. For example, for Atlantic
cod Gadus morhua, yields were predicted to be 1.92 times higher
using STCs rather than traditional quota-based management. By
contrast, for species with very fast life histories, there is little to
no benefit of management by STC relative to traditional man-
agement (Fig. 2). Yields from optimal STCs exceeded that of
catch restriction by an average of 30% for 32 of the world’s major
fisheries. Permanent, static closures outperformed temporary,
mobile closures, and longer closures outperformed shorter clo-
sures (SI Appendix, Table S3). However, the differences between
STCs of varying duration were trivial for some species, particu-
larly those with fast life histories (SI Appendix, Table S3). For
species with slow life histories, major benefits of STCs only
emerged over closure periods of 10 y relative to 5 y (SI Appendix,
Table S3). These dynamics suggest that STCs must be relatively
long lasting to provide major benefits relative to traditional catch
restriction management. Note the benefits of STCs emerged
in our models under the realistic assumption that fishing effort
was displaced to unprotected sites, increasing fishing pressure
elsewhere.
When we modeled management using HSs and incorporated

reproductive hyperallometry, we again found the benefits of HS
relative to traditional management were species specific (Fig. 3).
Management by an HS always improved catch in terms of number
of fish caught [a mean increase of 9%, similar to previous studies
(28, 29)] but only improved biomass yields by around 2% on av-
erage, and even then, HSs were only superior to traditional (mini-
mum length limit only) approaches when scaling exponents for the
mass-fecundity relationship were relatively high (29): Reproductive
scaling exponents above 1.6 yielded biomass benefits of the HSs
relative to traditional management using minimum-landing sizes,
and for very high reproductive scaling exponents (e.g., 3+), the
benefits of HS can exceed 25%.

Discussion
For 32 of the world’s largest fisheries, reproductive isometry is
usually assumed when setting reference points. We show that this
assumption introduces systematically overoptimistic predictions
of egg production and population replenishment in fished pop-
ulations because it underestimates the impact of removing larger
females from the population. Consequently, recommended catches
based on such modeling results in levels of population replen-
ishment that are less than intended. The level of bias introduced
by assuming reproductive isometry increases with the actual

reproductive exponent of that particular species. Applying the
global average for reproductive exponents (1.18) from ref. 10 to
the rest of the world’s fisheries suggests that SPR-based fishing
mortality reference points are around twice what is intended.
The average value of the exponent in ref. 10 likely represents the
lower bound of reproductive scaling for most species because it is
based on batch fecundity alone, not absolute fecundity, which is
likely to have an even greater exponent (30) and is the parameter
of interest when calculating management thresholds (30). In
other words, simply to achieve the target level of egg production

B

A

Fig. 1. Relationship between reproductive scaling and mismatch between
target harvest and actual reference point when reproductive hyperallometry
is included for 32 of the world’s major fisheries (each dot represents a spe-
cies). All values fall below the horizontal dashed line, indicating that refer-
ence points currently exceed intended target levels once reproductive
hyperallometry is incorporated. (A) Estimates based on SPR with no as-
sumptions about recruitment. The red circle represents the average repro-
ductive scaling for marine fishes. (B) Estimates based on MSY. Shading
indicates different assumptions about steepness (the relationship between
egg production and recruitment [see Methods for details]).
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from the population that is intended (31), fishing mortality would
need to be more than halved, at least initially. This systematic
error could help to explain why some stocks have collapsed despite
active management (12). Beverton and Holt cautioned against
assuming reproductive isometry over 60 y ago (32), and there
have been repeated suggestions since then (11, 33). However,
effectively incorporating reproductive hyperallometry necessi-
tates more information about stock size structure, which may
have impeded its widespread adoption. Researchers and man-
agers may have also undervalued the relevance of even small
changes in the exponent of the mass-fecundity relationship and
opted for the easier assumption of isometry instead. Given our
results here, we suggest future stock assessments include repro-
ductive hyperallometry wherever possible and, in the absence of
species-specific reproductive scaling estimates, an exponent of
1.18 for the mass-fecundity relationship be used as a default
rather than 1, as is presently the case in most stocks.
Here, we focus on egg production—we do not consider the

effects of maternal size on the quality of eggs or recruits. Larger
mothers tend to produce larger offspring that may have a greater
chance of recruiting or coping with intraspecific competition than
the offspring of smaller mothers (13, 34). When larger mothers do
produce offspring of greater quality, these effects will enhance the
effects of hyperallometric egg production. Likewise, we do not
consider spawning duration, though recent reviews suggest that
larger mothers may spawn for a greater proportion of the season
(30)—again, this effect of female size would exacerbate the
consequences of ignoring reproductive hyperallometry.
While we always found that assuming isometry introduces over-

estimates reference points, the magnitude of the overestimate de-
pends on the reference point (SPR versus MSY) that is used. The
consequences of assuming reproductive isometry using SPR as a
reference point are more severe than when MSY is used as a ref-
erence point because MSY approaches assume or include density-
dependent recruitment effects, which tend to dampen recruitment
when populations are at a higher density, particularly when high
values of steepness are assumed (Fig. 1B). Thus, the reference
points differ systematically in their sensitivity to misestimating
the reproductive output of a population. Yet, SPR remains
overwhelmingly the most common reference point in the fish-
eries we considered, so we would argue our findings for SPR are
the most relevant for contemporary management (SI Appendix,
Table S1).

Our results are compatible with the observation that many
stocks are stable or even increasing in managed fisheries. Har-
vest levels that are around or even above the MSY still allow a
population to persist, even if that threshold is inadvertently higher
than the intended goal and biomasses are lower than at MSY (16).
Instead, our results suggest that harvest rates set assuming isom-
etry may be set higher than they should be to maximize either
long-term yield or facilitate recovery. Setting harvest levels higher
than optimal would then cost yield. Consequently, reductions in
the short term may be necessary to bring removals into line with
the intended reference points. Such reductions could have nega-
tive repercussions in the short term for both food security and the
economy but will yield positive benefits in the long term. Impor-
tantly, reproductive hyperallometry provides opportunities for
improving long-term catches relative to current practices.
Incorporating hyperallometric reproduction recalibrates the

estimation of how different management approaches affect the
replenishment potential of a population. We find that the reduc-
tion in catch necessary to properly account for hyperallometric
reproduction could be partly offset by implementing STC-based
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management for certain species. Because STCs create a reservoir
of larger fish, under hyperallometry, their contribution to pop-
ulation replenishment is far higher than was previously calcu-
lated. Summed across all the fisheries considered here and based
on simple ex-vessel prices, STC-driven offsets could amount to
millions of tons per annum and billions in additional revenue
relative to traditional effort-control approaches. For species with
slow life histories, the benefit of STC management is particularly
high—for Atlantic cod, switching to an STC approach is pre-
dicted to increase long-term catch by ∼90% relative to the cur-
rent management strategy.
Our models suggest that STCs may be an underestimated tool

for fisheries management when reproduction is hyperallometric,
but they are contentious. The use of STCs has long been focused
on coastal habitats and species with limited adult dispersal, but
increasingly, the role of STCs in the open ocean (so-called “Blue
Water MPAs”) and migratory species is being considered (35, 36).
We therefore include a consideration of STCs for all species re-
gardless of life history, habitat, or adult dispersal for completeness
and in recognition of the fact that STCs may be more applicable
than has been appreciated previously. Nevertheless, in some in-
stances, STCs will likely be impractical and instead, HS might be a
more useful alternative.
We found that the costs or benefits of HS relative to tradi-

tional approaches of minimum-size limits varied from species to
species. For species with reproduction roughly proportional to
mass, HS approaches often decreased biomass yields relative to
traditional approaches (29, 37). Nevertheless, nontrivial gains
are associated with HS relative to traditional size-based man-
agement for some species (e.g., big eye tuna, Thunnus obesus,
catch in biomass increases by ∼5% worth ∼$34 million p.a.). In
fisheries where numerical yield generates more benefits than bio-
mass yield (e.g., for some recreational fisheries), HS generally
promise to outperform minimum-length limits. Because HS may
be impractical for commercial fisheries with significant discard
mortality (e.g., trawling) or small-bodied targets (e.g., clupeids),
their benefits may best be realized for stocks that are primarily
targets of recreational anglers (37) or small-scale fisheries op-
erating with gill nets or traps, such as many fisheries in coastal
areas. Importantly, small-scale commercial fisheries and recrea-
tional fisheries constitute key sources of fish mortality in many
areas of the world (37). Relative to industrial fisheries, these
fisheries may be more amenable to HSs because most gear types
used in small-scale fisheries either can tailor size selectivity directly
on intermediate sizes (e.g., gill nets with minimum and maximum
mesh sizes) or they allow the release of too small or too large by-
catch in proper condition, allowing survival post release (e.g., fish
from fyke nets or angling gear). While we explored two specific
approaches (STCs and HSs), hyperallometric reproduction means
that any strategy that protects and retains larger fish in a pop-
ulation despite intensive fishing should generate a dispropor-
tionate dividend for the total egg production of the population
and, to some extent within limits set by density dependence, its
replenishment.
Our results are based on a number of simplifying assumptions

(for sensitivity analyses, see SI Appendix, Table S3). For example,
in the STC models, we assume that adults move very little rel-
ative to the size of closed areas and that larval fish can move very
far, so that closures can replenish fishing grounds from a great
distance. These assumptions are reasonable (22–24) but are un-
likely to be met for some species (38). Furthermore, we also as-
sume no discard mortality in the HS models, which can strongly
affect the performance of any size limit (28, 37). As such, we view
our predictions regarding the relative benefit of STCs or HSs as
a best-case scenario, and their performance should be explored in
more detail with specific life history and movement data. For ex-
ample, we compared predictions based on our approach here to a
much more detailed model that includes specific larval connectivity

for coral trout Plectropomus leopardus, a commercially exploited
species on the Great Barrier Reef (GBR; see Methods). Using
the more generic approach, we predict a benefit of STCs of ∼31%
relative to catch restriction approaches. By contrast, the more
explicit model predicts a benefit of only 16% of STCs over catch
restriction, indicating that our generic approach overestimates the
benefits of STCs in this species by around 12%. A benefit of 16%
is still nontrivial, and our models indicate that for some species
(particularly those with slow life histories, limited adult movement,
larval dispersal, and steep scaling exponents), size-reservoir ap-
proaches outperform catch restrictions by such margins such that
our results are robust to relaxing some assumptions.
It is important to note that we measure the benefits of STCs

and HSs under the assumption of a steady state. Catches may
vary in the period between the establishment of STCs or HSs and
when these stocks reach equilibrium. Subject to these caveats, STCs
and HSs, which have emerged as a tool for the recovery of stocks
(39), also emerge as a means for improving the sustainable yield of
fisheries worldwide. We do not argue that STCs and HSs are the
sole means to improving yields. Gear with different size selectivity,
for example, could be used to target different size classes. Rather,
we suggest that the differential role in replenishment that larger
fish play should be better recognized and incorporated in future
management approaches.
The discovery of widespread hyperallometry in egg production

provides a significant challenge to contemporary fisheries man-
agement. Our work suggests that modern management could
respond to this challenge by better leveraging the reproductive
potential of larger, older fish in exploited stocks more so than is
presently the case, using relatively simple policy innovations. Policy
makers and managers may consider moving from effort restriction
to STCs and HSs where possible, and thereby policy makers and
managers may consider moving from effort restriction to STCs
and HSs where possible, and thereby more effectively achieve
their intended management goals. At the very minimum, efforts
are required to increasingly measure and integrate size-fecundity
relationships into assessment models.

Methods
This section contains descriptions of 1) the life history (demographic pa-
rameters), including lifetime egg production (LEP) and SPR, a metric of
resilience based only on demographic parameters; 2) the population dy-
namics, with both natural and fishing mortality and a Beverton-Holt SRR
(BH-SRR); 3) the spatially homogenous model for the fishery corresponding
to HSs; and 4) the spatially explicit model for the fishery corresponding to
STCs. We use a standard age-structured fishery model (16, 40, 41), choosing
the rate of fishing mortality to maximize yield in either numbers or biomass.

Estimating Reproductive Hyperallometry. Estimates of the relationship be-
tween female body mass and reproductive output were collated from the
literature (as per ref. 10). Where multiple estimates for the same species
were available, we used the estimate with the best replication. In some in-
stances, studies provided raw data in a figure or table, and we calculated the
scaling of mass to size ourselves. In others, a scaling relationship between
size and fecundity was reported (fish lengths were converted to masses using
species-specific scaling relationships from Fishbase (https://www.fishbase.de/).
For one species (S. sagax), the relationship between mass and batch fecun-
dity alone grossly underestimates reproductive scaling [though it is still
hyperallometric (42)]. In this species, spawning frequency (number of spawns
per season) increases female body size, and so we estimated size-specific
reproductive output for this species incorporating both batch fecundity
effects and spawning frequency.

All of the species considered here showed hyperallometric scaling (SI
Appendix, Table S2). For those species for which the raw data were acces-
sible, we provide the figures (SI Appendix, Fig. S2). For some species with low
sample sizes, the CI of the estimate of the scaling exponent overlapped 1.
Given that the global estimate of the relationship between mass and
fecundity is 1.18 for over 300 marine fishes, we believe it would be anti-
conservative to ignore the hyperallometric scaling in the species for which
the CIs of scaling exponent overlap 1, but we do suggest that these species
are a priority for collecting further data.
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The Demographic Parameters, LEP, and SPR. We assume von Bertalanffy
growth in length at age a, L (a):

L a( ) = L∞ 1 − e−k a−a0( )( ), [1]

where L∞ is the theoretical asymptotic size of a fish (reached at infinite
age)*, k is the von Bertalanffy growth rate (related to catabolic factors; see
ref. 41), and a0 < 0 is the theoretical age at which the fish has zero length
[thus accounting for L (0) > 0].

Length is related to mass at age W (a) via a species-specific allometric
relationship:

W(a) = cωL(a)bω , [2]

where cω and bω are species-specific parameters. We denote the rates of
natural mortality and fishing mortality at age a by M (a) and F (a), respec-
tively. Note that while stock assessments do not always assume natural
mortality is size dependent (43), given our focus on size-dependent repro-
duction and the general consensus that mortality is unlikely to be size in-
dependent, we assumed size-dependent mortality in order to generate
more realistic size distribution. Thus, the fraction of fish surviving from age a
to age a + 1 is exp[−(M(a) + F(a))]. We let {F} denote the age-dependent
schedule of fishing mortality and S(a|{F}) denote survival to age a of an in-
dividual. Then S 0| F{ }( ) = 1 and

S(a + 1|{F}) = S(a|{F})exp( −M(a) − F(a)). [3]

We assume that there is a maximum age A after which no fish survives. For
computations, we chose A sufficiently large that the probability of surviving
to that age was exceptionally small.

To characterize reproduction, we let pm(L(a)) denote the probability that
an individual of length L (a) is reproductively active and assume that its
reproductive output is

∅(W(a)) = cfW(a)bf , [4]

where cf and bf are species-specific fecundity parameters. If bf = 1, repro-
duction is isometric, that is, proportional to mass; if bf > 1, reproduction is
hyperallometric.

The LEP of an individual, which we denote by Φ({F}) (thus suppressing all
of the other life history parameters but keeping a focus on the schedule of
fishing mortality), is the sum of its expected (accounting survival) repro-
duction across the length of its life. Thus,

Φ({F}) = ∑A
a=0

S(a|{F})pm(L(a))cfW(a)bf . [5]

The SPR compares LEP of the average individual in a population experiencing
fishing mortality {F} with that of an unfished population, that is,

SPR({F}) = Φ({F})
Φ({0}) =

∑A
a=0S(a|{F})pm(L(a))cfW(a)bf∑A
a=0S(a|{0})pm(L(a))cfW(a)bf

. [6]

Higher values of SPR ({F}) correspond to more resilient stocks, populations, or
species (40). SPR emerged as a reference point based on efforts to identify
harvest rates that achieve high levels of yield while simultaneously main-
taining a sufficient level of spawning to ensure stock. For example, 30% of
the egg production of an unfished stock might be sufficient to maintain a
stock when the adult population is reduced if we accept that recruitment
success is about 3 times higher in a fished stock relative to an unfished stock
due to the reduction of density-dependent mortality (e.g., refs. 31, 44–47).

Since the true relationship between the number of spawners and the
expected number of recruits (the SRR; see Population Dynamics and Yield for
Knife Edge Fishing Mortality section below) is unknown, Clark (31, 45)
sought to identify sustainable harvest rates that come close to maximizing
expected yield under a range of assumptions about overall stock produc-
tivity. We chose SPR = 0.3 as our reference point since it is often recom-
mended in the absence of detailed knowledge of the SRR, but we explored a
range of other values and found very similar results.

We wanted to measure the effect that an assumption of reproductive
isometry would have on the ideal fishing mortality rate if we assumed that
fishers were aiming for an SPR of 30%. We first calculated this target fishing
rate under isometry, F Iso0.3, by assuming bf = 1 and identifying the value of 0 ≤
F ≤ 1 that yields SPR = 0.30. We then replaced the isometric mass-fecundity
relationship with the appropriate species-specific hyperallometric relation-

ship and identified the value of FHyp0.3 that delivered the target value of
SPR = 0.3.

A hyperallometric reproductive relationship produces more eggs for a

given age population, since W(a)bf >W(a) for any bf > 1 if W(a)> 1. The
resulting hyperallometric populations can invariably tolerate higher rates of
fishing than isometric populations (ceteris paribus), but this is an unstan-
dardized (and thus unhelpful) comparison. To make the contrast fair, we
altered the value of cf in the hyperallometric populations (i.e., we scaled the

per-capita egg production). In particular, we chose cHypf to standardize the
two populations (isometric and hyperallometric) by ensuring their total
virgin recruitment was equal (i.e., the amount of recruitment occurring in
the absence of additional fishing mortality was the same).

By comparing F Iso0.3 with FHyp0.3 , we can estimate how much the assumption
of reproductive isometry alters the amount of fishing mortality required to
generate a target SPR of 30%. The mismatch tells us how much we need to
decrease catch in order to attain the intended SPR0.3. We can also calculate
the degree to which egg production is overestimated when isometry is assumed
by comparing the difference between the intended SPR0.3 under isometry to the
actual SPR0.3 based on F Iso0.3 but for a hyperallometric population. The difference
between these two SPR0.3s, relativized by 0.3 yields the spawning potential
overestimate (SPO; reported in SI Appendix, Table S2). SI Appendix, Fig. S1
shows a hypothetical SPO before it has been relativized.

To illustrate using a real species from our study, Clupea harengus has a
reproductive scaling exponent of 1.54. Under the assumption of isometry,
the predicted fishing mortality that yields and SPR0.3 is F ∼0.41. The actual
SPR that this fishing mortality would produce under reproductive hyper-
allometry is 0.265, and thus, the SPR is ∼11.6% lower than it should be than
it should be relative to the intended SPR0.3 (0.0350.3 = 11.6%). In order to bring
the SPR under hyperallometry to the intended level, the fishing mortality
would therefore need to be reduced to ∼0.28, yielding an overharvest ratio
of ∼1.44.

Population Dynamics and Yield for Knife Edge Fishing Mortality. Knife edge
fishing mortality describes fishing effort that is applied only to individuals
above a particular minimum age and then applies uniformly to all older ages.
With knife edge fishing mortality, F (a) = v (a) F, where v (a) = 0 for indi-
viduals not taken by the fishery, v (a) = 1 for individuals taken by the fishery,
and F is the maximum rate of fishing mortality. We follow the common
assumption (16) that v(a) = H(a − am) is a Heaviside step function, with the
age at maturity am separating unharvested age classes v (a) = 0 from har-
vested age classes v (a) = 1. We let N a, t|F( ) denote the number of individuals
of age a at time t when the rate of fishing mortality is F and assume that
density dependence acts only on the zeroth age class (recruits). In this case,
the fraction of fish surviving from age a to age a + 1 is e−M(a)−Fv(a) so that

N a + 1, t + 1|F( ) = e−M a( )−Fv a( )N a, t|F( ). [7]

To characterize the zeroth age class (the recruits), N (0, t + 1), we use the BH-
SRR that has components of density-independent and density-dependent
mortality during the egg and larval phase, before individuals are recruited
to the population (see refs. 16, 18 for review). Offspring production by an

individual of age a is pm(L(a))cfW(a)bf , and since there are N a, t|F( ) such
individuals at time t, the total egg production by the population ℰ(t|F) is

ℰ t|F( ) = ∑A
a=0

N a, t|F( )pm L a( )( )cfW a( )bf . [8]

For the BH-SRR,

N(0, t + 1) = αℰ(t|F)
β + ℰ(t|F), [9]

where α and β are species-specific parameters.
When iterated forward in time, Eqs. 7–9 lead to a steady state for the

number of individuals of age a in the population, which we denote by N(a|F)
for a = 0, 1, 2, . . . A. Associated with this steady state is a steady-state level of
egg production,

*As described in more detail below, for computations, we followed ref. 16 and gave a
distribution to L1, thus introducing variation in size at age into the model. For simplicity,
we suppress the notation characterizing the distribution of asymptotic size.
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ℰ(F) = ∑A
a=0

N(a|F)pm(L(a))cfW(a)bf . [10]

Steepness h is defined as the fraction of unfished recruitment that is obtained
when the egg production is reduced to 20% of its unfished level (see refs. 18,
48 for review). Many quantities of interest in fisheries science can be obtained
from steepness (see Eq. 13 below). Following Walters and Martell (49), Martell
et al. (Appendix B in ref. 50), and Quinn and Deriso (16), for a given steepness
h, we first constructed the Goodyear Compensation ratio:

CR = 4h
1 − h

. [11]

Then, when fishing mortality is F, the number of recruits in the steady state is
related to the number of recruits in the steady state of an unfished
population by

N(0|F) = N(0|0) CR − (Φ(0)=Φ(F))
CR–1

, [12]

and all other population numbers are determined by the steady state version
of Eq. 7. Thus, specifying unfished recruitment, we rapidly obtain recruit-
ment for any value of fishing mortality.

We focus on steady-state yields. The number of fish of age a not surviving

to age a + 1 is N a|F( ) 1 − e−M a( )−v a( )F( ). We assume the fraction of dead fish

taken by the fishery is v(a)F
M(a)+v(a)F . Thus, the yield in numbers of fish of age a

when the maximum rate of fishing mortality is F is

YN(a|F) = N(a|F)(1 − e−M(a)−v(a)F) · v(a)F
M(a) + v(a)F. [13]

Note that if the exponential is Taylor-expanded to first order inM(a) + v(a)F,
we have YN(a|F) = v(a)FN(a|F). The total yield in numbers is then

YT ,N(F) = ∑A
a=0

YN(a|F). [14]

Since the mass of fish of age a is cωL(a)3, the total yield in biomass is

YT ,B(F) = ∑A
a=0

cωL(a)bωYN(a|F). [15]

HSs: Age-Dependent Vulnerability to Fishing. To model HSs, we replace knife
edge fishing mortality [i.e., v (a) = 0 for immature fish and v (a) = 1 for
mature fish] by v (a) = 0 if length at age L(a)< Lmin or L(a)> Lmax, where Lmin

and Lmax are species-specific management choices, and v (a) = 1 for
Lmin ≤ L(a)≤ Lmax.

In computations, we assumed that asymptotic size had a normal distri-
bution centered at a species-specific mean with SD equal to 10% of that
mean, which generated a distribution of size at age, and that h = 0.6; we
also explored results for h = 0.3 or h = 0.7 as a sensitivity analysis. To find the
rate of fishing mortality that generated maximum sustainable (steady state)
yield FMSY, we conducted a numerical search, beginning with

FMSY ≈M( ̅̅̅̅̅̅̅̅̅̅̅̅
4h

1 − h

√
− 1), [16]

which (18) showed is a good approximation to FMSY for an age-structured
model with a given steepness h. For sensitivity analyses, see SI Appendix,
Table S3.

STCs: Spatially Dependent Fishing Mortality. We extended the sedentary-
adult, dispersive juvenile model of (25) to include multiple age classes and
hyperallometric reproductive output. The rate of fishing mortality now de-
pends upon space but not age; we denote it by F (x), where x is the spatial
variable, assuming a linear domain 0 ≤ x ≤ D. We now must characterize the
number of individuals by both age and spatial location, denoting this by
N a, x, t|F( ), and Eq. 7 is replaced by

N(a + 1, x, t + 1|F) = e−M(a)−F(x)N(a, x, t|F). [17]

The number of recruits is determined by the dispersal of eggs. We denote the
dispersal kernel by k (x, y), which is the probability that an egg spawned at

location y ends up at location x. Then, the total number of settling eggs/
larvae at spatial point x is

S x, t|F( ) = ∑A
a=0

∫ D
y=0N a, y, t|F( )pm L a( )( )cf L a( )bf k x, y( )dy. [18]

If θ is a measure of additional mortality during the dispersal phase, recruits
at spatial point x are

N 0, x, t + 1|F( ) = θ
αS x, t|F( )

β + S x, t|F( ). [19]

We explored three cases: 1) an effort-controlled fishery (25), 2) a marine
reserve, and 3) temporary closures (rotational reserves).

Effort-Controlled Fishery. In this case, which corresponds to management by
catch restriction, the rate of fishing mortality is constant over both time and
space. We numerically solved Eqs. 17–19 for the steady state N(a, x|F) and
used the Taylor expansion of Eq. 13 to approximate the yield of individuals
of age a at spatial position x in numbers and biomass respectively by

YN(a, x|F) = F ·N(a, x|F), [20]

YB(a, x|F) = F · cωL(a)bωN(a, x|F). [21]

The total yield in numbers and biomass are then respectively

YT ,N(F) = F∑A
a=0

∫ D
x=0YN(a, x|F)dx, [22]

YT ,B(F) = F∑A
a=0

∫ D
x=0YB(a, x|F)dx. [23]

We chose F to maximize the yield, thus obtaining FMSY.

Permanent Marine Reserve. In this case, we assumed that a permanently
closed, perfectly enforced marine reserve exists between x = 0 and ended at
x = R. Inside the reserve, the rate of fishing mortality was 0, and outside of
the reserve, it was F, so that the rate of fishing mortality is a piecewise
constant function of space:

F(x) = { 0 if x>R
F0 if 0 ≤ x ≤ R

. [24]

We numerically solved Eqs. 17–19 to the steady state and then computed the
yields in analogy to Eqs. 20–23. After that, we chose the value of F that
maximized yield.

Temporal Closures. We modeled management with rotational (i.e., moving)
reserves by defining the piecewise constant spatial function F (x, t) in a time-
dependent manner. We let the no-take reserve move each year at a fixed
rate, treating the domain as periodic. Inside the reserve there is no fishing
mortality but outside of the reserve maximum fishing mortality is F. If the
width of a reserve is R and its rate of movement is s, then each location is
part of the reserve for R/s years. Because the reserve is in continual motion,
the population will achieve a steady state if t >> R/s years.

Thus, we could use exactly the same procedures to compute yield and then
determine the value of F that maximized steady-state yield. We then com-
pared the steady-state yield under traditional fisheries management with
the permanent closure and the rotating closure. For sensitivity analyses, see
SI Appendix, Table S3.

Additional Computational Details. For computations, we assumed a uniform
dispersal kernel so that k x, y( ) = 1=D and determined M (a) from (51);

M(a) = k(Ltnqhx221e;
L(a) )1.5. We used species-specific parameters for 32 different

exploited fishery species. For each species, we gathered allometric constants
from the literature. Since a0 was not generally available, we set it at the
common value of −0.25.

Similarly, the BH-SRR parameters α and β are generally not known, so we
chose values that represented four different intensities of density-
dependent mortality based on steepness and using the method in ref. 48.
We choose β = 1 and then varied α and θ to obtain h = 0.3, 0.5, 0.7, or 0.9.

For the temporary closures, we chose values of s = 5 or 10.
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Comparing the Generic Model for STCs with a Detailed Model for P. leopardus.
The assumption of a well-mixed larval pool that we used above allowed the
model to be implicitly spatial, and we assumed that the habitat was of uniform
quality. The economic aspects of the model were also kept simple, with spa-
tially constant effort. It is possible that these assumptions will overestimate the
benefits of STCs. For example, dispersal likely decays with increasing distance
from the spawning location, which limits the benefits of larval spillover from
no-take areas. Thus, 1) settlement enhancement will be localized around the
STC and 2) a higher concentration of settlers will likely lead to higher density-
dependent mortality rates; and 3) the benefits of higher recruitment densities
will be counter acted by an increase in fishing effort.

To provide some indication of the magnitude and direction of the dif-
ference, we compared the predictions of our generic STC model to a spatially
explicit bioeconomic fishery model, when both were parameterized for coral
trout (P. leopardus) on Australia’s GBR. The bioeconomic model is based on a
spatially explicit marine metapopulation model, centered on midshore and
offshore reefs on the southern GBR (52). Larval dispersal patterns were
simulated using a coupled biological-oceanographic model of coastal flow,
with the adult spawning and larval behavioral components chosen to match
P. leopardus (or the most similar species for which data were available; see
ref. 53). Additional details of the bioecononomic model are described in

detail in ref. 54. The key parameters shared by both models are a mass-based
hyperallometric exponent 1.18, von Bertalanffy length parameters k = 0.354
and L∞ = 52.2 cm, a length-biomass pre-exponential factor of 0.0079 and an
exponent of 3.157, and a minimum reproductive size of 32 cm.

On the basis of these parameters, the generic model predicted that op-
timal spatial closures would deliver yields that were 31% larger than optimal
effort controls. In contrast, the spatial bioeconomic model predicted that
optimal spatial closures would deliver yields that are 16% larger than the
optimal effort control. Thus, the generic model overestimated the benefits by
a factor of ∼12% (1.31/1.16 = 1.12).

Data Availability.All study data are included in the article and/or SI Appendix.
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. of the world’s largest fisheries, summary of whether the most recent stock assessments that are available assume reproduction
–

–

Stock and year Reproduction Assumption Reference Points Reference
Theragra chalcogramma Bering Sea (2010) Isometry SPR

Engraulis ringens Chilean Waters (2018) Isometry SPR
Katsuwonus pelamis Western Pacific (2016) Isometry SPR

Clupea harengus Western Atlantic 2018 Isometry SPR (as an MSY proxy)
Scomber japonicus Eastern Pacific (2019) Isometry MSY & SPR
Thunnus albacares Indian Ocean (1960-2003) Isometry SPR

Eastern Pacific (2017) Isometry SPR  
Eastern Pacific (2019) Hyperallometry SPR

Gadus morhua Gulf of Maine (2015) Isometry SPR (as an MSY proxy)
Georges Bank (2015) Isometry SPR (as an MSY proxy)

North Sea (2017) Isometry MSY & SPR
Engraulis japonicus Western Pacific (2018) Isometry MSY
Sardina pilchardus Mediterranean (2017) Isometry MSY
Trichiurus lepturus Arabian Sea (2012) Isometry SPR

Micromesistius poutassou Northeast Atlantic (2020) Isometry SPR
Scomber scombrus Northeast Atlantic (2018) Isometry SPR (as an MSY proxy)

Brevoortia patronus Gulf of Mexico (2013) Hyperallometry SPR
Sprattus sprattus Black Sea (2017) Isometry SPR and MSY

Rastrelliger kanagurta Indian Ocean (2014) Isometry SPR and MSY
Clupea pallasii Northeast Pacific (2017) Isometry SPR

Tenualosa ilisha Bay of Bengal (2013) NA YPR
Gadus macrocephalus Gulf of Alaska Isometry SPR

Thunnus obesus Eastern Pacific (2017) Isometry SPR
Euthynnus affinis NA NA NA NA

Cololabis saira NA NA NA NA
Merluccius hubbsi Southwest Atlantic (2018) Isometry SPR

Engraulis encrasicolus Black Sea (2017) Isometry MSY
Melanogrammus aeglefinus Georges Bank (2015) Isometry SPR (as an MSY proxy)

Gulf of Maine (2015) Isometry SPR (as an MSY proxy)
Ethmalosa fimbriata  West African Coast (2015) NA YPR

Strangomera bentincki Chilean coast (2018) Isometry SPR
Mallotus villosus Iceland (2015) Isometry SPR

Harpadon nehereus Saurashtra (2006) NA YPR
Thunnus alalunga North Pacific Ocean (2017) Isometry SPR
Sardinops sagax South Australia (2017) Isometry SPR

Decapterus russelli Arabian Sea (2014) NA YPR
Trachurus trachurus Mediterranean (2019) NA MSY
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of the world’s largest fisheries, summary of life history data (von Bertalanffy growth parameter [k], mortality rate [M], asymptotic length [L∞]), 
reproductive scaling (β),

(L∞
L∞

NA 1.13

1.057- 1.52)
0.482 1.17

0.969-1.42)
0.588 1.08

1.49-1.62)
0.841 1.10

0.229-3.09)
0.19 1.08

NA)
NA 1.78

1.169-1.281)
0.818 1

NA)
NA 1.11

1.058-1.412)
0.76 1.04

NA)
NA 1.11

NA)
NA 1.16

1.20-1.56)
0.907 1.06

NA)
NA 1.04

NA)
NA 1.28

NA)
NA 1.21

NA)
NA 1

NA)
NA 1.03
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NA)
NA 1

NA)
NA 1.28

NA)
NA 2.17

0.97-2.99)
0.365 1.58

NA)
NA 1.11

1.24-1.58)
0.64 2.04

NA 1.05

0.89-1.34)
0.68 1.12

Strangomera 
bentincki 0.981-1.37)

0.78 2.32

0.93-1.54)
0.67 1.17

NA)
NA 1.33

NA)
NA 0.80

NA)
NA 0.50

NA)
NA 0.59

1.4-2.24)
0.84 0.85

*
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Table S3. For 32 of the world’s largest fisheries, summary of global catch and gains in catch based on Spatial-temporal closures (STC) relative to traditional catch-
restriction management approaches, assuming different levels of steepness (0.3, 0.5 and 0.7) and for different close durations (5 years, 10 years and permanent 
closure), and results of sensitivity analysis for relative benefit of Harvest Slot (HS) approaches over traditional effort management assuming different levels of 
steepness (0.3, 0.5 and 0.7) 
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