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Population dynamics of marine fishes at low
abundance

David M. Keith and Jeffrey A. Hutchings

Abstract: The recovery of depleted species depends on their population dynamics at low abundance. Classical population
growth models, applied widely in fisheries science, assume that per capita offspring production increases as abundance de-
clines (compensation). However, slow or absent recovery by many depleted fishes might reflect unexpectedly weak compen-
sation or the presence of Allee effects (depensation). Using meta-analytical techniques to describe reproductive dynamics,
we find considerable variability among 207 exploited marine fish stocks (104 species) in how standardized per capita popu-
lation growth changes with abundance. Although many species exhibit strong compensatory dynamics (negative density de-
pendence), others show much weaker compensation than expected, and some exhibit evidence of an Allee effect, such as
Atlantic cod (Gadus morhua) and Alaskan walleye pollock (Theragra chalcogramma). As data at low levels of abundance
become increasingly available, it appears that compensation, while strong in some species, is comparatively weak or non-
existent in others, thus providing an explanation for why the recovery of some depleted stocks, despite reductions in exploi-
tation, has been considerably less than what classic models of population growth would otherwise suggest.

Résumé : Le rétablissement d’espéces en déclin dépend de la dynamique de leurs populations a faible abondance. Les mo-
deles de croissance des populations classiques, couramment appliqués en sciences halieutiques, partent du principe que la
production de descendants par téte augmente quand 1’abondance diminue (compensation). Toutefois, le rétablissement lent
ou nul de nombreuses especes de poissons en déclin pourrait refléter une plus faible compensation que prévu ou la présence
d’effets Allee (dépensation). A Taide de techniques méta-analytiques utilisées pour décrire la dynamique de reproduction,
nous avons relevé une variabilité considérable parmi 207 stocks de poissons marins exploités (104 especes) pour ce qui est
de I’évolution de la croissance normalisée de la population par téte en fonction de I’abondance. Bien que de nombreuses es-
peces présentent une forte dynamique compensatoire (dépendance négative de la densité), chez d’autres especes, la compen-
sation est beaucoup plus faible que prévu, et certaines, comme la morue (Gadus morhua) et la goberge de ’Alaska
(Theragra chalcogramma), montrent des signes de la présence d’un effet Allee. A la lumiére d’un ensemble croissant de
données a faibles niveaux d’abondance, il semble que la compensation, bien que prononcée pour certaines especes, soit
comparativement faible ou non existante pour d’autres especes, ce qui expliquerait pourquoi, malgré une diminution de leur
exploitation, certains stocks en déclin présentent un rétablissement beaucoup moins important que ce que les modeles classi-
ques de croissance des populations porteraient par ailleurs a croire.

[Traduit par la Rédaction]

Introduction and stationary population dynamics (Hutchings 2001; de Sé-
ligny et al. 2010; Hutchings and Rangeley 2011).
Historically, studies of the population dynamics of com-
mercially exploited fishes, including numerical responses to
changes in fishing mortality, have relied on Ricker and
Beverton—-Holt stock-recruitment (S—R) models to describe
the relationship between abundance and offspring production
(Ricker 1954, 1958; Beverton and Holt 1957). Both of these
Received 24 August 2011. Accepted 24 April 2012. Published at  formulations predict that per capita recruitment (recruitment

Numerous marine fishes have experienced unprecedented
fishing-induced declines over the last half-century (Hutchings
et al. 2010). Despite considerable reductions in fishing mor-
tality (Worm et al. 2009), many stocks have not recovered at
the rate that would have been predicted based on classical
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to account for a lack of strong compensation at low abun-
dance, in part because of an absence of strong empirical sup-
port for the existence of Allee effects, or depensation, in
meta-analyses of marine fishes (Myers et al. 1995; Liermann
and Hilborn 1997). Slow or absent recovery in many de-
pleted populations (Hutchings 2000), despite reductions in
fishing mortality (Hutchings 2001), has led to suggestions
that Allee effects might comprise a more important compo-
nent of marine fish population dynamics than previously
thought (Shelton and Healey 1999; Frank and Brickman
2000; Hutchings and Reynolds 2004).

Thus, the question of whether per capita recruitment gen-
erally increases with declining abundance when populations
are at very low abundance is a fundamentally important one
from a conservation and resource management perspective.
Although previous research has generally failed to detect an
Allee effect in marine fishes, the statistical power of these
analyses was comparatively low, primarily because of the
paucity of recruitment data available at low levels of spawn-
ing stock abundance (Myers et al. 1995; Liermann and Hil-
born 1997). Additionally, Allee effects at the population
level may be undetectable when these population data are
aggregated across several populations (Frank and Brickman
2000).

The theoretical impact of Allee effects on population dy-
namics is well established, and numerous mechanisms that
might affect offspring production at low abundance have
been hypothesized (Stephens and Sutherland 1999; Stephens
et al. 1999), including difficulties in mating success (Berec et
al. 2001; Rowe et al. 2004; Fagan et al. 2010), cultivation-
induced changes to food webs (Walters and Kitchell 2001),
and increased predator-related mortality resulting from in-
creased aggregation at low abundance (Peterman 1980;
Courchamp et al. 2008).

Our objective here is to quantitatively analyze the relation-
ship between recruitment and spawning stock biomass (SSB)
in commercially exploited marine fishes. Analytically, we
develop a simple Bayesian hierarchical model to determine
how recruitment changes with SSB. The change in recruit-
ment per spawner biomass (%) was then modelled for
various levels of SSB for 207 stocks. The results show a
range of dynamics between % and SSB. Although
Reenuits jpcreases with decreasing SSB for many species, the
S—-R dynamics of a substantial number of species exhibits
weak compensation, density independence, or an Allee effect
as stock size declines.

Materials and methods

Using data collated in the RAM II-SRDB (Ricard et al.
2011), we analyzed commercially exploited teleost marine
fishes for which there were more than 10 years of data on
both recruitment (thousands of individuals) and SSB (tonnes)
and for which stock size and recruitment were estimated by
commonly employed fisheries models (e.g., Virtual Popula-
tion Analysis, Statistical Catch-at-Age). There were 207
stocks (representing 104 species within seven orders) with
time series ranging between 10 and 96 years in duration (me-
dian of 32 years), resulting in a total of 7290 data points
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(Supplemental Table S1') with approximately 22% (46) of
the stocks having data in all SSB bins. The statistical catch-
at-age (SCA) models included in this analysis are fit using an
underlying S-R curve, which assumes a compensatory rela-
tionship between recruitment and SSB. A complementary
analysis was run on the subset of data that excluded the
SCA stocks to determine what effect their exclusion might
have on the results. This analysis included 99 stocks, repre-
senting 59 species within seven orders, and the results of the
non-SCA analysis are summarized in Supplementary
Figs. S1-S6'.

The response variable was the number of recruits per
kilogram of spawning stock biomass (%). SSB is often
used as a proxy for a population’s total fecundity. Thus, no
change in R“S“““S with changing SSB would suggest that the
recruitment was independent of total fecundity (i.e., density
independent). In fisheries S—R models, % is assumed to
increase as SSB declines, and an Allee effect would be
manifested by a decrease in % with declining SSB
(Fig. 1).

To facilitate the meta-analysis, the hSCT"]‘;,“S and SSB metrics
were standardized. The ratio of SSB to the historical maxi-
mum SSB was grouped into one of seven SSB percentage
categories, <10%, 10%-20%, 20%-30%, 30%—40%, 40%—
60%, 60%—80%, and 80%—100%, a binning of S-R data that
follows that applied by Myers and Barrowman (1996) in their
study of the relationship between stock size and recruitment.
These particular categories were chosen to provide for more
detailed contrasts of the relationship between % and SSB
at low abundance while retaining sufficient data within the
respective categories to allow for the characterization of gen-
eral trends throughout the entire range of data. This categori-
zation enables us to estimate the shape of the S-R
relationship without the constraints of a parametric model.
This method assumes that the maximum biomass observed
for each stock is a good estimate of the stock’s carrying ca-
pacity (K) and that there is equal variance between the SSB
categories.

The Rec"‘““ data were initially log-transformed to normalize
the data. These log-transformed Rec’““‘ data were standardized
(Z) so that species with highly Vanable R“r““‘ could be com-
pared in common units of standard dev1at10ns from

In (5555
In (RescguBits) ; (ll’l RescsruB]ts>j
( l) Zif = SD (Rescsrglts)j

where i represents the individual data point, and j is the spe-
cies. This analysis tests how deviations of R"'Scsrgits from the
species log-mean R?Scsrg“‘ vary with changes in SSB. The stan-
dardization also permits comparison between stocks both
within and between higher taxonomical levels.

We constructed a multilevel Bayesian analysis of variance
(ANOVA) framework for analytical purposes primarily be-
cause this modeling approach provides flexibility to develop
a model with no strong assumptions about the relationship
between Re%g‘s and SSB, thus avoiding problems that can oc-

!Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/£2012-055.
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Fig. 1. Solid line represents theoretical relationship between per ca-
pita growth rate and population abundance (density) assuming clas-
sical compensatory dynamics (negative density dependence). The

y intercept represents the maximum rate of population growth, while
the x intercept is the population’s carrying capacity. The dashed line
represents a species with an Allee effect; where this line crosses the
x axis is the “Allee threshold”, and below this point population
growth is negative. The boxed region represents the “Allee transition
region”, where classical compensatory dynamics weaken, and tran-
sition through apparent density independence to a region of positive
density dependence (Allee effect).

Per capita growth rate

Abundance

cur when attempting to determine the shape of specific S—-R
models at low abundance (Myers et al. 1995; Liermann and
Hilborn 1997). SSB category, the interaction between species
and SSB category, and the interaction between order and
SSB category were included in the model:

(2) Yi = VYssp + (SSSB,species + 7sSB,order 1 €i
8ssBstock ~ N(iLg, 03)

nSSB,order ~ N(/’Ln’ U?])

where i is an individual data point, y is Z1 ( (hereafter

)
RPS; standardized number of log-transformed R"’Scsrgl‘s is used),
yssp the mean of each SSB category and was treated as a fixed
effect, dsspspecies 1 the interaction term between species and
SSB category, and 7ssp order 1S the interaction term between or-
der and SSB category. Each interaction in the model was trea-
ted as a random variable and assigned a normal distribution
with its mean () and variance (o?) estimated from the data.
The priors for each © was a zero mean normal prior with o2
estimated from the data; for the variance priors an identical va-
gue uniform prior was set on each standard deviation (e.g.,
o5 ~ U(0,5); Gelman and Hill 2007). Models including other
taxonomic levels (e.g., stock, genus, family) were also investi-
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gated, but these more complex models had to be excluded
from further consideration because of data limitations.
Analyses were conducted using R, version 2.14, while
Markov chain Monte Carlo (MCMC) sampling was per-
formed using the R2ZWinBUGS package and WinBUGS ver-
sion 1.4.3 (Lunn et al. 2000; R Development Core Team
2012). The model was run for 80 000 time steps, with an ini-
tial burn-in period of 5000. To eliminate autocorrelation in
the MCMC chains, they were thinned, such that only every
200th data point was used. In addition, three separate chains
were run to check for nonconvergence of each parameter.
Model convergence was assessed via a visual inspection of
the MCMC sampling chains and using the Gelman and Ru-

bin convergence diagnostic, R. The highest value of R that
was observed for any parameter was 1.024, which is less
than the threshold value of 1.1, suggesting there is little evi-
dence of nonconvergence for any of the parameters (Gelman
and Hill 2007). Posterior predictive checks were used to vis-
ually assess the model fit (Supplemental Fig. S8!); the model
produced reasonable estimates for each species and SSB cat-
egory within the model (Gelman and Hill 2007). Addition-
ally, a Bayesian p value of 0.50 was estimated based on the
model results. A well-fit model will have a Bayesian p value
near 0.5, while a poorly fit model would have Bayesian p val-
ues skewed towards O or 1 (Kery 2010). Standard residual
plots were checked to ensure the error terms were homosce-
dastic. Finally, a sensitivity analysis was performed to test the
influence of individual stocks on the results for each species
(Supplemental Fig. S9!). In the vast majority of cases, re-
moving one stock had little influence on the model estimates
for a species, with exceptions noted in the text.

Bayesian hierarchical models have several advantages over
a traditional modelling framework. Using these methods, the
variance explained for each hierarchical level can be esti-
mated. This allows for a better understanding of the influence
of each level on the model fit (Gelman and Hill 2007). These
models also allow for a partial pooling of the results, thus al-
lowing for multiple comparisons without an additional pen-
alty (Gelman et al. 2012). The final advantage is the ability
to estimate coefficients for terms at each hierarchical level,
allowing for an accurate estimate of the size and direction of
any effect at each level in the model (Gelman 2005; Gelman
et al. 2012).

Several different comparisons were made when analyzing
these data. The primary analysis looked at the contrast be-
tween the lowest and second lowest SSB categories on a spe-
cies by species basis. Ad hoc comparisons were also made
among species for which there were obvious trends that the
primary analysis did not account for. Strong evidence for ei-
ther an Allee effect or compensation was based upon the 95%
Bayesian credible intervals (BCIs); a second level of weaker
dynamics was based on the species’ 50% BCI. Negative val-
ues for each contrast are indicative of an Allee effect, while
positive values reflect compensation.

An additional issue that arises when analyzing these data
is that of time series bias (Walters and Martell 2004). How-
ever, the effects of time series bias here will be somewhat
mitigated by our use of long-term time series that include
data at extremely low abundances and across a wide range of
fishing mortalities (Walters and Martell 2004). Also, the ef-

fect of this bias would tend to increase Rescsrgl‘s at low abun-
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dance and reduce % at high abundance, rendering our

analysis a conservative test for an Allee effect.

Results

The total variance explained by the model terms accounts
for approximately 35% of the total variance in the data
(Fig. 2). Overall the SSB term explains 22% of the total var-
iance, the species X SSB interaction explains approximately
12%, while the order X SSB interaction explains less than
1% of the total variance. The pattern of change in RPS; with
decreasing SSB varies considerably among species and be-
tween SSB categories (Fig. 2), while there is little effect of
order across the SSB levels (Fig. 3).

Combining data for all species results in a linear increase
in RPS, with declining SSB. This is consistent with a linear
increase in the RPS; vs. SSB relationship as would be pre-
dicted from fitting a Ricker S—R model (Fig. 4) on the entire
data set. At the lowest SSB level, there is a slight reduction
in the rate of increase in RPS,. This is the only situation in
which the 50% BClIs overlap between any two SSB catego-
ries (Fig. 4). This suggests that the influence of compensa-
tory dynamics (i.e., negative density dependence) may have
slightly weakened in the lowest SSB category.

A comparison of the raw data and model coefficients
(OssB.stock + Vssp) for two species for which we have the
most data (Atlantic cod, Gadus morhua; and Atlantic herring,
Clupea harengus) shows how the relationship between RPS,
and SSB can differ between species. Although the most dra-
matic differences are observed in the lowest SSB class
(Fig. 5), in which the cod show evidence of an Allee effect,
there are also substantive differences at higher relative SSBs.
As SSB declined from 60%—80% of maximum SSB to 20%,
the herring RPS; increased by approximately 0.69 standard
deviations (an increase in RS%”B“S from 3.9 to 13.7), whereas
for cod RPS; increased by only 0.39 standard deviations (an
increase in % from 0.53 to 1.0) over the same range. Ad-
ditionally, for the Atlantic cod stocks the evidence for an Al-
lee effect is largely due to the western Atlantic stocks
(Fisheries and Oceans Canada — Northwest Atlantic Fisheries
Organization, DFO-NAFO), as only five of the data points in
the lowest SSB category come from stocks in the eastern At-
lantic (International Council for the Exploration of the Sea,
ICES). A subsequent analysis with the cod stocks split into
eastern and western stocks indicates that in the western At-
lantic, RPS, weakens below 30% of maximum SSB, whereas
in the eastern Atlantic it is only in the lowest SSB category
that compensation in RPS; weakens (Supplemental Fig. S71).

In addition to the Atlantic herring, the Pacific herring
(Clupea pallasii) also exhibit compensatory dynamics at
SSBs below 40% (Fig. 3a). Notably, two of the other clupei-
formes, Peruvian anchoveta (Engraulis ringens) and Pacific
sardine (Sardinops sagax), do not exhibit similar compensa-
tory dynamics at their lowest abundances.

Within the order Gadiformes, the results at low SSB are
dominated by both the Atlantic cod and haddock (Melano-
grammus aeglefinus), which exhibit diverse responses to de-
clines in SSB (Fig. 3b). As discussed above, an Allee effect
is evident for cod at their lowest historical SSB; the model
estimate for cod when RPS; is <10% of historical maximum
is virtually identical (difference of 0.004) to that for cod
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Fig. 2. The variance explained (o) by the fixed effect (yssg), random
effects (8ssB.stock, 1SSB.order), and residual error (g;) terms in the hier-
archical model. Thick lines represent 50% Bayesian credible inter-
vals (BCIs); thin lines represent 95% BCls.

Order — —e=——vu

Species — —-——
SSB ———
Residual — .
T T T T
0.0 0.2 0.4 0.6 0.8

o)

abundance levels between 80% and 100% of maximum SSB.
The relationship between RPS; and SSB is relatively weak in
cod, as it increased by only 0.76 standard deviations before
an Allee effect becomes evident; this is roughly half of the
increase experienced for an average species. The sensitivity
analysis indicated that the Allee effect in cod is robust to the
removal of any cod stock in the data set, though removal of
either of the two stocks with the most data in the <10% SSB
category (NAFO-SC-COD3NO and NAFO-SC-COD3M) did
increase the modelled RPS; estimate in this category (Sup-
plemental Fig. S9'). In haddock, RPS; is unusually low in
the 10%-20% SSB category, followed by a relatively high
RPS; in the <10% category. Across all SSB categories there
is little evidence of a strong relationship between RPS, and
SSB in haddock, and the sensitivity analysis confirms that
these patterns are robust to the removal of any one stock
from the analysis.

The trend for most Perciformes (Figs. 3¢-3d) is similar to
that of the overall trend (Fig. 4), although only 9 of 35 perci-
form species included data for more than one stock. Atlantic
bluefin tuna (Thunnus thynnus) exhibited the strongest devia-
tion. Its RPS; was highest (0.40, SD = 0.18) when the popu-
lation was between 60% and 80% of its historical SSB. As
the population declined from this SSB level, the RPS; also
declined, (0.05, SD = 0.25) in the 40%-60% SSB category
and thereafter remained largely unchanged with further de-
clines in SSB. For this species, the sensitivity analysis (Sup-
plemental Fig. S9') indicates that the high RPS; in the 60%
to 80% category is strongly influenced by the western Atlan-
tic stock (ICCAT-ATBTUNAWATL). When analysed sepa-
rately, neither stock (Supplemental Fig. S9!; ICCAT-
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Fig. 4. Modelled relationship between Zln

Recruits
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and SSB. Grey points represent individual data points. Model means with 95% Bayesian

credible intervals connected with dotted line. A Ricker model based on the entire data set is shown with the solid black line.
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engus). Symbols represent individual data points for individual stocks. Model means with 95% Bayesian credible intervals connected with
dotted line. A Ricker model based on the data >40% of maximum historic SSB is shown with the solid black line for each species.

(@)

(b)

31 . 3
. .
o o, .
) - ° °
2 1 “. L : o © 21 : K °
[ - Y e °e ° Q0 ° ° -
2 . o . Sou R ° ot, od e 3 °
s of | «o - I -, 1y o o " . a® o -
. o - L]
14 o | mg, | M| . N ‘et O '™ 1 e |+ "é - [ A8 Hi g
ok M| e, | 9,2 LR 3| o <, . ~
3 S| e | B e . By | ¥ vl 3
1K TIR SR % % | |
= o ®. y -1 + M é -'.' 1
o 0 = ) 04 v M . 4 4 .
El .:gi = ¥, Y (I ﬁ"
EH = y a 5 |
8z ’:‘x o :5' } ) E = - g. L 1 . s
Tlo + ) v ’4 AgE ‘-r & v LR A g St
NI ] . . % . P 1 4 < | 2 Rig Y L,
A A R P Y X A% : o % of ‘.
+ < '4 ¥ 3 & v X # .2
- e é s -t a3, Y
2 * . . +n 2 ° ¢ ¥ L0
@ ® . . .
° : . ‘¢° °
oo |, . * :
-3 . -3 4
-4 ¢ ¢ -4
<10 | 10-20 | 20-30 | 30-40 40-60 60-80 80-100 <10 | 10-20 | 20-30 | 30-40 40-60 60-80 80-100

ATBTUNAWATL and ICCAT-ATBTUNAEATL) exhibits
strong compensatory dynamics at low SSB.

There are several Pleuronectiformes that exhibit a weak re-
lationship between RPS; and SSB as SSB declines below ap-
proximately 20%-30% of historical maximum. Above this

SSB (% of max)

SSB level, the species show a relatively robust increase in

RPS; with declining SSB (Fig. 3e). The Scorpaeniformes are

characterized by a large percentage of species having data
available for only one stock (16/22). Although there is little
evidence of an Allee effect for any scorpaeniform species,
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there are several species for which there is little evidence of a
relationship between RPS; and SSB at low abundance
(Fig. 3f). These include dusky rockfish (Sebastes variabilis)
and one genus of Sebastes sp. (this “population” was only
identified to the genus level in the database).

The contrast between the lowest and second lowest SSB
categories (based on the model posterior estimates) for each
species suggests that there is strong evidence of an Allee ef-
fect for only 1 of 104 species at their lowest recorded SSB
category. Strong compensatory dynamics is found in 25 spe-
cies at their lowest recorded abundance (Fig. 6, based on
95% BClIs). There is weak evidence of an Allee effect in an-
other three species and weak evidence for compensation in
another 40 species (Fig. 6, based on 50% BClIs). For the re-
maining 35 species, there is no good evidence of either com-
pensatory dynamics or of an Allee effect. While this may be
attributable to low statistical power (because of low sample
size and high variability), it also suggests that there is little
evidence for compensation in these species when reduced to
their lowest historical abundance. Indeed the median differ-
ence between the lowest and second lowest recorded SSB
categories was negative for approximately 19% of the species
(n = 20). Intriguingly, of the 22 species in this analysis
whose minimum SSB was in either the 40%-60% or 60%—
80% categories, only one had a negative estimate in this anal-
ysis (4.5%), and this estimate was only very slightly negative
(Katsuwonus pelamis, mean difference = —0.02), while of the
remaining 82 species that declined below 40% of their maxi-
mum SSB, 19 had negative estimates (23%). Additionally, we
looked at the trends in the raw data at the stock level. These
results largely mirror those found in the model; for example,
of the stocks that have declined below 40% of maximum
SSB, the lowest SSB category has a lower mean RPS; esti-
mate than the second lowest SSB category in 34 (24%, n =
143) of the stocks.

A coarser set of contrasts compared RPS; when SSB was
below 20% with RPS, when SSB was between 20% and 40%
of historic maximum. These data suggest that there is little
compensation, or a weak Allee effect, in 22% of the species
(12/55; note that only 55 of the species had SSB values be-
low 20%). Strong evidence for an Allee effect is not apparent
when applying this type of contrast (i.e., all 95% BCIs in-
clude 0 when the mean estimate is less than 0). The differ-
ence between this and the previous contrast analysis can be
attributed to the sharp decline in the lowest SSB category
for Atlantic cod (in which strong Allee effects were detected).

In several species this contrast helps clarify the patterns
observed in Figs. 3 and 6. For example, while haddock show
a strong increase between the lowest and second lowest SSB
classification, evidence at the coarser scale suggests there
may be a weak Allee effect in this species (Fig. 7). Using
this contrast, the dynamics of haddock and Atlantic cod ap-
pear similar. Although there are other stocks in which the
fine-scale analysis above suggests that the stocks may be ex-
periencing an Allee effect or appear density-independent, this
complementary analysis indicates that the RPS; for these spe-
cies did increase significantly in the lowest two SSB classes.
However, for these species further reductions in SSB below
the 10%-20% category lead to no increase in RPS; (e.g.,
Eopsetta jordani and Engraulis ringens). This contrast also
confirms the observation that Atlantic bluefin tuna RPS ex-
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hibits no compensatory recruitment when when SSB is below
40% of maximum.

The analysis on the subset of data that excluded stocks that
used an SCA model yielded similar results to the full analysis
(Supplemental Figs. S1-S6 and Table S1'). The most notable
exception is the trend for Atlantic herring at low abundance.
At abundances below 40% of historical maximum, there is no
strong evidence for compensation in Atlantic herring when
looking at the stocks fit without an SCA model (Supplemen-
tal Figs. S4-S6!). Additionally, the overall estimate of RPS,
in the lowest SSB category is actually lower than that in the
second lowest category when using this subset of data (Sup-
plemental Fig. S31). Of the 59 species in this analysis, 12 had
negative estimates (21%), and none of the species (n = 16)
whose minimum occurred in either the 40%-60% or 60%—
80% categories had negative estimates. Thus, better than 1 in
4 (12/43) species whose abundance declined below 40% of
historical maximum had a declining RPS, estimate at their
lowest historical abundances.

Discussion

Allee effects in marine fishes

Our analysis suggests that the assumption of an increase in
Reemuits as SSB declines is well founded for many species
across much of their historical range in SSB. Overall, there
is a steady increase in RPS; as SSB declines, although this
trend slows at the lowest values of SSB. At their lowest his-
torical abundances, there is an estimated decline in RPS; in
over 20% of species. While in the majority of cases the dif-
ference between RPS; in the two lowest SSB categories is
not significantly different from zero, this pattern certainly
suggests a decline in the strength of compensation. Such a
weakening in compensation might be indicative of an Allee
transition region (illustrated by the boxed region in Fig. I;
discussed below), where further reductions in abundance
would result in a continued slowing of population growth
and an inhibition of recovery.

By examining data at the species level, the amount of in-
formation available often grows substantially, enabling
greater resolution of patterns in Re%g‘s at low abundance, but
this could lead to biases in the results based upon the number
of time series available for a species (61% of species in the
present analysis are represented by a single stock). Species
represented by a single stock accounted for 14 of the 26 spe-
cies classified as having strong dynamics (either compensa-
tory or depensatory), 25 of the 43 species classified with
weaker dynamics, and 24 of 35 classified as having density-
independent dynamics (68%). Somewhat surprisingly, given
the high percentage of single stock species (61%), there is
minimal evidence that these species are more likely to be
classified as density-independent (68%). Evidence of strong
compensation was found in a number of species represented
by a single time series. Eleven of the 20 species whose
RPS; declined from their second lowest to lowest SSB cate-
gories were classified as being density-independent based on
species represented by a single stock. For these species, there
was evidence of a weakening in RPS; at low SSB, but the
inference was rather weak.

Atlantic cod, a species for which considerable stock-level
data were available, exhibited weak compensatory dynamics
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between lowest and second lowest SSB category for each species, sorted by order. Negative values represent a lower RPSz

SSI
in the lowest SSB category. Thick lines represent 50% Bayesian credible intervals (BClIs); thin lines represent 95% BCls. (a) Clupeiformes, (b) Gadi-
formes, (c) Perciformes, (d) Pleuronectiformes, (¢) Scorpaeniformes. The number of stocks included in the analysis for each species is shown in par-
entheses after the species name. This figure excludes the orders for which there is data for two or fewer species (i.e., the Beryciformes and Zeiformes).
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Fig. 7. Contrast on s

RPSzin the <20% SSB category Thick lines represent 50% Bayesian credible intervals (BCIs); thin lines represent 95% BCIs. (a) Clupeiformes, (b) Ga-
diformes, (c) Perciformes, (d) Pleuronectiformes, (e) Scorpaeniformes. The number of stocks included in the analysis for each species is shown in par-
entheses after the species name. This figure excludes the orders for which there is data for two or fewer species (i.e., the Beryciformes and Zeiformes).
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at moderate SSBs and the strongest evidence for Allee effects
among the species examined here at low SSB. Upon closer
inspection of these results, it is clear that the Allee effect is
driven by cod stocks in the western Atlantic, where compen-
sation in RPS; is weak across all SSB categories, and the Al-
lee effect becomes evident as SSB declines below 30%. In
the eastern Atlantic, the cod stocks have not generally been
driven to as low abundance as the western stocks, but the
evidence suggests that there is compensation in RPS; across
most SSB categories (although it is approximately 30%
weaker than the average species). For these eastern cod
stocks, the contrast between the lowest and second lowest
SSB categories does suggest a weakening of the RPS;—SSB
relationship.

Our results suggest that the lack of recovery evident in
many of these cod stocks (Hutchings and Rangeley 2011) is
related to a decrease in the RPS; relationship at low SSB.
Our work is consistent with suggestions made by Walters
and Kitchell (2001), who, based on a visual inspection of S—
R data, concluded that evidence of an Allee effect was stron-
gest in the Gadiformes. Notably, for the two other Gadi-
formes that have the most data — Atlantic haddock and
Alaskan walleye pollock (Theragra chalcogramma) — there
is little relationship between RPS; and SSB when the SSB is
below 40% of historical maximum.

The mechanism by which RPS is reduced at low SSB can-
not be determined by this type of analysis, but there are a
number mechanisms that could result in reproductive Allee ef-
fects in Atlantic cod. At low densities, there is experimental
evidence to suggest that male cod experience low success and
high variability in fertilization rates (Rowe et al. 2004). Addi-
tionally, a sex bias in the Northeast Arctic cod population is
thought to have contributed to a reduction in total egg produc-
tion that may have resulted in an Allee effect for this popula-
tion (Marshall et al. 2006). Sex bias has also been shown to
induce Allee effects in sessile marine broadcast spawners by
reducing fertilization efficiency (Gascoigne and Lipcius 2004).

The collapse of a fish stock generally results in the trunca-
tion of the population’s age structure, as fishing generally tar-
gets older, larger individuals (Berkeley et al. 2004). With
very few older fish surviving, their contribution to recruit-
ment can decline by orders of magnitude, thus substantially
increasing the relative contribution to recruitment by younger
fish (e.g., northern cod; Hutchings and Myers 1994). Hatch-
ing success, length of breeding season, and frequency of
batch spawning by first-time spawners are much lower than
that of experienced spawners for Atlantic cod (Trippel 1998),
and younger spawners may also be less successful than older
spawners because of increased variability in recruitment
(Hutchings and Myers 1993). Additionally, in longer lived
species, the influence of older fish on reproductive rate is
greater than that for species with faster life histories (Ventur-
elli et al. 2009). Finally, the number of eggs produced per
unit biomass (specific fecundity) has been shown to increase
with increasing fish mass, potentially leading to a reduction
in recruitment in populations with truncated age structure
(Marteinsdottir and Begg 2002).

At the ecosystem level, the lack of recovery in Atlantic cod
has been linked to cultivation-induced changes in food webs
or an emergent Allee effect (Van Leeuwen et al. 2008; Frank
et al. 2011). In these ecosystems, cod would have been a

Can. J. Fish. Aquat. Sci. Vol. 69, 2012

dominant predator, controlling the abundance of various for-
age fishes. This top-down control of the food web weakens
as cod populations are reduced, allowing the abundance of
forage fishes to increase by orders of magnitude. Many of
these forage fishes feed on planktonic fish larvae, contribu-
ting to high mortality of larval cod (Swain and Sinclair
2000).

The other species for which there were considerable data at
low SSB were Pacific and Atlantic herring. Herring stock
population dynamics appear rather robust to massive declines
in abundance, a finding that concurs with conclusions drawn
elsewhere (Hilborn 1997; Hutchings 2000; Walters et al.
2008). Nash et al. (2009) attributed strong compensation at
low abundance in Atlantic herring to density-dependent ef-
fects on mortality during the egg stage, while MacCall
(1990) found that predation on eggs could lead to such com-
pensatory dynamics. At high adult abundance, spawning
grounds can become saturated with eggs (which are spawned
on gravel or on plants), leading to high egg mortality. Con-
versely, at lower spawner abundance, intraspecific competition
is relaxed and egg mortality is reduced. There is also evidence
that density-dependent mortality during the larval stage could
lead to these patterns in herring (Nash and Dickey-Collas
2005). Finally, in comparison with Atlantic cod, herring spe-
cies longevity and age at maturity is relatively low. Thus, any
fishery-induced truncation in age structure would be less
likely to affect reproductive rate (Venturelli et al. 2009).

The Allee effect in some species could also be influenced
by environmental regime shifts that negatively affect the
number of recruits produced per unit of SSB (Gilbert 1997).
These regime shifts can lead to periods of low productivity
in which both recruitment and SSB are low. We looked for
these trends in several of the western Atlantic cod stocks and
found mixed evidence for such a relationship. The strongest
support for a regime shift comes from the % of the Gulf
of St. Lawrence cod (NAFO zone 4TVn), which declined
rapidly in the 1980s when its SSB was at its peak, and while
SSB has not recovered since, the RPS; since 1993 has been
higher than during the peak SSB period of the 1980s. In this
stock, these patterns are consistent with a productivity shift
in this region, but they are also consistent with a dome-
shaped relationship between Re%g‘s and SSB. Evidence for a
regime shift in other western Atlantic cod stocks (e.g.,
NAFO zone 3NO and NAFO zone 3M) is not as strong, but
in all of these cases a dome-shaped relationship is found be-
tween % and SSB. Additionally, the low SSBs in western
Atlantic cod across all stocks did not coincide with environ-
mental conditions known to be particularly detrimental to
% in any specific stock. In the western Atlantic, for ex-
ample, periods of low SSB (late 1980s to present day) have
encompassed periods of comparatively warm and cold tem-
peratures (Hutchings et al. 2012). Clearly, a better under-
standing of the processes (be they biological, environmental,
or, more likely, the interaction between the two) that underlie
any relationship between abundance and recruitment is vital
to the proper management of marine fishes.

Allee transition region
Certain combinations of life-history traits might render
some species or populations more susceptible to Allee effects
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than others (Courchamp et al. 2008). For a given life-history
strategy, there is some abundance (range) at which the popu-
lation dynamics transition from compensatory through den-
sity independence and enter the realm in which an Allee
effect could be manifested. Determining how different life-
history strategies influence the location and shape of this
transition, hereafter referred to as the “Allee transition re-
gion”, has implications for both species conservation and
management. Conservation efforts for populations found to
be below the Allee transition region would need to be more
intensive for a species or population that experienced Allee
effect. Alternatively, a population far below its Allee transi-
tion region may have such low potential for rescue that lim-
ited conservation funds might be better focused on other
populations for which management is more likely to be effec-
tive. While the magnitude of Allee effect is obviously critical,
as a first approximation, knowledge of where classical com-
pensatory population dynamics begin to weaken would be
exceedingly useful for both species conservation and fisheries
management strategies.

Using S-R relationships to estimate recovery rates

The approach taken in the present analysis does not as-
sume a functional relationship between % and SSB, thus
avoiding the difficulties associated with estimating
depensation-related model parameters (Myers et al. 1995).
An additional advantage is that we are able to differentiate
the species-specific shape of the R SSB relationship,
which might be spuriously interpreted as simply a poor
model fit when using a one-size-fits-all S-R model. Using
the relative SSB enables a comparison of populations having
very different population sizes, although this assumes that the
maximum SSB in the time series is a good proxy for the
maximum SSB of a stock. This pooling of data increases the
power of the analysis, especially at low spawning stock sizes
for which recruitment data are relatively few, but comes at
the cost of having to ensure that one does not mask impor-
tant stock-specific responses.

When rendering predictions about recovery, S-R relation-
ships are often fitted for stocks to estimate their maximum
per capita rate of growth at low population size (Myers et al.
1999). This metric is then used to determine how populations
will respond to population declines. However, these fits are
often performed when there is little information at low abun-
dance (e.g., minimum SSB in available data exceeds 40% of
maximum SSB). We show that fitting a classical fisheries
model (a Ricker type) would lead to incorrect inferences for
at least two species in the present study, indeed those species
having the greatest data availability. For Atlantic herring, the
model fit would greatly underestimate the RPS, at low abun-
dance, while the opposite is evident for Atlantic cod. Based
on the Ricker model, one would predict greater compensation
in R for cod at low SSB, the opposite of what is sug-
gested when analyzing the entire range of data. Clearly, fit-
ting a population dynamics model to stocks (species) that
have not been reduced to low abundance to predict what the
dynamics are at low abundance can result in serious errors
and incorrect management decisions. For species lacking
data at low abundance, a more appropriate approach might
be to use species with similar life-history strategies that have
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been reduced to low abundances to infer putative population
dynamics. Additionally, there are few species (bluefin tuna
being one notable exception) whose RPS, decreases with de-
clining SSB when SSB is relatively high (above 40%—60% of
historical maximum), suggesting that the overwhelming ma-
jority of species (for which we have data) exhibit compensa-
tory recruitment dynamics even when their SSB has been
reduced by approximately 50%.

Previous meta-analysis of the S-R relationship have had
limited success in determining the shape of this relationship
at low abundance, largely because of a dearth of data at low
abundance (Myers et al. 1995; Liermann and Hilborn 1997).
Myers et al. (1995) found evidence for depensation in only 3
of 128 stocks, but their data set had very few data at low
abundance, which necessarily led to extrapolating curves into
regions in which there was no information. Liermann and
Hilborn (1997) also found that for the majority of species
there is a dearth of strong evidence for either hypercompen-
sation or an Allee effect because the variance in the parame-
ter estimates is so large that it is difficult to determine if a
stock is showing evidence for an Allee effect or hypercom-
pensation. The interpretation of our model results suggests
that in the majority of species, evidence for compensation is
relatively strong at high SSB, but at lower relative SSBs,
greater than one in three species show signs of either an Al-
lee effect or density-independent dynamics. While our analy-
sis does not include any salmonids for which Liermann and
Hilborn (1997) found the best evidence for an Allee effect,
they also suggest that the Pleuronectiformes and Gadiformes
exhibited weaker evidence for compensatory dynamics than
Clupeiformes. This is similar to our findings in which no clu-
peiform species show evidence of an Allee effect, while a
number of pleuronectiform and gadiform species exhibited
evidence of an Allee effect.

Future directions

The present analysis looked solely at the relative changes
in Re%;‘;‘s as SSB declines. Although outside the scope of this
study, one extension of our work would be to examine abso-
lute changes in RS op 3 stock-by-stock basis to provide es-
timates of recruitment strength (and associated error) at
different levels of abundance. Comparing these estimates
with those obtained from the literature would be instructive
(e.g., Myers et al. 1999). Additionally, our analysis excluded
other potentially relevant covariates (life-history traits, envi-
ronmental conditions, age structure) that could be included
in the model to determine if there is a relationship between
these covariates and RPS;. Based on the results for the cod
and herring, it appears that one covariate worth exploring fur-
ther is the species reproductive strategy.

The present study provides estimates of the trends in Rescsrgits
vs. SSB for many commercially harvested marine fishes. For
some species, there is evidence that as SSB declines the rela-
tionship between %ﬁi“ and SSB weakens, and in some cases
an Allee effect is evident. For these species, abundances
should be kept above their respective Allee transition regions
to minimize the probability of a collapse. In 39 of the 104
species, there is no evidence of compensatory dynamics in
the RPS; vs. SSB relationship between the lowest SSB and
second lowest SSB categories. These relationships can vary

Published by NRC Research Press



Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by Calif Dig Lib - Davison 11/26/13
For personal use only.

1162

substantially within an order, with some species showing
strong compensatory dynamics at less than 10% of their his-
torical maximum abundance (e.g., Atlantic herring), while
others show no evidence for compensatory dynamics below
30% of historical maximum SSB (e.g., Pacific sardine).

As data at low levels of abundance become increasingly
available, it appears that compensation, while strong in some
species, is comparatively weak or nonexistent in others, thus
providing an explanation for why the recovery of some de-
pleted stocks, despite reductions in fishing mortality, has
been considerably slower than what classic models of popula-
tion growth would otherwise suggest.
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