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Abstract
Assumptions about the future productivity of a stock are necessary to calculate sus-

tainable catches in fisheries management. Fisheries scientists often assume the num-

ber of young fish entering a population (recruitment) is related to the biomass of

spawning adults and that recruitment dynamics do not change over time. Thus,

managers often use a target biomass based on spawning biomass as the basis for cal-

culating sustainable catches. However, we show recruitment and spawning biomass

are not positively related over the observed range of stock sizes for 61% of 224 stocks

in the RAM Legacy Stock Assessment Database. Furthermore, 85% of stocks for

which spawning biomass may not drive recruitment dynamics over the observed

ranges exhibit shifts in average recruitment, which is often used in proxies for target

biomasses. Our results suggest that the environment more strongly influences

recruitment than spawning biomass over the observed stock sizes for many stocks.

Management often endeavours to maintain stock sizes within the observed ranges,

so methods for setting management targets that include changes within an ecosys-

tem may better define the status of some stocks, particularly as climate changes.
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Introduction

Spawners, recruits and environment

The question of the relationship of recruitment

(the number of young fish entering a population

after surviving the larval phase) to spawning bio-

mass in exploited marine species has a long his-

tory (e.g. Hjort 1914; Ricker 1954; Houde 1987;

Cushing 1990). In the 1990s, a database of spaw-

ner/recruit observations (Myers et al. 1995)

allowed meta-analysis of data for hundreds of

stocks, but contrasting conclusions were drawn

from analyses of these data. Myers and Barrow-

man (1996) reported that low spawning biomass

results in low recruitment, but Gilbert (1997)

interpreted the same data as suggesting recruit-

ment shifts between ‘recruitment states’ in which

recruitment varies around a mean. Gilbert pro-

posed that the perceived relationship between

spawning biomass and recruitment is due to low

recruitment leading to small spawning biomasses

when those fish mature rather than small spawn-

ing biomass leading to low recruitment. Both

hypotheses may be true for different stocks, and

recruitment for some stocks may be driven by

some combination of these hypotheses. It is clear

that some spawners are needed to produce new

recruits, but most species produce millions of eggs

even at low spawning biomass and larval mortal-

ity is very high. Consequently, even small changes

in survival can result in highly variable year class

sizes (Hjort 1914; Dahlberg 1979).

These two hypotheses have important conse-

quences for management. Fishery managers use

expected recruitment to estimate unfished and tar-

get spawning biomasses. Common management

targets include the biomass (BMSY) and fishing

mortality (FMSY) corresponding to ‘maximum sus-

tainable yield’, both of which rely on an assumed

stock–recruit relationship. Proxies for target bio-

masses that depend on average recruitment have

been introduced for use when a stock-recruit rela-

tionship is not apparent (e.g. Clark 1991). Regula-

tory action is often triggered when a stock falls

below some threshold proportion of the target bio-

mass. For example, the spawning stock biomass of

the canary rockfish, Sebastes pinniger (Sebastidae),

off the Pacific coast of North America declined

beneath its threshold biomass in 1999 at which

point allowable catches were reduced from 1045

to 287 mt (Wallace and Cope 2011). Limit bio-

masses are employed to avoid recruitment overf-

ishing, which occurs when a stock is fished to

levels at which recruitment is negatively impacted.

Consequently, the rate at which recruitment

decreases with biomass (or if it decreases at all) is

of great interest to fisheries managers.

Shifts in climate can complicate calculating

expectations about future recruitment. Abrupt cli-

matic shifts can precipitate ecosystem ‘regime

shifts’, which have been documented in many

regions, for example the North Pacific (Overland

et al. 2008; Anderson and Piatt 1999), the North

Sea (Beaugrand 2004), and the Baltic Sea (Alheit

et al. 2005). Shifts in climate appear to influence

the recruitment of some species, changing the

overall productivity of a population (Conners et al.

2002; Adkison et al. 1996; Duffy-Anderson et al.

2005), and therefore should be considered when

calculating expected recruitment for management.

US fisheries legislation recognizes this by adopting

a definition of BMSY (similar to Ricker’s 1954 defi-

nition) that is relative to ‘prevailing environmental
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conditions’ (Sustainable Fisheries Act 1996). A

few US regions account for shifts in climate, but

most do not. An exception is Alaska, where aver-

age recruitment for demersal fish is calculated

only from data gathered after the late 1970s shift

in the North Pacific (e.g. Ianelli et al. 2012).

We investigate recruitment dynamics for 224

worldwide marine stocks from the RAM Legacy

Stock Assessment database (Ricard et al. 2012)

using cross-correlation to determine if a positive

relationship between spawning biomass and

recruitment exists and whether recruitment or bio-

mass is ‘leading’ the dynamics. Shifts in average

recruitment are identified for stocks for which

spawning biomass does not appear to influence

recruitment or a spurious influence of spawning

biomass is possible. Synchronies in these shifts

within large marine ecosystems (LMEs) are identi-

fied and compared to changes in environmental

indices to provide starting points for mechanistic

studies of regime-like recruitment dynamics.

Methods

Data

Time series of recruitment and spawning stock bio-

mass were selected from the RAM Legacy Stock

Assessment Database (Ricard et al. 2012) after

applying two criteria: (i) spawning biomass and

recruitment estimates must be available for at

least 18 contiguous years and (ii) recruitment esti-

mates must not be derived directly from a stock–

recruitment relationship. These stocks represent

10 orders from 29 large marine ecosystems

around the world (Fig. 1). Recruitment estimates

in the RAM Database were lagged to the year of

fertilization and age-at-maturity data were

extracted to aid in determining the feasibility of

using cross-correlation to infer drivers of recruit-

ment dynamics. Spawning biomass is used as a

proxy for reproductive potential here, but it has

been suggested that total egg production is a bet-

ter metric for reproductive potential (Marshall

2009). Although total egg production is likely a

better measure, spawning biomass is commonly

used to calculate management reference points.

Another potential limitation of these data is their

restriction to the times during which data are

available for assessment, which makes it possible

that the maximum observed spawning biomass is

some small fraction of virgin spawning biomass.

This should not impede identification of an influ-

ence of spawning biomass on recruitment because

a relationship between spawning biomass and

recruitment should be more apparent at lower

spawning biomasses.

Cross-correlation and the relationship between

spawning biomass and recruitment

Spearman’s correlation (Spearman 1904) is used

here to calculate the cross-correlation between

recruitment and spawning biomass. Spearman’s

correlation ranks observations before calculating

Pearson’s correlation for the data, which removes

assumptions about linearity, and can therefore

identify monotonic relationships (of which the

classic Beverton–Holt (1957) stock–recruit rela-

tionship is one). Cross-correlation can distinguish
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Figure 1 Stocks included in the analysis represented by large marine ecosystem and phylogenetic order.
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the impact of recruitment on spawning biomass

(Gilbert’s thesis) from the influence of spawning

biomass on recruitment (Myers’ thesis) by provid-

ing the strength of correlations at different lags

(e.g. Fig. 2). Correlations at zero lag indicate the

strength of the influence of spawning biomass on

recruitment (because recruitment is lagged to the

year of fertilization). Correlations at the 1st, 2nd,

3rd, etc., negative lags indicate the influence of

recruitment 1, 2, 3 (etc.) years in the past on

spawning biomass in a given year. In this analy-

sis, stocks for which only recruitment significantly

influences spawning biomass (P < 0.05) or no sig-

nificant cross-correlations were identified were

denoted as environmentally driven. Stocks for

which both recruitment and spawning biomass

had significant influences on each other

(P < 0.05) were considered to be potentially envi-

ronmentally influenced if the influence of recruit-

ment was greater than that of spawning biomass.

Stocks for which spawning biomass has a larger

(and significant, P < 0.05) influence on recruit-

ment than recruitment on spawning biomass were

designated as driven by spawning biomass.

Figure 3 shows a flow chart of the decision-mak-

ing process for determining recruitment drivers.

Dome-shaped dynamics (i.e. overcompensation at

high spawning biomasses) will confound the infer-

ence of drivers from cross-correlation, so stocks

with dome-shaped dynamics are treated separately

(see below).

Negatively lagged cross-correlations

The most significant negatively lagged cross-corre-

lation is used here to identify the influence of

recruitment on spawning biomass. Choosing the

most significant lag post hoc elevates the risk of

spurious significance through multiple testings.

However, age-at-50%-maturity data are available

for 122 of the stocks used in the analysis and these

data can indicate which lagged recruitment might

be expected to have the largest influence on spawn-

ing biomass. Time series’ of recruitment are lagged

such that the 2nd, 3rd, 4th, etc., negatively lagged

correlations indicate the influence of recruitment 2,

3, 4, etc., years in the past on a given year’s

spawning biomass. So, if age-at-50%-maturity
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Figure 2 Stocks demonstrating various patterns in cross-correlation. The top row displays regimes in spawning

biomass and recruitment (coloured: recruitment; grey: spawning biomass) where box height represents the within-

regime, among-year variance, length represents regime length, and the horizontal centre line is the average.

Recruitment vs. spawning biomass (middle row) are coloured to match recruitment regime. AIC weights for Ricker and

Beverton–Holt curves are given in the legend. Cross-correlation between spawning biomass and recruitment (bottom

row) is significant when a vertical line exceeds the dashed horizontal lines; the value of most significant correlation at

negative lag and zero lag are indicated above each position. Stocks for which age-at-maturity data are available have a

box outlining the window of plausible lagged correlations to describe the influence of recruitment on spawning biomass.
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occurs during year 3, one might expect the 3rd

negatively lagged cross-correlation to reflect this

influence (for example). Without the slopes of the

maturity ogives, selectivity-at-age or weight-at-age,

it is impossible to definitively exclude the possibility

that negatively lagged cross-correlations outside of

this range are not important. However, 95% of the

largest, significant and negatively lagged correla-

tions occur within 2 years on either side of the

reported age-at-50%-maturity. Considering the

high correspondence with age-at-50%-maturity,

the most significant negatively lagged cross-corre-

lation is assumed to adequately represent the influ-

ence of recruitment on spawning biomass and is

used to determine the influence of recruitment on

spawning biomass for all stocks, regardless of the

availability of age at maturity data.

Simulation testing of cross-correlation

Stock recruit data were simulated from stock-

recruit functions parameterized in terms of the

parameters steepness and variability in recruitment

(rR) to compare the ability of cross-correlation to

identify a stock–recruit relationship relative to that

of traditional model-based approaches. Steepness is

the proportion of virgin recruitment that is pre-

dicted to be produced at 20% of unfished biomass

and can assume values from 0.2 to 1 for the Bever-

ton–Holt stock–recruit relationship. The variability

around the stock–recruit relationship produced for

a given steepness is rR. The influence of spawning

biomass on recruitment decreases as steepness

and/or rR increase, so an understanding of the lev-

els of steepness and rR at which Spearman’s corre-

lation is able to detect an influence is important.

The depletion of the stock (or the ratio of the cur-

rent biomass to virgin biomass) also plays a role in

the ability to detect an influence of spawning bio-

mass on recruitment. Recruitment for a given

steepness and rR (Beverton–Holt) were randomly

generated from a range of spawning biomass sizes

given a depletion level. For example, if depletion is

50%, stock sizes from 100% to 50% of virgin

spawning biomass are sampled and recruitments

are calculated from those biomasses given a steep-

ness and rR. Spearman’s correlation and a Bever-

ton–Holt model were fit to the data (or calculated)

Fit s-r curves

Remove s-r pairs less 
than 50% max SpBio

Apply cross-correlation

S-R data
N = 224

Ricker
N = 38

Bev. Holt
N = 186

Apply Spearman’s 
correlation

Zero lagged correlation

Negatively lagged correlation

> (r) <=(r)

(r)

P <= 0.05

P > 0.05

EnvSpBio
Env

and/or 
SpBio

SpBioEnv Env

Figure 3 Flow chart describing the decision-making process for assigning drivers. Boxes indicate a ‘test’ performed on

the data, ovals indicate the outcome of that test. The magnitude for the negatively lagged correlations of the stocks that

are fit best by a Beverton–Holt curve (right branch) and for which there is a significant influence of spawning biomass

on recruitment [P < 0.05; marked here as ‘(r)’] are compared to the magnitude of the influence of spawning biomass to

identify potentially spurious influence of spawning biomass on recruitment. ‘Env’ and ‘SpBio’ denote recruitment

dynamics driven by the environment and spawning biomass (respectively) over the observed stock sizes.
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to explore the relative performance of each in iden-

tifying the influence of spawning biomass on

recruitment.

Dome-shaped recruitment

Some relationships between recruitment and

spawning biomass are hypothesized to be dome-

shaped due to intensification of density-dependent

effects at high spawning biomass and are not

monotonic globally. If dome-shaped dynamics are

present, Spearman’s correlation will not be able to

identify an influence of spawning biomass on

recruitment. Beverton–Holt curves (Equation 1)

and Ricker curves (Equation 2) were therefore fit

to the data for each stock to identify dome-shaped

recruitment dynamics, which were handled differ-

ently than stocks with no dome-shaped dynamics

(e.g. Fig. 2).

Beverton Holt: Recruits (Spawners)

¼ a � Spawners

1þ a
b Spawners

ð1Þ

Ricker: Recruits (Spawners)

¼ Spawners � expða� b � SpawnersÞ
ð2Þ

The relative likelihood [or Akaike Information

Criterion (AIC) weight] of each model was calcu-

lated as follows:

RelativeLikelihood ðModminÞ
¼ 1

1þ exp AICðModminÞ�AICðModmaxÞ
2

� � ð3Þ

RelativeLikelihood ðModmaxÞ

¼
exp AICðModminÞ�AICðModmaxÞ

2

� �

1þ exp AICðModminÞ�AICðModmaxÞ
2

� � ð4Þ

where Modmin refers to the model with the

lower value of the Akaike Information Criterion

(AIC) and Modmax refers to the model with the lar-

ger AIC.

Determining how much better a Ricker curve

must fit the data to declare dome-shaped dynamics

are present is difficult because a Ricker curve can

mimic a Beverton–Holt curve, but a Beverton–Holt

curve cannot mimic the dome-shape of a Ricker

curve. Consequently, for stocks for which recruit-

ment appears to be monotonically related to

spawning biomass, the relative likelihoods of Be-

verton–Holt and Ricker curves are roughly the

same (e.g. Fig. 2c,d). A relative likelihood for Rick-

er dynamics >0.75 was used as a cut-off for desig-

nating stocks with dome-shaped recruitment

dynamics. Comparing the differences in fits of the

curves for stocks with a relative likelihood just

above the cut-off (e.g. Figures 65 and 68 in

Appendix S1) to stocks just below the cut-off (e.g.

Figures 178 and 180 in Appendix S1), lends sup-

port the selection of 0.75 for the cut-off.

The influence of spawning biomass on recruit-

ment is tested for stocks with dome-shaped

dynamics by removing the pairs of spawning bio-

mass/recruitment observations in which spawning

biomass is >50% of the maximum observed

spawning biomass and recalculating the Spear-

man’s correlation between spawning biomass and

recruitment. If there is a significant positive rela-

tionship for observations of biomass which are

<50% of the maximum observed biomass, the

stock is designated spawning biomass driven over

the range of observed biomasses. Ultimately, this

method for addressing dome-shaped recruitment is

acceptable for this analysis because management

is concerned about recruitment decreasing as bio-

mass decreases (which provides incentive to reduc-

ing fishing pressure when biomass is lower than

the level corresponding the maximum of the

stock–recruit curve), and less concerned with

recruitment decreasing as biomass increases

(which provides incentive to increase fishing

pressure).

Changes in average recruitment

Changes in recruitment regime were identified

using a variant of Rodionov’s sequential t-test

algorithm for regime shifts (STARS; Rodionov

2004). A minimum regime duration of 6 years

was assumed for these analyses to allow sub-deca-

dal variation to be captured, but the required sig-

nificance for a shift was set relatively high

(P < 0.1) to ensure shifts are substantial enough

to be potentially relevant to management. The

variation from Rodionov’s original STARS is that

the search for deviations from a regime average is

started the year after the ‘reference regime’ rather

6 © 2014 John Wiley & Sons Ltd, F ISH and F ISHER IES

Examining recruitment assumptions C S Szuwalski et al.



than in the second year of the reference regime.

This modification allows outliers to be the start of

a regime rather than ignoring outliers or assigning

them as single-year regimes (which the original

implementations of STARS do). Allowing outliers

to signify a new regime is appropriate because

changes in the environment may trigger an

exceptional recruitment event which will then

out-compete subsequent year classes through den-

sity-dependent effects. Ultimately, any method of

identifying shifts in recruitment dynamics will

have weaknesses. However, this algorithm serves

the purpose of identifying the two ‘important’

events (from a management perspective) in the

recruitment history of a fishery: (i) changes in

average due to a persistent increase or decrease

and (ii) changes in average due to an exceptional

recruitment event.

Significance of synchronous changes in average

recruitment

The significance of synchronous changes in

recruitment within an LME was assessed by gener-

ating random realizations of the timing of shifts in

average recruitment for stocks within an LME

using a resampling method based on the number

of observed shifts for a stock, the years during

which the stock was observed and the assumed

regime duration using the modified STARS algo-

rithm. The number of stocks shifting in a random

realization was summed in each year and the pro-

cess was repeated 1000 times to construct a distri-

bution for the expected number of shifts for a

given year in a given LME. If observed synchro-

nous shifts in a given year exceeded the number

of shifts observed in 95% of the simulations in that

year, synchrony in that year was denoted as

‘significant’.

Results

Simulation results

Identifying a stock–recruit relationship is easier for

a given rR and steepness when the stock is

depleted to very low levels (compare columns of

Fig. 4). As the lowest observed biomass increases,

the influence of spawning biomass on recruitment

becomes more difficult to identify even when steep-

ness and rR are low. Consequently, the recruit-

ment dynamics of a stock can be concluded to be
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Figure 4 The proportion of simulated stocks with an underlying stock-recruit relationship for which spawning biomass

was identified to influence recruitment for a given steepness, rR, depletion and detection method. A relationship

between recruitment and spawning biomass was identified by selecting between a Beverton–Holt model and a ‘random’

model via AICc in the top row; the bottom row used Spearman’s correlation.
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driven by the environment over observed stock

sizes (even though there may be an underlying

influence of spawning biomass on recruitment)

because the stock has not been depleted to low

enough levels to observe an influence of spawning

biomass. Spearman’s correlation is as effective at

identifying the influence of spawning biomass on

recruitment as approaches based on fitting models

(compare rows of Fig. 4).

Meta-analysis results

Overall trends

Dome-shaped dynamics were apparent in 38

stocks (17%), but only seven of these exhibited a

positive relationship between recruitment and

spawning biomass at stock sizes less than 50% of

the observed maximum. Spawning biomass had

no significant influence on 105 (47% of total) of

the 186 stocks not exhibiting dome-shaped

dynamics. Recruitment influenced spawning bio-

mass more strongly than spawning biomass influ-

enced recruitment in 52 of the 81 stocks that

showed a significant positive influence of spawning

biomass on recruitment. A strong influence of

recruitment on spawning biomass can create a

spuriously significant influence of spawning bio-

mass on recruitment (Gilbert’s thesis), particularly

when average recruitment changes abruptly.

Average recruitment changed in 160 of 188

stocks in which spawning biomass either could

not be shown to influence recruitment or

recruitment had a larger influence on spawning

biomass than spawning biomass did on recruit-

ment. The overall mean regime length was

10.3 years with a standard deviation of 8.1

(Table 1). Repeating the analysis with only the

stocks for which age-at-maturity are available did

not change the relative proportions of drivers.

Among orders with more than 10 representative

stocks, dome-shaped dynamics were most common

in Perciformes (20%), strictly spawning

biomass-driven dynamics were most common in

Gadiformes (18%), and dynamics in which both

recruitment significantly influenced spawning bio-

mass and spawning biomass influenced recruit-

ment were most often seen in Clupeiformes (43%).

Only recruitment significantly influenced spawning

biomass for a large fraction of Scorpaeniformes

(65%). Longest average regimes were seen in Scor-

paeniformes and Clupeiformes (both 11.0 years);

average regimes were shortest for Pleuronectifor-

mes (9.5 years).

Patterns in individual stocks

Four general patterns of significant cross-correla-

tions between spawning biomass and recruitment

were observed, illustrated in Fig. 2 by yellowtail

rockfish (Sebastes flavidus, Sebastidae) in the Gulf

of Alaska, haddock (Melanogrammus aeglefinus,

Gadidae) on the Scotian Shelf, Atlantic cod (Gadus

morhua, Gadidae) in the North Sea and Peruvian

Table 1 Summary of analysis of spawner and recruit data. Numbers under ‘Dome-shaped’ and ‘Monotonic’ represent

the count of stocks falling in a given category of driver. ‘Env’, ‘SpBio’, and ‘SpBio and/or Env’ indicate recruitment

dynamics that appear to be driven by the environment, spawning biomass and stocks for which it is difficult to

distinguish between the two hypotheses respectively. The total sample size is 224 stocks. Mean length and standard

deviation of recruitment regimes are given in years.

Drivers

Dome-shaped Monotonic Regimes

Env SpBio Env SpBio SpBio and/or Env
Stocks with/shifts
in average Mean length SD

Totals 31 7 105 29 52 160 10.3 8.1
Clupeiformes 0 3 14 0 13 25 11.0 7.8
Pleuronectiformes 8 2 23 4 6 34 9.5 7.4
Scorpaeniformes 4 0 20 5 2 21 11.0 7.1
Gadiformes 5 1 25 10 15 39 10.4 8.4
Perciformes 10 1 19 5 14 32 10.7 9.3
Decapoda 1 0 0 4 1 2 7.1 6.1
Ophidiiformes 3 0 3 1 0 5 9.8 7.5
Osmeriformes 0 0 1 0 0 1 9.3 5.1
Tetraodontiformes 0 0 0 0 1 1 7.7 3.8

8 © 2014 John Wiley & Sons Ltd, F ISH and F ISHER IES

Examining recruitment assumptions C S Szuwalski et al.



anchoveta (Engraulis ringens, Engraulidae) in the

Humboldt current. A lack of any significant

correlations between spawning biomass and

recruitment suggests recruitment is environmen-

tally driven over the range of observed data (e.g.

yellowtail rockfish; Fig. 2a). Changes in average

recruitment for yellowtail rockfish that are unre-

lated to changes in spawning biomass imply

shifts in environmental drivers over time. Only

recruitment influences spawning biomass (i.e.

there is only a significant negatively lagged corre-

lation) for haddock (Fig. 2b) and average recruit-

ment shifts over time, both implying

environmentally driven recruitment dynamics. A

larger significant correlation at zero lag than at a

negative lag suggests dynamics are driven by

spawning biomass for the stock of Atlantic cod

(Fig. 2c). This is intuitive, as its recruitment

appears to follow spawning biomass, not the

opposite. Spawning biomass of Peruvian ancho-

veta appears to influence recruitment, but recruit-

ment influences spawning biomass more strongly

(Fig. 2d). The perceived influence of spawning

biomass for Peruvian anchoveta is likely a result

of the relatively short generation time and shifts

in average recruitment over time. This pattern

appears often in small pelagic fish and other

species that mature shortly after recruitment and

die rapidly.

Recruitment of Gulf of Alaska rock sole (Lepidop-

setta bilineata, Pleuronectidae) appears to influence

spawning biomass, but this species also displays

dome-shaped recruitment dynamics (Fig. 5a).

These dome-shaped dynamics are driven by

6 years of low recruitment at the end of the time

series that follow 8 years of the highest recruit-

ment for this stock. The influence of spawning bio-

mass on recruitment for spawning biomasses less

than 50% of the maximum observed spawning

biomass is not significant (P > 0.05), and this sug-

gests the environment drives recruitment at the

lowest observed stock sizes for rock sole. Interpret-

ing dome-shaped relationships when there are

shifts in average recruitment and no influence of

spawning biomass on recruitment at low stock

sizes is difficult, because environmentally driven

dynamics can easily generate these patterns in

recruitment. For example, if recruitment is

unrelated to biomass, and shifts from a high aver-

age to a low average, spawning biomass will not

follow until the individuals from the high regime

have left the population. This results in a high
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Figure 5 Stocks demonstrating various patterns in cross-correlation. The top row displays regimes in spawning

biomass and recruitment (coloured: recruitment; grey: spawning biomass) where box height represents the within-

regime, among-year variance, length represents regime length, and the horizontal centre line is the average.

Recruitment vs. spawning biomass (middle row) are coloured to match recruitment regime. AIC weights for Ricker and

Beverton-Holt curves are given in the legend. Cross-correlation between spawning biomass and recruitment (bottom

row) is significant when a vertical line exceeds the dashed horizontal lines; the value of most significant correlation at

negative lag and zero lag are indicated above each position. Stocks for which age-at-maturity data are available have a

box outlining the window of plausible lagged correlations to describe the influence of recruitment on spawning biomass.
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spawning biomass when recruitment is very low

(similar to rock sole). However, density-dependent

effects at high spawning stock sizes could also be

the cause of the dome-shape.

Pollock (Pollachius virens, Gadidae) on the Fa-

roe Plateau (Fig. 5b) have no significant cross-

correlation between spawning biomass and

recruitment, but a Ricker curve fits the data deci-

sively better than a Beverton–Holt curve (rela-

tively likelihood: Ricker = 0.99 vs. Beverton

Holt = 0.01). However, spawning biomass does

not significantly (P > 0.05) influence recruitment

at low biomass, so recruitment for this stock is

likely driven by environment over the observed

stock sizes relevant to management.

Spawning biomass influences recruitment but

recruitment influences spawning biomass more

strongly and shifts in recruitment occur over time

for both of Pacific herring (Clupea pallasii, Clupei-

dae) in the Gulf of Alaska and Pacific sardine (Sar-

dinops sagax, Clupeidae) in the California Current

(Fig. 5c,d). Both stocks are examples of an appar-

ent influence of spawning biomass on recruitment

that is likely a result of short generation times and

recruitment shifting between high and low

regimes. A complete set of figures for the stocks

included in the analysis are available in the sup-

plementary materials.

Discussion

Comparison to previous meta-analyses

Myers and Barrowman (1996) concluded that

‘when there is a sufficient range in spawner abun-

dance’ the highest recruitment occurs when

spawning biomass is high and vice versa for 364

time series of spawner and recruit observations.

Gilbert (1997) found that recruitment was related

to spawning biomass for the salmonids according

to his analysis, but not for marine spawning bony

fishes. Our results lie somewhere in the middle of

these two analyses. Some stocks clearly have a

stock–recruit relationship. For example, stocks

from the orders Gadiformes and Scorpaeniformes

had the highest probability of exhibiting a stock

recruit relationship, which is perhaps unsurprising

given histories of high exploitation and relatively

long lives respectively. However, recruitment

dynamics for many stocks are not influenced by

spawning biomass over the range of observed

stock sizes.

Interpreting an absent influence of spawning

biomass on recruitment

Stocks for which spawning biomass does not influ-

ence recruitment can be of two types: those for

which recruitment does not depend on spawning

biomass except for at very low spawning biomass

sizes (i.e. steepness is very close to one) and those

for which there is an underlying stock recruit rela-

tionship but the stock has not been depleted to

levels where a decrease in recruitment is obvious

(i.e. steepness is less than one, but spawning bio-

mass is still relatively high). It is possible (even

probable) that recruitment is influenced by spawn-

ing biomass at stock sizes lower than those

observed for some of the stocks denoted as envi-

ronmentally driven here. However, the stocks

included in this analysis are actively managed and

fisheries managers generally endeavour to main-

tain spawning biomass within the historically

observed range. Given the desire to maintain

stocks within this range, there would be little dif-

ference between the management decisions for the

two types of environmentally driven stocks, so a

distinction between the two types is not made

here.

Target biomasses and environmentally driven

recruitment dynamics

Several recent papers have assessed the status of

world fish stocks by comparing current estimated

biomass to a calculated target biomass (e.g.

Branch et al. 2011; Worm et al. 2009). The target

biomasses used in these papers assume a relation-

ship between spawning biomass and recruitment,

but this assumption is violated by environmentally

driven recruitment. The spawning biomass-centric

paradigm of recruitment dynamics is not restricted

to these papers; it is a central tenet of much of

fisheries management (e.g. Ricker 1954; Beverton

and Holt 1957). Contrary to this paradigm, sur-

plus production for many stocks has been recently

suggested to be driven by factors other than

spawning biomass (Vert-pre et al. 2013), but shifts

in population dynamics should be searched for in

recruitment (as done here) for two reasons. First,

surplus production inherently has ‘regimes’ in it

due to age-structure (e.g. Szuwalski 2013);

recruitment does not. Second, surplus production

integrates over many years of growth, natural

mortality and selection in the fishery, whereas

10 © 2014 John Wiley & Sons Ltd, F ISH and F ISHER IES
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recruitment occurs closest to the life history stage

likely to be most strongly influenced by the envi-

ronment (Dahlberg 1979). Consequently, linking

changes in environment to changes in recruitment

is more feasible than doing so for surplus produc-

tion and is more directly relevant to fisheries man-

agement.

Although target biomasses calculated based on

an assumed relationship between recruitment and

spawning biomass are not supported by data for

many stocks, there are still reasons to continue

using target biomasses in management. Mainte-

nance of trophic function, increased ecosystem

resilience, the increase in catch per unit effort seen

at higher biomasses and the asymmetric risk asso-

ciated with incorrectly assuming the absence of a

stock–recruit relationship are all important reasons

for maintaining spawning biomass. Maintenance

of genetic diversity and insurance against assess-

ment and management errors are also persuasive

reasons for maintaining relatively high spawning

biomass. Recruitment dynamics for exploited fish-

eries are often more complex than assumed and,

although an admission of this complexity will

make setting hard and fast targets for biomass

more difficult, it should encourage precaution in

the face of uncertainty and discussion about how

to calculate expectations for future recruitment in

ways consistent with observations.

Methods used to calculate target biomasses for

stocks with environmentally influenced recruit-

ment should be carefully considered. Using long-

term average recruitments in target biomasses

(which is often done) may allow management to

meet its goals, but only if the period of environ-

mental forcing is shorter than the period of inter-

nal population dynamics, there are long time

series available and there is no trend in the envi-

ronmental forcing (Haltuch and Punt 2008). How-

ever, if the period of environmental forcing is

longer than the period of a population’s internal

dynamics, there will be periods of time during

which a stock is apparently ‘overfished’ when the

stock is in a period of low productivity. Addition-

ally, if environmental-forcing is non-stationary

(e.g. increasing sea surface temperatures; Rayner

et al. 2003), productivity inferred from data col-

lected in the past may not be relevant today.

Changing expectations for recruitment according

to climate regime and then calculating regime-spe-

cific target biomasses can result in counter-intui-

tive management actions (Szuwalski and Punt

2012). For example, when productivity increases,

a stock that was previously ‘healthy’ may be

deemed overfished because the target biomass

increases based on new expectations of recruit-

ment, and catch limits may be subsequently

decreased. Establishing target biomasses based on

risk analyses that consider patterns in environ-

mental influences on recruitment and the potential

consequences of depleting a stock to low levels is a

potential solution to these problems (e.g. Francis

1992; Francis and Shotton 1997; Lane and Ste-

phenson 1998). Risk analyses can incorporate

possible future scenarios to evaluate the risks and

benefits of harvest strategies.

Identifying mechanistic drivers of recruitment

dynamics

Identifying potential future recruitment scenarios

can be aided by a mechanistic understanding of

recruitment processes. A shift in average recruit-

ment for a stock with recruitment dynamics unre-

lated to spawning biomass likely has some

underlying environmental driver (e.g. Moran

1953; Ranta et al. 1997; Black 2009). Indices of

environmental variation often exhibit shifts similar

to recruitment (Fig. 6). Synchrony in shifts in

recruitment between stocks in an LME in a given

year may suggest a common environmental driver

and represent ‘low-hanging fruit’ in the search for

mechanistic explanation for changes in recruit-

ment. For example, some synchronous shifts in

the California Current (Figs 7 and 8c; 1977,

Figure 6 Regimes in time series of selected

environmental indices. Box height represents the among-

year variance within the regime, the length represents

regime length, and the horizontal centre line is the

average value.
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1998) and Gulf of Alaska (1976, 1977, 1998;

Fig. 8b) mirrored climate shifts in the northern

Pacific. Synchrony in changes in average recruit-

ment also occurred in the eastern Bering Sea in

1983, which corresponds to a transition from a

period of locally warm summer sea surface tem-

perature (1978–1983) to a period of cooler tem-

peratures (1984–2003) (NOAA 2013). Ten

synchronous shifts in the California Current were

observed, with eight of them coinciding with El

Ni~no or La Nina years (Fig. 8c).

In the Atlantic, synchronous shifts in recruit-

ment on the Celtic Biscay Shelf and in the Baltic

Sea in 1981 and 1982 (Fig. 8j,k) roughly coin-

cided with a shift in the average value of the win-

ter North Atlantic Oscillation, NAO, in 1982

(Schwing et al. 2003). The Celtic Biscay Shelf had

synchronous shifts in 1987, which roughly coin-

cided with the reported ecosystem regime shifts in

the North Atlantic forced by the NAO (Alheit et al.

2005). Average recruitment for many stocks in

the Gulf of Alaska and the California Current

shifted in synchrony with stocks on the Northeast

US Continental Shelf during 1997/1998 (Fig. 8l),

potentially reflecting the observed similarities in

climate indices over the Pacific and Atlantic

oceans during strong El Nino events (Elliott et al.

2001). In total, synchrony in shifts in recruitment

occurred 41 times in 10 of 14 LMEs. Some shifts

in recruitment may be spurious given cyclical pop-

ulation dynamics; some synchronous shifts may

be spurious given the number of observed shifts in

an LME. Years in which recruitment for more

stocks than expected shifted together (given a ran-

dom sampling of the observed shifts; see methods)

are denoted as ‘significant’ and occurred in 7 of

14 LMEs (Fig. 8).

Utility of environment/recruitment relationships

Synchronous shifts (regardless of their ‘signifi-

cance’) are one logical entrance to the search for

mechanistic explanations for shifts in recruitment

given limited resources. However, relationships

between recruitment and environment have long

been hypothesized and searched for, with some

successes (e.g. Bakun 1996; Cushing 1990; Wilde-

buer et al. 2013), but relationships discovered

between recruitment and the environment are

often not useful when providing tactical manage-

ment advice for fisheries because of their instabil-

ity [Myers 1998; a notable exception is the Pacific

sardine, Sardinops sagax, Clupeidae, in the Califor-

nia Current (PFMC 1998)]. Identifying correlations

between environmental indices and recruitment

does not necessarily mean that an environmental

index is driving recruitment (Granger 1969).

Methods have been developed to attempt to deter-

mine causality of environmental forcing (Sugihara

et al. 2012), but these methods have yet to be

widely applied. In spite of these limitations, the

character of the relationship between the environ-

ment and recruitment, can be useful in manage-

ment strategy evaluations in which recruitment

must be projected into the future (e.g. A’mar et al.

2009; Ianelli et al. 2011; Szuwalski and Punt

2012). Incorporating the potential periods, ampli-

tudes and trends in environmental forcing into

recruitment projections may drastically change the

perceived trajectory of the ‘future stock’ and there-

fore management decisions in the present. How-

ever, a recent literature review by Punt et al.

(2013) concluded that incorporating climate into

management strategies only improves management

Figure. 7 Shifts in recruitment from the California

Current large marine ecosystem (1955–2006).
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outcomes when the system is very well-known.

This outcome is likely partly the result of the sim-

ulation studies included using stationary environ-

mental forcing, rather than the non-stationary

forcing that will likely be the reality of a future in

which climate is changing. When projections

incorporate non-stationary forcing (e.g. Ianelli

et al. 2012), using more recent observations to

calculate targets can improve management out-

comes.

Regime detection

Applying the variant of the STARS algorithm used

here with a threshold of P < 0.1 may identify

changes in average recruitment from time series
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generated from white noise. This analysis was

repeated with P < 0.05 to explore the sensitivity

of our results to this assumption and the reduction

in the total number of regimes was only 7 (from

160 to 153). The threshold determines how far

from the mean an estimate of recruitment must be

to initiate a regime. The mean of a time series

may shift without observing a recruitment event

outside of the confidence interval for the mean at

a given threshold. Consequently, the cut-off of

P < 0.1 was used a compromise between being

unable to identify changes in average that may

not be initiated by relatively extreme events and

identifying too many regimes. Additionally, some

have attributed long-term fluctuations in marine

systems to red noise (Steele 1985) and have sug-

gested that proclaiming sustained deviations from

the mean value of a time series to be ‘regimes’ is

improper. From the point of view of management,

whether or not the underlying process is typified

by white noise, red noise or true ‘regime-like’

behaviour is unimportant. A change in recruit-

ment, regardless of its origin, will interfere with

the ability of managers to achieve their stated

goals and should therefore be identified and con-

sidered in management strategies.

The science behind the management of marine

stocks is continually progressing, and data on

stocks worldwide are increasing. Cross-correlation

is a useful tool to help identify drivers of recruit-

ment dynamics, provided dynamics do not appear

to be dome-shaped. There are intrinsic statistical

difficulties in analysis of the relationship between

estimates of spawning biomass and recruitment

derived from stock assessments (e.g. Dickey-Collas

et al. 2014). Nevertheless, management advice

relies on these estimates; therefore, management

strategies should be consistent with these data. If

recruitment is poorly related to spawning biomass,

new measures for the health of stocks and man-

agement targets must be developed. Our results do

not suggest that target biomasses should be aban-

doned, nor do we suggest targets should decrease

or increase. Specific management actions will

depend on the system in question. However, what-

ever those management actions are, they should

be based on assumptions that are supported by

data. The concept of the ‘health’ of a fishery can

only have meaning within the context of the eco-

system in which it occurs. In the end, the ability

to meet the world’s growing protein needs through

the harvest of marine resources may be different

than projected if environment (and global climate

change) influences the recruitment of marine spe-

cies. Fisheries management must balance the risk

of depleting stocks to low levels with the knowl-

edge that productivity may change over time to

effectively manage marine fisheries.

Acknowledgements

This study was supported by the Washington Sea-

Grant/NOAA Population Dynamics Fellowship. Data

used in this study can be found at: http://ramlega-

cy.marinebiodiversity.ca/ram-legacy-stock-assess-

ment-database. Comments from two anonymous

reviewers improved this manuscript.

References

Adkison, M.D., Peterman, R.M., Lapointe, M.F., Gillis,

D.M. and Korman, J. (1996) Alternative models of cli-

matic effects on sockeye salmon (Oncorhynchus nerka)

productivity in Bristol Bay, Alaska and Fraser River,

British Columbia. Fisheries Oceanography 5, 137–152.

Alheit, J., Mollmann, C., Dutz, J. et al. (2005) Synchro-

nous regime shifts in the central Baltic and the North

Sea in the late 1980s. ICES Journal of Marine Science

62, 1205–1215.

A’mar, Z.T., Punt, A.E. and Dorn, M.W. (2009) The

impact of regime shifts on the performance of man-

agement strategies for the Gulf of Alaska walleye

pollock (Theragra chalcogramma) fishery. Canadian

Journal of Fisheries and Aquatic Science 66, 2222–

2242.

Anderson, P.J. and Piatt, J.F. (1999) Community reorga-

nization in the Gulf of Alaska following ocean climate

regime shift. Marine Ecology Progress Series 189, 117–

123.

Bakun, A. (1996) Patterns in the Ocean. Ocean Processes

and Marine Population Dynamics. California Sea Grant,

La Jolla, CA, pp 323.

Beaugrand, G. (2004) The North Sea regime shift: evi-

dence, causes, mechanisms and consequences. Progress

in Oceanography 60, 245–262.

Beverton, R.J.H. and Holt, S.J. (1957) On the dynamics

of exploited fish. Fisheries Investigations Series II Marine

Fisheries of Great Britain Ministry of Agriculture, Fisher-

ies and Food 19, 1–533.

Black, B.A. (2009) Climate-driven synchrony across tree,

bivalve, and rockfish growth-increment chronologies of

the northeast pacific. Marine Ecology Progress Series

378, 37–46.

Branch, T.A., Jensen, O.P., Ricard, D., Ye, Y. and Hil-

born, R. (2011) Contrasting global trends in marine

fishery status obtained from catches and from stock

assessments. Conservation Biology 25, 777–786.

14 © 2014 John Wiley & Sons Ltd, F ISH and F ISHER IES

Examining recruitment assumptions C S Szuwalski et al.



Clark, W.G. (1991) Groundfish exploitation rates based

on life history parameters. Canadian Journal of Fisheries

and Aquatic Science 48, 734–750.

Conners, M.E., Hollowed, A.B. and Brown, E. (2002) Ret-

rospective analysis of Bering Sea bottom trawl surveys:

regime shift and ecosystem reorganization. Progress in

Oceanography 55, 209–222.

Cushing, D.H. (1990) Plankton production and year-

class strength in fish populations: an update of the

match/mismatch hypothesis. Advances in Marine Biol-

ogy 26, 249–292.

Dahlberg, M.D. (1979) A review of survival rates of fish

eggs and larvae in relation to impact assessment. Mar-

ine Fisheries Review 41, 1–12.

Dickey-Collas, M., Hintzen, N.T., Nsah, R.D.M., Schon,

P.J. and Payne, M.R. (2014) Quirky patterns in time-

series of estimates of recruitment could be artefacts.

ICES Journal of marine Science doi:10.1093/icesjms/

fsu022.

Duffy-Anderson, J.T., Bailey, K.M., Ciannelli, L., Cury, P.,

Belgrano, A. and Stenseth, N.C. (2005) Phase transi-

tions in marine fish recruitment processes. Ecological

Complexity 2, 205–213.

Elliott, J.R., Jewson, S.P. and Sutton, R.T. (2001) The

impact of the 1997/98 El Nino event on the Atlantic

Ocean. Journal of Climate 14, 1069–1077.

Francis, R.I.C.C. (1992) Use of risk analysis to assess fish-

ery management strategies: a case study using orange

roughy on the Chatham Rise, New Zealand. Canadian

Journal of Fisheries and Aquatic Science 49, 922–930.

Francis, R.I.C.C. and Shotton, R. (1997) Risk in fisheries

management: a review. Canadian Journal of Fisheries

and Aquatic Science 54, 1699–1715.

Gilbert, D.J. (1997) Toward a new recruitment paradigm

for fish stocks. Canadian Journal of Fisheries and Aquatic

Science 54, 969–977.

Granger, C.W. (1969) Investigating causal relations by

econometric models and cross-spectral methods. Eco-

nometrica 37, 424–438.

Haltuch, M.A. and Punt, A.E. (2008) The promises and

pitfalls of including decadal-scale climate forcing of

recruitment in groundfish stock assessment. Canadian

Journal of Fisheries and Aquatic Science 68, 912–926.

Hjort, J. (1914) Fluctuations in the great fisheries of

northern Europe, viewed in the light of biological

research. Rapports et Proc�es-Verbaux Conseil Permanent

International pour l’Exploration de la Mer 20, 1–228.

Houde, E.D. (1987) Fish early life dynamics and recruit-

ment variability. In: 10th Annual Larval Fish Conference

(ed. R.D. Hoyt). American Fisheries Society, Bethesda,

MD, pp. 17–29.

Ianelli, J.N., Hollowed, A.B., Haynie, A.C., Mueter, F.J.

and Bond, N.A. (2011) Evaluating management strate-

gies for eastern Bering Sea walleye pollock (Theragra

chalcogramma) in a changing environment. ICES Jour-

nal of Marine Science 68, 1297–1304.

Ianelli, J.N., Honkalehto, T., Barbeaux, S., Kotwicki, S.,

Aydin, K. and Williamson, N. (2012) Assessment of the

Walleye Pollock Stock in the Eastern Bering Sea. Alaska

Fisheries Science Center, National Marine Fisheries

Service, Seattle, WA.

Lane, D.E. and Stephenson, R.L. (1998) A framework for

risk analysis in fisheries decision-making. ICES Journal

of Marine Science 55, 1–13.

Marshall, C.T. (2009) Implementing information of stock

reproductive potential in fisheries management: the

motivation, challenges and opportunities. In: Fish Repro-

ductive Biology: Implications for Assessment and Manage-

ment. (eds T. Jokbsen, M.J. Fogarty, B.A. Megrey and E.

Moksness). Blackwell Publishing, West Sussex, UK, pp.

395–420.

Moran, P.A.P. (1953) The statistical analysis of the

Canadian lynx cycle. II. Synchronization and meteorol-

ogy. Australian Journal of Zoology 1, 291–298.

Myers, R.A. (1998) When do environment-recruitment

correlations work? Reviews in Fish Biology and Fisheries

8, 285–305.

Myers, R.A. and Barrowman, N.J. (1996) Is fish recruit-

ment related to spawner abundance? Fisheries Bulletin

94, 707–724.

Myers, R.A., Bridson, J. and Barrowman, N.J. (1995)

Summary of worldwide stock and recruitment data.

Canadian Technical Reports Fisheries and Aquatic Science

2024, 4–327.

National Ocean and Atmospheric Administration

(NOAA). (2013) Bering climate data. Available at:

www.beringclimate.noaa.gov (accessed 15 September

2013).

Overland, J., Rodionov, S., Minobe, S. and Bond, N.

(2008) North Pacific regime shifts: definitions, issues,

and recent transitions. Progress in Oceanography 77,

92–102.

Pacific Fishery Management Council (PFMC) (1998)

Amendment 8 (to the northern anchovy fishery man-

agement plan) incorporating a name change to: the

coastal pelagic species fishery management plan. Paci-

fic Fishery Management Council, Portland, OR. Avail-

able at: (Appendix B: http://www.pcouncil.org/

wp-content/uploads/a8apdxb.pdf). (accessed 22 June

2013)

Punt, A.E., A’mar, T., Bond, N.A., et al. (2013) Fisheries

management under climate and environmental uncer-

tainty: control rules and performance simulation. ICES

Journal of Marine Science doi:10.1093/icesjms/fst057.

Ranta, E., Kaitala, V., Lindstrom, J. and Helle, E. (1997)

The Moran effect and synchrony in population dynam-

ics. Oikos 78, 136–142.

Rayner, N.A., Parker, D.E., Horton, E.B., et al. (2003)

Global analyses of sea surface temperature, sea ice,

and night marine air temperature since the late nine-

teenth century. Journal of Geophysical Research: Atmo-

spheres (1984–2012), 108(D14).

© 2014 John Wiley & Sons Ltd, F I SH and F I SHER IES 15

Examining recruitment assumptions C S Szuwalski et al.



Ricard, D., Minto, C., Jensen, O.P. and Baum, J.K. (2012)

Evaluating the knowledge base and status of commer-

cially exploited marine species with the RAM Legacy

Stock Assessment Database. Fish and Fisheries 13,

380–398.

Ricker, W.E. (1954) Stock and recruitment. Journal of

Fisheries Research Board of Canada 11, 559–623.

Rodionov, S. (2004) A sequential algorithm for testing

climate regime shifts. Geophysical Research Letters 31,

L09204.

Schwing, F.B., Jian, J. and Mendelssohn, R. (2003)

Coherency of regime shifts between the NAO, NPI, and

PDO. Geophysical Research Letters 30, 1406.

Spearman, C. (1904) The proof and measurement of

association between two things. American Journal of

Psychology 15, 72–101.

Steele, J.H. (1985) A comparison of terrestrial and mar-

ine ecological systems. Nature 313, 355–358.

Sugihara, G., May, R., Ye, H., et al. (2012) Detecting

causality in complex ecosystems. Science 338, 496–

500.

Sustainable Fisheries Act of 1996, Pub. L. No. 104-297,

110 Stat. 3559 (1996) (amended 2007).

Szuwalski, C.S. (2013) Production is a poor metric for

identifying regime-like behavior in marine stocks. Pro-

ceedings of the National Academy of Science 110, E1436

Szuwalski, C.S. and Punt, A.E. (2012) Fisheries manage-

ment for regime based-systems: a management strat-

egy evaluation for eastern Bering Sea snow crab. ICES

Journal of Marine Science 70, 955–967.

Vert-pre, K.A., Amoroso, R.O., Jensen, O.P. and Hilborn,

R. (2013) The frequency and intensity of productivity

regime shifts in marine fish stocks. Proceedings of the

National Academy of Science 110, 1779–1784.

Wallace, J.R. and Cope, J.M. (2011) Status update of the

U.S. canary rockfish resource in 2011. Available at:

www.pcouncil.org (accessed 21 September 2013)

Wildebuer, T., Stockhausen, W. and Bond, N. (2013)

Updated analysis of flatfish recruitment response to cli-

mate variability and ocean conditions in the Eastern

Bering Sea. Deep-Sea Research II 94, 157–164.

Worm, B., Hilborn, R., Baum, J.K., et al. (2009) Rebuild-

ing global fisheries. Science 325, 578–585.

Supporting Information

Additional Supporting Information may be found

in the online version of this article:

Appendix S1. Figures 1 to 224.

16 © 2014 John Wiley & Sons Ltd, F ISH and F ISHER IES

Examining recruitment assumptions C S Szuwalski et al.


