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Implications of density-dependent juvenile
growth for compensatory recruitment regulation
of haddock

C. Tara Marshall and Kenneth T. Frank

Abstract: Data from bottom trawl surveys conducted by Canada and the United States were used to describe temporal
trends in the length of haddock ages 1-4 on the southwestern Scotian Shelf (SWSS) and Bay of Fundy. From 1970 to
1995, the length of juvenile (age-1) haddock on the SWSS was negatively correlated with the abundance of adults
(age-4+). Within year-classes temporal trends in juvenile length persisted through to the adult stage such that year-
classes that were small(large) at age-1 were small(large) at age-4. These two results were combined with the positive
correlation observed between recruitment and the body size characteristics of haddock on the SWSS in a conceptual
model of compensatory recruitment regulation. In the model high adult abundance decreases growth of juveniles
leading to smaller-sized adults and subsequently lower recruitment. Conversely, low adult abundance results in
increased growth of juveniles leading to larger adults and higher recruitment. Density-dependent growth of juveniles,
combined with the positive correlation between recruitment and adult body size, constitutes a compensatory mechanism
for adjusting future haddock recruitment according to present adult abundance.

Résumé: On a utilisé les données de campagnes d’échantillonnage au chalut de fond réalisées par le Canada et les
Etats-Unis pour décrire les tendances temporelles des longueurs de l'aigefiradt ansdans le sud-ouest de la

plate-forme néo-écossaise et la baie de Fundy. De 1970 a 1995, la longueur de l'aiglefin juvénile (age 1) dans le sud-
ouest de la plate-forme néo-écossaise était corrélée négativement avec I'abondance des adultes (ages 4+). Les tendance
temporelles de la longueur des juvéniles a l'intérieur des classes d’age ont persisté jusqu’a I'age adulte en ceci que les
poissons qui étaient petits (ou gros) a I'age 1 étaient petits (ou gros) a I'age 4. Ces deux résultats ont été combinés
avec la corrélation positive observée entre le recrutement et les caractéristiques de taille de l'aiglefin dans le sud-ouest
de la plate-forme néo-écossaise dans un modele conceptuel de régulation compensatoire du recrutement. Selon ce
modele, une forte abondance des adultes entraine une baisse de la croissance des juvéniles, qui deviendront des adultes
de plus petite taille, d’ou un recrutement subséquent réduit. Inversement, une faible abondance d’adultes augmente la
croissance des juvéniles, qui deviendront des adultes de plus grande taille, d’ou un recrutement subséquent accru. Le
fait que le taux de croissance des juvéniles dépende de la densité, combiné avec la corrélation positive entre le
recrutement et la taille des adultes, constitue un mécanisme compensatoire qui ajuste le recrutement futur des aiglefins

a I'abondance présente des adultes.

[Traduit par la Rédaction]

Introduction ity. Herrington suggested that the competitive interaction be

Investigations into the density-dependent responses of ha%
dock (Melanogrammus aeglefinustocks have a long his
tory. Herrington (1944) proposed that when adult haddoc
on Georges Bank were abundant they depleted availabllee
food resources (the macrobenthos) and then moved on f
other feeding grounds, leaving the more sedentary juvenileg
to experience food limitations, which increased their mertal

tween juvenile and adult haddock resulted in recruitment be
g highest for intermediate levels of stock abundance (fig. 5
in Herrington 1944). His analysis was one of several exam
les used by Ricker (1954) in formulating the dome-shaped
lationship between recruitment and spawner abundance.
creased competition between juveniles and adults for a
hared food resource could also decrease the growth of juve
niles. While density-dependent growth has been observed in

a majority of studies on haddock growth (Table 1), few of

Received August 8, 1997. Accepted December 9, 1998. these studies specifically examined the relationship between
J14159 juvenile growth rate and adult abundance.

C.T. Marshall.! Department of Oceanography, Dalhousie The growing appreciation of maternal effects on the re
University, Halifax, NS B3H 4J1, Canada. cruitment dynamics of gadoid stocks (Marteinsdottir and

K.T. Frank. Marine Fish Division, Department of Fisheries  Thorarinsson 1998; Marshall et al. 1998) introduces new
and Oceans, Bedford Institute of Oceanography, P.O. Box  possibilities for linking density-dependent responses to re
1006, Dartmouth, NS B2Y 4A2, Canada. cruitment. The companion paper (Marshall and Frank 1999)
1Author to whom all correspondence should be addressed.  found that recruitment to age-1 is positively correlated with
Present address: Institute of Marine Research, P.O. Box 187t¢ngth and (or) condition of spawning haddock on the south
Nordnes, N-5817 Bergen, Norway. western Scotian Shelf portion of NAFO Division 4X. This

e-mail: tara.marshall@imr.no correlation focuses attention on identifying the factors that

Can. J. Fish. Aquat. Scb6: 356-363 (1999) © 1999 NRC Canada



Marshall and Frank 357

Table 1. Summary of studies investigating the relationship between stock abundance and growth of

haddock.

Year Time period Correlation Reference

North Sea 1923-1931 None Bowman 1932

North Sea 1919-1934 Negative Raitt 1936

Skagerak 1929,1938 Negative Andersson 1938

North Sea 1919-1938 Negative Raitt 1939

Georges Bank 1912-1946 Negative Herrington 1948

Barents Sea 1945-1959 Negative Sonina 1965

Grand Bank 1940-1975 Negative Templeman et al. 1978
North Sea 1923-1972 Negative Jones 1979

St. Pierre Bank 1948-1975 Negative Templeman and Bishop 1979
Browns Bank 1970-1979 Negative Beacham 1982

Georges Bank 1930-1980 Negative Clark et al. 1982

North Sea 1959-1971 Negative Jones 1983

North Sea 1960-1980 Negative Cook and Armstrong 1984
North Sea 1977-1985 None Bromley 1989

Georges Bank 1963-1980 Negative Ross and Nelson 1992

generate differences in body size characteristics of adultéSWSS) and Bay of Fundy (BofF). For the CDN surveys, data
among year-classes. The degree to which size differencde®m strata 70-81 were used to represent the SWSS and data from
observed at the juvenile stage persist through to the aduiﬁrfr?\zz rii'a ﬁoér?dl‘ lf‘rg?]kgil‘gggv;)uslzegr t?h;efggsiﬂtr\}xf%f; eEfI?rbrznA
stage is of interest for the following reason: a negative cor- : '

relation between stock abundance and juvenile growth th t&:;ta}r?(’)% ?’S%r'adt'&ll' 3432 g‘g‘da‘t‘%Vé%r?’v‘é?gdugée?(gerzer;teagitsxlvsgggd
persists through to the adult stage combined with a positiv?:ﬂg_ 2B in Marshall and Erank (1999)). P

correlation between adult body size and recruitment consti- Mean length at age was used as an index of growth for haddock
tutes a compensatory mechanism for regulating recruitment., . 1", age-4. For the CDN surveys, the catch-weighted mean
~ Over the past 3 decades, the abundance of adult haddogk,qih at age was estimated by weighting the length observations
in NAFO Division 4X (see fig. 2 in Marshall and Frank for the length frequency distribution of the trawl catches. Mean
(1999) for map) shows two distinct peaks (Fig. 1). The firstiength at age for the US surveys was calculated as the arithmetic
peak was fueled by the exceptionally strong 1962 and 1963verage of all of the length observations for a given age class in
year-classes, whereas the second peak from 1979 to 1986 rérata in that region (either SWSS or BofF). Correlations between
flects a sustained period of good recruitment in the 1970&e CDN and US values for the overlapping time period (1970-
and early 1980s (fig. 1B in Marshall and Frank (1999) give31936) were examined to determine if temporal trends in the un-
the recruitment time series). The effect of adult abundanc¥/€ighted US estimates of mean length at age agreed with the

on juvenile growth specifically is unknown. Data from-re caich-weighted CDN estimates. Tipevalues reported were cor
rected for temporal autocorrelatiop*f using eq. 2 in Marshall

search vessel surveys conducted by C_Zanada a_n_d the Unltg d Frank (1999). There were significapt (< 0.05) positive cor
States were used to address the following questiop®itat  rg|ations between CDN and US mean lengths for all four age
is the pattern of temporal variation in juvenile body size,classes on the SWSS and for haddock age-2 to age-4 in the BofF
(if) how has the growth of juveniles responded to changes ifirable 2). The correlation between CDN and US mean length at
adult abundance, andi{ do differences among year-classes age-1 for the BofF was not significanp*(= 0.42) even when the

in juvenile body size persist through to the adult stage suchutlying observation for 1972 was excludeg* (= 0.54). The

that small juveniles become small adults? The effect ofveaker correlations for age-1 haddock suggest that size-dependent
interannual variation in bottom water temperature on juve catchability might be introducing error into estimates of mean
nile growth was also evaluated. The results were combinelgngth for the smallest fish (Engas and Godg 1989).

with the relationship between recruitment and the body size The correlation between length at age-1 and adult abundance
characteristics of adults (Marshall and Frank 1999) in a conWas examined using the total abundance of haddock age-4 and

i ; Ider as an estimate of adult abundance (Fig. 1). From 1979-1985,
fee cprtLljji?rln;nn(:dreelggﬁastico”nbliggs?; Oggsnsglﬁel?ggdgg ;? mpensator)?he ages at 50% maturity ranged from 2.8 to 3.6 years for female
) haddock in Division 4X and from 2.8 to 3.3 years for males
(Trippel et al. 199@). Thus, the total abundance of haddock age-4
Methods and older approximates the abundance of a fraction of the stock
which is >50% mature. Abundance at age for 1970-1995 was esti
The data sources used to describe temporal variation in bod{nated using Virtual Population Analysis (VPA) (Hurley et al.
size characteristics of juvenile haddock in Division 4X were the1997). Abundance at age for 1963-1969 was generated using a
summer (1970-1995) and fall (1963—-1986) surveys conducted b§Pecialized VPA run (P.C.F. Hurley, Marine Fish Division, Bedford
Canada (CDN) and the United States (US), respectively. Temporanstitute of Oceanography, P.O. Box 1006, Dartmouth, N.S.,-Can
and spatial coverage of these surveys are described in Marshall aféla)-
Frank (1999). Because haddock in the Bay of Fundy are larger The influence of temperature on the growth of juvenile haddock
than haddock on the southwestern Scotian Shelf (fig. 4 in Marshallvas also assessed. Water temperatures, expressed as anomalies
and Frank (1999)), the survey database was partitioned into twérom the long-term average (1961-1990), are available by month
distinct geographic regions: the southwestern Scotian Shelfor 35 subareas of the Scotian Shelf (Drinkwater and Trites 1987).
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Fig. 1. Temporal trends (1863-1995) in total abundance of Table 2. The coefficient of determination and
haddock age-4 and older. Values for 1970 to 1995 were obtained corrected significance levelgf in brackets)
from Hurley et al. (1997), whereas values for 1963 to 1969 were for correlations between the US mean length
from a specialized VPA run described in Marshall and Frank at age and CDN length at age for 1970-1986
(1999). for the southwestern Scotian Shelf (SWSS)
+ 140 and Bay of Fundy (BofF).
Z'r_, 120 1 Age SWSS BofF
= 1 0.24 (0.05) 0.05 (0.42)
o 7 2 0.65 (<0.01) 0.54 (<0.01)
86‘ e0 | 3 0.83 (<0.01) 0.25 (0.05)
GO 4 0.79 (<0.01) 0.56 (<0.01)
© ‘; 60
cl
_g " observed earlier in the time series. The temporal trends ob
@© served for haddock age-2 to age-4 on the SWSS from 1970
© 20 1 to 1995 (Figs. 2B—2D) were similar to those for age-1-had
te} dock with minimum lengths occuring in the mid-1980s. The
~ A A A A S O S L S minimum length at age-4 was observed in 1984 (i.e., 3 years
1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 P .
after the minimum in length at age-1). Lengths for all four
Year age classes were almost always higher in the BofF

(Figs. 2A—2D) compared with the SWSS. Unlike the SWSS,

Data for subarea 22 (corresponding to stratum 80) and subarea gngth at age was not at a minimum in the B(.)ﬂ:. in the

(corresponding to stratum 85) were used to represent temperaturd980s. Length at age-1 for the BofF- showed no distinct-tem

on the SWSS and BofF, respectively. Temperature anomalies 4&0ral trend although the observation for 1972 was anoma-
depths of 100 and 50 m were used for subareas 22 and 24, respdeusly low relative to all other values. A slight decrease in

tively. Mean temperature anomalies for the CDN survey were callength at age was observed during the late 1970s for older
culated by pooling observations for June and July. Observationfaddock in the BofF.

for October and November were pooled to estimate the mean tem- For the US surveys, haddock on the SWSS exhibited min-
perature anomalies at the time of the US survey. There were se\mym |ength at age values in the 1960s for all four age

eral years of missing observations for the June-July and OCtOberClasses (Fig. 3). From 1963 to 1966, length at age-1 on the
November time periods. e ’

In the model of compensatory recruitment regulation, only CDN;VZ‘ Srﬁi:ﬁiﬁ??ﬁi?gggﬁ?ﬁg?ﬁ%e6n Canc]u(lltzlgbjr'lagaarllrc];g \\//szz
data for the SWSS were used. This was done becajsiee(corre- . . . ; .
lation between recruitment and mean length at age-4 was signifidt Of near maximum (Fig. 1). A slight decreasing trend in
cant for the SWSS but not for the BofF (table 2 in Marshall andlength at age-1 began on the SWSS in the late 1970s and
Frank (1999)) andii) haddock on the SWSS constitute approxi continued through the early 1980s. The lengths for haddock
mately 75% of the commercial catch of the 4X haddock stock (taage-2 to age-4 on the SWSS were also low in the mid-
ble 3 in Hurley et al. 1997) and the recruitment dynamics of this1960s, increased from 1967 to 1971, and then began-o de
component will have the greatest influence on the stock. Cross cogrease in the late 1970s or early 1980s (Figs. 3B—3D).
relation analysis of the CDN mean length at age time series for th?_ength for haddock age-1 to age-4 in the BofF exhibited low
SWSS was used to determine whether temporal trends in length dlues in the mid-1960s followed by a rapid increase
age-1 persisted as the year-class aged. If there is a year-class effzgig& 3A-3D). Unlike the SWSS there was no evidence of a

on growth then peak correlations would occur at appropriate lag . A
(e.g., the peak correlation between length at age-1 and length g&ecrease in length at age beginning in the late 1970s.

age-4 would occur at a 3-year lag). The correlation between length ONn the SWSS, length at age-*l is negatively correlated
at age-1 and length at age for the three older age classes was detéfith adult abundancert = 0.30, p* < 0.01) for the CDN
mined for six different lags (-1 to 5 years). survey such that length at age-1 was low in the late 1970s to

A key element of the conceptual model describing compensatorynid-1980s when adult abundance was high (Fig. 4A). The
recruitment regulation is the relationship between recruitment tacorrelation between length at age-1 and adult abundance for
age-1 and mean length at age-4, which was developed for haddo¢iaddock on the BofF was not significant (= 0.03, p* =
on the SWSS in the companion paper (see fig. 6B in Marshall an(é)_40) for the CDN survey (Fig. 4B). For the US survey, the

Fra”‘;}.(lggg))aGivle” ”&at haddock ShpaW” in thle Spﬂ”g* this ze'aresults were reversed: the correlation between mean length
tionship was developed assuming that mean length at age-4 o i S
served at the time of the CDN summer survey in yespresents %t age-1 and adult abundance was not significant for the

: : - SWSS (? = 0.07,p* = 0.23, Fig. 4C) but was significant for
the reproductive potential of spawners in yéar 1. Therefore, the - - .
relationship is between recruitment in yéar 1 (i.e., abundance of the BofF ¢? = 0.26,p* = 0.03, Fig. 4D).

age_l haddock in year+ 2) and mean |ength at age_4 in year .FOI’ the SWSS, mean |ength at age'l was unCOI’I’e|ated
with temperature anomalies in both the CDN and US sur
Results veys, irrespective of whether temperature was the only vari

able in a univariate model or the second variable added to a

For the CDN surveys, length at age-1 on the SWSS debivariate model that included adult abundance (Table 3).
creased by approximately 4 cm from the mid-1970s to arhis was also true for the BofF for the time period covered
minimum in 1981 (Fig. 2A). Length at age-1 then increasedby the CDN survey. For the US survey of the BofF, the tem
such that by the 1990s lengths were comparable with thosperature anomaly term was significant (Table 3) when it was
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Fig. 2. Temporal trends in catch-weighted mean length at age of Fig. 3. Temporal trends in mean length at age of haddock for
haddock for CDN surveys (1970-1995). Open squares are for US surveys (1963-1986). Open squares are values for the
values for the southwestern Scotian Shelf and closed diamonds southwestern Scotian Shelf and closed diamonds are values for
are values for the Bay of Fundy. (A) Age-1; (B) age-2; (C) age- the Bay of Fundy. (A) Age-1; (B) age-2; (C) age-3; (D) age-4.
3; (D) age-4.
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the time period covered by the CDN survey (1970-1995;
the only variable in a univariate model. It was not significantFig. 4A). This time period on the SWSS is also character
in a bivariate model that included adult abundance. ised by a positive correlation between recruitment and

The strongest evidence of a negative correlation betweelength at age-4 (fig. 6B in Marshall and Frank (1999)). To
juvenile growth and adult abundance is for the SWSS durindink these two relationships together it was necessary to ex
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Fig. 4. Relationship between mean length at age-1 and adult abundance. Labels denote the observational year. Note the difference
between left- and right-hand panels with respect to the magnitude of #xés. (A) Southwestern Scotian Shelf (CDN survey);
(B) Bay of Fundy (CDN survey); (C) southwestern Scotian Shelf (US survey); (D) Bay of Fundy (US survey).
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amine whether size differences established at the juvenilgivenile haddock on the SWSS and adult abundance was ob-
stage persist through to the adult stage. For haddock on theerved for the time period covered by the CDN survey (1970—
SWSS (CDN survey), temporal trends in length at age-1 peri995; Fig. 4A). Inverse correlations were not observed con-
sisted as the year-class aged (Fig. 5). The peak correlatioséstently through time (Fig. 4A versus Fig. 4B or Fig. 4C
between length at age-2 and length at age-1 and betweesmrsus Fig. 4D) or space (e.g., SWSS versus BofF), which
length at age-4 and length at age-1 occurred at the expectatiggests that density-dependent growth is a weak effect and
lags (1 and 3 years, respectively) although the peak lag fofor) that our ability to detect it is limited. The inverse corre-
the correlation between length at age-1 and length at agedation for the SWSS from 1970 to 1995 was consistent with
occurred 1 year earlier than expected. Thus, from 1970 tthe significant negative correlation observed between length
1995, the differences in body size observed at the juvenilat age-2 and total stock abundance for the Georges Bank
stage for SWSS haddock persisted through to the adult stagehaddock stock (Ross and Nelson 1992), which suggests that
The interrelationships between adult abundance, juvenilintercohort competition for food is characteristic of haddock.
and adult body size, and recruitment were combined in @patial and dietary overlap between juveniles and adults is a
conceptual model of compensatory recruitment regulatiompre-requisite for intercohort competition. High densities of
(Fig. 6). The trajectories for juvenile haddock in years 1973age-1 haddock are typically found on offshore banks and
and 1981 are depicted by the dotted and dashed lines, rgtratum 90 (Marshall and Frank 1995), which also have high
spectively. Low adult abundance in 1973 resulted in fastetiensities of adults (Frank et al. 1990). Juveniles feed on a
juvenile growth (quadrant A) leading to larger adults in 1976size fraction of the macrobenthos that can also be utilized by
(quadrant B), higher recruitment in 1978 (quadrant C), anchdult haddock (Wildish et al. 1989). Databases describing
increased adult abundance in 1981 (quadrant D). Converselyterannual variation in food availability and (or) consump
high adult abundance in 1981 reduced the growth of juvenilgion would be required to examine intraspecific competition
haddock (quadrant A) resulting in smaller-sized adults inmore directly.
1984 (quadrant B), lower recruitment in 1986 (quadrant C), Erom a population dynamics perspective, the density-

and decreased adult abundance in 1989 (quadrant D). Thgnendent growth of juvenile haddock is of interest because
total time lag between application of the stress (adult abuny; 5 jjitates the compensatory recruitment regulation depicted
dance) and the feedback response (recruitment to age-4) ii§ rig. 6. Figure 6 applies only to time periods characterised
8 years. However, this time lag could be decreased by, 14ih density-dependent growth (Fig. 4A) and a positive
2 years if the total number of haddock age-3 and older wereq e |ation between recruitment and length at age-4 (fig. 6B
used as an index of adult abundance (quadrant A) and lengij \arshall and Frank (1999)). When these two features of
at age-3 was used as the proxy for the reproductive potentighe stock dynamics are present, shifts towards either high
of spawners (quadrants B and C). abundance (e.g., because of anomalously high recruitment)
or low abundance (e.g., because of high levels of fishing
Discussion mortality) could induce cyclical variation in haddock rec;uit'
ment at frequencies dependent on growth and maturation
A significant, negative correlation between the length ofrates of the year-classes comprising the stock. Several stud
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Table 3. Significance levels associated with sequential and Fig. 5. Cross correlation analysis for the southwestern Scotian
partial sums of squares (SS) for models having length at age-1 Shelf (1970-1995). Arrows indicate the expected lag for a strong
as the dependent variable and adult abundance (total 4+) and year-class effect. Solid bars indicate correlations significant at
(or) temperatureT) in either subarea 22 or subarea 24 as the the p* < 0.05 level, whereas open bars indicate correlations not
independent variables. significant. (A) Length at age-1 and age-2; (B) length at age-1
and age-3; (C) length at age-1 and age-4.

Independent Sequential Partial

Region  Time period variables SS SS 08 A
SWSS 1970-1995 T (subarea 24) 0.52 0.29 06t
SWSS 1963-1986 T (subarea 24) 0.28 0.53 ’
BofF 1970-1995 T (subarea 22) 0.57 0.30
BofF  1963-1986 T (subarea 22)  0.02 0.21 0.47

Note: The sequential SS were calculated assuming Thats the first -+ 024
variable to enter the model. The partial sums of squares were calculated ¢~ :
for temperature assuming that adult abundance was already in the model. Q

- — 04
O

ies have suggested that haddock exhibit cyclical variation irt—= 0.8
recruitment. For example, North Sea haddock have followed Q) B
a 3- to 4-year cycle in recruitment throughout most of this © 06T
century (Jones and Hislop 1978; Sahrhage and Wagner 19780
with very strong year-classes being frequently followed by cC 047
very weak ones (Cook and Armstrong 1984). Hislop (1996) o)
has suggested that this cyclical pattern originates in densityr— 0.2+
dependent mechanisms. The faster growth and maturatio
rates of North Sea haddock stock (age at 50% maturity is be=— 0-
tween 2 and 3 years; Cook and Armstrong 1984) would de-q’_J
crease the feedback time relative to SWSS haddock. (- 0.8

Although there are differences in both the processes andO C
the time scales represented, the compensatory recruitmeﬁD 06T
regulation model for haddock resembles the well-known
Paulik diagram (Paulik 1973). The starting point for a Paulik 0.4+
diagram is the quadrant depicting the relationship between
the quantity (or biomass) of spawners and total egg produc- 024 H
tion. The Paulik diagram proceeds through time to describe ’
the effect that mortality during egg and larval stages has on 01y , ,
recruitment. The time lag between stock abundance and re ' ' '
cruitment corresponds to the time taken to recrgj}. (A 1 0 1 2 3 4 5
Paulik diagram therefore describes the effect that the -quan
tity of spawners has on recruitment via total egg production. Lag

Figure 6 describes the effect that the quantity of adults has

on juvenile growth (quadrant A) and subsequently the effect one of the earliest reported examples of density-
that quality of spawners has on recruitment (quadrant C)gependent growth in haddock suggested that North Sea had
The time lag is longer (approximately 2(?‘), because two gock compensate for low abundance by increasing growth
generations of haddock are represented in the model: thetes thereby adjusting the “fertility” of the stock (Raitt 1939).
juvenilesnegatively impacted by adult abundance (the densityraijtt (1936) presaged modern research on the effects of
dependent effect) and the progeny produced by those juvepawning experience on both egg viability (Solemdal et al.
niles once they mature (the maternal effect). _ 1995) and population dynamics (Trippel et al. 189Dy

In the real world, the processes described by Fig. 6 angoting the potential for fishing mortality to remove repeat
Paulik diagrams act in comblnathn' to determine reeruit spawners from the population “forcing the brunt of recruit
ment. A conceptual model combining elements of bothment upon two and three-year old fish much less welkpro
Fig. 6 and the Paulik diagram has been proposed to explaiided by nature to do so.” This argues for the development
the recruitment dynamics of the Far Eastern sardingf growth-based management strategies that consider both
(Sardinops sagdx(fig. 5 in Kawasaki and Omori 1995). the current reproductive potential of adults and the short-

Like Fig. 6, this model incorporates both density-dependenterm forecasts of growth and maturation rates of juveniles.
and maternal effects on total egg production. Compensation

occurs through the dependency of spawner qondition on S_tc_’Cchnowledgements

abundance; high stock abundance results in poor condition

spawners and lower total egg production, which in turn re  We gratefully acknowledge the assistance of P. Comeau,
duces recruitment. Like a Paulik diagram, the survivorshipP.C.F. Hurley, R. Pettipas, N. Shackell, and J. Simon-(De
of eggs was influenced by density-independent environmerpartment of Fisheries and Oceans) and B. O’'Gorman and J.
tal processes. Burnett (National Marine Fisheries Service). Helpful com
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Fig. 6. A conceptual model for haddock on the southwestern Scotian Shelf illustrating compensatory responses in recruitment operating
during the period 1970-1995. As in a Paulik diagram, the ordinate of one stage becomes the abscissa of the next, beginning here in
the top right quadrant (quadrant A) and ending in the bottom right quadrant (quadrant D). The dotted line indicates the trajectory for
equal to 1973. The dashed line indicates the trajectoryt fgual to 1981. Note the difference between the abscissa of quadrant A and
the ordinate of quadrant D in both the magnitude (50 and 30 million, respectively) and the time scaledydareart + 8,

respectively).
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