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Abstract

The Norwegian spring-spawning herri@fupea harengus stock collapsed to a state of
commercial extinction in the 1960s, probably due to both overexploitation and
unfavourable climatic conditions. The stock has fully recovered sineel®80s.
Following the collapse, the fish matured at much earlier agdsomewhat larger sizes
than previously. Currently, age and size at 50% maturity have onlgnie £xtent
returned to pre-collapse levels. Two non-exclusive hypotheses maynador the
maturity changes: (1) the ‘compensatory response’ hypothesidicfing that reduced
stock size resulting from exploitation leads to faster growth andehearlier maturity
as a phenotypically plastic response to environmental change; athe (2yolutionary
response’ hypothesis, predicting that intensive exploitation caesssisn for early
maturation, since few late-maturing phenotypes survive untildpatvning. Trends in
length-at-age suggest a strong compensatory response, but leave tbditpass
evolutionary change unaddressed. In order to disentangle phenotypic aitfleposs
genetic changes in maturation, we examined if any changbe nedction norm for age
and size at maturation have occurred. This reaction norm desd¢rédpsobabilities of
maturing at each relevant age and size. We found small bugtistdly significant
changes in maturation reaction norms; these changes aretedstactwo out of six
maturation ages. This confirms that growth-related phenotypicigitpsbas largely
been responsible for the documented changes in maturity, and suggeett a weak
evolutionary response. This is in line with theoretical expectafrons the dominating
fishing pattern, where pure schools of only mature or only early iotedish were
targeted, rather than a mixed fishery on both immature and maghreaé has been the
case in codGadus morhua and plaicePleuronectes platessa stocks where significant
evolutionary responses have been found.
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Maturity Changes in Norwegian Spring-Spawning Herri ng
Clupea Harengus: Compensatory or Evolutionary Responses?

Georg Engelhard
Mikko Heino

Introduction

A range of commercially exploited fish stocks throughout the world deadined
substantially over the past decades (e.g. Myers & Worm 2003, €ts#st et al. 2003).
The declines have often coincided with marked changes in the agezesatsivhich
fish commence reproducing (e.g. Haug & Tjemsland 1986, Jgrgensen 198@ioRyj
1993, Trippel 1995, O'Brien 1999, Bromley 2000). In most cases, the fish nawemat
at earlier ages and smaller sizes than they did some dexgmleBoth age and size at
maturation are tightly linked to lifetime reproductive succ&sdrns 1992, Bernardo
1993), and therefore to stock productivity. It is thus of high relevémaessess the
possible causes of maturity changes in exploited fish stoclkssfdll et al. 1998,
Murawski et al. 2001).

At least two, non-exclusive hypotheses may account for mathrédgiges (Borisov
1978, Law & Grey 1989, Browman 2000, Law 2000, Heino & Godg 2002, Heino et al.
2002a). First, the ‘compensatory response’ hypothesis predicts thet eeturation is
a phenotypically plastic response to a reduction in stock size indycexphitation.
The resultant relaxation of resource competition causes compengatovth; with
higher growth rates, the fish attain the size required foura@dn more quickly.
Second, the ‘evolutionary response’ hypothesis predicts that emdtaration is due to
a genetic change in maturation characteristics, arising fremselective effects of
fishing. With strongly increased mortality, the expected numbspaivnings becomes
very small for late-maturing individuals, and natural selectionl YeWour early-
maturing phenotypes, even if these have lower age-specific fertiligtdndenerations,
individuals with a genetic make-up for maturation at earli@sg@r at smaller sizes)
will thus become more and more numerous compared to late-matighngt should be
noted that fishing mortality often exceeds natural mortality bgctor of 2—3, and that
for many exploited stocks, removals of fish after recruitment to the igsheften run as
high as 50% each year (Stokes & Law 2000).

These two scenarios have important implications for fisheriesagenent. If
earlier maturation is strictly a phenotypically plastic respasiow stock abundance,
then a reduction in exploitation causing the stock to increaseeaitlily reverse the
changes. By contrast, if an evolutionary response has occurred tigeshill be hard



to reverse, and are likely to persist over a (very) long time-§pav 2000). There is
now increasing evidence that over periods of decades, evolutiomanges in
maturation traits have indeed occurred in exploited fish stocks, inclidionty Sea
plaice Pleuronectes platessa: Rijnsdorp 1993, Grift et al. 2003) and several stocks of
Atlantic cod Gadus morhua: Heino et al. 2002c, Barot et al. in press). The potential of
harvesting-induced selection pressures to cause rapid evolutionargechma yield-
related traits has moreover been demonstrated in controlledi@elestperiments
(Conover & Munch 2002).

Norwegian spring-spawning herringCl(pea harengus), distributed in the
Norwegian and Barents Seas, is the world's largest stock hestowol. The stock
declined throughout the 1950s and 1960s and collapsed close to commenatdioexti
in the late 1960s (Fig. 1). It remained at extremely low levetd the early 1980s.
Following the recruitment of a number of strong year-classessttek is presently
considered fully recovered (Toresen & @stvedt 2000). Climatic f&eor thought to
underlie the abundance fluctuations in herring (Corten 2001), and unfavounaiale c
probably contributed to the decline of Norwegian spring-spawning geffioresen &
@stvedt 2000). There is no doubt, however, that overexploitation of both adult and
juvenile herring strongly contributed to the depletion (Dragesund Kangdj 1978,
Toresen & Jakobsson 2002). Fishing mortality was extremely high dinménd960s,
and despite strict fishing regulations following the collapse, fikleing mortality
remained at a high level for much of the 1970s and 1980s due to thewestotk size
(Fig. 1). In fact, most of the year-classes 1955-1978 suffereddishortality rates of
0.5-4 year at some or at most ages, compared to an estimated natutalitynof 0.15
year! (ICES 2002).

Strong changes in growth and maturity coincided with the coll@mesen 1990a,
b, Engelhard & Heino 2004). The average growth rates were considargihér in the
collapsed period than in the pre-collapse period (Toresen 1990a, Holstt& 8)98),
but have decreased again after the stock’s recovery. This sugggst®mpensatory
growth occurred in the period of reduced stock biomass (Toresen 199@dhdrdg
Heino 2004). In the collapsed period, the fish matured at considerabér eges and
somewhat larger sizes than previously (Fig. 2): the age at 5t%ity decreased from
~5-6 to ~4 years and the length at 50% maturity increased frontlo~2%0 cm. The
maturity characteristics in the current period of renewegh lstock abundance have
only to some extent returned to pre-collapse levels (Fig. 2). Aiguimig question is,
can the maturity changes be entirely attributed to phenotypicastiplresponses to
abundance-related changes in environment, as predicted by the comperesgonse
hypothesis, or are these, in addition, due to fisheries-induced chantes genetic
composition of the stock, as predicted by the evolutionary response hypothesis?

This paper aims at the disentanglement of phenotypically lastd genetic
changes in maturation for Norwegian spring-spawning herring. Weoagprthis
challenging task by an analysis of reaction norms for age and siz¢uatition (Stearns
& Koella 1986, Heino et al. 2002a, b). The tendency of an immataiigidual to
mature under given conditions is a genetically determined individueacteristic.
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Fig. 1. Norwegian spring-spawning herring: long-term véoia in (a) the spawning stock biomass over
the years 1930-2000, and (b) the fishing mortglityeraged over the ages 5-13 years) for the year-
classes 1930-1992 (from ICES 2002). Notice thatvep®y stock biomass is shown per year, and fishing
mortality per year-class. The definitions of thetbric, overexploited, and contemporary serieseary
classes as used in this paper are indicated ilotex panel.

Reaction norms for age and size at maturation describe this tenderay that an
individual have reached a certain age and size. This conditioning alev® separate
the description of the inherent maturation tendency from the gésos of growth and
survival. The latter two determine the likelihood of reaching sarelage and size.
Being strongly influenced by the environment, they are the nsmarces of plastic
variability in maturation (Heino et al. 2002a, b). In contrast touraéibn reaction
norms, the traditional measures of maturation, maturity-at-agenamarity-at-length,
are directly influenced not only by inherent changes in mabaréndency, but also by
variations in growth and survival.

Can change in maturation reaction norms be taken as evidence oficaaiut
change in maturation tendency, given that maturation tendency musidbe genetic
control? The caveat is that reaction norms for age and sipatatation are not only
influenced by genetic changes in maturation, but also by unaccountedssofirce
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Fig. 2. Norwegian spring-spawning herring: (a) age at 30&turity @sg), and (b) length at 50% maturity
(Lsg) for the year-classes 1930-1992. Trend lines dbagrterm decrease #s, and increase ihsg; both
trends are statistically significant. In nine yetasses, sample sizes were insufficient to compalieble
Aso andLsg estimates. Data and methods as in Engelhard &dHg@004), but the estimates are corrected

for different mortality among mature and immatundividuals following Jgrgensen’s (1990) procedure
as described in the Methods.

phenotypic plasticity: factors such as variations in body conditioninteyduce noise
into reaction norms. Evolutionary changes in maturation, on the other haad,
expected to be manifested as long-term trends in maturaticmreaorms. However,
in absence of experimental controls, the possibility that some ehanige environment
Is causing such a trend can never be discounted. Nevertheless, the reaction norm method
allows for dealing with the major source of plasticity intanation, i.e., variations in
growth. For applications of the maturation reaction norm method to tamtofish
stocks we refer to Grift et al. (2003) and Barot et al. (in press).

The paper builds on our earlier work, which provided support of the compensatory
response hypothesis for the Norwegian spring-spawning herring biatclid not test
the evolutionary response hypothesis (Engelhard & Heino 2004). Thehgpiethesis
is examined here, (1) through a comparison of maturation reaction betmsen year-
classes that lived either before (1930-1954) or after (1979-1992) those taetdsuf
very intensive exploitation, i.e. a comparison of the ‘historic’ Witk ‘contemporary’
reaction norm; and (2) by an analysis of long-term trends irtioeagorms over the
period 1930-1992.



Table 1. Sample sizes for immature (I) and maturing, finste spawning (M) Norwegian spring-
spawning herring at ages 3-8 years. Sample sizestwwn per decade of year-classes, and for the
historic and contemporary series of year-classes.

Year-classes Age 3 Age 4 Age 5 Age 6 Age 7 &ge
[ M | M | M | M M M
1930-1939 12756 55 14291 729 10390 2483 4320 4165 910 2091 0 O
1940-1949 7935 54 6920 1755 2455 3670 362 170385 186 0 o
1950-1959 17111 116 129491719 6585 3354 2229 3074 150815 378 414
1960-1969 2208 10 5236 2004 2656 3030 398 292230 496 0 o
1970-1969 11350 903 2146 9096 74 1609 0 0 0 0 0 o0
1980-1989 22640 432 165095056 4510 16078 253 5037 16 232 0 o0
1990-1992 13138 29 18549 861 7637 6796 1175 4203 16 617 0o o
Historic, 32187 221 29072 3716 16273 7773 6603 6554 2426 2520 368 295
1930-1954
fg;‘;‘i’fggzraw’ 37993 557 35542 9022 1215923182 1428 9240 32 849 0o o0

Materials and Methods

Sampling. The study is based on mature individuals of Norwegian spring-spgwnin
herring, sampled by the Institute of Marine Research (Bergen) duringryakaech of
1935-2000. The fish were caught at or near the spawning grounds situatethalong
Norwegian west coast between 58-69 °N. Samples of 100-200 herringollented
from drift-net, beach-seine, purse-seine, and trawl catches, caygtammercial or
research vessels. These samples are considered to be repiresaritthe spawning
stock of Norwegian spring-spawning herring (e.g. Toresen, 1990a; Holst, 1996).

Individual measurements. For each fish, body length, weight, sex, and maturity
stage were determined. The age was determined by counting the annual grawtimlaye
the scale (Runnstrom 1936). For most fish collected before 1974gehat anaturation
(equivalent here to age at first spawning) was also determirsst ben the annual
growth layers in the scale (see Runnstrom 1936, Engelhard 20G8). The visual
determination of age at maturation was discontinued in 1974. Thereforejan tor
examine trends in maturity over the entire time-series befodeafter stock collapse,
we used discriminant analysis to predict age at maturation diaien on the widths of
annual growth layers in the scales (Engelhard et al. 2003): lmasé¢de prediction
parameters established with the historical collection of seetese both growth layer
measurements and directly observed age at maturation werebbvdila= 45 386),
discriminant analysis was used to predict age at maturatiohl®r70 herring with
growth layer measurements, sampled throughout the period 1935-2000.

Maturation reaction norms. We computed probabilistic reaction norms for age
and length at maturation, hereafter referred to as maturatiotiare norms (Heino et al.
2002a, b). These reaction norms describe the probability of immatukedureds to
mature during a given season, conditional on having obtained a agtaend length.



Direct estimation of probabilistic maturation reaction norntgiires observations on
the lengths of both immature and newly matured individuals (Heinb 20@2a). We
do not have direct observations on length of immature herring, butréoamation can
be reconstructed utilising back-calculated lengths-at-age and ldgevlen age at
maturation of each fish. A similar reconstruction method has beerlogedeand
validated by Heino et al. (2002b).

Reaction norms were analysed separately for ages 3-8 yeansdbgaage 9 years
all herring in this stock are mature (Runnstrom 1936, Engelhard €0@3). The
analyses were carried out for most year-classes of Naawveggiring-spawning herring
from 1930-1992, except where data availability was very limited: connmsaof age
and year-class with <4 immature or <4 maturing individuals we&otuded. This was
the case for many of the weak year-classes preceding and followikgstapse. Data
were similarly scarce for many year-classes for tatguration ages (6—8 years). The
sample sizes are summarised in Table 1.

The procedure for statistical analysis of maturation reaction s\éomNorwegian
spring-spawning herring involves two steps where the necesdargr@acompiled, and
three steps of statistical modelling. The procedure is presented below:

1. Obtaining size distributions of immature and maturing individuals. Length
frequency distributions of immature fish were obtained by backiedions of length-
at-age based on scale growth layers and total body lendtehofampled as adults.
Length frequency distributions of maturing individuals were either obtaimectlgi (for
fish sampled as first-time spawners), or from back-calculabbtength-at-age (for fish
sampled as repeat spawners). Length back-calculations weré twadength at catch
(Lo), total scale radiusY), and the radius of the scale at ag€). The following
formula was used to back-calculate lengthat the earlier age (scale-proportional
length back-calculation, as recommended by Francis 1990):

Lo—rL¥DS (1)

S
wherer = a/ b, with a andb being the intercept and regression coefficient, respectively,
of the linear regression of total scale radius on body lergth £0.949 mmpb =
0.0209).

2. Adjusting size distributions according to the maturity ogive. Due to unequal
sampling effort and mortality between years, the proportion ofatura and maturing
individuals in the length distributions obtained in step 1 was not repatisentf the
actual proportions in the population as a whole, the maturing typesity being over-
sampled. However, it is possible to calculate the unbiased proportiomsnature and
maturing individuals at age for a given year-class through infowmain maturity-at-
age using the following formula (Heino et al. 2002b):
o(a)—o(a—1) )

1-o(a-1)
wherem(a) is the fraction of maturing among immature and maturing indilscatsage
a, ando(a) is the maturity ogive describing maturity at agg.e. the fraction of mature
individuals among the total number of mature and immature individualgest). At

m(a) =



each combination of age and year-class, the maturing individualghegreubsampled
randomly by a factdk, such that
L1 € 3)

N Np[l-m@)]

m

where n*, is the corrected number of maturing individualed &, and n; are the
sampled numbers of maturing and immature indivisluaspectively.

The maturity ogives were computed using Gullanti%6@) method, which is based
on the relative abundances of first-time and repsgetwners. However, one major
assumption in the method — equal survival for imummatind mature fish of a given age
— was probably violated here, as the majority ofvidamian spring-spawning herring
fisheries have traditionally targeted mature hegrimhis causes a bias, which, if the
mortality difference is known, can be correcteddascribed by Jagrgensen (1990). We
applied this method, assuming that natural moytalds equal for mature and immature
fish of the same age. For estimating fishing miytalates (F), we assumed that
immature fish suffered the me&nfor 2- and 3-year old Norwegian spring-spawning
herring during a given year (on average, >99% efftbh are still immature at age 3
years), and that mature fish suffered the mEafor the ages 7-12 in that year (on
average, >94% of individuals have reached matatitgge 7 years). THevalues were
obtained from the official stock assessment (ICEG2).

3. Estimation of the maturation reaction norm. At each of the relevant maturation
ages, the maturation reaction norm — or probahulitpnaturingp as a function of length
L — was estimated by means of logistic regressioth waturation as the binary
response variable (maturing vs. remaining immature)

logit(p) ~ co + cil (4)

where ¢, and c; are the model parameters to be estimated, andewther logit link
function is given by logiff) = log{p / (1 —p)]. The maturation reaction norm is here
described, first, by the reaction norm midpoiritss§), which at each maturation age
describe the length where the probability of matyneaches 50% (Heino et al. 2002a).
Second, the reaction norm width describes how hagite probability of maturing
increases with length; width is defined as therrdkbetween the lengths that lead to
maturation probabilities of 10% and 90% (respetyiMer10 andLpgyo).

4. Analysis of differences between reaction norms before and after overexploitation
period. To examine for possible impacts of the overfishimgthe stock, we calculated a
‘historic’ maturation reaction norm based on tharyelasses 1930-1954 which lived
before the period of overexploitation; and a ‘comperary’ reaction norm representing
the year-classes 1979-1992 which lived after thexexploitation period. We analysed
for differences between the historic and contemyoar@action norms by extending the
logistic regression model given in equation (4jadi®ws:

logit(p) ~co + ciL + P +csl - P (5)

where the factoP examines for differences in reaction norm midpoibétween the
periods before or after overexploitation, and tieractionL - P examines for



differences in the reaction norm width between tthe periods. Analyses were again
carried out separately for the different maturaages.

5. Analysis of trends in maturation reaction norms. We examined for overall
temporal trends in reaction norms over the entudysperiod 1930-1992 by including
year-classr as a variate in the model given in equation (4):

logit(p) ~Cco + 1L + Y +cal - Y (6)

where the variat® allows for the analysis of a change in reactiommmidpoints over
time, and the interactioh - Y examines for a change in the reaction norm widfr o
time.

Results

‘Historic’ and ‘contemporary’ maturation reaction n orm

Fig. 3a shows the ‘historic’ maturation reactiorrmdor the year-classes 1930-1954
representing the period before overexploitationemvkhe Norwegian spring-spawning
herring stock was still at very high levels and @sgd to only moderate fishing
pressure. For comparison, Fig. 3b shows the ‘copdeany’ reaction norm for the year-
classes 1979-1992, which all lived after the peraddvery high fishing pressure
(represented by the intervening year-classes 1%®)}1 In the contemporary period,
few fish remained immature past age 7 years, arfsh@ast age 8 years (Table 1); due
to the resultant lack of data on immature fish, do@temporary reaction norm is
inaccurately known for age 7 years and unknowrafm 8 years.

The historic and, to a lesser extent, the conteargoreaction norm show a
generally horizontal slope for ages of 4 years aner (except for age 7 years in the
contemporary reaction norm, based on fish from 8nygar-classes). The reaction norm
midpointsLpsg, describing the length at which the probabilitynohturing equals 50%,
are similar (~29-30 cm) for these ages. The reactamm width is moreover relatively
constant for these ages; the distances betlegrandLpgy are ~4-5 cm. This implies
that for ages of 4 years and over, the probabditymaturing at a given length is
relatively age-independent. For age 3 years, homwdkie reaction norm midpoint is
considerably higher (~32 cm) and the width brogeércm) in both periods, implying
that at this early age fish have lower and moréabée tendencies to mature than their
sizes would suggest.

Some changes in the shape of the reaction norneaap have occurred
between the two periods: the contemporary reaatiomm shows a more decreasing
trend with age and broader width than the histogction norm. Statistical analyses
(Table 2) revealed a significant decrease in reaatorm midpoints at ages 5 years (by
0.67 cm) and 6 years (by 1.13 cm) between the tertogs, and an increase in the
reaction norm width at the same ages (by 1.22 aBdl dm). The magnitude of these
changes, however, was small; the current reactiom midpoints are only 2.2% (age 5



Table 2. Maturation reaction norms in Norwegian spring-speng herring: comparison between
‘historic’ year-classes that lived before (1930-4P%and ‘contemporary’ year-classes that lived after
(1979-1992) the period of very high fishing motialiates. Analyses were carried out separatelytier
different maturation ages with logistic regressioodels (equation 5). Sample sizes are given ineTabl

Age Reaction norm midpoint Change in reaction norm midpoint
(year) (Lpso + SE) (cm)
Historic Contemporary cm % t P
3 31.8+0.30 32.4+0.30 +0.68 +21% 0.62 0.536
4 29.9+0.04 29.9+0.09 +0.07 +0.2% -1.24 0.217
5 29.7+0.06 29.1+0.09 -0.67 -22% 3.76 <0.001
6 29.8+0.06 28.6+0.25 -113 -38% 3.07 0.002
7 29.8+0.10 26.6+0.99 -3.20 -10.7 % 1.30 0.195

8 30.7+0.11 -

Age Reaction norm width Change in reaction norm width
(vean) (Lpeo—Lp1o) (M)
Historic Contemporary cm % t P
3 5.7 6.1 +0.40 +6.9% -0.79 0.429
4 3.9 3.7 —-0.30 —-75% 1.17 0.241
5 3.6 4.9 +1.2 +33% —-351 <0.001
6 4.0 54 +1.3 +33% -281 0.005
7 4.1 6.4 +24 +58 % -1.14 0.258
8 4.9 -
1930-1954 1979-1992
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Fig. 3. Norwegian spring-spawning herring: average maitmateaction norm for (a) the year-classes
1930-1954 representing the period before overegpion, and (b) the year-classes 1979-1992
representing the period after overexploitation éiun 5). The thick line connects reaction norm
midpoints (pso) indicating the length-at-age where the probabitif maturing equals 50%. The lower

and upper thin lines show the reaction norm widtid andicate the length where the probability of
maturing equals 10% and 90%, respectively.



years) and 3.8% (age 6 years) less than the vidudise historic period. For other ages
there was no statistical evidence of a changeamthturation reaction norm.

Trends in maturation reaction norms

Logistic regression analyses of trends in matunateaction norms (equation 4) over
the entire study period confirm the finding of gtiatively small but statistically
significant changes at certain maturation ages. #ighows reaction norm midpoints
and widths for the year-classes 1930-1992 at theusamaturation ages with sufficient
data. Note that at higher maturation ages datarmonaiture fish were more limited
(Table 1), resulting in reaction norm analyses dpamstricted to smaller numbers of
year-classes.

There were significant trends in reaction normstfigr ages 5 years (midpoimt:<
0.001; width:P < 0.001) and 6 years (midpoift:< 0.001, widthP < 0.001). However,
the magnitude of the changes was small: from 183192, the midpoints for the ages
5 and 6 years were predicted to have decreasedbly @nd 3.3% of the original value,
respectively. Trends for the age 7 years were siiygebut insignificant (midpoin® =
0.067; width:P = 0.072). There was no evidence of temporal treéodsother ages
(midpoint: P > 0.42; width:P > 0.50).

Discussion

This study serves to better understand the markethges in maturity that have
occurred over the past decades in the Norwegiamgsppawning herring stock

(Toresen 1990a, b, Toresen & @stvedt 2002, EngelBaHeino 2004). While the

earlier studies have provided support of the corsgmy response hypothesis put
forward to explain the maturity changes, they Haftethe possibility of an evolutionary

response open (Engelhard & Heino 2004). The prepaper, for the first time,

disentangles these two non-exclusive hypothese® fdsults suggest a strong
compensatory and a possible weak evolutionary respo

Evidence of ‘compensatory response’ hypothesis

The compensatory response hypothesis predictattiatline in stock size, by reducing
intraspecific competition for food, will lead toster growth rates and therefore earlier
maturity as a phenotypically plastic response. dlbgervation that growth rates for the
Norwegian spring-spawning herring have mirroredlstsize fluctuations supports this
hypothesis (Toresen 1990b, Engelhard & Heino 200#%)particular, the weak year-
classes 1969-1982 showed considerably higher groattis and earlier maturity than
both earlier and later year-classes (Engelhard 8&¢12004).

Year-class strength appears to be the main fagmai@ing trends in growth rates.
In general, growth of Norwegian spring-spawningrimgr is negatively affected by
year-class strength, due to two mechanisms (Tor&960a). First, juveniles of weak
year-classes are typically geographically restidte the temperate coastal waters and
flords of Norway; those of strong year-classesiaraddition distributed widely in the
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Fig. 4. Norwegian spring-spawning herring: reaction normdpuints (pso) for the year-classes 1930—
1992 at the maturation ages 3-8 years (equatiolot)some combinations of age and year-class sample
sizes were insufficient. The lower and upper dotieels show the reaction norm width and indicat th
length-at-age where the probability of maturingaqu.0% and 90%, respectively. For ages 5 and & yea
logistic regressions (equation 6) indicated sigaitfit temporal trends in reaction norms; solid ligkesw

the model-predicted trends. Percentages indicaeptbportion of deviance explained by the model
(equation 6).

11



colder Atlantic water masses of the Barents Searevithe growth rates are slower.
Second, the density of herring in the fjords ishkeigwhen the year-class is rich than
when it is weak, leading to density-dependent gnow&nalogously, in the period
following collapse juvenile herring were extremeayre in the Barents sea and almost
confined to the warmer fjord waters (Dragesund.€1$07, Holst & Slotte 1998).

Our result that maturation reaction norms have neetarelatively stable suggests
that changes in maturation tendency have contubretatively little to the observed,
drastic changes in maturity of Norwegian springwapag herring. This result, together
with the observed covariance of maturity and gro{bresen 1990b, Engelhard &
Heino 2004), provides strong evidence for the camptory response hypothesis. Such
evidence per se is, however, not sufficient to reject the evolaoaoy response
hypothesis, as the two hypotheses are not muteadiysive.

Evidence of ‘evolutionary response’ hypothesis

The evolutionary response hypothesis predictsrttatirity changes are (at least partly)
due to a genetic change in maturation propertiesulting from fisheries-induced
selection pressures (Law & Grey 1989, Law 2000,nBleet al. 2002a, b). Such an
evolutionary change will be measurable as a chamgbe age- and size-dependent
tendency of immature individuals to commence repcaty (Heino et al. 2002a, b).

This study shows that a statistically significanbut quantitatively small — change in
the reaction norm for age and length at maturatias occurred in the Norwegian
spring-spawning herring stock. This is illustratgda comparison of the ‘historic’ with
the ‘contemporary’ reaction norm (Fig. 3a, b): tbe ages 5 and 6 years, small but
significant changes in the reaction norm were detebetween the two periods (Table
2). For these two ages, the existence of a tempmeatl in the reaction norm was
confirmed by an analysis of the entire time-seaeyear-classes 1930-1992 (Fig. 4).
These changes accounted for ~3% decrease in neawiron midpoints over a 62-year
period, demonstrated for two maturation ages (5 @ngears) but not for the other
maturation ages (3, 4, 7, and 8 years). The resuéisthus compatible with a small
evolutionary change towards earlier maturation.

The biological relevance of the documented changeaction norms could be
questioned. First, the very high sample sizes (Balgle 1) and the resultant high
statistical power of the analyses allow detectiérvery small effects. Second, the
apparent tilt in the contemporary reaction normg(Rb) is largely caused by the
inaccurately known midpoint for age 7 years, whghased on only three year-classes
and is not significantly different from the histomidpoint for that age (Table 2). Third,
the statistical hypothesis testing assumes thasdbece data are unbiased and that the
model is ‘correct’. If the degree of violation ofoghel assumptions or biases in the
source data shows a temporal trend, then statistitalyses may suggest spurious
trends.

Furthermore, even when the changes in the mataragiaction norm are real, the
interpretation of such changes as evidence of &wolary change might still be
challenged. Such an interpretation assumes thgtlteeotypic plasticity in maturation
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can be captured by length and age only. In reatitgr factors may also be important,
and changes in those factors may cause plastiggekan maturation. Such potentially
confounding factors may generally include body dtioial or energy stores (Rowe &
Thorpe 1990, Silverstein et al. 1997, Shearer & 1%oa 2000, Grift et al. 2003),
maternal effects (Heath et al. 1994, Silversteiale1997), and growth rate (Silverstein
et al. 1998) — notice though that the combinatibrleagth and age is a measure of
average lifetime growth rate. Importantly, the dtiod factor in the Norwegian spring-
spawning herring stock was somewhat lower in tH80%%nd early 1940s than in most
later years (Holst 1996). At the same length anel agmature fish with higher body
weight are likely to have higher maturation proliabs. The better condition of herring
could thus explain the changes in the maturatiantien norm, especially given that the
changes are so small. Evaluating the importancthiefeffect would require further
analyses.

We consider it unlikely that the changes in reactmrms were due to gene flow
from adjacent herring stocks. Norwegian spring-spag herring vastly outnumber the
small fjord-inhabiting herring stocks, and are fermore easily distinguishable from
fiord herring by their larger body size. In the gmrnmost parts of their range,
Norwegian spring-spawning herring can co-occur wilbrth Sea autumn-spawning
herring. Because of their different spawning timeswever, the samples of mature
herring collected from the spawning grounds aréahl to contain more than sporadic
specimens of North Sea herring. In the 1970s, wNenwegian spring-spawning
herring were severely depleted, so were the Nagthtterring (Nicholls 2001).

Overall, our results suggest that by far most ef ¢thanges in maturity-at-age and
maturity-at-length in Norwegian spring-spawning rireg, coinciding with abundance
fluctuations, were due to a strong phenotypicalbsfic response to the growth rates.
The quantitatively small change in maturation rigachorms provides some support for
a small genetic change in maturation tendencies, this interpretation remains
ambiguous.

Comparison with other stocks: biological properties

Reaction norm analyses have recently been carrietdiro order to disentangle

phenotypic and evolutionary changes in maturation deveral other commercially

exploited fish stocks that have shown consideratd&urity changes. These include four
stocks of Atlantic cod (Northeast Arctic cod: Heiabal. 2002c; Gulf of Maine and

Georges Bank cod: Barot et al. in press; north&awfoundland] cod: E. Olsen,

personal communication) and the North Sea plaweksiGrift et al. 2003). For each of
these stocks, marked changes in maturation reacioms, indicative of fisheries-

induced evolutionary change, were found. By contrés the Norwegian spring-

spawning herring stock the present study shows ritbastrong change in maturation
tendencies has occurred, although the possibilitgnoall-scale changes in reaction
norms cannot be excluded. This is remarkable gilierseverity of the collapse of this
stock and in particular, the extremely high fishingrtality rates in the overexploitation
period (Fig. 1).
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What factors might account for the weak evolutignegsponse to exploitation
pressure in Norwegian spring-spawning herring, caneg to the other stocks
investigated? Is there simply a lack of genetidateom for maturation in this stock?
This would be surprising, given that life-historyaits generally have moderate
heritabilities (Mousseau & Roff 1987). Alternativelyecent modelling work by
Ernande et al. (2004) has shown that, under tHeein€e of a given fisheries-induced
selection pressure, the shift in the maturatiorctrea norm will depend on certain
biological properties of a fish stock. Harvestingrtality being fixed, the sensitivity of
the evolutionary response is predicted to decrdBseande et al. 2004)j)(if the
average natural mortality increases at ages patgntelevant for maturation (implying
a small additive effect of fishing mortality)ii) if the average growth rate decreases
(implying less variability in size where selectioray act upon); andif) if the trade-off
between growth and reproduction is stronger (inmgyihat earlier maturation causes a
strong reduction in offspring produced at laterogloictive events).

The Norwegian spring-spawning herring stock is abtarised by just one of these
three properties. Indeed, the trade-off betweewtjr@and reproduction is strong in this
stock, as evidenced by a clear decrease in grofteéh maturation (Runnstrém 1936,
Engelhard et al. 2003), more marked than in Nogh Slaice (Rijnsdorp & Storbeck
1995) and far more marked than in Northeast Aratid Georges Bank cod (Law &
Grey 1989, Trippel et al. 1995) — all stocks whevelutionary responses to harvesting
have been recorded (Heino et al. 2002c, Grift et2803, Barot et al. in press).
However, the average growth rates in herring atepadicularly slow; they lie below
those for cod, which attain larger body sizes, dret comparable to those in the North
Sea plaice stock which exhibited fisheries-induaddptive change (Grift et al. 2003).
Of theoretically highest relevance, although inegahpoorly known, natural mortality
in Norwegian spring-spawning herring is probablyngarable to that in the other
stocks: the value assumed in stock assessmbhts (.15 year’; ICES 2002) is
intermediate between those for Northeast Arctic @¢dd= 0.2 year™; ICES 2003) and
North Sea plaiceM = 0.1 year’; Beverton 1964). The specific biological propesti
Norwegian spring-spawning herring might therefordyao some extent explain the
apparent absence of a clear adaptive response efdbk to exploitation pressures.

Comparison with other stocks: fishing patterns

The various evolutionary responses among fish stauight also be explained by
differences in the intensity and pattern of thédises imposed on them, rather than in
properties of the exploited stocks themselveslL@iv & Grey 1989, Law 2000). First,
in Norwegian spring-spawning herring high explogatlevels may not have persisted
over a sufficient number of generations to causetie change: the fishing mortality in
this stock had been low for a very long time arehthather suddenly increased to very
high levels but for a relatively short period o$jwver two decades (Fig. 1). Still, in the
case of northern cod, which has a similar generdiime, two decades of intensive
exploitation were apparently sufficient to causealrastic change in the maturation
reaction norm (E. Olsen, personal communication).
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Second, apart from fishing intensity, it is likehat the pattern of fishing is also of
high relevance for the potential of evolutionanacbe in a stock. Strong selection for
earlier maturation is to be expected, in partiguifaa fishery targets both mature and
immature fish simultaneously (Law & Grey 1989, Heih998, Ernande et al. 2004):
early-maturing individuals then have a strong #®eadvantage, since delayed
maturation implies a strong risk of dying withouffspring. The same applies to
selective harvesting of immature fish only (Ernamdeal. 2004). However, relatively
weaker selection for later maturation is to be etgx in case of a fishery specifically
targeting mature fish (Law & Grey 1989, Heino 19E8&ande et al. 2004).

The first of these three fishing patterns has lteencase in the above-mentioned
cod and plaice stocks where clearly decreasingiosanorms were found (Heino et al.
2002c, Grift et al. 2003, Barot et al. in presshe3e stocks have been subjected to
significant harvesting at feeding areas where neatimd immature fish, of various ages
and sizes, forage together in mixed shoals. Inrasfhtthe last-mentioned fishing
pattern has been prevailing in the case of Norwegj&ing-spawning herring, due to
the strong spatio-temporal segregation of immagum@ mature herring. Since ancient
times, the winter and spring herring fisheriesrigiplace at the spawning grounds (and
more recently in the overwintering area) have t@deschools of spawning or pre-
spawning, i.e., mature fish. For many decades timenter herring fisheries targeted
schools of feeding herring in the Norwegian Sed twamsisted for the most part of
mature fish. In addition, in the decades beforekstmllapse, the small herring and fat
herring fisheries operating in the nursery areegetad small juvenile fish of ages and
sizes not yet relevant for maturation (Toresen &v@dt 2000, Toresen & Jakobsson
2002). Theoretically, the evolutionary consequerafdsarvesting fish of ages and sizes
well below those physiologically required for mattion are not properly known.
However, as advancing or delaying maturation wowdd have a direct effect on the
likelihood of an individual being fished, it is gafo assume that selection pressures on
maturation would be relatively weak. Thus, we cadel that even though the fishing
mortality in Norwegian spring-spawning herring wastremely high in the
overexploitation period, selection pressures orunaéibn reaction norms have probably
been moderate.

What if the small change in maturation reactionnm®rof Norwegian spring-
spawning herring indeed represents a genetic changeturation tendency? On the
basis of what is known about herring fisheries,aambed maturation is at odds on the
selection pressures that would theoretically beeetqnl. An intriguing possibility is that
old immature herring in the Norwegian Sea may hiagen subject to larger fishing
pressure than generally believed. Unfortunatelglaser study of this hypothesis is
difficult as mature and immature herring are n@iasated in the catch statistics.

Perspectives

Large changes in maturity are taking place in nf#stystocks, and the causes of these
are often unclear (Law 2000, Browman 2000). Singe and size at maturation are
important production-related traits, it is impottéao understand the nature of maturity
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changes. To what extent do these only represemiopyyEc responses to environmental
change (and probably readily reversible to theiwaigsituation if conditions do so), or
are these really evolutionary responses to direatiselection caused by fishing (and
probably difficult to reverse)? For several fishckts of major commercial significance,
analyses of maturation reaction norms (Heino e2@02a, b) have now shed some light
on this controversial issue. The less promisingupg of significant fisheries-induced
evolutionary change appears true for the five eladixamined stocks (Heino et al.
2002c, Grift et al. 2003, Barot et al. in press,@sen, personal communication),
implying lower vyields per fish caught (Law & Gre®@89, Hutchings 1993, Stokes &
Law 2000). Norwegian spring-spawning herring apptyeforms an exception, as it
shows only a marginal change in its maturation treacnorm. The findings provide
empirical evidence for Law & Grey's (1989) preduxtithat a fishery on both mature
and immature fish simultaneously is more likely dause evolutionary change in
maturation tendencies than a fishery targeting omfyure fish. Maintaining the latter
pattern of fishing with Norwegian spring-spawningriing may be desirable over the
former if the possible evolutionary degradatioragiroductivity-related life-history trait
were to be avoided — a consideration highly relef@anthe sustainable management of
fish stocks (Policansky 1993, Heino 1998, Browm@® Hutchings 2000, Law 2000).
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