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The conservation and fishery benefits of protecting large pike (Esox lu-

cius L.) by harvest regulations in recreational fishing

ABSTRACT

Traditional fisheries management theory supports aggressive exploitation of old and large fish to
maximizea stock’s biomass production and yieldere we preseran age-structured fish population
model with multidimensional density-dependencédest the hypotheses that protection of large, f

cund individuals is beneficial for the population and selected fisheries variables and that effects of
maternal size on early survival rate change the resilience and fisheries prodataiie popua-

tion (Esox luciusL.) exploited by recreational angling. We find that, compared to the traditional reg-
ulatory approach of management by small minimum-length limits (so that culling of large fish is
encouraged), preservation of large and old individuals through harvestable-slot length limits promises
considerable benefits for fisheries quality, without compromising the long-term conservation of the
population. We also find that ignoring maternal effects on early survival of offspring mighs-overe
timate the equilibrium spawning stock abundance by up to 17% and the predicted harvest by up to 11%,
potentially putting pike populations at risk from overharvest if size-dependent maternal effects are
ignored in fisheries models. If the findings from our simulation study hold for empirical systems, they
suggest altered harvest regulations in mangonumptive pike recreational fisheries are nedded
protect large individuals to a greater extent that currently pursued.

Keywords argling; maternal effects; recreational fishing; recruitment; spawning potential ratio; size

selectivity
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1. Introduction

Fishing mortality has had, and contastio have, major impacts on wild fish populations (Worm et al.,
2009). However, it is only recently that fishing mortality exerted by recreational fishing éas be
identified as contributing to fish stock declines (Post et al., 2002; Lewin et al., 2006). In bwth co
mercial and recreational fisheries, positively size-selective exploitation is common (Lewin et al.
2006). Therefore, naturally less abundant large and old fish within a stock tend to be removed at a
higher rate than small and young individuals (e.g., Brafia et al. 1992; Paul et al., 2003). Traditional
fisheries theory encourages the resulting truncation of the size and age structure of the stoek becaus
the declineof virgin population abundance relaxes intraspecific food competition, resulting in higher
per capita prey intake and increased production in terms of somatic body mass bpge sivall and
young and thus fast growing individuals (Schaefer, 1$liman and Gutsell, 1958; Schaperclaus,
1960). Therefore, demographic truncation of the age and size distribution of astbekbeneficial
from the perspective of maximizing fisheries yield (Silliman and Gutsell, 1958; Schéperclaus, 1960).
However, this yield-based fisheries management objective has been called into questi@blas a
long-term approach to sustainable fisheries management (Larkin, 1977). It is particularly unsuitable as
a universal objective for recreational angling fisheries, because many anglertheadhoely size of
fish as memorable trophies or enjoy other body size-related determinants of angling qualigy (e.g.,
challenging fight with a large fish) more than maximized harvest biomass (Arlinghaus, 2006)
Moreover, conservation concerns have been raised that fishing-induced truncation of the age and size
structure ofa populationwill impact recruitment dynamics and may destabilize populations (Berkeley
et al., 2004a; Hsieh et al., 2006; Anderson et al., 2008; Venturelli et al), 2009

Several mechanisms acting in isolation or combination have been proposed that may explain
the impact of demographic changes towards on average younger and smaller fish to affect mécruitme

dynamics in exploited fish stocks. Flysta large fraction of young fish amplifiestock’s nonlinear
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dynamics and destabilizés abundance (Anderson et al., 2008). Sebgnd many fish stocks ind

viduals of different sizes and ages reproduce at different times and locations (Wright and Trippel,
2009). This spreads larval production in time and space providing a buffer against environmental
stochasticity (Berkeley et al., 2004a). Tiyrdn many fish species the fecundity of a femateeases
exponentially with its body length and linearly with its body weight (Wotton, 1998). This is due to
larger fish not only having a greater body volume for holding eggs, but also becausaytusyotea

greaer proportion of energy to egg production rather than somatic growth (Edeline et al., 2007).
Therefore, strongly reducing the abundance of large fecund fish in a population might affect total egg
abundance (Berkeley et al., 2004a; Birkeland and Dayton, 2005). Finally, the existence of age and
size-dependent maternal effects on egg and larval surgithbught to influence recruitmenty-d
namics in some marine and freshwater fish stocks (Berkeley et al.,,B0Bdatt et al., 2006y en-

turelli et al., 2009).

Maternal effects are non-genetic impacts that female phenotypes have on phenotypes of their
offspring (Bernardo, 1996). An example of a size-dependent maternal isfi@een the size of an
offspring at hatchings afunction of the female’s size at reproduction. Size-dependent maternal effects
on egg quality-traits (e.g., egg size, nutrient composition) and larval performance-traitsife,g.,
growth rate, resistance to starva)itiave been documented in a variety of fish species (reviewed in
Chambers and Leggett, 1996; Heath and Blouw, 1998; Marshall et al., 2008). It is known that small
differences in the survival rate at young life stages can have major impacts on year-clggsistren
fish (Miller et al., 1988; Wright, 1990; Marshall et al., 2008). Thus, size-dependent maternal effects on
early survival can affect recruitment, population variability, yield, and time to recovery fronxovere
ploitation (Murawski et al., 2001; Scott et al., 2006; Lucero, 20@aturelli et al., 2009). This ¢u
come, however, seems to be species-dependent and influenced by the exact natureatsriaé

effects on early life-history, and will also depemnda species’ maturation schedule and reproductive
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life span as well as fishery selectivity and exploitation pati@iiarrell and Botsford, 2006; Ottersen,
2008 Venturelli et al., 2009

In response to concerns about the conservation issues associated with pronounced age and size
truncation in exploited fish stocks, some authors have proposed to save large portions of old and large
fish from exploitation fodemographic (Berkeley et al. 2004a; Palumbi, 2004; Birkeland and Dayton
2005 or evolutionary reasons (Law, 2007). This might also be beneficial from a fishing-quality
perspective (Trippel, 1993). However, few studies (for exceptions, see Berkeley, 2008 andlli
et al., in pregshave systematically investigated the impact of various simple harvest regulations on
fish populations and fishing quality in models with and without the existence of assgmed a
size-dependent maternal effects on egg and offspring survival. This gap of knowledge currently
precludes the derivation of robust management advice as to the appropriateness of different variants of
common harvest regulations to jointly meet conservation and fishing quality objectives.

Here we present a simulation model of a recreationally exploited freshwater fish population
parameterized for the top freshwater piscivore, northern gikex(luciuslL.) (hereafter termed pike).
This fast growing and early maturing species is a popular, yet highly vulnerable (Pierce et al., 1995;
Paukert et al., 2001), target of recreational fishing in the northern hemisphere. It aaetitapex
predator in most mesotrophic to slightly euthrophic lakes and slow-flowing rivers of the temperature
regions (Raat, 1988; Craig, 1998here exist a handful of case studies on the effects of simple harvest
regulations, such as minimum-length limits or protected slot-length limits, on pike populations and
their size structure (reviewed in Pierce, in press). However, no study has studied the conservation and
fishery benefits of harvest regulations designed to protect large-sized pike from recreational fishing
harvest, such as harvestable slot length limits, under the assumption that size-dependent maternal
effects on early life history exist. In this study, we maalsize-selectively exploited population of

pike that is governed by multiple density-dependent processes to account for the compensatory po-
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tential of pike stocks to fishing mortality, thus adding realism to model predictions. We cahtrast
model runs with and without empirically measured size-dependent maternal effects on early survival
of offspring to investigate the importance of these effects for the long-term dynamics of exploited pike
populations. We investigate the hypothesis that saving large and old fish through simple harvest reg-
ulations is beneficial for the conservation of the population as well as for fishing quality. thile f
cused on the life-history of pike, our study has implications for other fish species size-selectively
exploited by commercial or recreational fisheries as long as these life-histories share chesoferist

pike such as fast growth, early maturation, positively size-dependent fecundity and strang dens

ty-dependent population control.

2. Methods

We developednage-structured pike simulation model with multidimensional density-dependence on
the vital rates of pike as well as density-dependent angling effort attracted to the fishery. (Fig. 2)
model was modified from Arlinghaus et al. (2009) focusing on ecological dynamics exgiuesidel
omitting any evolutionary perspective. The parameter set used (Table 1) regmtesprtotypical

lake population of pike exploited by recreational fisheries. Constants determined by empirical studies

were represented by Greek letters except for some popular notations (e.g., catahpldRitgre-

tional fishing patterns (e.qg., size-selectivity, angling effort dynamics and resulting arpleadation

rates) resembled those typical for harvest-oriented (i.e., consumptive) anglers targeting topypreda
fish such as pike (Arlinghaus et al., 2009). No study was available that reported all the needed in-
formation; thus, parameter values were collected from different sources (Arlinghaus et al., 2009)
However, studies from the pike population in Lakéndermere (U.K.) were favored due to the
availability of long-term data sets on pike demography (e.g., Edeline et al., 20@&nHzal. 2007).

Below, in addition to describing model equations we will comment on parameter values deserving



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

special clarification for the purpose of the present analysis and not already described in Arebhghaus

al. (2009).

2.1 Population dynamics

We useadeterministic Leslie-matrix population meldSuch models classify a population into distinct
stages (here age classes) and projeat #teindances in discrete time (Caswell, 2001). Our model is
designed for application to fish species with a single breeding season per year, such asapike (Ra
1988), so that annual time steps can be used. In Leslie matrix models (see Caswell, 2001 for details),

changes in the age structure and density of the population are descriNé¢tiy= KN () or

N,(t+1) f,of, f3 . famax N, (t)
N, (t+1) s 0 0 .. 0 || N,()

Ny(t+1) |=|0 s, O .. 0O ||Nst) | 1)

Y
The matrixK is the population-projection matrix (Leslie matrix), and the vebi(t) represents the
density of fish (i.e., the abundance of fish per area of the considered water body)tirageszss all

age classsa=1,...,3,,,. Census time is chosen so that reproduction occurs at the beginning of each
season (prebreeding census, Caswell, 2001js the fertilityat agea (i.e., the number of recruits
defined as age-1 fish produced per female ofages, is the survival probability of individuals from
agea to agea+1, anda,,, is the maximum age (Table 1).

The vital ratesf, ands, are functions of the total population dendity(defined in the next

section) and thus vary with tinteuntil demographic equilibrium is reached (Arlinghaus et al., 2009)

In each time step, the survival of individualsge class.,,,, is 0, whereas individuakstall other ages

spawn if mature and experience natural and fishing mortality as defined below.
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2.2 Biological processes

Crucial biological processes that determine the life history of a fish species include growth, repro-
duction, fecundity, and mortality (Wotton, 1998). In the present pike model, for simplicity, we assume

an equal sex ratio and we do not model sex-specific vital rates in terms of growth and mortality. Pike
growth is modeled according to the biphasic growth model by Lester et al. (2004) (Fig. 1a). They

showed that the von Bertalanffy growth equation provides a good description of post-maturation
somatic growth in temperate fish, whereas growth is almost linear until the age at which allocation of
energy to reproduction begins (termedoy Lester et al., 2004By explicitly considering allocation

of surplus energy into somatic growth and reproduction (see Appendix B in Lester et &), ,|@00¢h

at agea is represented as

B 3
* 3+0.,

L =h@-t,)

L

(L&1+h)
, 2

where g, is annual reproductive investment at agé.e., the surplus energy devoted to repmdu

tion), andh is the annual length increment of immature fish (Lester et al., 2004, A9 until the

age of maturation, immature growth is linear with the annual incremelmt our model application to
pike, and in contrast to Lester et al. (2004), maturation is determined by size (Raat, 1988). Accordingly,

a female pike starts her reproductive investment ataagiéts body lengthL, reaches the size of
maturationL,, (Table 1). Then, the age at first spawning for the femade-1. Although Lester et al.
(2004) assumedy, to be constant after age of maturation, we assume it to be positively

size-dependent in pike following Edeline et al. (2007) (Table 1).

For conversions from length to weight)yempirical allometric relationship

Wa = al(La/ Lu)a2 (3)



180 isused, wher&V, is somatic weight at age, L, is a unit-standardizing constant, amdand o, are

181 empirical parameters defining the relationship for pike (Willis, 1989). The growth model by Lester et
182 al. (2004) is based on the assumption that the exponent of the tervgdiight relationship is 3, and

183 the corresponding value in Willis (198fr typical pike populations is 3.059. For species or popul

184 tions whose exponent of the length-weight-relationships differs substantially from 3, the getheralize
185 bi-phasic growth model by Quince et al. (2008) rather than the special case reported by Lester et al.
186 (2004) may be more appropriate. Because the empirical expanafitis (1989)is fairly close to 3,

187 we chose the simpler growth model by Lester et al. (2004) and assume an exponent of 3 (Tahle 1). Fi

188 density D isthen simply the sum of biomasses across all age classes,
8max
189 D=) "W,N,. (4)

190 Growth in fish is often density-dependent due to increased competition for food with increasing
191 density (Lorenzen and Enberg, 2002). This crucial population dynamical mechaimsfuoded into

192 the model by fitting empirical data from pike of Lake Windermere to a competition equation to provide
193 arelation of the average immature annual length increimexg a function of population densiBy

194  (Arlinghaus et al., 2009),

h
195 h= max , 5
1+B,(D/D,)* ®)

196 where g, and S, define the shape of this relationship, is a unit-standardizing constant, aimg, is

197 the maximum immature annual length incremeribat O(Fig 1b, Table 1). According to equation,(2)
198 density-dependaein h also influences post-maturation growth.

199 The age-specific fertilityf, is defined as

200 f,=syk,, (6)



201 wherek, is age-specific fecundity (defined as the number of spawned eggs per femadehe

202 hatching rate, and, is the survival rate from egg hatch to age 1. We assume fecundity to diminish
203 with population density, as elevated food competition with increasing pike density in a given year
204 reduces surplus energy and energy invested in gonad development in subsequent years (Craig and
205 Kipling, 1983; Haugen et al., 2006). Maximum fecundityD =0 depends on reproductive intes

206 mentg,, becausey, sets an upper limit on the production of eggs (Lester et al., 2004). Note that in

207 broadcast spawning fish with lack of pronounced spawning migrations or parental care, such as pike,
208 in femalesg, may be approximated by the energy density of gonads prior to spawning (Shuter et a
209 2005) because gonads constitute the bulk of reproductive investments in female pike (Diana, 1996)
210 Under this simplifying assumption, which underestimates the true energy investment into reproduction
211 resulting for example from energetic costs of pike spawning activity (Lucas, 1992yetispexific

212 fecundityk,, expressed in terms of spawned eggs, is defined as

213k, = 2J|a exp(—pD), (")

214 wherel, andJ, are the egg weight and the gonad weight of females a& agel densityD =0,

215 respectively, andexp(—pD) describes a decrease of fecundity with increasing pike population den-

216 sity D as per Craig and Kipling (1983) (Fig. 1c, Table 1)/ |, is the maximum number of eggs
217 produced by a femalat D =0. The fecundityk, is multiplied ty % because only half of the ind

218 viduals of each age cla$é, are assumed to be females. We consider the gonad weightbe
219 allometrically related to female length in pikatlowing Edeline et al. (2007),

220  J,=p(L,/L)", (8)

1C



221 wherey, andy, are empirically derived parameters, andis aunit-standardizing constant (Table 1)
222  Annual reproductive investment, is cadculatedas

J
223 =02, 9
9= ©)

224 wherew is the relative caloric density of eggs compared to soimaweight of eggd, is assumed
225 tolinearly depend on the size of female pike as,

226 |, =6L,+5,, (10)

227 wheres, and 5, are empirically derived parameters from data in Lindroth (1986)=(0.44,P <

228 0.001, Table 1).
229 Recruitment from egg hatch to age 1 in pke@ssumed to be density-dependent withrove
230 compensation as a result of cannibalism (Edeline et al., 2008, Fig. 1e). Following Minns et al. (1996),

231 the survival rates, from egg hatch to ageidassumed to depend on the density of hatched pike larvae
232 according to a Ricker-type, dome-shaped relationship,

233§ =%« B), (11a)

234 wheres, ., is the maximum survival rate; is a constant that specifies the minimum survival rate
235  §.in= Smx€XPCx) asa fraction ofs, .., andB is the hatched egg density (i.e., larval density)

236 The functionG(B) determines the relationship between the density of hatched larvae andrtheir su
237 vival,

B/U

12

, (11b)

11



239 where u is an exponent determining the rapidity of the transition betvggen ands, ., through

240 changes in hatched larvae density, aBg, is the density of hatched larvae at which
241 5 =3 uEXPEK/ 2). (11c)

242 The larval densityB is the sum of age-specific larval production across all age classes,

243 B=) "™ykN,. (11d)

244 Annual survival rates, atage are calculated by combining age-specific instantaneous natural
245 mortality ratesM , with instantaneous fishing mortality rateg,

246 s, =exp(-(M,+F,)). (12)

247  The natural mortality ratel!, are determined according to an empirical model for predicting the

248 age-specific half-year survival probabiliy,, of pike as reported by Haugen et al. (2007),

expl,+r, X +7,Y +7. L, )

249 = :
1+expl, +r, X +7,Y +7. L, )

(13a)

/12a

250 where X andY are densities dfsmall’ (i.e., age-2) andlarge’ pike (i.e., older than age-2), respe

251 tively, andL, denotes the length of fish at ageandz,, 7, , 7, , andz, are empirically determined

252 coefficients (Table 1). The half-year survival rates were translated into instantaneous mortality rates
253 (Arlinghaus et al., 2009) using

254 M, =-logs], . (13b)

255 To describe size-dependent maternal effects on early life-history of pike and enable us to
256 quantify the impact of these mechanisms for recruitment dynamics and fishery variables fwe use
257 choices for the impact affemale’s sizeat-age on the early survival probability of her offspring (Fig.

258  1d),

259 r, =1 (constant, i.e., lack of a size-dependent maternal gffect (14a)

12
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or

r, =—A expEA,L, )+ A, (asymptotic increase of size-dependent maternal gffect (14b)
wherer, is the relative early survival probability of pike offspring during the first month after

hatching. Note that because age and size are strongly correlated in most fish, including pike,
size-dependent maternal effects on offspring survival will also be age-dependent. The baseline a
sumption of a constant relationship between size of females and early survival of their of&pring
uation 14a) represents the traditional assumption in fisheries models that the survival probability of
offspring is independent of the female’s size (e.g., Wright and Shoesmith, 1988). The secasd a
sumption of an asymptotic increase in relative early survival tivitfiemale’s size (equation 14pis

based on recent experimental evidence about the differential relative survival of pike larvae spawned
by five female pike ranging in total length between 33.5 and 99 cm. Equal numbers of larveadinom
female were stocked intmmmon garden ponds and offspring survival was measured over a period of
one month after stocking (stocking May, 5, 2008; complete retrieval of survivors by draining of ponds,
June, 12, 2008, Arlinghaus, Faller, Wolter & Bekkevold, unpublished data). Surviving offspring in the
otherwise fishless ponds (so as to expose age 0 pike to strong intraspecific competition and intracohort
cannibalism were assigned to each of the five females using ten microsatellite loci, and relative su
vival rates of offspring as a function of female size was determined (Arlinghaus, Faller, Wolter &
Bekkevold, unpublished data). Data were used to fit an asymptotic size-dependent maternal effect on

early survival using equation 14b, and values for the parameters (and 4,) were determined so

as to provide the best fit to the daf@’(=0.85, Fig. 1d, Table 1). We coupled this relative survival
function of offspring originating from a particular size (and hesg® class to the general stoak r
cruitment function with overcompensation (equation 11a). Thereby, an initial relative survival ad-
vantages maintained until recruitment to age-1, but not afterwards due to the lack of empirical ev

dence for size-dependent maternal effects on offspring traits being maintained éifterybar of life

13
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in pike. Accordingly, equation (11a) was modifiesl

Soa $max €XP(—x & B). (114)

ra
YN YK

represents whether the survival

r
The factor on the right side of equatien &
Zamax rakaN a/zamaxkaN a
a=1 a=1

probability of offspring from a female of age during the first month is larger or smaller than the
population averagEZ"j rakaNa/ Z::fkaN .- It therefore represents an age-specific early survival

weight multiplied withthe population’s first year survival probability from equation (11a).

2.3 Recreational angling processes

The vulnerability of individual age classes to recreational fisfsmgpresented by a sigmoid ael

tionship with length and scaled from 0 (completely invulnerable) to 1 (completely vulnerable),
V, = (1-exp(-7L,)) . (15)
whereV, is the vulnerability of fish of age with lengthL,, andn andé describe the shape of the

relationship (Paul et al., 2003, Table 1). The total derisjtyof vulnerable fish is then given by

N, =Y ™V.N (16)

aq YalVa-
A realistic expectation about angler behavsa response of angling effoe to the quality of

the fishery (Post et al., 2003). As the quality of fishing measured in terms of angler satisfaxftiem

catch-dependent (Arlinghaus, 2006; Arlinghaus et al., 2008), increasing numbers of vulnerable fish are

expected to increase the number of anglers spending effort on a particular fishery (Post e).aAs2003

empirical information on this effort dynamic is currently not available for pike fisheries, aagener

sigmoid numerical response of angling effort to fish availability, modified from Post et al. (2@33), w

chosen (Fig. 1f),

14



N§
304 E=u| p+—X—(@1- p)j, 17)
( NG 12+ N

305 whereu is the maximum effort per areq, is the proportion ofi that is always presenty, ,,, is the

306 density of vulnerable fish that elicits one-half of the variable effort densityZansdn exponent that

307 characterizes the steepness of the effort-response curve (Table 1). Note that this modeleignores r
308 gional angler dynamics, i.e., anglers choagerticular water body depending on the quality of that

309 fishery only (Post et al., 2003).

310 In most recreational fisheries, some variants of length-based harvest regulations are used to
311 maintain recruitment, manipulate the size structure of the fish stock, or distribute the harvest more
312 equitably among anglers (Noble and Jones, 1999). Therefore, anglers will mandatorily release a ce
313 tain proportion of fish protected by the regulation (Arlinghaus et al., 2007). In our modelj-a min
314 mum-lengthlimit (MinL-L) is assumed, above which every caught fish is removed for consumption.
315 This situation is characteristic for purely consumptive recreational fisheries such as Germany, where
316 voluntary catch-and-release fishing is usually not tolerated (Arlinghaus, 2007) and MirgLskt so

317 as to protect immature pike. However, the situation is different in many other pike fisheries in which
318 large percentages of legally sized fish are released (Pierce et al., 1995; Pierce, in press). To save large
319 fish in addition to small immature individuals, we also modeled a combination of a MinL-L and a
320 maximum-lengtiimit (MaxL-L). This regulation is known in the fisheries literature as inveese, r

321 verse or harvestable-slot length limit (Noble and Jones, 1999), hereafter termed harvestable-slot length
322 limit (HSL-L). This means that fish smaller than the MinL-L and larger than the MaxL-L must be
323 released mandatorily. Anglers may also illegally harvest fish protected by harvest regulatians (Sull
324 van, 2002). Therefore, in our model three sources of fishing mortality are assumed (Post et al., 2003):

325 harvest mortality of legal fish, hooking mortality of protected fish sizes that are released, and
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non-compliance mortality from illegal harvest of protected f&hthis basis, the number of dead fish

d, at agea is given by(Arlinghaus et al., 2009)

| VN, [1-exptqE], if MinL-L <L _ <MaxL L 18)
* " |V.N.[1-exp(-UqE) ] , if L, <MinLL or L, >Maxd’
whereq is a constant catchability coefficiert, is angling effort density, and
U=¢+Q—-¢Q, (19)

where ¢ is the proportion of protected fish that experience hooking mortality from catch-and-release,
and Q is the proportion of protected fish that are harvested illegally (Table 1). The non-compliance
mortality Q was treated as a dynamic variable following Sullivan (2002), who found that in walleye
(Sander vitreumanglingit was inversely related to angling catch rate of protected@ishas
Q(t+)=e(C (1/C) ", (20a)

wheree and ¢ are empirically derived constants, a@gis a unit-standardizing constant (Table 1).
The catch rate&C, of protected fish was calculated following Arlinghaus et al. (2009) on the basis of

the number of illegal catch, at agea as

C, =E*Y ™q¢, (20b)
where
0, if  MinL-L <L, <MaxL_L
2 = 4 : . (20c)
V,NU *[1-exp(-UgE) |, if L <MinLt or L,>MaxLk

The instantaneous angling mortalify at agea is then simply

F,=-In(1- da/Na). (22)
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2.4 Outline of analysis

Our study objective was to elucidate the population-level and fishery benefits of saving largs and ol
fish through simple harvest regulations simulations with and without consideration of
age/size-dependent maternal effects on egg quality. Accordingly, we initially modeleelative

effects of implementation of an increasingly more restrictive HSL-L compared to @t defavest
regulation of a MinL-L of 45 cm for two scenarios of maternal effects on early survival of offspring
(constant and asymptotic increase, Fig. 1d). This was accomplished by modifying the MaxL-L (i.e.,
the upper bound of the HSL}lfrom a maximum of 10@m to a minimum value of 50 cm, while
keeping the lower bound of the HSL-L constant at 45 cm. This default value of a MinL-L was chosen
as it represents a standard harvest regulation for pike (Paukert et al., 2001) and is particularly common
in jurisdictions where pike stocks are managed for angler harvest.

HSL-Ls are rarely implemented in pike management (Paukert et al., 2001). This regulation is
therefore uncommon and may therefore be perceived with caution by the angling publicn@age a
Radomski, 2006). To compare the effect of a HSL-L relative to a simpler and more common MinL-L,
we also investigated how output variables (population size and structure, catch and harvest) differed
between model runs comparing increasingly stricter MinL-L (from 45 to 100 cm) with increasingly
stricter HSL-L relative to a default MinL-L of 45 cm. We also included a total catch-andeelea
fishing scenario for comparative purposes. We simulated increasingly more intensive angling fisheries
by varying the maximum angling effort level per area represented by thegtara and for visa-
lization purposes decided to present the results for a low maximum angling effort scemaB6 (
annual angling-h Kayr™) andahigh, yet realistic (Kempinger and Carline, 1978), maximum angling
effort scenario = 250 annual angling-h Hayr?). This allowed us to test the impact of saving in-
creasingly larger fractions of old and large fish using a HSL-L regulation relative to MinL-laregul

tions as well as analyzing the impact of maternal effects on early survival of offspring orvaboser
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and fishery variables for several typical angling regulations in pike management. Note thaa-the par
meteru represents a maximum potential angling effort level, which at equilibrium will not be equiv-
alent to the realized angling effort due to the strong density-dependence in angling efffayhéis
et al., 2009).

Output variables at long-term equilibrium (note that in every simulation equilibrium conditions
were reached) were thought to be indicative of the long-term average benefits (oepesghiected
under different regulations; they included variables of the stock status and of fishery quality. Stock
status was represented by pike abundance density for pike aged-1 and older and the spawning potential
ratio (SPR) based on viable egg abundance (i.e., the ratio of viable eggs in the exploited equilibrium
relative to the unexploited case). SPR is a common stock assessment tool to evaluate the degree to
which fishing has reduced the potential population reproductive output (Goodyear, 1993). Recruitment
overfishing is thought to occur wih&€PR < 0.35 (Mace, 1994). To represent age truncation, we-ca
culated the average age of spawners. In terms of fishery metrics, harvest (yield) and catopes of lar
(i.e. from an angler’s perspective so-called memorable) pike were evaluated. The length of meemor
ble pike of 86 cm total length was taken from Anderson and Neumann (1996). We also calculated the
harvesting efficiency, i.e. the ratio of harvest to total deaths due to fishing. This is a way toyethicall
evaluate conservation goals, as low harvesting efficiency values indicate that the majority of losses of
individual pike are due to post release mortality rather than harvest (Pine et al., 2008). Sensitivity of
results to parameter values was assessed by varying parameters independently by 10 % and calculatin
the resultant percentage of change for two response variables, absolute har@4R alid further
contrasted SPR values between the two maternal effect scenarios to investigate the robustness of the
size-dependent maternal effect simulation results. We chose a moderate fishing mortality aridd a HSL-

of 45 to 70 cm for all sensitivity analysés all simulations, variation among individuals within an age
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class was introduced by assuming that the density-dependent annual juvenile growth insrement

normally distributed around the population mean with a 5% coefficient of variation.

3. Results

3.1 Impacts of angling mortality on the pike population

Size-selective recreational fishing effort substantially affected the fish stock as indicated leg reduc
equilibrium pike population densities (Fig. 3) and spawning potential r&#&)(values with in-
creasing effort levels (Fig. 4, top panels). The unexploited equilibrium pike abundance densiy was 2
pike aged 1 and older fiadeclining strongly and collapsing at a realized effort level of about 130
annual angling-h h&in the absence of harvest regulations (Fjg.TBe population-level effesf
recreational angling were particularly pronounced at relaxed harvest regulations (i.e., ol dfinL

wide HSL-L, see Fig. 3 and left areathe top panels in Fig. 4). For example, the pike abundance
density for fish aged 1 and older was reduced by 50% or more (i.e., < 12.5 Pjkelative to the
unexploited case at low MinL-L and reasonably wide upper bounds for the HSL-L reguta86n (

cm) when the realized angling effort levels exceeded about 100 annual anglifigHighest popu-

lation densities of pike aged 1 and older were maintained under total catch-and-release policies, but
population sizes at equilibrium were smaller than in the unexploited case due to hooking mortality (Fig.
3). Note that realized angling effort values in Fig:oBespond to regulation-specific maximum an-
gling effort levelsu. Due to density-dependent effort (Fig. 2 f) realized effort was generally lower
than the maximum effort levels at equilibrium (Fig.B)r example, at a MinL-L of 45 cm maximum

effort levels of 250 h hayr™ resulted in a realized angling effort of only about 125 hyid due to
changes in the availability of pike due to harvesting, which reduced the attractiveness of the fisher

and hence realized angling effort. Note that in Figures 4-6 only two extreme farthe foaximum
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annual angling effort per ha are displayed for illustrative purposes.

The equilibriumSPRof pike was greatest under total catch-and-release fisheries and did not
fall below critical levels (0.35) at low maximum angling effart5( 50 angling-h hayr™) for all levels
of harvest regulations (Fig. 4 top panels). However, when angling effort was high (maxmmuah a
angling effortu = 250 angling-h hayr™), the SPR dropped below 0.35 at wide HSL-Ls with an upper
HSL-L bound of> 80 cm and for low MinL-Ls of < 50 cnAlso, at high maximum angling effort
density the SPR under total catch-and-release regulations was up to 12% lower than at low maximum
angling effort resulting from hooking mortality. Incorporation of size-dependent maternal effects on
early survival of offspring (broken lines in top panels in Fig. 4) consistently influenced the predicted
equilibrium SPR shifting it to lower values when existence of maternal effects on early survival was
assumed. SPR may be overestimated by as much as 17 % when maternal effects on earlyesurvival ar
ignored when they are in fact present.

Exploitation under HSL-Ls and MinL-L regulations resulted in substantial age truncation of
the pike population as indicated by the decreasing average age of spawn#rsaaglmy intensity
levels and for all types of regulations (Fig. 4 bottom panels). Thus, truncation of the age and size
structure of thepike population is inevitable whenever anglers start cropping the stock (see also Sup-
plementary Table 1). As to be expected, the decrease in the average age of spawners was most pro-
nounced at the highest maximum fishing effort level and for strongly relaxed harvest regulations.
While the average age of spawners was always three years or older across all harvest regldations
maximum angling effort levels, it dropped to values below three years on average at high maximum
angling effort densities for MinL-L regulations of < 80 cm and upper bounds for HSL>L 5 cm
(Fig. 4). Generally, BL-L regulations resulted in a lower average age of spawners compared to
MinL-L regulations, while total catch-and-release policies were the most efficient regulatiors at pr

serving a more natural age structure (Fig. 4, bottom parglthe same time, however, only H&L -
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438 were effective in preserving old and large fish in a stock at high angling effort legelex&mple,
439 while pike aged 7 years or older were extirpatedrabximum angling effort level of 250 anglig-
440 ha' yr* with MinL-Ls < 80 cm, they were preserved in the stock under H®gulations with an
441 upper bound of 80 cm or less, albeit at low relative abundances (Supplementary Table 1). In contrast to
442 the results in terms of SPR, the age truncation effect of recreational harvesting was largely unaffected

443 Dby size-dependent maternal effects on early survival (Fig. 4 bottom panels).

444 3.2 Impacts of angling mortality on fisheries quality

445 Divergent patterns in equilibrium angler harvest in terms of numbers of pike harvested per e and ye
446 were observed when comparing HS&-&nd MinL-L relative to a baseline regulation of a small
447  MinL-L of 45 cm (Fig. 5 top panels). At low maximum angling effort and a MinL-L otdt equr

448  librium harvest was about 3 pike hgr™ falling to 2 fish h& yr*at high maximum angling effort due

449 to reduced pike abundance (Fig. 3). The protection of increasingly larger fish sizes through increasing
450 MinL-L generally decreased harvest abundance across both maximum angling effeHegyé top

451 panels). In contrast, at low maximum angling effort upper bounds of HSL-t80fcm resulted in

452 harvest levels that were similar to a MinL-L of 45 cm, and only upper bounds of < 80 cm reduced
453  equilibrium harvest abundance at low maximum angling effort relative to a MinL-L @h4&t high

454  maximum angling effort levels all HSL-L regulations except of highly restrictive upper bourd®of

455 cm elevated harvest levels compared to a MinL-L of 45 cm. Equilibrium harvest was generally large
456 under HSL-L regulations compared to MinL-L regulations, with upper bounds for HSL-L between 60
457 and 80 cm providing largest harvest under high maximum angling effort. This indicated that saving
458 large and old pike from harvest through HSL-Ls increased (up to 34% for constant, and 46% for
459 asymptotic size-dependent maternal effects scenaatier than decreased harvest levels relative to
460 the baseline situation of a small MinL-L of 45 cm at high effort levels. In contrast, ahighsengling

461 effort levels onlya MinL-L of 50 cm resulted iran elevated harvest abundance level relative the
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standard MinL-L of 45 cm, and larger MirlLthan 60 cm greatly reduced harvest abundance levels.
Assumptions about size-dependent maternal effects on early survival of offspring changed predicted
harvest levels only moderately, and only did so in the case of less restrictive harvest regulations (Fig. 5
top panels). Overall, predictions about equilibrium harvest levels with size-dependent maternal effects
on early survival were up to 20 lower than model runs without maternal effects on early survival of
offspring.

Harvest regulations also substantially affected the average size of pike harvested by anglers at
equilibrium. HSL-Ls resulted in a fairly consistent average harvest size of pike between 50 and 60 cm
(total length) irrespective of its upper bound (Fig. 5 middle panels). In contrast, increasing MinL-L
regulations promoted a sharp increase in the average harvested size of pike for both simax{ated
imum angling effort levels. Existence of size-dependent maternal effects on early survival did not
affect the predicted average size of the harvested fish for either type of harvest regulation (Fig. 5
middle panels

Increasingly stricter harvest regulations were preditti substantially affect the relative catch
(not to be confused with harvest) of large, memorablexf8é cm total length (Fig. 5 bottom panels).
Generally, catches of large fish were low with values < 1 memorable pikgrhaat low maximum
angling effort for all types of regulations. Highest catches of trophy fish were realyzéotal
catch-and-release regulations. Both restrictive HSL-Ls (upper bound < 80 cm) and large MnoL-
cm resulted in large increases in the catches of rare, memorable fish, by a factor df8l& low
angling intensities and by a factor of 1830 at high maximum angling effort relative to the baseline
condition of a MinL-L of 45 cm. Generally, HSL-Ls were more effective in maintaining d¢aggth
rates of large fish at both angling effort levels. Sharp increases in the catch of large pike were found at
HSL-L regulations with an upper bound < 80 cm at high angling effort. Similar increasex-was e

pressed only at highly restrictive MinL-L of > 70 cm when angling is intense. Predicted ingreases
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catches of large memorable fish did not depend on size-dependent maternal effects on early survival of
offspring at high angling effort density.

In terms of harvesting efficiency (i.e., the fraction harvested relative to all death resoiting f
fishing), HSL-Ls performed better in meeting high index levels than NlinExcept at an upper
bound of 50 cm at high effort, index levels for HSL-Ls usually were > 0.5 and were often close to 1
(Fig. 6). In contrast, MinL-Ls drastically reduced harvesting efficiency valuesgallose to zero at
high MinL-Ls. This indicates that HSL-Ls result in les&ryptic’ mortality through
catch-and-release-induced hooking mortality compared to MinL-L regulations when upper bounds of
HSL-L are at least 60 cm. Similar to the fishery variables examined above, assumptions about
size-dependent maternal effects on early survival of offspring did not affect harvestangneyfi

index (Fig. .

3.3 Model sensitivity

The sensitivity of the pike population model was investigated by analyzing changes in the absolute
harvest to modification of input parameter values (Table 2). As to be expected, the absolute harvest

was sensitive to changes in one parametey gpecifying the stock-recruitment relationship, and
maximum immature growth raté (. ). A 10% change of these parameters resulted in a change larger

than 10% in the absolute harvest. SPR was fairly insensitive to changes in parameter values. With the

exception of one parameter specifying life-time growth,(), a 10% change of most parameters

caused only a few percent changes in the equilibrium SPR (Table 2). However, both absolute harves
and SPR were sensitive to changes in both the exponent of the length-weight regressidrthe
exponent of the length-gonad weight regressipiiTable 2).

To verify the robustness of our results about the importance of the size-dependent maternal

effect on early survival, SPR values under the assumption of an asymptotic relationship of-early su
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vival with pike size were compared with a simulation run with a no size-dependent maternal effects on
early survival (Table 2). This relative SPR response variable (SPR with asymptotic maternal effect /
SPR with constant maternal effect) was largely insensitive to changes of individual parameters by +

10% (Table 2), indicating the robustness of the maternal effects results reported in this study.

4. Discussion

Many fisheries managers interested in managing stocks for maximized harvest tend toirset a
mume-length limit (MinL-L) in a way to allow at least one successful reproduction per indiaddal
facilitating aggressive exploitation for harvest afterwards (Schéaperclaus, 1960). In pike, this objective
is usually achieved by setting the MinL-L to 45 - 50 cm because most pike individuals seart to r
produce at much smaller sizes (Raat, 1988). However, our model results suggest that inteesive recr
ational exploitation of pike with low MinL-Ls can lead to recruitment overfishing and will also
strongly change the size structure of pike stocks resulting in the loss of large fish in addition to an
increase in the relative frequency of small and young size classes. This prediction agrees with various
empirical studies in exploited pike populations (e.g., Pierce et al., 1995; Jolley et al., 2008; Pierce, in
press). By contrast, our model suggests that a pike population can be effectively preserved, and SPR
values> 0.35 achieved, by increasing MinL-L regulations to values > 50 cm. Increasing theLMin

also benefits the size-structure of pike stocks. For example, in a long-term study on the effectiveness of
various harvest regulations for maintaining size structure in pike stocks Pierce (in press) found that
MinL-Ls of 76.2 cm strongly increased the abundance of pi&6.8 and> 61 cm total length across
various lake fisheries. However, such high Mioé.were not successful at increasing the abundance

of pike above 76.2 cm total length relative to reference lakes without MinL-L regulations, and only
maximume-length limits of 76.2 cm were able to conserve such large fish sizes in recreationally e

ploited stocks (Pierce, in press).

24



533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

According to our model implementing harvestable-slot length limit (HSL-L) regulationgwith
lower bound of 45 cm and upper bourd80 cm wereaseffectiveasappropriately designed MinL-
at avoiding recruitment overfishing in pike by keeping SPR vaiu@®85. In addition and in line with
empirical findings by Pierce (in press) in terms of maximume-length limits HSL-L regulations with an
upper bound above which pike must be released also preserved large pike in the stock, albeit at low
abundances. Thus, if the goal of harvest regulations in pike stocks is to maintain large fish in the stock
and manage size structre, HSL-L (this study) or maximum-length limits (Pierce, in press) seem to
constitute superior regulations to low or moderate MinL-L. However, if the goal of management in-
tervention is taconserve the spawning stock of the pike population or its general biomass, our model
did not suggest any substantial advantage of protection of large pike by implementation of HSL-L over
the standard management by MinL-L regulations. In fact, MinL-L regulations of approgate
(i.e., > 50 cm) were predicted to be as or more effective as moderately wide HSg-L. 45e < 80
cm) in protecting both abundance density of pike aged 1 and older, the spawning stock in teRns of SP
values and maintaining a comparatively high average age of spawners. Thus, our model results suggest
that distinct levels of protection offered to very large pike (implemented through HSL-L regulegions)
not a necessary condition to conserve pike population abundance and spawning stock biomass in the
face of recreational fishing exploitation. However, if the goal is also to conserve large pike in the stock,
HSL-Ls are superior to MinL-Ls, and similar benefits can be expected from maximum-length limits
(Pierce, in press). It is important to note that maintenance of large size classes of pike in a stock does
not constrain the abundance and development of smaller size classes via inareabatism, as one
might expect in this strongly cannibalistic species (Pierce, in press). This is possibly related to the fact
that pike form spatially size-structured populations (Nilsson, 2006), and large fish tend to be found in
less structured and more open water (Chapman and Mackay, 1984), thereby possibly decoupling the

more vegetation bound smaller size classes (Grimm and Klinge, 1996) from large sized pike and their
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557 predation pressure.

558 The outlook is different in terms of the relative benefits for fisheries quality offered by ap-
559 propriately chosen HSL-L by preserving large pike in the stock . In fact, our model indicated that
560 HSL-Ls of 45- <80 cm outperforred MinL-L regulations for most of the chosen response metrics of
561 fisheries quality. This is particularly so when the intention of the regulation is to increase the fuality o
562 the fishery in terms of provisioning of exceptionally large fish in the catch, while maintaining harvest
563 levels of intermediatékitchen-sized” pike high and unwanted hooking mortality low. Because

564 HSL-Ls were found relatively more effective than Minkt maintaining large fish in the stock, these

565 trophy fish accordingly occurred in the catch at a higher rate, particularly when fishirignet$ high.

566 Moreover, in terms of harvested pike numbers at high angling intensities, $i8ithla wide range of

567 upper limits resulted in conservation and even in increases in harvest relative to the default regulation
568 of a MinL-L of 45 cm. By contrast, in our model increasing the MinL-L to values larger tham 60 c
569 substantially reduced pike numbers harvested by anglers. This is in line with recent empirica finding
570 (Pierce, in press). The reason for these differential reactions is the ability of large fecundtpikte gr

571 by HSL-Ls, but not by MinL-L, to buffer intensive exploitation due to their overwhelmingly high
572 larvae production potential maintaining recruitment despite absolute population size reductions. When
573 HSL-L are used as management tools, the fast growth rates of pike allow them to grow after puberty
574 and initial reproduction into the harvestable slot quickly, where they are harvested at intermediate size
575 after which they enter the safe zone to serve as large fecund spawner fish for future generations.

576 A further advantage of HSL-L over MinL-L in terms of fisheries variables related to the by far
577  greater fraction of “wasted” fish under MinL-L regulations due to unwanted catch-and-release

578 tality compared to most HSL-L regulations with upper bounds > 60 cm. This results from the generally
579 greater abundance of small pike that are vulnerable to the angling gear but must be released under

580 MinL-L regulations, thereby suffering from unintended catch-and-release mortality. Eatemgr
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degree of undesired bycatch mortality associated with Mimlslof concern from an ethical er
pective (Pine et al., 2008). This suggests that implementation of most types of HSL-L regulations in
pike management may be ethically more advisable than high MinL-

We found that some model predictions as to the benefits of HSL-Ls and MinL-Ls for pike
conservation and fishing quality were affected by the presence of size, and thus age, demendent
ternal effects on early survival rate of pike. Ignoring such maternal effects ofifeanigtory in pike
was predicted to lead to overestimation of the equilibrium spawning stock and of harvest abundance by
as much as 17% and 10%, respectively. This is in agreement with previous studies on the importance
of maternal effects on early life-history traits for recruitment dynamics and fishdrgmegiin va-
ious marine (Scott et al., 2006; Berkeley, 2006; Carr and Kaufman, 2009; Lucero, 2009; Venturelli et
al., 2009) and freshwater fish stocks (Venturelli et al., in press). In pike, we found maternal effects on
early survival rates to be relevant 8PR and to a lesser degree for harvest abundance, but these
maternal influences appeared largely irrelevant for other response metrics such as the average age of
spawners, average harvest size or the harvesting efficiereglsgy found that maternal effects on
early survival of pike mattered more substantially at high than at low fishing effold. |[&he diffe-
rential importance of size-dependent maternal effects on early life-history traits for poputation a
fisheries variables and their dependency on the degree of fishing mastalitggreement with other
modeling studdson marine fish by Lucero (2009)d O’Farrell and Botsford (2006). It results from
the greater age and size truncation associated with high fishing mortality such that sizeer age d
pendent maternal effects matter more under these situations because the relative reproductive value of
the otherwise less abundant large fish becomes more prominent. Note, however, that the beneficial
effects of saving large pike from harvesting for fisheries quality in our model holds irrespectige of th
prevalence of size-dependent maternal effects on offspring survival. The reason relates tordispropo

tionally greater fecundity of large individuals compared to small pike that maintains recruitment and
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subsequently fishing quality (harvest, catch of large fish) despite the largely inevitable declines in
population abundance that result from intensive harvesting under all forms of harvest regulations,
unless they become overly strict.

In our model we included an empirically measured asymptotic size-dependent maternal effect
on early pike survival, which translated into a relative survival advantage to age 1 of offspnng fro
larger females. The mechanistic reason for this effect in pike is related to inferior egg quality of
first-time spawners and lower siagéhatching (Hubenova et al., 2007), which translates into greater
mortality of offspring from first-time spawners relative to offspring from larger repeat spawners
through competitive disability or intracohort cannibalism (Skov et al., 2003). The size-dependent
maternal effect we included in our modstumed the lack of any form of reproductive senescence in
pike, which agrees with recent findings by Pagel (2009). One might still argue that we underestimate
the importance of size-dependent maternal effects on offspring traits for pike recruitment because the
maternal effect mechanism we incorporated in our model was constrained to the relative survival
advantage of pike offspring from larger-sized females during the first month of like (Arlinghaus, Faller
Wolter & Bekkevold, unpublished data, Fig. 2d) translated into differential first year survival. Thereby
we did not account for potential survival advantages of differently sized larvae resulting fram pos
tively size-dependent intracohort competitive abilities and cannibalism (Skov et al., 20038pafier
later in life. Acknowledging the fundamental importance of body size for survival in pike (Haugen et
al., 2006), one could indeed assume that offspring originating from large females might experience a
survival advantage throughout their lifetime by havingeaistent size advantage to offspring from
small pike. However, there is no empirical support for this hypothesis in pike justifying ournconser
ative assumption about size-dependent maternal effects on offspring survival in the present study. The
possibility of other size-dependent mechanisms of maternal effects in pike, however, cannot be ruled

out and should be investigated further. Our model is open to additions of important population d
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namical processes if empirical evidence on alternative mechanisms of maternal effects or other bio-
logical or fishery processes accumulates for pike.

To add realismwe incorporated various processes of density-dependent compensation to
fishing mortality (e.g., growth, fecundity, recruitment), which were not included in previous pike
harvesting models (e.g., Dunning et al., 1982). We also included all known size-dependent relation-
ships on reproductive parameters from the recent pike literature, such as length-dependent gonad
weight (Edeline et al., 2007) and the positive relationship between size of females and egg sizes. Yet,
our model may suffer from omission of important processes, which might also influence population
dynamics of pike. In particular, we did not explicitly model size-dependent spawning tinprigein
and its possible relation to temperature, food abundance and subsequent growth and survival of
offspring. Yet, it is known from some inland water bodies that large-sized pike might spawn first in the
season (Svardson, 1949; Pagel, 2009), and equally common are protracted spawning seasons lasting
6-8 weeks (Farrell et al.,, 2006; Pagel, 2009). Thus, size-dependent maternal effects on offspring
phenotypes and spawning timing can be confounded in pike, potentially inhibiting the expression of
maternal effects on offspring traits such as growth if early spawning coincides with low temperature
and low food availability. Indeed, Pagel (2009) reported a lack of a relationship between relative
reproductive success and size of female pike during a single spawning season in a natural lake, and he
also reported an inverse relationship between size of females and spawning timing. If these relation-
ships also hold for other years aadsystems, our model does not fully represent pike population
dynamics and will need to be modified in the future. This is becausefesigr-dependent maternal
effects on offspring traits do not materialize in nature in our model fecundity was assumed to increase
disproportionally with size of female pike. This in turn implicituelled a greater contribution to
future generation by a large spawning fish compared to a small female. However, the study by Page

(2009) suggests that a sidependent “fecundity-effect” on relative reproductive success must not
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necessarily be expected under natural conditions. Although this uncertainty remains, our model results
predicting substantial fisheries benefits stemming from the protection of large pike through HSL-Ls
suggest that various size-dependentemal “influences” on reproduction (Venturelli et al., 200P

may play an important role in preservation of reproductive potential of a pike population, ultimately
determining its resiliency to fishing-induced age and size truncation.

Our model predictions were found to be reasonably robust against variation of most parameters,
however, some sensitive parameters were also identified. In particular, our model predictions were
sensitive to one parameter determining the stock-recruitment function in pike. \eeRiskdr-type
stock-recruitment function reported by Minns et al. (1996) for pike, but the parameter values for this
function were associated with large standard errors. Although a Ricker stock-recruitment function is a
valid representation of pike recruitment (Edeline et al., 2008), this parameter uncertainty is an issue if
our model is to be applied to make detailed predictions. Moreover, the sensitivity of model predictions
to parameters specifying the stock-recruitment function suggests that all biological mech&nisms a
fecting the recruitment of pike to age 1 as a functiomgi¥en size and composition of the spawning
stock, such as all maternal influences on offspring survival (Venturelli et al., in press) or changes in
vegetation structure increasing the carrying capacity of ecosystems for youngyeithpike
(Grimm and Klinge, 1996), are important to develop sophisticated predictive models of pika- popul
tion development for a given fishery. Similarly, when our model is applied to a particular fishery there

is a need for a thorough assessment of the expeneint the length-weight regression, as thé p

rameter exerted a large influence on the model predictions. Moreover, our growth model followed the
bi-phasic growth model by Lester et al. (2004), which assumes that the exponent of the length-weight

relationship ¢,) is 3. Therefore, changes to the model structure might be needed if our model is
applied to a specific pike population whergsubstantially differs from 3. Fortunately, for a given

population this parameter can be accurately estimated as indicated by tiRé r@gbrted in theid
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terature (0.95-0.99, Willis, 1989). This reduces the problem of parameter sensitivity ifoour

model is to be applied to a real fishery. It nevertheless is worthwhile to estimate the density depe

dence ofa, further and include this process in extensions of our model. Finally, further empirical
studies are needed to obtain more precise estimates,fbeing the exponent of the length-gonad

weight regression. So far, only one study (Edeline et al., 2007) has been published reportag this r
lationship, and further research for other populations is needed before our model can be considered of
general applicability for pike.

We used a deterministic model with no environmental stochasticity in the present paper, which
is an oversimplified representation of pike population dynamics, despite is generally less variable
between-year population size compared to other species with less pronounced cannibalism (Mills and
Mann, 1985; Persson et al., 2004). However, even if stochastic recruitment or other biologieal vari
bility exists in nature this pattern does not change the major conclusions of our study because we
investigated long-term average stock developments. In fact, keeping the model deterministic allowed
relating model outcomes to variation of the parameters of interest (harvest regulations or maternal
effects). Therefore and because we accounted for various pathways of density-depehatgnalec
feedback on vital rates as well as angling effort and illegal harvest (Sullivan, 2002), we argue that our
approach is useful and our model results robust. In real fisheries, meaningful evaluation of
length-based harvest restrictions will require long-term annual sampling efforts designed to monitor
the fate of multiple year-classes of similar magnitudes during both pre-regulation and post-regulation
periods (Pierce, in press). Before such research becomes available for pike, our model results in pa
ticular with regard to HSL-L regulations should be viewed as scientifically supported hypotheses to
inspire empirical work and help interpret empirical findings.

We examined a range of angling intensities and a range of harvest regulatiompriasent

modelling study but we want to stress that angling intensity levels were in agreement with values
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found in typical pike fisheries. A recent review showed that anglers can remove up to 80% of a target
population within a single angling season (Lewin et al., 2006), and annual exploitation rates for pike
with a moderate annual angling effort of 150 angling-h yrd ranged between 47 and 74% imeo
sumptive fisheries (Arlinghaus et al., 2009), but are lower in fisheries where anglers voluntarily release
pike (Pierce et al., 1995). The maximum potential angling effort levels used in our model ré#hed 2
angling-h ha yr* but these values as well as the size-dependent vulnerability curves used were in
accord with field studies on pike (Kempinger and Carline, 1978; Pierce et al., 1995; Margenau et al.,
2003). We thus used realistic fishing intensities that can be expected in many pike fisheries world-wide

(Arlinghaus et al., 2009).

5. Conclusions and Implications

Our study results in terms of population and fishery benefits of protecting large pike from recreational
exploitation emphasize the superiority of a moderately wide HSbfl45 - < 80 cm over a low
MinL-L of 45 cm for managing pike effectively maintaining the population and large fish in the stock
while benefiting the fishery. If both population-level and fishery benefits are jointly considered, such
HSL-Ls were also found to be superior to high Minlof 60 cm or larger, particularly if exploitation

is intense. This conclusion is in line with earlier research in freshwater saf(Cfack et al., 1980;
Jensen, 1981), but shall not be uncritically transferred to other life-histories that differ strongly from
pike biology. However, in fast growing, early maturing species such as pike or walleyar@ieet

al., in press), preservation of large fish in the stock through HSL-L, maximum-length limits (FPierce,
press), or even total catch-and-release where ethically and socially possible (sgieaAslir2007),
mayrepresent a safeguard by which the high risk of mortality during the early life stages in response to
a suite of unpredictable environmental factors is averaged out by repeated spawning over the lifetime

of individual fish. It also reduces the importance of first-time spawners providing the bulk of egg
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725 production as these fish typically have reduced egg quality (Hubenova et al., 2007). Preserving
726 extended age structure, in turn, increasestiality of the stock (Anderson et al., 2008). It has been

727 speculated before that if the goal is to preserve large fish in a stock highly restrictive regulations are
728 needed in fisheries for esocid species (Dunning et al., 1982; Simonson and Hewett, 1999), and our
729 modeling results and recent findings by Pierce (in press) support this proposition. We conclude that
730 preservation of old and large fecund pike in an exploited stock through variants of harvested slot length
731 limits may offer benefits for conservation and increase fishing quality, in particular when\aaigee

732 the catch of large-sized pike and ethical arguments are presentitorgifaryptic” hooking mortality

733 associated with high minimum-length limits. However, non-compliance with regulations seems to be
734 common in pike fisheries (Pierce and Tomcko, 1998). To encourage rule compliance with unfamiliar
735 regulations, such as harvestable slot lengthdjraffective enforcement of regulations is needed along
736  with good communication of the underlying objectives of the novel regulation (Page and Radomski,
737 2006; Walker et al., 2007).
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965 Table 1. Life-history parameters for a pike population exploited by recreational fisheries. Parameters

966 and symbols are arranged according to biological and recreational angling procesleates ratio

967 scales or dimensionless parameters fitted to empirical data.

Symbol Equat Value Unit Source Population**
ion

Biological processes

A maximum age 11 yr Raat (1988) G

h annual juvenile 2 16.725 (initial cm  Own calculations (W)
growth increment value in yeart

=1)

t, (growth trajectory) 2 -0.423 Own calculations (W)

Ly, length at maturatior 20 cm  Raat (1988) G
(onset of reprodet
tive investment)

a, (length-weight red- 3 4.8x 10° kg Willis (1989) A
tionship)*

a, (lengthweight rela- 3 3 — See text O
tionship)

L, - 3 1 cm  unit -

h, o maximum annual 5 27.094 cm  Own calculations (W)
juvenile growth
increment

B (density-dependent 5 0.18190 - Own calculations (W)

44



B,

71

72

growth)
(density-dependent 5

growth)

(hatching rate, con- 6
stant)
(density-dependent 7
relative fecundity)
(relationship le- 8
tween female lengtt
and gonad weight)
(relationship - 8
tween female lengtt
and gonad weight)
relative caloric de- 9
sity of eggs cm-

pared to soma
(relationship - 10
tween female lengtl
and egg size)
(relationship - 10
tween female lengtt

and egg size)

0.56783

0.735

0.04818

1.01x10°

4.01

1.22

2.95x10°

5.15x10°

kg

hat

ha

kg

cm

Own calculations (W)

unit —

Franklin and Smitt A

(1963)

Craig and Kipling W

(1983)

Own calculations (W)

Edeline et al. w

(2007)

Diana (1983) A

Lindroth (1946) E

Lindroth (1946) E
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SOmax

By»

(first-year mortality) 11

(first-year mortality) 11

(first-year mortality) 11

(first-year mortality) 11

(natural mortality)

(natural mortality)

(natural mortality)

(natural mortality)

13

13

13

13

4.76x 10*

31.73

0.31

1.6836X 18

2.37 (small
pike),
1.555 (large
pike)

-0.02 (small
pike),

0.40 (large
pike)

-0.29 (small
pike),

-0.88 (large
pike)

0.25 (small

pike),

vae

hat

exp(f,) in Minns A

et al. (1996)

—f, in Minns et al. A

(1996)

f. in Minnsetal. A

(1996)

fl/f

al. (1996)

Haugen et al.

(2007)

Haugen et al.

(2007)

Haugen et al.

(2007)

Haugen et al.

(2007)

JEinMinnset A

(W)

(W)

(W)

(W)
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A

22

s

(early survival) 14
(early survival) 14
(early survival) 14

Angling processes

n

0

NV,1/2

(vulnerability) 15

(vulnerability) 15

maximum angling 17

effort

proportion of an- 17

gling effort always

present

(numerical respons 17

of angling effort to

fish availability)

(numerical respons 17

of angling effort to

fish availability)

catchability 18,
20

hooking mortality 19

0.00 (large
pike)

0.9191 —
4.1 cm?t

0.059 -

0.25 cm?
1300 —

varied up to 26 h ha'

-1

yr
0.5 -
10 fish
hat
5 _
0.01431 ha Rt
0.094 -

See text
See text

See text

See text
See text

See text

See text

See text

See text

Own value

Munoeke and

Childress (1994)

A
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968

969

970

971

972

973

974

975

976

£ (non-compliance 20 1.25 — Sullivan (2002) X

mortality)

¢ (non-compliance 20 -0.84 — Sullivan (2002) X
mortality)

C - 20 1 fish  unit standardizing —

h!  factor

* When symbol names are parenthesized, the symbols are parameters in a certain relationship. For
example, (length-weight relationship) means that the symbol represents a parameter in the
length-weight relationship.

** \W: Windermere, U.K., E: Europe other than Windermere, A: North America, G: global database,

X: taken from other species than pike, O: own calculation. Location symbols in parentheses represent
own calculation based on data from a particular location. For example, (W) means that we calculated

the parameter value from original dataMihdermere.

48



977 Table 2. Sensitivity analysis of three variables [absolute harvest in terms of numbers of pike,
978 spawning potential ratio (SPR), and SPR with asymptotic early survival relative to constant early
979 survival with female size]. Parameter order and values follow Table 1. We chose an intermediate
980 maximum angling effort{ = 150 h h& yr), a harvest regulation afharvestable-slot length limit of

981 45- 70 cm, andan asymptotic increase of early survival probability of offspring with their magher

982 size for the analysis of the first two variables. We also tested the constant maternal effect scenario for
983 the first two variables and found qualitatively the same results. Percent changes for the first three
984 variables when the default value of each parameter is altered by = 10% are showas@heegponse

985 variables> | 10%| (i.e., sensitive/elastic changes) are higjtted in bold.

SPR compared to

Parameters Absolute harves SPR constant early su
vival'
+10% -10% +10% -10% +10% -10%
t, 04 11 05 -04 0.3 -0.3
Ly -0.6 0.0 15 -05 0.0 0.6
a, 2.7 2.0 4.2 -4.2 -0.1 0.3
a, -44.4 0.4 63.3 -59.3 1.0 2.0
h .. 107  -12.3 135 -123 1.5 -1.1
B -4.2 3.8 -3.4 5.0 0.2 0.5
B, -4.8 4.4 -2.3 4.5 -0.1 0.5
4 51 -6.3 -0.8 1.3 -0.3 0.5
P -2.5 1.6 5.0 -4.2 0.6 0.4
71 3.2 -4.1 -2.6 3.2 0.1 0.2
7> 55.3 -65.9 -11.1 253 -8.0 2.9
w -2.3 1.6 -1.7 2.2 0.1 0.1
0, -2.0 1.6 0.8 -0.5 0.7 0.0
0, -4.2 3.8 0.9 -0.6 0.4 -0.2
Smax 7.9 -8.7 -1.0 15 0.1 0.5
K -9.3 9.1 19 -10 1.0 -0.2
H 27.3 -31.7 -3.2 5.5 -14 1.6
B, 1.9 3.3 00 08 0.3 0.3
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986
987

7, (small pike) 6.4 -8.0 0.1 0.3 -0.1 0.3
7, (large pike) 1.6 2.5 -0.1 0.7 -0.1 0.4
7, (small pike) -0.1 -0.3 0.1 0.1 0.1 0.1
7, (large pike) -1.2 0.4 0.1 0.2 0.2 0.0
7, (small pike) 1.1 -1.6 03 06 -0.1 0.4
7, (large pike) 1.5  -1.9 1.0 -0.8 0.2 0.5
7, (small pike) -1.8 1.3 05 -0.2 0.4 0.0
7, (large pike) 0.0 0.0 0.0 0.0 0.0 0.0
A -1.1 0.0 0.3 0.8 0.3 0.8
A, 14 -2.7 0.8 -0.1 0.8 -0.1
A 5.7 -6.9 -0.5 1.0 -0.5 1.0
n -3.4 2.2 -2.9 24 0.1 0.1
0 0.0 -0.8 0.4 -0.1 0.1 0.1
Y -0.9 -0.3 -1.0 1.9 0.1 0.8
N, 1 0.5 -1.6 27 2.7 0.2 0.0
& 0.0 -04 0.1 0.2 0.1 0.3
q -1.7 0.8 -3.0 3.7 0.0 0.4
@ 2.1 14 -04 0.8 0.1 0.1
€ -0.2 -0.6 0.1 0.6 0.4 0.9
- -0.6 -04 0.6 0.6 0.9 0.9
1

SPR relative to the case when the constant size-dependent early survival is assumed.
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Figure captions

Fig. 1. Overview about population dynamical and fisheries biological assumptions used in the pike
model. Plots (a) and (b) represent assumptions of density-dependence in growth, plots (c) and (e)
represent assumptions of fecundity and stock-recruitment, plot (d) shows the two scenarios of maternal
effects on first month survival (dots represent empirical values), and plot (f) represents assumptions
about density dependent angling effort. In plot (a), the solid and dashed line represent the cases of no
fishing (u = 0) and medium fishing intensity & 150) for illustrative purposes, respectively<

maximum angling effort in annual angling-hha™).

Fig. 2. Flow diagram summarizing relationships between biological and fishery processes in the pike
model. Equation numbers are shown in parentheses. Density-dependent procésgasiesesSI =

gonadasomatic index.

Fig. 3. Population density of pike aged 1 and older % hgequilibrium as a function of realized

annual angling effort Rhyr™ for various minimum-length limit regulations (MinL-L, left panel) and
harvestable-slot limit regulations (HSL-L, right panel). The lower bound of the harvestable-slot length
limits in the right panels is 45 cm. To highlight the difference between realized and maximum annual
angling effort, for a particular regulation type and realized effort levels dots indicate a corresponding
low maximum potential effort density= 50 annual angling-h Heand open squares indicate &-co
responding high maximum potential angling effort density250 annual angling-h Ha These two
scenarios were used in Figs. 4 to 7. NR = no regulation case, total C&R = total catch-and-release

fishing.

Fig. 4. Spawning potential ratio (SPR) (top panels) and average age of spawners (bottom panels) in
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response tono levels of maximum angling effort (low and high by varying the parametemax-

imum angling effort in annual angling-h hgr™) at minimum-length limit regulations (left panels)

and harvestable-slot limit regulations (right panels). The lower bound of the harvestable-slot length
limits in the right panels is 45 cm. In each panel results of two scenarios of age-dependent maternal
effects on early survival are depicted. C&R = total catch-and-release angling. The horizontal line in
top panels indicates a theoretical reference point for recruitment overfishing that should mot be su

passed for precautionary reasons.

Fig. 5. Equilibrium harvest of pike (in terms of numbers, top panels), equilibrium average size of
harvested pike (total length in cm, middle panels) and equilibrium catch of large8&hm total

length in response tavb levels of maximum angling effort (low and high by varying the parameter

u = maximum angling effort in annual angling-h’ha™) at minimum-length limit regulations (left
panels) and harvestable-slot limit regulations (right panels). The lower bound of the harvestable-slot
length limits in the right panels is 45 cm. In each panel results of two scenarios of age-dependent

maternal effects on early survival are depicted. C&R = total catch-and-release angling.

Fig. 6. Harvesting efficiency (total harvest in numbers relative to total deaths) at equilibriegam in r
sponse towo levels of maximum angling effort (low and high by varying the parameteamaximum
angling effort in annual angling-h figr?) at minimum-length limit regulations (left palhand ha-
vestable-slot limit regulations (right panel). The lower bound of the harvestable-slot length limits in
the right panels is 45 cm. In each panel resulta/ofscenarios of age-dependent maternal effects on

early survival are depicted.
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