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ABSTRACT

THE INFLUENCE OF HARVESTING ON MATURATION IN FEMALE YELLOW
PERCH (PERCA FLAVESCENS) IN LAKE ERIE

Davíð Gíslason Advisors:
University of Guelph, May, 2017 Rob McLaughlin

Beren Robinson

In wild fish populations, harvesting can reduce abundance, alter the distribution of phenotypes

and drive changes in life history traits. Changes in maturation that influence adult fecundity are

of concern when they reduce the productivity, yield and resilience of a population. Two

hypotheses can account for earlier maturation of fish populations in response to harvest:

individual compensatory growth responses to relaxed density-dependence and fisheries induced

evolution (FIE). Plastic compensatory responses have received less attention in freshwater fish,

while most prominent examples of FIE are for marine species. Independent of harvest,

maturation may also respond to energy availability and mortality risk, and these may vary more

in smaller freshwater compared to larger marine systems. I used 22 years of fisheries

independent survey data from Lake Erie to assess the role of harvest on female age and length at

maturation in yellow perch (Perca flavescens), walleye (Sander vitreus), white bass (Morone

chrysops) and white perch (Morone americana). I asked whether, (i) changes in maturation were



ii

likely plastic; (ii) maturation schedule has evolved; and (iii) changes in maturation were more

likely related to harvest or to other ecosystem factors. I tested a novel compensatory growth and

life history model and found that adult yellow perch abundance was negatively related to harvest,

but this had no effect on juvenile growth or on maturation. Nevertheless, the dynamic behaviour

of maturation among cohorts strongly suggests plastic life history responses. I compared

probabilistic maturation reaction norms for cohorts in the mid-1990s and late 2000s and found

little evidence of evolutionary change in yellow perch maturation after accounting for plasticity

in life history. Lastly, I evaluated the importance of harvest relative to the effects of large

ecosystem scale factors on maturation dynamics for four fish species in Lake Erie. Analyses of

compensatory growth and life history revealed no support for an influence of harvest on

maturation within or among species. Instead, I found strong evidence of synchronous changes in

maturity across species. My findings suggest that the maturation of Lake Erie’s fishes is not

strongly influenced by recent harvest, but is instead responding to changes in ecosystem

conditions.
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Prologue

Anthropogenic effects on natural populations are widespread, potentially intensive and

when selective, can cause rapid contemporary evolution (Fenberg et al. 2008, Darimont et al.

2009, Hendry et al. 2016). There are numerus examples of human activity driving contemporary

evolution in wild organisms including hunting, fishing, agriculture, urbanization, biological

invasions, habitat fragmentation and pollution (Hendry et al. 2016). The recognition that

evolution can happen at contemporary time scales (Reznick and Ghalambor 2001, Fussmann et

al. 2007) and subsequently affect ecological interactions is receiving increasing attention. Eco-

evolutionary dynamics can have important ecological consequences at the population,

community and ecosystem levels in natural systems (Hairston et al. 2005, Kinnison and Hairston

2007, Pelletier et al. 2009, Schoener 2011, Hendry 2016). A prime example of human effects on

ecological interactions and population evolution can arise through the commercial harvest of

wild fish populations (Trippel 1995, Jørgensen et al. 2007, Steanseth and Dunlop 2009, Heino et

al. 2015).

Commercial scale harvest can have multiple effects on natural populations. It is well

understood that harvest can cause numerical decreases in population size caused by increased

mortality. However, harvest can also change the distributions of individuals that make up a

population and so influence the most common phenotype present and the population’s

demography. For fish populations, the demographic changes are well understood and are caused

by systematic removal of larger and older fish resulting in truncation of age classes and

juvenation (e.g. population composed of younger fish) of the population (Jørgensen et al. 2007).

The effects of harvest on the phenotypic distribution in populations of commercially harvested
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freshwater fish are less well understood. A common observation in intensively harvested marine

fish is that age and size at maturation appear to regularly decline over time under sustained

harvest (Olsen et al. 2004, Sharpe and Hendry 2009, Devine et al. 2012). Changes that cause

decreased age and length at maturation in harvested fish are of concern because they can cause

declining population size, changes in food web interactions, reduced resilience as well as

reduced the yield for the fishery (Trippel 1995, Kuparinen and Merilä 2007, Eikeset et al. 2013,

Kuparinen et al. 2016). Sustained declines in length at maturation also may not be easily

reversible if evolutionary and so generate substantial biological and social costs (Hutchings and

Fraser 2008, Kuparinen and Hutchings 2012).

A strong effect of intensive harvest can also cause changes in individuals due to density

dependent feedback. To date, most attention to density dependent harvest effects has focused on

compensatory responses in individual survival and growth that influence recruitment (Anderson

1988, Pepin and Myers 1991, Myers and Barrowman 1996). However, other density dependent

processes are also a possibility, and these may influence the phenotypic and demographic

features of the population through plastic development responses (Lorenzen and Enberg 2002,

Andersen et al. 2016). For example, developmental schedule is highly plastic in many fishes, and

therefore may also respond to density in complex ways that influences life history (Enberg et al.

2012). Thus, there are at least two non-mutually exclusive hypotheses that may explain declining

trends in age and size at maturation in harvested fish populations. The first is the compensatory

plasticity response hypothesis whereby harvest that sufficiently reduces population density

generates increased growth of young and immature fish allowing them to reach conditions for

maturation at earlier age or smaller size (Jørgensen 1990, Trippel 1995, Law 2000). The second
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is the fisheries induced evolution (FIE) hypothesis, whereby harvest selectivity has fitness

consequences on heritable variation in development that drives adaptive evolutionary changes in

the population for earlier maturation (Dieckmann and Heino 2007). Evolutionary change occurs

because fish that mature early can reproduce before they have reached catch size and thus have

higher fitness (Jørgensen et al. 2007). In theory, both processes can cause declining trends in age

and size at maturation in wild harvested fish populations (Olsen et al. 2004). However, the

capacity to reverse their effects in natural populations are expected to substantially differ, in

which case the driving force of maturation in a given population becomes increasingly important

to determine (Law 2000, Kuparinen and Hutchings 2012). Plastic compensatory responses are

expected to be much easier to reverse than evolutionary responses to selective harvest.

Changes in population abundance are not exclusively due to variation in harvest, but can

also be driven by natural processes. Thus, plastic and evolutionary responses related to

maturation caused by natural processes may also occur simultaneously with harvesting in natural

fish populations. Ecosystem change-induced compensatory responses that affect maturation may

be more likely in freshwater than in marine systems if freshwater systems are subject to larger or

more frequent environmental changes. Freshwater ecosystems including larger lakes like the

Great Lakes of North America, are expected to be more variable in their environmental

fluctuations compared to marine systems on the basis of their smaller scale and isolation within a

very large terrestrial watershed (Bunnell et al. 2010, Ludsin et al. 2014). For example, large scale

ecological changes associated with invasive species and nutrient input have altered water clarity,

nutrient loading, energy flow and food web structure in Lake Erie over the last three decades and

it is unclear whether the Lake Erie ecosystem is anywhere near equilibrium (Bunnell et al. 2014,
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Scavia et al. 2014). This suggests that the influence of harvest on freshwater fish populations

may differ from that observed in larger marine ecosystems. For example, the evolutionary effects

of harvest on length and age at maturation in Lake Erie yellow perch could be masked by much

stronger phenotypic plastic responses by life history traits to the changing ecosystem.

Relatively few studies have investigated the different potential effects of harvest on life

history traits in freshwater fish (for some exceptions, see Dunlop et al. 2005, Wang et al. 2008,

Kokkonen et al. 2015). Lake Erie offers an exceptional research opportunity because of its long

history of commercial and recreational harvest, long term catch data and annual survey data

collected in support of fish stock assessment and management since 1988 (Brenden et al. 2013,

OMNRF and OCFA 2016). Furthermore, four species of fish are actively harvested by

commercial and recreational harvesters in Lake Erie, offering a rare opportunity to replicate

studies focused on harvest effects over time in the same system.

Yellow perch (Perca flavescens), walleye (Sander vitreus), white bass (Morone chrysops)

and white perch (Morone americana) are all harvested in Lake Erie. All species are native except

for white perch which became established in 1950 and has been commercially harvested since

the1980s (Schaeffer and Margraf 1986, Brenden et al. 2013). Yellow perch and walleye have

large harvests and are managed under a quota system begun in 1984. White bass and white perch

are not managed and harvests are smaller, except in years when quota is set low for yellow perch

and walleye. The different intensity by which these four species are harvested provides an

opportunity to assess the effect of harvesting on life history traits in freshwater fish residing in

the same system.
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The biology of the four species is also useful because they share many features common

to intensively harvested marine species. All four species are periodic life history strategists like

cod (Gadus morhua), which allows for comparison to well studied harvested marine species.

Periodic life history strategists are characterized by medium to large body size, high fecundity,

small eggs, relatively long life span, and little or no provision of parental care. The periodic life

history strategy is expected to maximize fitness when environmental effects variation in early

life survival are periodic and large scale (Winemiller and Rose 1992), making it a dominant life

history strategy in many fishes (Winemiller 2005).  Thus, the results of analyses using these

species in Lake Erie are potentially widely generalizable.

My research will focus on several key uncertainties related to maturation dynamics in

harvested freshwater fish populations in Lake Erie. First and foremost, I evaluate whether

harvest has a detectable influence on maturation dynamics in freshwater fishes in Lake Erie. I

approach this in two ways. First, I test the compensatory plasticity response hypothesis and

evaluate the opportunity for compensatory growth and plastic life history responses to harvest in

the most heavily fished of the species, yellow perch (Chapter 1).  Second, I test the fisheries

induced evolutionary hypothesis and use the statistical method of probabilistic maturation

reaction norms to partition plastic life history responses from possible evolutionary responses to

harvest in order to evaluate the latter effect in yellow perch (Chapter 2). The absence of a strong

influence of harvest on either plastic or evolutionary maturation dynamics in Lake Erie yellow

perch and still evidence of rapid changes in maturation among cohorts argues against a strong

influence of harvest at the current time.  However, these findings raise new questions about the

drivers of maturation dynamics in freshwater fishes. For example, it is not clear if this finding is
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general or only specific to yellow perch, and we also know little about how maturation dynamics

are influenced by other environmental factors. Therefore, thirdly I test the ecosystem change

hypothesis and focus on evaluating whether harvest may have plastic life history effects in three

other species in Lake Erie, against the alternative that other ecosystem scale factors are stronger

drivers of maturation dynamics than variation in harvest among species (Chapter 3). Throughout,

I compare my observations against changes in maturity observed in harvested marine species.

My work makes two key contributions. It suggests that Lake Erie’s fisheries do not need to be

managed at this time to alleviate plastic life history responses to harvest and that there is reduced

risk that current practices are generating irreversible changes in life history traits. My work also

demonstrates the utility of studying the effects of harvest in freshwater systems, particularly

demonstrating the challenges we face in distinguishing plastic from evolutionary changes in

maturation in harvested fish populations.

In Chapter 1, I test the compensatory plasticity response hypothesis of the effect of

harvest on age and length at maturation. I evaluate the links between harvest and annual changes

in cohort maturation using a conceptual plastic maturation model. In the model, individuals

responding to reduced competition that results from harvest have access to greater resource

availability and therefore express compensatory growth. This then generates plastic responses in

life history that influence maturation characteristics. I first explore variation in length and age at

maturity (L50, A50) in female Lake Erie yellow perch cohorts from 1991 – 2013 both within the

whole lake and in each of four separate management units. Length and age at 50% maturity

fluctuated widely over this interval in yellow perch but was not related to annual variation in

harvest, nor did length at maturity consistently decline over cohorts as expected. I also
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investigated the chain of direct effects of harvest on maturation. Harvest was negatively related

to the abundance of mature fish in the year of harvest as expected, but no other causal effects

were found. Reduced adult abundance did not affect the density of young of the year or juveniles

one and two years later; immature growth rate did not respond in a density dependent way to

juvenile abundance; and variation in immature growth did not have carry over effects on length

at maturity as expected. From this I inferred that the maturation dynamic in yellow perch in Lake

Erie has been largely driven by ecosystem changes masking, or contributing far more, to the

effect of harvest in recent decades.

I did not find any persistent trend to changes in length and age at 50% maturity in yellow

perch over the period from 1991 – 2013 in Chapter 1, this finding does not exclude the

possibility that there could be underlying harvest induced evolutionary change in maturation

schedule of these yellow perch. In Chapter Two I evaluated the fisheries induced evolutionary

hypothesis. I tested for stability in maturation schedule of female Lake Erie Yellow Perch while

statistically accounting for the strong plastic maturation responses observed in Chapter 1 using

probabilistic maturation reaction norms (PMRN). An adaptive evolutionary hypothesis about

maturation traits in harvested fishes predicts that intensive size selective harvest will cause a

downward shift in the PMRN, indicative of a genetic change for accelerated maturation age at

smaller size (Dieckmann and Heino 2007). Instead, I found that the PMRN has shifted upward in

yellow perch over this interval, indicating that maturation rate has slowed down in recent cohorts

of harvested yellow perch. This suggests that the harvest selectivity for yellow perch in Lake

Erie may be quite different from that experienced by harvested marine species where fisheries-

induced evolution is frequently cited and that fast recovery of maturation schedule is possible in
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yellow perch.

The outcomes of the first two chapters strongly suggest that harvest does not have strong

density dependent plastic effects on maturation nor is it currently driving the evolution of early

maturation in yellow perch in Lake Erie. However, it is not clear whether this conclusion is

generalizable to other freshwater fishes, nor is it clear what factors may be regulating the

substantial maturation dynamics observed in yellow perch and possibly other species in the

system. In Chapter Three, I test the ecosystem change hypothesis. I use a simpler version of the

conceptual plastic life history model introduced in Chapter 1, to test if harvest is associated with

variation in length at maturity in four different fish species in Lake Erie. First I explored

variation in female length and age at 50% maturity over the 21 year interval from 1991-2012 in

annual cohorts of yellow perch, walleye, white bass and white perch. I included yellow perch in

this analysis to confirm that the simplified plastic life history model did not qualitatively

influence the results reported in Chapter 1. I predicted that if harvest drives variation in length at

maturity, then responses to harvest should be species-specific because different species are

harvested at different intensities. However, other environmental ecosystem factors may have a

stronger effect on variation in length at maturation in these fishes than harvest. If this is true,

then all four species should show similar changes in maturity over the time interval. Consistent

with the results reported for yellow perch in Chapter 1, there were no plastic effects of harvest on

length at 50% maturity in any fish species. However, I found that length at maturity was strongly

synchronized over time among all four species, an intriguing finding because of the variation in

harvest intensity and abundance among the four species. This suggests that the effect size of

harvest on maturation is currently minor in all harvested fishes in Lake Erie in comparison to
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unknown changes in the Lake Erie ecosystem that are driving strong plastic responses in

maturation. This demonstrates that large scale ecological change can simultaneously affect and

synchronize maturation traits in multiple species of harvested fish.

My thesis provides evidence that maturation traits of fish in large freshwater systems

may respond differently to intensive harvesting than marine species. This has been found before

where the few species of harvested fish that have not shown evidence of fisheries induced

evolution are freshwater fish or fish with relatively short lifespans (Heino et al. 2015). Similar

conclusions were reached in modelling study on the effect of harvest intensities on age at

maturity, PMRN midpoints and population growth rate comparing cod, Lake whitefish

(Coregonus clupeaformis) and yellow perch (Dunlop et al. 2015). The study showed that yellow

perch underwent less FIE than the other species and did not tolerate as great harvest intensity

before collapsing (Dunlop et al. 2015). Freshwater fish may also have greater plasticity in

maturation traits compared to marine fish because of large scale and unpredictable environmental

variation in large lakes. This might stem from the fact that the highest natural mortality in

freshwater fish is in the juvenile stage compared to larval stage in marine fish, and thus may have

more effect on life history traits in freshwater fish (Houde 1994). Life history traits in freshwater

fish with short lifespans may respond faster to changes in harvest and abundance than has been

the case for marine fish stocks that have longer lifespans.
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Chapter 1. Rapid changes in size at maturity in Lake Erie yellow

perch (Perca flavescens) are not explained by harvest

Abstract

Harvest can change phenotypic traits of natural populations in a variety of ways: through

immediate demographic consequences, evolutionary responses to harvest selection, or

developmental responses by individuals. This study investigated the plastic phenotypic effects of

harvest on size and age at maturity in a commercially exploited freshwater fish. We tested a

compensatory individual growth and life history plasticity model using lagged correlations that

incorporates how harvesting of ages 2 and older fish influences the abundance of young of the

year and juvenile fish, resource availability, individual growth rates, and carry-over responses in

age and size at maturity using a time series of annual cohort data for Lake Erie yellow perch

(Perca flavescens). Mean age and size at maturity fluctuated widely and rapidly among the 23

annual cohorts between 1991 and 2013, suggesting that phenotypic plasticity contributed

strongly to maturation dynamics in the yellow perch. However, changes in maturity were not

related to harvest as expected under the plastic life history model. In Lake Erie, yellow perch

trait phenotypes appear to be responding to other drivers, such as harvest-induced dynamics of

other fish populations or ecosystem changes that are independent of harvest.
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Introduction

The often prominent trends in phenotypic traits observed in exploited populations suggest

the effects of harvest can extend beyond demographic changes in population size, age structure

and sex ratio (Jørgensen et al. 2007, Anderson et al. 2008, Sharpe and Hendry 2009). Non-

demographic phenotypic effects of harvest are concerning because any effects on age and length

at maturity can result in losses of biodiversity, reduced productivity and economic value (Eikeset

et al. 2013), and increased risk of population collapse (Hard et al. 2008, Kuparinen et al. 2011,

Pinsky and Palumbi 2014). Harvest can cause phenotypic change through at least three

processes: phenotypic selection within a generation resulting from gear selectivity; evolutionary

responses over multiple generations to phenotypic selection acting on heritable phenotypic

variation, and density dependent growth rate responses and subsequent changes in maturation

(Rochet 1998). Distinguishing among these processes is important because evolutionary changes

in phenotypes may be more difficult to reverse than plastic changes when harvest is relaxed

(Conover et al. 2009, Dunlop et al. 2009, Enberg et al. 2009). Unfortunately, the relative

importance of these processes in harvested natural populations remains uncertain because

developmental plastic and evolutionary changes are difficult to infer solely from phenotypic data

(Heino et al. 2008, Nusslé et al. 2009).

Changes in the growth rate of immature individuals can be a proximal cause of

maturation plasticity in many fishes (Alm 1959, Engelhard and Heino 2004b, Enberg et al.

2012). We assume that in the face of energy limits, maturation age and size trade off against

immature growth rate so that faster growing juveniles mature earlier and at smaller size than

slower growing juveniles. This juvenile trade-off links plastic responses in maturation to
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resource availability through plastic growth responses. After maturation, individuals allocate

energy to reproduction at the expense of further somatic growth. This generates a trade-off

between immature growth and lifetime growth for individuals of similar ages (Stearns 1992).

The scope for smaller adult body size in fish is high because size at maturity is approximately

two thirds of asymptotic size (Charnov and Berrigan 1990). Plasticity in maturation and adult

size is expected when immature growth rate responds to changes in resource availability.

Changes in individual growth rate and maturation may occur in a population when

harvest changes per capita resource availability. Harvest that reduces population abundance

sufficiently to increase the per capita resource availability can generate density dependent

compensatory responses in growth rates of immature individuals (Trippel 1995, Kuparinen and

Merilä 2007). These responses are thought to be common in harvested fishes (Lorenzen and

Enberg 2002, Engelhard and Heino 2004b). Changes in immature individual growth rates are

then expected to influence individual’s maturation schedules expressed as a change in duration

of developmental periods (Dunlop et al. 2005). Such plastic changes in age and size at

maturation are important when they influence population productivity or yield (Law and Grey

1989, Eikeset et al. 2013) and the resilience of populations to variation in harvest or other

environmental conditions (Trippel 1995, Heino and Godø 2002).

Density-dependent population regulation can strongly affect life history dynamics in

freshwater fish populations, including Great Lake populations of yellow perch (Purchase et al.

2005a). For example, Feiner et al. (2015) observed changes in life history traits related to

changes in harvest intensity. Age and size at maturity increased in yellow perch populations in

Lake Huron and Lake Michigan after the level of harvesting was reduced, but remained
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unchanged or slightly decreased in persistently harvested Lake Erie populations (Feiner et al.

2015). However, the mechanisms behind these changes are unknown because mean age and size

at maturity were averaged over a decade of cohorts and compared between decades. A finer

temporal scale analysis is required to understand whether harvest can drive changes in

maturation over shorter intervals in harvested fishes. This is especially true for species like

yellow perch with a generation time of less than 5 years. Analyses on freshwater fish populations

are also of value because relatively few have been analyzed compared to marine stocks, and they

are needed to evaluate whether the findings for intensively harvested marine fish stocks that

dominate current research extend to other systems and fisheries (Dunlop et al. 2015).

Yellow perch in Lake Erie, North America (Fig. 1-1) provide an opportunity to study the

extent to which harvest contributes to phenotypic changes in a freshwater fishery. Yellow perch

are harvested commercially by gillnets and trap-nets and recreationally by hook and line, and

these activities contribute considerable economic value to the Great Lakes region (Brenden et al.

2013). Yellow perch in Lake Erie have a generation time of two to three years and a long and

variable history of commercial and recreational harvest (Baldwin et al. 2009). Furthermore, long

term data are available from assessment and management agencies (Belore et al. 2016). Our

assumption that plastic responses in maturation can be driven by variation in growth rate is

reasonable because immature growth and maturation schedules vary within and among yellow

perch cohorts (Purchase et al. 2005a, Feiner et al. 2015). The general level of harvesting (harvest

intensity hereafter) has been high, but variable. For example, one measure of fishing intensity

(instantaneous fishing mortality; F) from all forms of fishing declined from 2.37 year-1 between

1975 – 1985 to 0.91 year-1 between 1985 – 1998 to 0.33 year-1 between 1998 – 2013 (Fig. 1-2).
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The annual allowable catch of yellow perch (4.180 million kg for 2017) is set by the Lake Erie

Commission (LEC) based on recommendations from the Lake Erie Standing Committee and the

Yellow Perch Task Group (Brenden et al. 2013). LEC apportions the allowable catch to

individual states and the province of Ontario based on proportions of lake area. The Ontario

Ministry of Natural Resources and Forestry (OMRNF) manages the Canadian commercial

fisheries through an individually transferable quota system begun in 1984 (Brenden et al. 2013).

We empirically evaluated a conceptual model for our compensatory plasticity response

hypothesis where individual juvenile life history responds plastically to the consequences of

annual variation in the harvest of adult spawners (Fig. 1-3). The model assumes an indirect effect

of harvest on recruitment that subsequently affects juvenile survival, growth and maturity. The

relationship between parental population size and subsequent recruitment governs any effect of

harvest on recruitment. We assume a Ricker stock-recruitment relationship for Lake Erie yellow

perch because larger fish strongly cannibalize smaller perch (Knight et al. 1984). We also expect

a positive stock-recruitment relationship because population size in the most heavily fished west

basin of Lake Erie (MU1) has been consistently low from 1999 - 2013 (Zhang et al. 2017).

The plasticity model we evaluate assumes that a large harvest of adults reduces total

annual reproduction resulting in a reduced abundance of young of the year (YOY). We posit that

reduced abundance of YOY reduces intraspecific competition and increases the availability of

resources, and so increases individual growth rate. Rapidly growing individuals will then mature

at an earlier age (Policansky 1993, de Roos et al. 2006) and smaller size (Grift et al. 2003,

Dieckmann and Heino 2007, Thorpe 2007) a number of years after the direct effect of harvest on

the abundance of parents (Fig. 1-3). Our model predicts an indirect, negative correlation between
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annual harvest and annual estimates of age and length at 50% maturity lagged over a 2-3 year

developmental period (Froese and Pauly 2016) following harvest. We also test a suite of

predicted relationships that comprise the causal chain leading to the predicted correlation

between harvest intensity and age and length at maturity to better understand the phenotypic

effects of harvest on yellow perch, which are currently unknown. Table 1-1 summarizes

predictions of the graphical model shown in Fig. 1-3. Our analysis focuses on females because of

their larger impact on population dynamics through fecundity and potential maternal effects

relative to that of males.

Methods

For each yellow perch cohort from 1991-2013, our tests required estimates of age and

length at maturity, annual intensity of harvest, abundance of young of the year fish (YOY, age

0+), juveniles (age 1), ages 2 and older and estimates of growth in the first and second year

(Table 1-1). The Lake Erie yellow perch fishery consists of four main management units (MUs,

Fig. 1-1): MU1 (western basin), MU2 (west-central basin), MU3 (east-central basin including

data collected from sub-area Pennsylvania Ridge), and MU4 (eastern basin; data from subunit

MU5 were sparse and were excluded). The estimates needed for our tests were calculated yearly

for the entire lake and for each management unit. We extracted data for annual cohorts

(corresponding to birth year) from the Lake Erie partnership index fishing survey database (a

gillnet survey independent of the fishery) maintained by the Lake Erie Management Unit

(Ontario Ministry of Natural Resources and Forestry 2016) and from the Yellow Perch Task

Group Report (YPTG) (Belore et al. 2014).
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Maturation is the process within an individual of allocating energy during development to

germinal tissue with the endpoint being the production of ripe gametes. In fish, this process starts

soon after fertilization when gonadal tissue appears in the early embryo. Age and length at

maturation are the result of this process (Thorpe 2007). In this study it was not possible to

determine age or length at maturity for individuals. We instead used an individual’s maturity

status at the time of capture as an indicator of when they matured. Maturity at the time of capture

includes fish that could have matured in a previous year at a smaller length and age.

Consequently, estimates of age and length at maturity from capture samples are usually greater

than the true age and length at maturity for the population. Estimates of age and length at

maturity obtained in this way are common in many fisheries studies, particularly when the object

is to evaluate changes in maturity rather than absolute maturity. In our study of Lake Erie yellow

perch, age and length at 50% maturity and their 95% confidence intervals were estimated using

logistic regression to estimate the probability of being mature (versus immature) in relation to

length and age, and then using inverse prediction to estimate the length or age corresponding to a

probability of maturity of 0.5 (Jørgensen 1990, O’Brien 1999). Age at maturity was increased by

1 year because maturity was assessed from fall samples whereas these yellow perch spawn in

May (Purchase et al. 2005b).

The relative abundance for age 1 (juvenile) and ages 2 and older yellow perch for each

management unit was estimated using annual arithmetic mean catch of yellow perch per bottom

gang (CPUE) from the Lake Erie partnership index fishing survey database (Table 1-2). The

CPUE was calculated as the mean number of yellow perch per bottom gang in variable mesh size

monofilament gill nets from the fisheries independent partnership survey (gillnets are composed
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of 25 panels of 14 different mesh sizes; 32, 38, 44, 51, 57, 64, 70, 76, 89, 102, 114, 127, 140, 152

mm stretched measure; Ontario Ministry of Natural Resources and Forestry 2016). The index

gear may not fully sample all age 1 fish (especially smallest fish), but does select all lengths of

ages 2 and older yellow perch (A. Cook, Ontario Ministry of Natural Resources and Forestry,

Wheatley, Ontario, personal communication, 2016). The number of gangs fished annually from

1991 to 2013 varied from 58 to 144 with a mean of 125. Detailed information on the partnership

index fishing sampling protocol, site selection, sex determination and aging is available from

OMNRF (OMNRF and OCFA 2016). Relative abundance of ages 2 and older and juveniles were

averaged across MUs to estimate mean relative abundance for the whole lake (Table 1-2).

Density of YOY fish was estimated as the arithmetic mean catch per hectare based on fall

trawl surveys conducted in each management unit in each year (Table A1). The density of YOY

for the whole lake was estimated as the mean of density of YOY for the four MUs. Data for

CPUE and YOY density were ln transformed, while data for juvenile (age 1) fish were

ln(CPUE+1) transformed (Table 1-2) to accommodate three years of sampling when no juvenile

fish were caught.

Growth rates in the first and second year were estimated for each cohort from the fishery-

independent partnership index fishing survey data. Growth in the first year was estimated as the

mean size of age 1 individuals. Growth in the second year was estimated as mean size increase

from age 1 to 2 (Table 1-2). The estimates of growth in the first year could be biased upwards,

because the smallest age 1 fish may not be captured in the index fishing gear. However, we

believe our estimate provides a reasonable index of first year growth because gear size was

standardized, so a larger range of sizes should be captured in years when growth rate is higher
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than in years when growth rate is lower. In addition, size at age 1 was positively correlated with

size at age 2 (r = 0.62, p < 0.002).

Three measures of harvest intensity were considered: the estimated biomass of fish

harvested from commercial and recreational fisheries divided by the CPUE of ages 2 and older

from the fishery-independent index survey (harvest ratio), the total biomass harvested divided by

biomass of ages 2 and older as estimated by the YPTG (exploitation ratio), and the instantaneous

fishing mortality (F year-1) estimated by the YPTG. Three measures were considered because

quantifying harvest intensity is challenging when multiple gear types are used to harvest a

population and because different information and methods were used to calculate each measure.

Harvest ratio was estimated using fishery-independent index survey data from Belore et al.

(2014). Alternatively, estimates of the biomass of ages 2 and older used to calculate exploitation

ratio and instantaneous fishing mortality were made using a statistical catch-at-age model

(Brooks and Deroba 2015). For prediction B, interpretation of the correlation between biomass

of ages 2 and older fish and harvest ratio is complicated by the fact, that harvest ratio is

calculated using the biomass of ages 2 and older fish (a part-whole correlation; Sokal and Rohlf

2012). This is not the case for equivalent tests involving exploitation ratio and F. Conversely,

values of exploitation ratio and F are based on models of population abundance and biomass that

include their own assumptions about observational, structural, and estimation uncertainty

(Brooks and Deroba 2015). No one measure is ideal because although the three measures of

harvest intensity at the whole lake scale were positively and significantly correlated with each

other (r’s from 0.63 to 0.90, all p’s < 0.002) values for the whole lake were obtained by

averaging values across the four MUs), they have variable coefficient of variation (Tables A2
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and A3). Thus we analyzed our model using ln transformed values of all three measures of

harvest intensity.

The predicted relationships between independent and time-lagged dependent variables

summarized in Table 1-1 were tested assuming a generation time of 2 and 3 years (Froese and

Pauly 2016). We then relaxed the assumption of a 2-3 year lag time and used cross-correlation

analysis to explore relationships between harvesting and L50 and A50 over lag times up to 8 years

(2-3 generations). We did this to consider the possibility that maternal effects in yellow perch

(Andree et al. 2015) could extend maternal environmental influences across generations, or to

account for any changes in maturation schedule due to fishing or other factors that could change

generation time in the population (Dunlop et al. 2009).

Prior to our analyses, the time series data were detrended and pre-whitened to minimize

the possibility that changes occurring at multiple temporal scales would confound our cross-

correlation analyses. To achieve this, we first tested for a linear relationship between each

variable and time (year) and, if significant, detrended the variable using a linear regression

against time. The residuals were then used as the detrended variable. We then inspected the

partial and full autocorrelation of each variable (detrended or not) (Probst et al. 2012).  When

evidence of autocorrelation was observed for a variable, an autoregressive integrative moving

average (ARIMA) model was used to reduce the chance of spurious correlations arising from

temporally adjacent values. Variables that were detrended and subjected to ARIMA modeling

are identified in Table 1-2. Time series of all variables for the whole lake and management units

are in Appendix A (Figs. A1 – A5). All analyses were conducted in R 3.0.2 (R Core Team 2014).
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Results

Annual cohort estimates of mean female age and length at 50% maturity varied widely

between 1991 and 2013 for the whole lake (Fig. 1-4). Mean A50 ranged from 1.5 to 3.2 years for

the whole lake (mean = 2.5 years, SD = 0.37, Table 1-2) and mean L50 ranged from 149 mm to

184 mm (mean = 167 mm, SD = 9.82, Table 1-2). Over this period, there was no evidence that

either age or length at 50% maturity changed in a consistent direction. Instead, L50 declined from

1991 to 1996 (176 mm to 149 mm), increased until 2004 (183 mm), then declined until 2009

(157 mm) before increasing again (Fig. 1-4). Similar trends were observed for all management

units (Table 1-2, Fig. 1-4, panels C to I). Annual cohort means of age and length at 50% maturity

were positively correlated at both the whole lake (r = 0.69, p < 0.001, Fig. 1-5) and the individual

MU scales (MU1: r = 0.75, p < 0.0001; MU2: r = 0.56, p < 0.01; MU3: r = 0.73, p < 0.0001; and

MU4: r = 0.70, p < 0.001) (Fig. 1-5).

Overall, we found no consistent evidence to support our plastic life history model. The

findings were generally not consistent with our first prediction that length at maturity in Lake

Erie yellow perch would be negatively related to the harvest intensity 2-3 years earlier, although

the degree of support differed depending on the measure of harvest intensity (prediction A; Table

1-1, Fig. 1-3). When harvest ratio was considered, length at maturity did not decrease

significantly two to three years after the year of harvest, both for tests at the whole lake level and

for each management unit (prediction A1, Table 1-1). All correlations between harvest ratio and

L50 two or three years later were negative but small for the whole lake and for individual MUs

(Table 1-3). The same outcomes were observed for exploitation ratio (Table 1-3). Analyses

considering F differed for prediction A. Correlations between F and L50 were negative and
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statistically significant for a time lag of 3 years at the whole lake level and for MU1 and MU3

(Table 1-3), but not MU2 and MU4. Outcomes for analyses considering A50 instead of L50

(prediction A2) were similar. When considering harvest ratio, there was no evidence for a

negative correlation with A50 at either the whole lake level or individual management units. The

same outcome was observed for exploitation ratio. For F, however, significant correlations were

observed between F and A50 3 years later for MU2 and MU4, but not for the whole lake or MU1

and MU3. These combinations are not consistent with those observed above for correlations

between F and L50 (Table 1-3).

Our prediction that harvest reduced spawning population size (prediction B; Fig. 1-3) was

supported in analyses involving harvest ratio and exploitation ratio, but our test involving F was

equivocal. The CPUE of ages 2 and older yellow perch in the year of harvest was negatively

related with harvest ratio at the whole lake (Fig. 1-6, panel C) and consistently for each of the

MUs (Table 1-3). CPUE of ages 2 and older in the year of harvest was also consistently and

negatively correlated with exploitation ratio in all cases (Table 1-3), suggesting the results for

harvest ratio were not a consequence of a part-whole correlation effects. Significant negative

correlations between F and the abundance of age 2 and older fish were only observed for MU1

and MU4, and not for the whole lake or MU2 and MU3 (Table 1-3).

There was little evidence that the reductions in spawning abundance due to harvest had

any carryover effects on individual juvenile growth of the next generation. Densities of YOY in

the year after (or CPUE of age 1 fish two years later) were unrelated to CPUE of ages 2 and

older fish in the year of harvest, at the whole lake level (Fig. 1-6, panel D and E) or in the

individual MUs, except for MU1 where the significant negative correlation between CPUE of
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age 2 and older with CPUE of age 1 two years later as was predicted (Table 1-4, relationship

C2). Immature fish did not grow significantly faster at lower densities (prediction D). The

density of YOY fish was unrelated to growth rate in the same year (size at age 1) both for the

whole lake (Fig. 1-6, panel F) and for the MUs (Table 1-4). CPUE of age 1 fish was also

unrelated to growth in the 2nd year (size increase from age 1 to age 2; Fig. 1-6. Panel G, Table 1-

4). With one exception involving MU1, using length at age 2 as a metric of juvenile growth did

not qualitatively change these results.

Similarly there was little evidence for any relationship between individual juvenile

growth and length and age at 50% maturity (prediction E). Length and age at 50% maturity were

not significantly correlated with size at age 1 or the increase in size from age 1 to 2 at the whole

lake level (Fig. 1-6, panel H, I) and for each MU (Table 1-4). Using size at age 2 as a metric of

juvenile growth did not change these results with respect to L50 (whole lake and all MUs) or to

A50 (whole lake and MUs 1 and 4, but was negative in MUs 2 and 3).

Finally, there was no evidence that harvesting affected length and age at 50% maturity in

yellow perch at time lags greater than 2-3 years. In cross-correlation analyses, length and age at

50% maturity were unrelated to harvest ratio at lags of up to 8 years, for the whole lake and for

each MU. Similar outcomes were obtained using the other two indices of harvest intensity.

Discussion

We found little evidence that annual changes in the ages and lengths at maturity for Lake

Erie yellow perch could be explained by changes in the intensity of commercial and recreational

harvesting. Mean length and age at maturity in yellow perch annual cohorts varied considerably
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over the 23-year period. However, this variation was generally unrelated to harvest 2 - 3 years

before (prediction A), as expected for plastic changes in maturation to occur, although some

support for harvest effects was observed when the instantaneous fishing mortality was

considered. We did find evidence that the abundance of 2 year and older fish was higher when

measures of harvest intensity were lower (prediction B: for harvest and exploitation ratios but not

for instantaneous fishing mortality). However the abundances of YOY 1 year later and age 1

individuals 2 years later were unrelated to the abundance of 2 year and older fish in the spawning

population responsible for the cohort (prediction C). In addition, we found little evidence that

juvenile growth rates responded to changes in abundance (prediction D) or that age and length at

maturity responded to changes in juvenile growth rate (prediction E). In summary, we conclude

overall that the changes in age and length at maturity cannot be explained by plastic responses to

harvest intensity (compensatory plasticity response hypothesis) during the time period

considered because we were unable to obtain consistent evidence for the overall relationship

predicted between age or length at maturity and measures of harvest intensity (prediction A), and

for key predicted relationships comprising the causal mechanism (predictions C to E, Tables 1-1

and 1-4).

Three features of the variation in L50 and A50 suggest they reflect the outcome of plastic

responses in maturation. First, the highly polygenic nature of life history traits are expected to

express exceptional plasticity relative to other traits (Houle 1992), and genetic and

environmental effects on maturation can generate sizable variation in size and age at maturity

between individuals within and among populations (Bernardo 1993). In Lake Erie yellow perch,

temporally-based coefficients of variation for L50 and A50 across annual cohorts were 5.8% and
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14.8%, respectively. These values are similar in magnitude, although not directly comparable, to

spatially derived CV estimates of 16.6% and 23.8%, respectively, across 72 inland Ontario lake

populations (Purchase et al. 2005a, 2005b). Second, the direction of change in maturity

characters reversed over only a few years. This variability is contrary to the steady declines in

size and age at maturity observed in many commercially harvested marine and freshwater fishes

(Trippel 1995, Olsen et al. 2004, Sharpe and Hendry 2009). Third, the rates of change in mean

length and age at maturity were also high when compared to rates observed in other

commercially harvested fish. For example, length and age at maturity in Lake Erie yellow perch

cohorts declined at rates of -33.1 and -51.8 kilodarwin (-18% and -36% change respectively)

from 1991 to 1996 (1991 – 1997 for A50), but then increased at rates of 62.7 and 231.2

kilodarwin (17.1% and 37.0% change respectively) from 2001 to 2004 (2002 – 2004 for A50).

These rates of change are much faster than the -17.2 and -19.4 kilodarwin declines (20.0% and

26.0% change) reported for median size and age at maturity in four marine fishes (Darimont et

al. 2009) or the -10.5 and -10.3 kilodarwin mean changes in length and age at 50% maturity

observed in other commercial fish stocks (Sharpe and Hendry 2009). Alternatively, the annual

changes in mean L50 and A50 could reflect rapid, year-to-year changes in harvest selectivity, but

we know of no major changes in gear type and fishing operations beyond harvest intensity over

the study period. The annual changes in mean L50 and A50 could also reflect annual variation in

other sources of selection (e.g. natural predators) that influence distributions of length and age at

maturity across cohorts (discussed further below; Zhang et al. 2015).

Our conclusion that the fluctuations in length at maturity of Lake Erie yellow perch

cannot be explained by contemporary harvesting contrasts with the findings of an earlier study
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relating maturation and harvest in the Great Lakes yellow perch. Feiner at al. (2015) tested for

changes in age at 50% maturity in populations of yellow perch from Lakes Erie, Huron, and

Michigan. They found that female age at maturity had increased in populations where harvest

was reduced, but had declined in the western Lake Erie population (MU1) where intensive

commercial harvest was maintained. The difference between studies may be due to differences in

temporal scale of analysis. Feiner et al. (2015) used decadal estimates of age at 50% maturity

compared across three sequential decades, whereas we analyzed annual cohort estimates to

understand whether harvest influenced the finer cohort dynamics in length and age at maturity.

It is valuable to consider why we did not observe declines in length and age at 50%

maturity with increasing harvest. We first consider the quality of the data and our modeling

method before considering other aspects of Lake Erie yellow perch. There is a possibility that we

were unable to detect an effect of harvest on length and age at 50% maturity, because of the short

duration of the time series and number of cohorts available for analysis. However, we observed

consistent support for the predicted negative relationship between harvest intensity and spawning

population abundance (prediction B) when considering harvest ratio and exploitation ratio, but

not F. Interpretation of the analyses involving F are complicated because its calculation is based

on a statistical catch at age model that requires modeled estimates of population abundance and

biomass that generate uncertainty in the harvest intensity. The consistent support for prediction B

with at least two of the measures of harvest intensity suggests that statistical power alone is an

incomplete explanation for the failure of the model. There is also the possibility that our data

lacked sufficient variation in harvest intensity to detect correlations using comparisons among

cohorts. We consider this unlikely. Coefficients of variation (CVs) for our measures of harvest
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intensity for Lake Erie yellow perch were comparable to CVs of 0.11 to 0.36 for measures of

harvest intensity used in analyses of four harvested marine fishes where fishing-induced

evolution is suspected (Heino et al. 2002a, Pardoe et al. 2009, Marty et al. 2014, McAdam and

Marshall 2014). Further, the 2-3 year generation time of yellow perch means that the 23 year

time series is long enough that 7 complete generations of fish were exposed to harvest, allowing

time for any effects of harvest to manifest through all life stages multiple times.

We also explored whether Lake Erie yellow perch could have experienced different

population dynamical phases between 1991-2001, when L50 and A50 were declining, and 2002-

2013, when L50 and A50 were fluctuating with time. Tests of the plasticity model again provided

no consistent support for changes in L50 and A50 being due to contemporary harvest (Table A4).

During the period from 1991-2001, L50 was negatively and significantly correlated with harvest

ratio, but not exploitation ratio or F (prediction A), and there was no support for density

dependent responses in growth rate (prediction D) or growth rate influencing L50 (prediction E)

(Table A5). There was also no significant, negative correlation between A50 and the measures of

harvest intensity and no significant correlations in support of density dependent growth rates and

growth-dependent age at maturity (Table A5). Similarly, during the period from 2002-2013,

neither L50 nor A50 was negatively correlated with harvest ratio, exploitation rate, or F, and again

there was no support for density dependent responses in growth rate (prediction D) or for growth

rate influencing L50 (Table A5).

Conversely, there could be features of the Lake Erie yellow perch fishery that reduce the

likelihood of harvest affecting maturation in the way we expected. We assumed that in the face

of energy limits, variation in maturation would be predominantly determined by variation in
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immature growth rate with faster growing juveniles maturing earlier and at smaller size than

slower growing juveniles (a positive maturation reaction norm for the population). However, any

plastic responses to harvest could be affected by additional factors, including the shape of the

maturation reaction norm (e.g., positive, negative, or flat slope, steepness), variability of growth

trajectories within the population, the probabilistic nature of maturation, and size selectivity of

harvest (see e.g., Heino and Dieckmann 2008, Dunlop et al. 2009). Most probabilistic maturation

reaction norms (PMRNs) estimated for fishes to date have negative slopes, where slower

growing individuals mature at smaller sizes than faster growing individuals (Heino and

Dieckmann 2008) however, PMRNs with horizontal (e.g. Vainikka et al. 2009) and positive

slopes (e.g. Dunlop et al. 2005) have also been observed, complicating predictions. The lack of

an effect of growth on age at maturity in our study, however, suggests that a horizontal slope of

the maturation reaction norm was not a primary cause of our findings because this would

preclude variation in size at maturity which is abundantly expressed among annual cohorts here.

Feiner et al. (2015) measured probabilistic maturation reaction norms for yellow perch in Lakes

Erie, Huron and Michigan, pooling data by decade for three time periods. The PMRNs they

measured also tended to be mostly flat to slightly negative for the three age classes of females

considered. Estimates of PMRNs at an annual cohort scale for the Lake Erie yellow perch could

reveal further insights into maturation dynamics and are a focus of future research.

Another possibility is that, after a century of harvest, the ability of Lake Erie yellow

perch to respond to harvest pressure has reached a limit. Recent modeling comparison of yellow

perch in the Great Lakes, northern cod (Gadus morhua), and lake whitefish (Coregonus

clupeaformis), suggested yellow perch may have the least capacity to evolutionarily respond to
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sustained harvest owing to their naturally high rates of mortality that likely already favour early

maturation (Dunlop et al. 2015). This could also place a limit on how much maturation age or

size could change plastically in response to changes in growth and density, especially given the

seasonality of the Great Lakes. Over the last century, mean female length at maturity in Lake

Erie yellow perch has declined from 210 mm in 1927-1937 (Jobes 1952) to 179 mm in 1960 -

1966 to 165 mm in 1990 - 1999 and 166 mm in 2000 – 2010. Mean length at maturity varied

from 150 mm to 185 mm across the period examined here, but we do not know how much size at

maturity has varied annually among cohorts in the past.

The consistent absence of relationships between juvenile density, individual growth and

maturation suggests that other mechanisms influencing growth and maturation may be missing

from the plasticity model. Annual abundances of spawning fish over the period we analyzed may

have been in a range where recruitment was independent of spawning population size (Zhang et

al. 2017), possibly accounting for why abundances of YOY and juveniles were not significantly

correlated with spawning population (predictions C1 and C2), and limiting the opportunity for

density dependent responses in growth rate and maturation. Density-dependent responses in

juvenile growth, survival and maturation occur in fishes, including other populations of yellow

perch (Jansen 1996, Lorenzen and Enberg 2002, Purchase et al. 2005a), but the lack of support

for reduced growth in abundant cohorts (prediction D) suggests other factors may regulate

growth in addition to or instead of competition within cohorts (Purchase et al. 2005b). One

possibility is that growth rates are influenced more strongly by competition among rather than

within cohorts. The 2003 cohort was one of the largest cohorts in the recent history of Lake Erie

yellow perch. Individuals from the following 2004 cohort matured later and at larger size than



20

those in the 2003 cohort. Alternatively, growth rates may be suppressed by annual variation in

predation risk. Stock-recruitment analyses suggest that yearling walleye (Sander vitreus) may

exert a strong top-down effect on yellow perch recruitment in Lake Erie through predation on

YOY (Zhang et al. 2015).

Lastly, a very real possibility is that environmental factors other than harvest could be

driving the rapid, large and reversible changes in maturation in Lake Erie yellow perch

(ecosystem change hypothesis). Annual or longer lake-wide effects on energy availability may

supersede density dependent growth responses in yellow perch (Purchase et al. 2005b). Lake

Erie has also experienced recent ecological disturbances that could influence yellow perch

maturation. The arrival of invasive dreissenid mussels (Dreissena polymorpha) and round goby

(Neogobius melanostomus) have altered water quality (Munawar et al. 2005, Bunnell et al.

2014), the behaviour and energetics of predator and prey fishes (Stapanian et al. 2009), and the

energy pathways within the lake (Vanderploeg et al. 2002, Hecky et al. 2004). In addition,

yellow perch recruitment is also weaker following short, warm winters than following cold

winters (Farmer et al. 2015), which could induce annual variation in growth rate and maturation

as modeled here but independent of harvest. Eutrophication can influence the life history and

production of fishes (Arend et al. 2011) and has emerged as a recent concern following large

algal blooms in the lake (Michalak et al. 2013, Scavia et al. 2014). Assessing ecosystem level

effects on the maturation dynamics of fishes is challenging especially in the ocean, but an initial

step would be to investigate whether maturation has fluctuated synchronously in the guild of fish

species in Lake Erie or other Great Lakes that would experience similar ecosystem-level

environmental changes.
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Length and age at maturity in yellow perch has fluctuated rapidly over the past 23 cohorts

in Lake Erie potentially in response to annual variation in some environmental condition other

than harvest intensity. This is in contrast to the pronounced and steady declines in age and size at

maturity observed in several harvested marine fish stocks (Trippel 1995, Darimont et al. 2009,

Sharpe and Hendry 2009). Our analysis focused on phenotypic change and did not specify

whether that change was the result of evolution, phenotypic plasticity, or some combination of

the two. The processes responsible for rapid changes in Lake Erie yellow perch maturity remain

undetermined, but contemporary harvest pressure can be excluded as a major causal factor over

the last several decades. Identifying the factors driving maturation dynamics will be challenging

given the multifarious ways in which the Lake Erie ecosystem is changing, but this is important

given the influence of maturation dynamics on the productive capacity of this commercially

important species.
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Tables

Table 1-1. Prediction matrix of the relationships in Fig. 1-3 for the effect of: A) Harvest ratio,

measured as ln(Total catch in millions of kg/CPUE of ages 2 and older), on female length or age

at 50% maturity 2 and 3 years later; B) Harvest ratio on CPUE of ages 2 and older in the year of

harvesting; C1-C2) Abundance of ages 2 and older on density of YOY in next year (1 year lag)

and on the CPUE of age 1 (2 year lag); D1-D2) YOY density on 1st year growth (mean female

size at age 1) and CPUE of age 1 year fish on 2nd year growth (mean female size increase from

age 1 - 2); E1-E2) Early female growth in 1st year and in 2nd year on female length or age at 50%

maturity (1 year lag and no lag). Test outcomes were determined using Pearson’s product

moment correlation coefficient (r) at α = 0.05.
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Predictions

from Fig.

1-3

Independent variable Dependent variable Direction of predicted

relationship

Test Outcome

A Harvest ratio (t0)* ♀ L50, A50 (t2 & t3) Negative Not supported

B Harvest ratio (t0) CPUE ages 2 & older (t0) Negative Supported

C1 CPUE ages 2 & older (t0) Density YOY (t1) Positive/no relationship Not supported

C2 CPUE ages 2 & older (t0) CPUE age 1 (t2) Positive/no relationship Not supported

D1 Density YOY (t0) ♀ Growth in 1st year (t0) Negative Not supported

D2 CPUE age 1 (t0) ♀ Growth in 2th year (t0) Negative Not supported

E1 ♀ Growth in 1st year (t0) ♀ L50, A50 (t1) Negative Not supported

E2 ♀ Growth in 2th year (t0) ♀ L50, A50 (t0) Negative Not supported

* tn indicates the variable was lagged n years in the analysis, e.g. in prediction A harvest ratio in the year it was measured (t0) was
related to length at maturity two (t2) and three (t3) years later.
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Table 1-2. Summary statistics of the variables used to test the model in Fig. 1-3, including

number of years of data available (N), minimum (Min), maximum (Max) and mean values

(Mean), the coefficient of variation (CV), and whether prior to cross correlation analysis the

variable was detrended by linear regression (DT) and pre-whitened using an ARIMA model. L50,

growth in first year and second year are in mm, A50 is in years, harvest ratio is million kg/mean

catch per bottom gang ages 2 and older, CPUE ages 2 and older and CPUE age 1 is the mean

number of yellow perch catch per bottom net set, density YOY is number per hectare. The

variables are summarized for data aggregated across the lake and for each of four management

units (MUs).
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Area Variable N Min Max Mean CV DT ARIMA

Whole ♀ A50 23 1.5 3.2 2.5 0.15 N AM(1)

Lake ♀ L50 23 149 184 167 0.06 N AR(1)

ln(Harvest ratio) 23 2.4 4.6 3.1 0.20 Y AR(1)

ln(CPUE ages 2 & older) 23 3.2 5.9 5.0 0.15 Y AR(1)

ln(Density YOY) 23 1.6 6.0 4.1 0.27 N AR(1)

ln(CPUE age 1  +1) 23 0.7 6.2 4.1 0.33 N AR(1)

♀ Growth in 1st year 23 132 156 143 0.04 N

♀ Growth in 2th year 23 29 64 48 0.16 N

MU1 ♀ A50 23 0.2 3.1 2.5 0.25 N

♀ L50 23 138 187 167 0.07 N AR(1)

ln(Harvest ratio) 23 0.4 2.6 1.6 0.32 N

ln(CPUE ages 2 & older) 23 3.9 6.3 5.1 0.11 N AR(1)

ln(Density YOY) 23 2.2 7.0 4.6 0.27 N

ln(CPUE age 1 +1) 23 0 6.89 4.4 0.37 N

♀ Growth in 1st year 22 131 158 143 0.05 N

♀ Growth in 2th year 22 15 55 43 0.21 N

MU2 ♀ A50 23 1.4 3.1 3.0 0.17 N AR(1)

♀ L50 23 149 178 164 0.05 N MA(1)

ln(Harvest ratio) 23 1.4 4.4 2.4 0.28 Y AR(1)

ln(CPUE ages 2 and older) 23 2.6 6.2 4.9 0.17 Y AR(1)

ln(Density YOY) 23 0.5 5.0 3.1 0.43 N AR(1)

ln(CPUE age 1 +1) 23 1.2 5.9 4.0 0.38 N AR(1)

♀ Growth in 1st year 23 134 176 147 0.07 N

♀ Growth in 2th year 23 28 69 49 0.23 Y AR(1)
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MU3 ♀ A50 23 1.6 3.4 2.6 0.19 N

♀ L50 23 145 184 167 0.06 N AR(1)

ln(Harvest ratio) 20 -0.3 3.1 0.9 0.92 Y AR(1)

ln(CPUE ages 2 & older) 20 3.4 7.1 5.9 0.19 Y AR(1)

ln(Density YOY) 23 -0.7 5.2 2.8 0.61 N AR(1)

ln(CPUE age 1 +1) 20 0 6.2 3.0 0.66 N

♀ Growth in 1st year 22 127 152 139 0.05 N MA(1)

♀ Growth in 2th year 21 23 64 42 0.26 Y AR(1)

MU4 ♀ A50 20 1.9 3.5 2.7 0.15 N

♀ L50 21 119 207 171 0.14 N MA(1)

ln(Harvest ratio) 21 -1.5 3.6 0.6 1.87 N AR(2)

ln(CPUE ages 2 & older) 21 -0.2 5.6 3.7 0.39 Y MA(1)

ln(Density YOY) 23 -0.8 5.9 3.5 0.5 N AR(1)

ln(CPUE age 1 +1) 21 0 4.9 3.7 0.58 Y

♀ Growth in 1st year 18 126 172 141 0.07 N

♀ Growth in 2th year 17 30 75 55 0.18 N MA(1)



27

Table 1-3. Pearson correlation coefficients (r) obtained for tests of model predictions A1, A2 and

B (Table 1-1, Fig. 1-3) for three measures of harvest intensity: harvest ratio, exploitation ratio,

and instantaneous fishing mortality per year (F). A1) Harvest ratio and female L50; A2) Harvest

ratio and female A50; B) harvest ratio and CPUE of ages 2 and older. Lag times t0, t2, and t3

refer to the time in years between the independent and dependent variables. Correlation

coefficients were estimated for the whole lake and for each of four management units

(MU).Values in bold are statistically significant at p < 0.05.
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Harvest intensity indices

Area Pre-
diction

Independent
variable

Dependent
variable

Harvest
ratio

Exploitation
ratio

F
Year-1

Whole Lake A1 Harvest (t0)* ♀ L50 (t2) r 0.1 0.05 0.09

p 0.67 0.58 0.65

df 19 19 19

Harvest (t0) ♀ L50 (t3) r -0.02 -0.03 -0.6

p 0.47 0.45 0.002

df 18 18 18

A2 Harvest (t0) ♀ A50 (t2) r 0.31 0.16 0.22

p 0.92 0.75 0.83

df 19 19 19

Harvest (t0) ♀ A50 (t3) r -0.04 -0.12 -0.18

p 0.44 0.31 0.23

df 18 18 18

B Harvest (t0) CPUE ages 2 & older (t0) r -0.96 -0.64 -0.26

p <0.0001 0.0005 0.12

df 21 21 21

MU1 A1 Harvest (t0) ♀ L50 (t2) r -0.1 -0.09 -0.03

p 0.34 0.34 0.45

df 19 19 19

Harvest (t0) ♀ L50 (t3) r -0.2 -0.21 -0.56
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p 0.2 0.2 0.005

df 18 2118 18

A2 Harvest (t0) ♀ A50 (t2) r 0.01 0.17 0.31

p 0.52 0.77 0.92

df 19 19 19

Harvest (t0) ♀ A50 (t3) r -0.13 -0.12 -0.15

p 0.30 0.3 0.26

df 18 18 18

B Harvest (t0) CPUE ages 2 & older (t0) r -0.92 -0.8 -0.57

p <0.00001 <0.0001 0.002

df 21 21 21

MU2 A1 Harvest (t0) ♀ L50 (t2) r 0.04 0.39 0.19

p 0.56 0.96 0.79

df 19 19 19

Harvest (t0) ♀ L50 (t3) r -0.07 0.28 -0.23

p 0.39 0.89 0.17

df 18 18 18

A2 Harvest (t0) ♀ A50 (t2) r 0.27 0.8 -0.31

p 0.88 0.89 0.08

df 19 19 19

Harvest (t0) ♀ A50 (t3) r -0.16 -0.23 -0.48

p 0.25 0.16 0.02

df 18 18 18
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B Harvest (t0) CPUE ages 2 & older (t0) r -0.97 -0.37 -0.1

p <0.00001 0.04 0.32

df 21 21 21

MU3 A1 Harvest (t0) ♀ L50 (t2) r 0.12 0.12 -0.02

p 0.7 0.69 0.47

df 17 19 19

Harvest (t0) ♀ L50 (t3) r -0.19 -0.18 -0.55

p 0.23 0.23 0.006

df 16 18 18

A2 Harvest (t0) ♀ A50 (t2) r 0.38 0.43 0.2

p 0.94 0.97 0.81

df 17 19 19

Harvest (t0) ♀ A50 (t3) r -0.12 -0.18 -0.16

p 0.32 0.22 0.25

df 16 18 18

B Harvest (t0) CPUE ages 2 & older (t0) r -0.88 -0.55 0.06

p <0.00001 0.006 0.6

df 18 18 18

MU4 A1 Harvest (t0) ♀ L50 (t2) r -0.26 0.14 -0.19

p 0.15 0.72 0.22

df 16 18 18

Harvest (t0) ♀ L50 (t3) r -0.07 0.05 -0.19

p 0.4 0.59 0.21
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df 15 17 17

A2 Harvest (t0) ♀ A50 (t2) r -0.14 0.09 -0.09

p 0.30 0.64 0.35

df 15 17 18

Harvest (t0) ♀ A50 (t3) r -0.51 -0.32 -0.46

p 0.02 0.1 0.03

df 14 16 16

B Harvest (t0) CPUE ages 2 & older (t0) r -0.81 -0.55 -0.21

p <0.0001 0.005 0.18

df 19 19 19

* tn indicates the variable was lagged n years in the analysis, e.g. in prediction A harvest ratio in the year it was measured (t0) was
related to length at maturity two (t2) and three (t3) years later.
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Table 1-4. Correlation coefficients (Pearson’s r) for the model predictions C to E (Fig. 1-3 and

Table 1-1). C1) CPUE of ages 2 and older and density of YOY; C2) CPUE of ages 2 and older

and CPUE of age 1; D1) density of YOY and female growth in first year (mean female size at

age 1); D2) CPUE of age 1 and female growth in second year (size increase from age 1 to age 2);

E1) growth in first year and female L50, and E2) growth in second year and female L50.

Correlation coefficients were estimated for the whole lake and for each of four management units

(MU). Values in bold are statistically significant at p < 0.05.
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Pre- Management units Whole

diction Independent variable Dependent variable MU1 MU2 MU3 MU4 Lake

C1 CPUE ages 2 & older (t0) Density YOY (t1) r -0.16 -0.12 -0.04 -0.09 -0.22

p 0.23 0.3 0.44 0.35 0.16

df 20 20 18 18 20

C2 CPUE ages 2 & older (t0) CPUE age 1 (t2) r -0.39 -0.17 0.13 -0.31 -0.14

p 0.03 0.24 0.68 0.11 0.27

df 19 19 14 15 19

D1 Density YOY (t0) ♀ Growth 1st year r -0.29 0.15 -0.3 0.25 0.003

(size at age 1) (t0) p 0.1 0.76 0.09 0.83 0.51

df 20 21 20 16 21

D2 CPUE age 1 (t0) ♀ Growth 2nd year r -0.18 -0.07 0.3 0.2 -0.12

(size change 1 - 2) (t0) p 0.2 0.37 0.88 0.77 0.29

df 20 21 16 15 21

E1 ♀ Growth 1st year ♀ L50 (t1) r 0.16 -0.16 -0.25 0.19 -0.19

(size at age 1) (t0) p 0.76 0.23 0.14 0.75 0.2

df 19 20 19 13 20

E2 ♀ Growth 2nd year ♀ L50 (t0) r 0.21 -0.08 -0.15 -0.21 -0.2

(size change 1 - 2) (t0) p 0.82 0.64 0.26 0.2 0.18

df 20 21 19 15 21
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Figures

Fig. 1-1. Map of Lake Erie showing the four management units (MUs) for yellow perch

numbered from west to east (MU5 is within MU4 and is not shown). The black square in the

lower right insert shows the location of Lake Erie within North America (modified from Belore

et al. 2016).
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Fig. 1-2. Estimates of Lake Erie yellow perch population size from 1975 – 2013 in millions

(shading), harvest ratio (solid black line), instantaneous fishing mortality (F year-1; solid gray

line), exploitation ratio (black dashed line). On the horizontal axis the black arrow indicates the

starting year of this study.
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Fig. 1-3. Conceptual model of plasticity in individual life history describing the direct

relationships between harvest, ages 2 and older abundance, YOY and age 1 abundance, growth

and female age or size at 50% maturity as solid arrows. The overall cumulative indirect effect of

harvest on maturity is shown as a dashed arrow. Time refers to the lag time in years between

harvest and each response (e.g. the effect of harvesting is expected to affect growth one and two

years later). The letter at each causal arrow indicates the predicted relationship shown in brackets

under the arrow and described in Table 1-1: A) Increased harvest reduces female body length

and age at 50% maturity; B) increased harvest lowers the abundance of ages 2 and older; C)

fewer age 2 and older spawners reduces the abundance of younger age classes; D) lower

abundance of younger individuals increases individual juvenile growth rate; E) increased

individual juvenile growth rate decreases female length and age at 50% maturity.
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Fig. 1-4. Time series of female length and age at 50% maturity for yellow perch from Lake Erie.

Times series are provided for the entire lake and separately for each management unit. Whole

lake (panels A, B), MU1 (panels C, D), MU2 (panels E, F), MU3 (panels G, H), and MU4 (I, J).

Vertical bars express 95% confidence intervals. Estimates of A50 and L50 indicated by an open

circle (o) are unreliable (A50 95% CI > ±10.2 years and L50 95% CI > ±200.0 mm). Note the

changed vertical scale among MUs.
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Fig. 1-5. Relationships between mean length at 50% maturity and mean age at 50% maturity for

female yellow perch in Lake Erie between 1991 and 2013 (n = 23 annual cohorts). Regression

equations and statistical details for the whole lake and MU’s: Whole lake; L50 = 121.2 +

18.2*A50, R
2 = 0.45, p < 0.001; MU1, L50 = 104.9 + 24.1*A50, R

2 = 0.54, p < 0.0001; MU2, L50 =

136.9 + 11.4*A50, R
2 = 0.28, p < 0.01; MU3, L50 = 125.0 + 16.1*A50, R

2 = 0.40, p < 0.0001;

MU4, L50 = 78.8 + 35.3*A50, R
2 = 0.46, p < 0.001.
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Fig. 1-6. Panels summarizing relationships predicted by the plastic life history model (Fig. 1-3,

Table 1-1) for the whole lake: A) Harvest ratio and female L50 two years later; B) harvest ratio

and female L50 three years later; C) harvest ratio and CPUE of ages 2 and older (regression line:

ln(CPUE ages 2 and older) = -0.01 - 0.99*ln(harvest ratio), R2 = 0.92, p < 0.0001); D) CPUE of

ages 2 and older and density of YOY year later; E) CPUE of ages 2 and older and CPUE of age 1

two years later; F) density of YOY and female growth in first year; G) CPUE of age 1 and

female growth in second year; H) female growth in first year and female L50 year later; I) female

growth in second year and female L50. Bracket in the upper right corner of each panel indicates

predicted relationship between variables. With the exception of C, all correlation coefficients

were non-significant (p > 0.05).
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Chapter 2. Rapid increase in length and age at maturation in

persistently harvested Lake Erie yellow perch (Perca flavescens)

Abstract

Reduced age and size at maturity in commercially harvested fishes can decrease adult

size and fecundity and so influence population growth and reduce fishery yield. Understanding

the mechanisms responsible for changes in maturation is challenging but important because the

reversibility of maturation trends depends on the causal mechanism. Evolutionary changes in

maturation are expected to be more difficult to reverse than plastic maturation responses to local

conditions (fisheries induced evolutionary hypothesis). Age and size at maturity has fluctuated

among cohorts of yellow perch (Perca flavescens) in Lake Erie over the past 20 years,

suggesting that phenotypic plasticity in maturation could be growth or age-structure dependent.

Evaluating changes in maturation over generations after accounting for the effects of variable

growth and age structure is possible by estimating probabilistic maturation reaction norms

(PMRNs) for age and size at maturation and comparing these over cohorts. I estimated PMRNs

for juveniles of 19 annual yellow perch cohorts from 1991 to 2010 and found that these did not

change significantly over the interval. To increase the power of my comparison, I also estimated

the PMRNs for 6 adjacent cohorts centered at 1995 (early) and 6 cohorts centered at 2007 (late).

Mean age-specific size at maturity increased from the early to the late cohorts for individuals in

the age 2 year class, and the difference in age-specific sizes for maturation probabilities of 0.25

and 0.75 also increased. This indicates that delayed maturation in opposite direction than

predicted may be evolving in these yellow perch. However, this change is not consistent with the
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earlier maturation observed in fisheries where harvest is intense and strongly selective for large

individuals, suggesting that recent harvesting is not contributing strongly to the evolution of

maturation in these yellow perch at this time.
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Introduction

Changes in the life histories of commercially harvested fish populations that affect

fecundity can influence recruitment, population dynamics, and yield (Law and Grey 1989).

Maturation traits, such as size at age, and age and size at maturity, have declined in many

commercially harvested stocks of marine fish (Jørgensen et al. 2007, Feiner et al. 2015, Heino et

al. 2015). Such declines are concerning because reduced adult size that reduces fecundity can

decrease productivity and yield (Law and Grey 1989, Eikeset et al. 2013, Kuparinen et al. 2014,

Dunlop et al. 2015). In addition, changes in maturity may also signal risk of population collapse

(Trippel 1995, Olsen et al. 2004).

Harvest can influence age and size-at-maturation in wild populations by at least three

different mechanisms whose effects on maturation may be more or less difficult to reverse. First,

individuals can display plastic responses to variation in harvest when strong harvesting lowers

fish density and reduces intraspecific competition sufficiently to increase resources available for

juveniles, which then grow quickly and mature at younger age and smaller size (Trippel 1995).

Changes in mean maturation over generations of a population due to this mechanism are

expected to readily reverse when fish density increases. Second, size-selective harvest can alter

the demographic structure of the population by removing larger and older individuals, and

skewing the age- and size-class structure towards juveniles (Jørgensen et al. 2007). Changes due

to this mechanism are also expected to be rapidly reversible after harvest ceases and the age

structure stabilizes. Third, given additive genetic variation in maturation, persistent intense size-

selective harvest can favor the evolution of younger age and smaller size at maturation

(Rijnsdorp 1993, Heino et al. 2002b, Grift et al. 2003, Barot et al. 2004, Heino and Dieckmann
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2008). Fisheries induced evolution of maturation may require many generations to reverse upon

cessation of harvests depending on the availability of genetic variation (Kuparinen and

Hutchings 2012). These different kinds of maturation response also can occur simultaneously in

harvested populations and so a significant challenge is to disentangle their effects (Heino and

Godø 2002).

Probabilistic maturation reaction norms (PMRNs) for age and size at maturation provide

a statistical method that can account for the developmental effects of growth and the effects of

demographic structure on maturation, and so can better identify important changes in maturation

over time (Barot et al. 2004). Changes in PMRNs are often used to infer that maturation has

evolved (Heino et al. 2015), although such an inference assumes that maturation does not

respond to variation in factors other than growth or demographic structure (Heino et al. 2002b,

Heino and Dieckmann 2008). In contrast to classic norms of reaction that quantify the

phenotypic response of a trait to different local environmental conditions for a genotype

(Schlichting and Pigliucci 1998), a PMRN characterizes the mean maturation schedule of a

population while accounting for the effects of growth and population demography (Dieckmann

and Heino 2007). A PMRN expresses the mean probability that an immature individual that has

survived and grown to a specified age and size will subsequently mature over a given age

interval (Heino et al. 2002b). The probability of maturation increases with greater age and size

(Stearns 1992). A graphic depiction of a PMRN expresses the size at which individuals of a

specified age class will mature with probability 0.25, 0.50, and 0.75 (Lp25, Lp50, and Lp75,

respectively). Variation in growth rate and the demographic structure of the population affect

where individuals lie along the PMRN trajectory, but do not change the relationship between

probability of maturation and a given length or age (Heino et al. 2002a). However, a decrease in



45

the age or size at maturation (i.e., earlier maturation) is revealed by a downward shift in the

elevation of the relationship between age-specific length at maturity (Lp50) when comparing one

or a set of cohorts with another cohort or cohort set, whereas an increase in age at maturity (i.e.,

later maturation) is revealed by an upward shift in the PMRN among cohorts (Kuparinen and

Merilä 2007).

A second feature of PMRNs, the envelope width, also provides an opportunity to evaluate

the effects of selection on maturation in a population (Olsen et al. 2004, Heino and Dieckmann

2008). The envelope width expresses variation in the developmental reaction norms among

individuals in the population. Continuous intensive harvest that decreases allelic diversity and so

reduces the additive genetic variance in maturation traits will tend to reduce the maturation

envelope width (Allendorf et al. 2008). The envelope width has also been interpreted as the

degree of determinism in maturation probabilities at size for different ages (Heino and

Dieckmann 2008). For example, when the maturation probabilities from 0.25 - 0.75 include a

greater range of sizes (a wide maturation envelope), then the sigmoidal relationship between the

probability of maturation and size is shallow, indicating less deterministic maturation. However,

when size variation within these maturation probability limits is low (a narrow maturation

envelope), then this indicates that the probability of maturation increases strongly with

increasing size (a steep sigmoid relationship) indicative of more deterministic maturation. Thus,

declines in PMRN envelope width in harvested populations have also been used to infer that

harvest is size-selective and favors genotypes that deterministically mature at earlier ages or

smaller size.
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Numerous marine fish stocks under persistent harvest exhibit reduced age and size at

maturation over time in addition to declines in abundance (Trippel 1995, Olsen et al. 2004,

Sharpe and Hendry 2009, Devine et al. 2012). PMRN analyses suggest that many of the declines

in size at maturation could be evolutionary responses to intense size-selective harvest (Heino et

al. 2015). However, it is not clear whether maturation will decline under harvest so consistently

in freshwater populations (Dunlop et al. 2005, 2007, Wang et al. 2008, Feiner et al. 2015,

Kokkonen et al. 2015). For example, a comparison of yellow perch (Perca flavescens)

populations from different Great Lakes indicated that earlier maturation occurred in populations

facing stronger harvests whereas later maturation was favored where harvest was weak or absent

perhaps because of fecundity selection (Feiner et al. 2015). However, theory suggests that the

life histories of some freshwater fishes may have limited opportunity to evolve to smaller sizes

and younger age at maturation because of historic evolutionary responses to high natural

mortality (Dunlop et al. 2015). In addition, the form of harvest of freshwater populations may be

quite different from that of marine stocks. Freshwater populations may experience less intensive

commercial harvests that allow natural selection to favor later maturation because fecundity is

positively related to size (Sztramko and Teleki 1977). The size-selectivity of freshwater harvest

may also be weak if larger individuals are not valued by consumers, or harvest methods, such as

gill-nets, are used that are not as size-selective as trawls used in marine systems (Kuparinen et al.

2009, Jørgensen et al. 2009).  Finally, the spatially defined and smaller size of freshwater

populations surrounded by a terrestrial environment may increase environmental stochasticity

that favours greater plasticity in maturation, or may enhance management practices that reduce

the effects of harvest on maturation. Thus, even long-term harvests of freshwater populations

may not influence maturation as strongly as in marine stocks.
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The biology of yellow perch and the characteristics of this freshwater fishery make it

ideal for studies of the effects of harvest on maturation and also allow useful comparisons with

many harvested marine fishes. Yellow perch have a periodic life history strategy characterized

by medium to large body size, relatively late maturation, high fecundity, high juvenile mortality,

and intermittent and very strong cohort production (Winemiller and Rose 1992). In addition,

yellow perch have been harvested commercially and recreationally in Lake Erie for over a

century (Brenden et al. 2013). During this time, the abundance of yellow perch and the intensity

of harvest have varied considerably (Baldwin et al. 2009, Belore et al. 2016).

The active management of yellow perch in Lake Erie over the last three decades provides

comprehensive data on life history and harvest that is almost unique for a freshwater fishery.

This data revealed the dynamic behavior of maturation over short time scales. The mean age and

size at maturation declined from 1991 to 1996 and then increased from 1996 to 2004.  While this

variation likely reflected plasticity in maturation, it was unrelated to variation in growth rate due

to harvest (Chapter 1). However, that analysis did not make use of PMRNs to evaluate the

stability of age and size at maturity in Lake Erie yellow perch. A broader comparison of PMRNs

among populations of yellow perch in different Great Lakes has demonstrated that maturation

can change over a 35 year time frame (Feiner et al. 2015). PMRN midpoint values increased

from 1975 to 2010 in populations in Lakes Michigan and Huron (where harvesting ceased and

was reduced respectively), and decreased in the central and western basins of Lake Erie (where

harvest continued). These findings suggest that persistent harvest may contribute to earlier

maturation in yellow perch (in Lake Erie) and that reducing harvest may have allowed

maturation to slow again over time (in Lakes Michigan and Huron). However, in Lake Erie, the

probability of maturation at age 2, the earliest maturing yellow perch, is unknown because this
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study focused on 3-5 year old yellow perch. In addition, a more detailed analysis of the

maturation dynamics of the yellow perch in Lake Erie was not possible because data from annual

standardized index sampling with gill nets was not available at the time. These data now provide

an opportunity to evaluate the stability of maturation in yellow perch in Lake Erie at finer spatial

and temporal scales than was previously possible and within the context of a highly managed

fishery.

We calculated PMRNs for Lake Erie Yellow Perch to examine three features of the

changes in age and length at maturity (A50, L50) that could offer insight into the role of FIE. First,

we tested whether the changes observed in A50 and L50 for annual cohorts (Chapter 1) were

associated with changes in PMRNs. The compensatory plasticity response hypothesis does not

predict any change in PMRNs over time, while the FIE hypothesis predicts the PMRNs will

change over time. Second, we evaluated whether the average PMRN for 2005 to 2010, when

harvest was low and abundance was high, was shifted downwards relative to the average PMRN

from 1993 to 1998, when harvest was high and abundance was low, suggesting the possibility of

selection for earlier maturation beyond any individual plastic responses in maturation via growth

rate. Third, we also tested whether the PMRN envelope (the difference in lengths between the

0.25 and 0.75 probability contours) for the period from 2005 to 2010 was narrower than the

envelope from1993 – 1998, which could indicate a reduction in the phenotypic and possibly

genetic variation in maturation schedule.

Methods

My analyses were completed using spatially and temporally referenced data on the age,

length, and maturation status of individual Lake Erie yellow perch from 20 cohorts sampled from
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1991 to 2010. These data were obtained from the Lake Erie partnership index fisheries survey

database maintained by the Lake Erie Management Unit of the Ontario Ministry of Natural

Resources and Forestry (OMNRF). The database was created as part of a partnership between

OMRNF and the Ontario Commercial Fisheries Association to assist with fish stock assessment

and management. The survey data are collected using fisheries-independent gill net surveys

conducted each fall in the Canadian waters of Lake Erie. The gill net survey employs

monofilament nets composed of 25 panels of 14 stretched mesh sizes: 32, 38, 44, 51, 57, 64, 70,

76, 89, 102, 114, 127, 140, and 152 mm (OMNRF and OCFA 2016). From 1991 to 2010, the

number of gangs fished annually varied from 58 to 144 (mean = 125) and covered all four of the

lake’s spatial management units (MUs) (Fig. 2-1). This gear samples the full size ranges of age 2

and older yellow perch and partially samples the size range of age 1 individuals (Andy Cook,

Ministry of Natural Resources and Forestry, Wheatley, Ontario, Canada, personal

communication). In Lake Erie, female yellow perch mature from ages 2 to 4 years, live to a

maximum age of 14 years, and have a mean generation time of 3.2 years (Froese and Pauly

2016). I focus the PMRN analysis on female yellow perch because changes in their maturation

schedule are expected to affect population dynamics more strongly than the maturation schedule

of males due to the size-dependent fecundity of females and the fact that sperm is unlikely to be

limiting. In general, harvest intensity declines from west (MUs 1 and 2) to east in Lake Erie

(MUs 3 and 4) (Fig. 2-2).

The aim is to estimate probabilities of maturing as a function of both age and size for

certain cohorts of individuals. I estimated PMRNs for Lake Erie yellow perch using the

demographic estimation method of Barot et al. (2004). This method was selected because it was

not possible with the survey data to identify individuals spawning for the first time (Heino and
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Dieckmann 2008). A value of one was added to age for PMRN estimation because female yellow

perch are sampled in the fall but spawn the following spring (Feiner et al. 2015). Reliable

estimates of PMRNs require a minimum of ~100 fish immature and mature at each cohort and

age class (Barot et al. 2004), so predictions tested at the scale of individual management units

were limited to situations where this data requirement could be met. I estimated the PMRN based

on age-specific estimates of mean length with 50% probability to mature in the next year (Lp50)

and the 25% to 75% maturation envelope based on age-specific estimates of Lp25 and Lp75.

PMRNs for individual cohorts or combined cohorts were estimated as:

( , ) = ( , ) , ∆ ( ), ∆ ( ) (1)

where m(a,s) is the probability of an individual maturing at age a and size s, ∆s is the change in

size (total length) from age a - 1  to a and o(a,s) is the proportion of mature individuals at a given

age and size (the maturity ogive).

Calculation of the PMRNs from equation 1 required the identification of statistical

equations for estimating the growth rate (∆sa) and age specific maturity ogives (o(a,s)). Age and

cohort specific growth increments were estimated by predicting average length at age using a

linear regression model relating length as the dependent variable with both age and cohort as

factors: Length ~ as.factor(age) + as.factor(cohort). For each cohort, age-specific size increase

(∆s) was estimated using the growth model. Maturity ogives for age and size were estimated

using logistic regression. A set of logistic models were created that related the proportions of

mature (o) and immature (1-o) individuals as the dependent variable with combinations of age,
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size, cohort, and their first order interactions as the maximal model. The best model was chosen

based on AIC (Table 2-1).

Once equations for ∆sa and (o(a,s)) were selected, the PRMNs were estimated for ages 2

to 5 using equation 1. Separate estimation analyses were conducted for each prediction using the

appropriate data sets for whole lake, individual MU or time period (see Table 2-2 for sample

sizes). Bootstrapping was used to generate approximate 95% confidence intervals for PMRN

midpoints. These estimates were made using 1000 bootstrap samples with replacement from

each cohort at the scale of the whole lake for cohort trend analysis. The probabilistic maturation

reaction norms estimated for the five early and five late cohorts for the whole lake and within the

MUs were estimated by combining the specified cohorts, bootstrapping with replacement within

each combined cohort for the whole lake and within each MU respectively. In all cases,

bootstrap sampling chose individuals at random with replacement from the specified cohort so

that the final bootstrap sample has same number of observation as the original sample. The

subsequent resampled data were used to estimate the maturity ogive, growth, and the PMRN.

Confidence intervals were derived as 2.5% and 97.5% quantiles of the resulting distributions.

I tested for the stability of Lp50 across cohorts over the 19 year study period (prediction

1) using linear regressions relating the age-specific Lp50 from the PMRNs with the hatch year

for each cohort. Separate linear regressions were calculated for each age class weighted by

inverse variance of the Lp50 values from the bootstrapping. A significant increase or decline in

age-specific Lp50 over time would refute this prediction.

I used randomization tests to evaluate the stability over time in the relationship between

Lp50 and age between two periods (prediction 2). To test if Lp50 values for a given age in
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cohorts from 1993-1998 were the same as those estimated for cohorts from 2005-2010, I created

a new dataset composed of randomly selected individuals at each age from the two time periods

with equal sample sizes to the original sample. The Lp50 values for the two time periods were

estimated using model 1 above applied to 1000 bootstraps of the data, to determine the difference

between Lp50 for different combined cohorts. The distribution of the 1000 difference values of

Lp50 between cohort groups was then compared to the estimated difference in Lp50 value from

the original data in order to generate the probability that the observed difference between cohort

groups was equal to or greater than an equivalent difference generated by chance (i.e., the

proportion of random samples that had Lp50 difference between cohort values at age greater or

equal to the observed differences). The randomization tests were conducted at the spatial scale of

the whole lake and for each MU. A significant change in age-specific Lp50 from 1993-1998 to

2005-2010 would provide evidence rejecting the prediction of stable age of maturation.

Randomization tests were also performed on the stability of the PMRN envelope width

between early and late cohorts (prediction 3). Tests compared the values of Lp75 minus Lp25 for

a given age in the combined cohorts from 1993-1998 with the equivalent difference statistic

estimated from 2005-2010 cohorts. Tests were conducted at the scale of the whole lake and for

the individual MUs. I calculated the difference in maturation envelope width between resamples

of cohort groups as above, except that I now estimated Lp25 and Lp75 values instead of Lp50

values for each cohort. For each sample and cohort the difference (Lp75-Lp25) was calculated

and then the difference in the widths (late-early) was calculated. As above I used randomization

tests and the observed difference in envelope width was compared to the distribution of

resampled width differences to determine the proportion of random samples that had envelope

width for cohorts at age that was greater or equal to the observed difference. A change in the
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maturation envelope width between the 1993-1998 and the 2005-2010 cohorts would reject the

prediction of stability.

Change in aspects of maturation over time were quantified in three ways in order to

facilitate comparisons with other studies: percent change and standardized change expressed in

Darwin and Haldane units (Gingerich 2001). Percent change was calculated as (Lpt/Lpt-1)-1,

where Lpt represents Lp50 (or Lp75-25 difference) at time t and Lpt-1 represents Lp50 (or the

Lp75-25 difference) at time t-1. Here t is combined cohorts from 2005-2010 and t-1 the

combined cohorts from 1993-1995. The standardized change in Darwins (d) was calculated as

ln(x2/x1)/∆t10-6 for analyses of prediction 2, where x1 is the Lp50 value for the period from 1993-

1998, x2 is the Lp50 value for the period from 2005-2010, and ∆t is number of years in millions

of years between the midpoints of the two periods. The standardized change in Haldanes (h) for

prediction 2 was calculated as ((ln x2/Sp ln x) – (ln x1/Sp ln x))/ t2 – t1, where ln x1 and ln x2 are

the sample means for age-specific Lp50 (ln transformed) for the 1993-1998 and 2005-2010,

respectively, and t2 – t1 is the time difference expressed in generations. The pooled standard

deviation of ln x1 and ln x2 values was Sp ln x. Generation time was estimated from asymptotic

length (L∞) using the yellow perch life history tool available in FishBase (www.FishBase.ca,

assessed Sept. 15, 2016). L∞ was estimated from a von Bertalanffy growth function fit using

data for all females sampled from 1991 – 2010. These calculations were completed for changes

observed in the whole lake and in individual MU data sets, as appropriate for each test. All

statistical analysis were done in R 3.3.1 (R Core Team 2014).
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Results

Tests for trend over time in PMRN midpoints at age in cohorts show that age-specific

Lp50 was stable across the 19 cohorts in the whole-lake analysis for each age from 2 to 5 years

(Fig. 2-3). There was no significant relationship between midpoint Lp50 values and hatch year

for any age from 2 through 5 after weighting by the inverse variance in Lp50 values (Table 2-3).

However, the stability of PMRN midpoint values between yellow perch cohorts hatched

during the early 1993-1998 and during the late 2005-2010 periods was not supported for the

whole lake analysis nor by analyses for some of the individual MUs (Fig. 2-4 and Fig. 2-5).

Probabilistic maturation reaction norms for age and size at maturation were visibly shifted

upwards in the whole lake analysis (Fig. 2-4) and for some of the individual MUs (Fig. 2-5),

indicating that the size at which there is a 50% probability of maturing increased from the earlier

to the later period.  This can also be interpreted as a decline in the probability of becoming

mature at an early age and smaller length over time in the population. The change in age-specific

Lp50 were always positive and often large, ranging from 3.4% to 40.3% (0.5 – 4.6 cm length

increases: Table 2-4). Evidence of increased Lp50 with time occurred for ages 2 through 4 in the

whole lake analyses, and at the scale of individual management units: for age 2 (MU1), age 5

(MU2), ages 4 – 5 (MU3) and for none in MU4 (Table 2-4).

The rate of phenotypic change in Lp50 was positive and high in the comparison between

the combined early (1993-1998) versus late (2005-2010) cohorts.  The standardized rates of

change ranged from 2.8 to 12.4 kilodarwins and from 0.7 to 5.2 haldanes in the whole lake

analysis, and from 11.0 to 28.2 kilodarwins and 0.7 to 5.6 haldanes in analyses within
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management units. The largest rates of change were observed in age 2 and 3 year old fish except

in MU3, where fish of ages 4 and 5 exhibited a greater rate of maturation change (Table 2-4).

The stability of the width of the maturation envelope, defined as the difference in lengths

for Lp75 - Lp25 at age, between combined cohorts born early (1993-1998) and late (2005-2010)

was somewhat more variable depending on the scale of analysis. The whole-lake analyses

revealed that envelope width increased from the early 1993-1998 period to the late 2005-2010

period for all ages 2 through 5 (Table 2-5). An increase in envelope width was also found in the

fish from MU1 for ages 2 and 3, but otherwise no other individual MU showed similar increases

in envelope width. Indeed, the PMRN envelope width narrowed slightly in MU3 for all ages 2

through 5. Envelope widths were stable over time in MU2 and MU4. At the whole lake level,

envelope width increased over time between 61% and 80% depending on age class (Table 2-5).

In MU1, more modest increases in envelope width were observed from 25% to 33% depending

on age class. The decline in envelope width over time in MU3 was more modest still, from 5.4%

to 7.4% depending on age class.

Discussion

Taken together, my findings suggest that maturation traits in female yellow perch from

Lake Erie have not remained stable from 1991 to 2010 after accounting for the effects of

variation in growth and population demographic structure using PMRNs. Over two recent

decades, Lake Erie yellow perch have tended to increase the size and age at which they mature

both at the scale of the whole lake and also in management units 1 – 3. In addition, the width of

the PMRN envelope for the whole population and in MU1 increased over the same interval,

although this was not observed in the other 3 MUs where it did not change or slightly decreased.
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Neither the increase in midpoint PMRN value or envelope width are consistent with expectations

from strong size-selective harvest that would instead favor earlier maturation and reduced

variation in the population.

These findings complement and extend those of my earlier examination of the

mechanisms that influence rapid dynamic changes in length and age at maturity in Lake Erie

yellow perch over the same two decade interval (Chapter 1). That study concluded that

variability in the intensity of harvesting was not generating sufficient density dependent growth

responses to account for the fluctuations in length and size at maturity. However, changes in

length and age at maturation can be shaped by multiple non-mutually exclusive mechanisms

such as plastic and evolved responses, making it difficult to evaluate their relative importance.

The application of PMRN analyses to Lake Erie yellow perch can account for changes in

maturation due to variation in growth and age structure and so can reveal the underlying

potential for evolutionary changes in maturity. In this case, changes in maturation were in a

direction opposite to what is expected for FIE and frequently observed in intensively harvested

marine stocks. This demonstrates that PMRN midpoints and envelope width do not necessarily

decrease under all forms of harvest, at least in freshwater fish. Unexpectedly, these findings also

reveal an inconsistency in how PMRN midpoints have been changing in Lake Erie’s yellow

perch (Feiner et al. 2015).

Feiner et al. (2015) reported declines in Lp50 in yellow perch from the western and

central basins of Lake Erie. However, this inconsistency with the current results may be a

function of differences between the studies in the focal age classes, scale of comparisons, data

sources, sampling methods, time interval and analytical methods. Two of these features may be



57

particularly salient. First, Feiner et al.’s analysis compared PMRNs midpoint values over a 35

year time period (1975-2010), and compared aggregated cohorts by decade (1981-1990, 1991-

2000, and 2001-2010). This coarser time grain does not allow finer scale temporal changes to be

evaluated that were the focus of the current study. Second, Feiner et al. restricted their PMRN

analyses to fish of ages 3 through 5, while here I considered fish of ages 2 - 5. Feiner et al. relied

on trawling data collected by the Ohio Department of Natural Resources that may not capture

smaller fish and so be biased toward faster growing individuals (Huse et al. 1999), while my

analysis relied on index gill net surveys by the Ontario Ministry of Natural Resources and

Forestry which tend to have a flat size selectivity curve and are able to catch smaller, younger

fish. This difference may be important with respect to interpreting changes in maturation because

yellow perch in Lake Erie start to mature at age 2 and the majority of individuals are mature by

age 3 (Chapter 1). Hence, the earlier study may have inadvertently focused on older and larger

fish and missed important changes in maturation occurring in younger age 2 fish, where I

observed some of the largest changes in PMRNs. Despite these methodological differences, both

studies are consistent in that they independently suggest that size and age at maturation can

increase in yellow perch under reduced harvest.

Why maturation in a population under continual harvest may become delayed is counter

intuitive. One possible explanation is that the nature of harvesting for yellow perch in Lake Erie

is not strongly size-selective and so won’t favor earlier maturation. Predicting changes in length

and age at maturation in response to fishing pressure is complicated because it depends on the

size selectivity and the intensity of harvest (Dunlop et al. 2009, Kuparinen et al. 2009, Jørgensen

et al. 2009, Enberg et al. 2012, Mollet et al. 2016). Decreases in size and age at maturation are

expected when the relationship between the probability of capture increases sigmoidally with
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increasing fish size and a minimum size limit that includes immature fish (sigmoidal size

selectivity) or when the probability of capture is similar across sizes (uniform size selectivity)

(Jørgensen et al. 2009). Sigmoidal size selectivity is thought to generate strong selection against

larger and later maturing individuals unless harvest is weak or targets very large sizes (Jørgensen

et al. 2009, Hutchings 2009). Trawls have sigmoidal size selectivity curves and are the harvest

method most often related to reduced length and age at maturity in exploited marine fish stocks

(Jørgensen 1990, Kuparinen et al. 2009). Uniform size selectivity can also select for decreased

size and age at maturity because increased mortality overall selects for a faster life cycle

(Jørgensen et al. 2009). Conversely, when the probability of capture is greatest for intermediate

sizes and low for small and large individuals (dome-shaped size selectivity), the effects on age

and size at maturation can vary depending on the intensity of harvest (Kuparinen et al. 2009,

Jørgensen et al. 2009). Dome shaped size-selective harvests can occur with gill nets (Huse et al.

2000, Jørgensen et al. 2009, Doll et al. 2014) and by angling when minimum and maximum

capture sizes are in place (Matsumura et al. 2011, Baskett et al. 2015). At low harvest intensity,

dome-shaped size selection is expected to favour delayed maturation because fish can grow

through the harvested size range (Hutchings 2009). Depending on the targeted size range, this

can result in no change in size and age at maturation or possibly an increase in size at maturation

(Kuparinen et al. 2009, Jørgensen et al. 2009). When harvest intensity is high, dome-shaped size

selectivity is expected to favor earlier maturation, because fewer fish can  grow through the

targeted size range (Jørgensen et al. 2009, Hutchings 2009).

A second possible explanation for observing delayed maturation under harvest is that the

form of harvest on Lake Erie yellow perch is unusually complicated. Yellow perch are harvested

in Lake Erie by two main methods: gill netting by commercial fishers and angling by
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recreational fishers. Commercial fishing is the primary source of harvest, nevertheless

recreational harvest can account for a substantial proportion of the total catch in any given year

(17.1% – 30.3% from 1995 - 2010). The commercial gill-net harvest is less likely to exert strong

size-selection and so have little influence on size and age at maturity. Harvest intensity has

steadily declined since the early 1990s (Fig. 2-2), and from 1996 to 2008, the mean length of

females taken in the commercial catch has been greater than the mean length at which 90% of

females become mature (Gislason personal observation). Conversely, recreational anglers may

exert sigmoidal size selection if they preferentially take many mid-sized and large fish, but it is

not clear if this could be a strong effect here. There is no size limit regulation for recreational

yellow perch in Lake Erie, with the exception of Pennsylvania waters where a minimum size

limit of 17.8 cm is imposed from December to May (Brenden et al. 2013). However, all

jurisdictions limit the daily allowable angling catch, and recreational harvesters catch a wide

range of sizes and ages of yellow perch (Belore et al. 2016). Thus, it is not clear how strongly

angling could shift maturity, especially in light of the much stronger harvest exerted by the

commercial fishery.

A third explanation is that early maturation had been strongly favored under historically

strong commercial harvest, and that the recent steady decline in harvest intensity has allowed

fecundity selection to favor later maturation in the population. Reversing an evolutionary decline

in age and size at maturation is expected to be slow when harvest is reduced or even ceases

(Enberg et al. 2009, Kuparinen and Hutchings 2012). This is because selection for increased age

and size at maturation may not exist, especially at very low abundance, or because the available

genetic variation in maturity may be severely reduced after sustained directional selection.

Similar life time reproductive outputs across the range of ages at maturity may also delay
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changes in maturation (Law and Grey 1989, Kuparinen and Hutchings 2012). For young fish

size-dependent mortality could be a strong driver of change. If past exploitation history caused a

downward shift in PMRNs and recent mortality is much lower on young fish then some recovery

may be expected. If this is true, then this would be an exciting result as there are few if any

convincing cases of evolutionary recovery in the wild (Devine and Heino 2011). A similar

situation has been observed in Barents Sea haddock (Melonogrammus aeglefinus) where the

expectation was negative trends in PMRN midpoints for cohorts over time but no trend was

found, the explanation is unknown but a reasonable hypothesis is that adaptation took place in

the past when exploitation was more intense (Devine and Heino 2011).

The degree to which the changes in PMRNs represent an evolved response independent

of plastic responses is somewhat uncertain. While the logic of PMRN analysis is compelling,

maturation may be affected by factors other than size and age, such as growth history, body

condition, and thermal and social aspects of the environment (Grift et al. 2003, Morita and

Fukuwaka 2006, Morita et al. 2009, Uusi-Heikkilä et al. 2011, Pauli and Heino 2013, Heino et

al. 2015). This raises the possibility that PMRNs may plastically respond to variation in these

and perhaps other unknown conditions (Dieckmann and Heino 2007, Kraak 2007, Uusi-Heikkilä

et al. 2011). In theory, regression methods could be used to account for variation in maturation

attributable to additional factors, but this would be challenging for Lake Erie fishes because of

the many environmental changes that the lake has experienced (see below). For the moment, the

unusually rapid rates of change in PMRN midpoint values estimated here strongly suggest that

any evolutionary inferences be treated with great caution. Standardized rates of change here are

higher in absolute magnitude (2.8 – 28.2 kilodarwins, 0.7 – 5.6 haldanes) than those reported in

meta-analyses of other harvested fish stocks -57.6 – 26.5 kilodarwins, -1.9 – 1.2 haldanes,
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depending on the study (Darimont et al. 2009, Sharpe and Hendry 2009, Devine et al. 2012).

They are also higher than standardized rates reported for yellow perch populations elsewhere in

the Great Lakes (-1.18 - 1.78 haldanes) (Feiner et al. 2015). One possible reason for such

differences in standardized rates could be due to the time scale over which the PMRNs were

assessed (Hendry and Kinnison 1999). Longer-term changes are less likely to be governed by

short-term variation. In any case, the rapid changes in PMRN here reinforce the value of

exploring non-evolutionary explanations for changes in maturation in Lake Erie yellow perch.

Yellow perch maturation may also be responding to large-scale ecosystem changes in

Lake Erie that affect energy flow, food webs, and thermal habitat (ecosystem change

hypothesis). Examples include invasions of mussels (Dreissena spp.) that filter feed on algae that

normally support zooplankton prey consumed by yellow perch (Trometer and Busch 1999,

Dettmers et al. 2003), and round and tube-nosed gobies (Neogobius melanostomus and

Proterorhinus marmoratus) (Mills et al. 1993, Vanderploeg et al. 2002) that may compete with

or feed on early life stages of yellow perch. The nutrient status of the lake has also changed.

Non-point sources of phosphorous inputs are increasing and altering water quality and energy

flow (Bunnell et al. 2014, Scavia et al. 2014). Increased water temperatures due to climate

change may now negatively impact yellow perch reproduction (Farmer et al. 2015). The rates of

these ecological changes and their scope across the whole ecosystem are unlike changes to

marine systems, and so suggest uniquely freshwater ecosystem factors that affect maturation

dynamics. It may be possible to generally evaluate the effect on maturation of ecosystem-scale

changes by testing whether the maturation schedules of multiple ecologically-similar fish species

in Lake Erie have changed synchronously over time.
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This is one of the few studies to have assessed the effects of harvest on commercially harvested

freshwater fish, and found that PMRN midpoints at age have not declined but rather increased

slightly over time. This strongly suggests that the maturation schedules of Lake Erie yellow

perch are not being impacted by contemporary harvest regimes. The changes in maturation are

not consistent with the direct effects of harvest, (fisheries induced evolutionary hypothesis)

because they occur counter to changes expected under intense size-selective harvest and the rate

of change exceeds the rates of change in maturation observed in more heavily harvested marine

stocks. This may reflect very different forms of harvest on freshwater fish populations compared

to marine stocks, or that freshwater and anadromous fishes with relatively short generation time

and high natural mortality exhibit different responses to harvest than marine fishes, or that

maturation in lakes is unduly influenced by large scale changes to ecosystem conditions.
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Tables

Table 2-1. AIC comparison of ogive models relating the probability of being mature to age (A),

total length (L) and cohort year (C), for 2 – 5 year old female yellow perch from cohorts born

between 1991 and 2010. The best ogive model was used for analyses of Lp50 among the 20

cohorts and for the contrast between early (1993-1998) and late (2005-2010) combined cohorts

for the whole lake and individual management units. All logistic models included cohort as a

factor.

Model AIC ∆AIC Nagelkerke
R2

A + L + C + A × L + A × C + L × C 14477 0 0.71

A + L + C + A × C + L × C 14536 59 0.71

A + L + C + A × C 14673 196 0.71

A + L + C + L × C 14744 267 0.71

A + L + C + A × L 15052 575 0.70

A + L + C 15175 698 0.70

L + C 15255 778 0.69

A + L 16327 1850 0.66

Length 16423 1946 0.66

A + C 20434 5957 0.55

Age 22479 8002 0.49

Cohort 31250 16773 0.17
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Table 2-2. Numbers of immature (I) and mature (M) Lake Erie female yellow perch at age used

to estimate PMRNs for each cohort for the whole lake from 1991 – 2010 and for early (1993-

1998) and late (2005-2010) combined cohorts for the whole lake and for each MU.

Cohort year Age 2 Age 3 Age 4 Age 5

I M I M I M I M

Individual cohorts

1991 29 22 74 126 7 132 0 46

1992 282 3 383 727 21 468 0 32

1993 508 19 169 824 2 189 2 77

1994 648 95 56 762 40 338 0 66

1995 201 10 196 644 12 345 6 175

1996 279 34 117 1081 61 1505 13 687

1997 7 11 51 279 20 347 2 347

1998 370 96 193 1251 15 1435 9 1023

1999 158 44 45 975 8 1422 1 773

2000 27 13 25 144 3 261 1 169

2001 217 101 90 1305 7 1408 21 580

2002 10 12 31 81 25 115 11 63

2003 344 125 566 1143 276 2052 20 1484

2004 4 0 188 78 0 52 1 65

2005 223 10 113 698 45 857 18 616

2006 154 10 268 404 126 866 16 619

2007 441 7 379 496 44 1223 6 740

2008 201 1 233 935 41 940 0 930

2009 53 12 26 116 3 215 2 104

2010 297 36 107 921 12 740 6 370
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Whole Lake -Time Periods

Lake, 1993 - 1998 2012 265 782 4839 150 4159 32 2374

Lake, 2005 - 2010 1120 43 491 678 108 754 17 615

Individual management Units - Time Periods

MU 1, 1993-1998 824 51 278 1046 77 694 12 340

MU 1, 2005-2010 295 4 47 23 6 29 0 9

MU 2, 1993-1998 817 174 182 2047 12 1199 1 545

MU 2, 2005-2010 176 6 60 99 2 242 0 135

MU 3, 1993-1998 269 28 234 1417 46 1740 12 1075

MU 3, 2005-2010 203 11 207 127 36 197 6 234

MU 4, 1993-1998 102 12 88 329 15 526 7 414

MU 4, 2005-2010 446 22 177 429 64 286 11 237
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Table 2-3. Results of linear regression for testing if PMRN midpoints at age (Lp50) for annual

cohorts from 1991 – 2010 have trend over time. Regressions were weighted by inverse variance

and estimated for age 2-5.

Age R2 df p

2 -0.05878 17 0.9799

3 -0.04256 17 0.6132

4 -0.02155 17 0.4349

5 -0.05528 17 0.7451
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Table 2-4. Age-specific estimates of the length at which the probability of maturation in female

Lake Erie yellow perch was 50% for the whole lake and for each management unit (MU), and for

combined cohorts from early (1993-1998) and later (2005-2010) periods. Values are provided for

ages 2 to 5 for each time period. The change in Lp50 as late minus early time period are provided

in cm, percent change, and as standardized rates of change expressed in Darwins (d) and

Haldanes (h). A two-sided p shows the probability that the observed difference in Lp50 between

time periods could occur by chance based on a randomized distribution (significant at, p < 0.05).

Analyses were conducted for the entire lake and for separate management units within the lake

(MU).
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Length (cm) at 50% maturation probabilities

Area Age

(yrs)

1993-1998

(cm)

2005-2010

(cm)

Change

(cm)

%

Change

d

*103

h p

Lake 2 16.7 19.3 2.7 16.1 12.4 5.2 <0.001

3 16.0 17.7 1.7 10.6 8.4 5.6 <0.001

4 15.3 15.8 0.5 3.4 2.8 0.7 0.004

5 14.5 13.7 -0.8 -5.3 -4.6 -0.5 0.9

Mean 6.19 4.8 2.8

MU1 2 16.9 19.5 2.6 15.5 12.0 1.6 0.002

3 16.5 18.9 2.5 15.0 11.6 1.4 0.07

4 16.3 17.9 1.6 9.7 7.7 0.6 0.5

5 16.1 15.9 -0.2 -1.1 -0.9 -0.1 0.8

Mean 9.77 7.6 0.9

MU2 2 16.9 17.5 0.6 3.6 3.0 0.6 0.3

3 15.4 16.6 1.2 7.6 6.1 1.3 0.2

4 14.0 15.0 1.1 7.6 6.1 1.0 0.1

5 12.6 14.3 1.8 14.1 11.0 0.9 0.02

Mean 8.22 6.5 0.9

MU3 2 16.8 17.1 0.3 1.6 1.3 0.3 0.3

3 15.4 16.8 1.5 9.6 7.6 3.0 0.05

4 13.6 16.5 2.9 21.3 16.1 2.1 <0.001

5 11.5 16.2 4.6 40.3 28.2 1.5 <0.001

Mean 18.18 13.3 1.7

MU4 2 17.5 18.3 0.8 4.5 3.7 0.8 0.9

3 16.3 18.1 1.7 10.6 8.4 1.1 0.9

4 15.0 17.8 2.8 18.9 14.4 1.2 0.4

5 13.4 17.6 4.2 31.6 22.9 1.2 0.9

Mean 16.41 12.4 1.1
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Table 2-5. Mean width of the maturation envelope (cm) between the age-specific estimates of the

length at which probability of maturation was 0.25 (Lp25) and the length at which probability of

maturation was 0.75 (Lp75) for female Lake Erie yellow perch. Values were calculated for ages

2-5 years for an early (1993-1998) and late time period (2005-2010). The change in envelope

width calculated as the width in the late minus early period is given in cm and as percent change.

A two-sided p shows the probability that the observed difference in envelope width between time

periods could occur by chance based on a randomized distribution (significant at, p < 0.05).

Analyses were conducted for the entire lake and for separate management units within the lake

(MU).
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Maturation envelope width: Lp75 – Lp25

Area Age

(yrs.)

1993-1998

(cm)

2005-2010

(cm)

Change

(cm)

%

Change

p

Lake 2 2.6 4.3 1.7 66.3 0

3 2.7 4.4 1.7 60.6 0

4 2.9 4.9 2.0 68.5 0

5 3.0 5.5 2.4 80.2 0

MU1 2 2.3 2.9 0.5 24.5 0

3 2.4 3.1 0.8 32.8 0

4 2.5 3.2 0.7 28.3 0.1

5 2.6 2.9 0.3 11.5 0.2

MU2 2 2.5 2.5 0.02 0.8 0.7

3 2.5 2.8 0.4 14.1 0.6

4 2.5 3.0 0.6 22.3 0.6

5 2.5 3.0 0.6 22.8 0.6

MU3 2 3.3 3.1 -0.2 -5.4 0.05

3 3.6 3.4 -0.2 -6.4 0.03

4 3.9 3.7 -0.3 -6.9 0.02

5 4.4 4.0 -0.3 -7.4 0.01

MU4 2 3.5 3.3 -0.1 -3.8 0.2

3 3.7 3.5 -0.2 -4.3 0.2

4 4.0 3.8 -0.2 -4.3 0.2

5 4.3 4.1 -0.2 -4.6 0.1
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Figures

Fig. 2-1. Map of Lake Erie showing the four management units (MU) for yellow perch numbered

from west to east. Line through the middle of the lake shows the international border between

USA and Canada. The black square in the upper left insert shows the location of the Great Lakes

in North America (composed in R 3.0.2 using maps).
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Fig. 2-2. Biomass and exploitation rate (fraction harvested) of yellow perch in Lake Erie (Lake)

and in each management unit (MU) from 1975 to 2012 (Belore et al. 2014). Gray filled area

shows the biomass of age 2 and older fish and black line shows the exploitation rate. Black bars

along the horizontal axis show the contrasted early (1993-1998) and late (2005-2010) periods

where cohorts were combined to estimate PMRNs. Black vertical lines in each panel indicate the

start and end points of the time series analyzed.
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Fig. 2-3. Estimates of PMRN midpoints (Lp50) for Lake Erie yellow perch in cohorts from 1992

– 2010 for ages 2 – 5 females. Central horizontal bars mark the length at which the probability of

maturation was 0.50 for that age and cohort. Error bars indicate the 95% confidence interval.

Lower and upper dashed lines mark the length interval within which the maturation probability

increases from 0.25 and 0.75, respectively.
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Fig. 2-4. Probabilistic maturation reaction norms estimated for Lake Erie female yellow perch

for the whole lake for the early time period (1993-1998: solid grey line) and late time period

(2005-2010: solid black line). Ninety five percent confidence intervals for PMRN midpoints are

shown as error bars. The thin dotted lines depict the maturation envelope where the probability

of maturing lies between 0.25 (lower lines) and 0.75 (upper lines).
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Fig. 2-5. Probabilistic maturation reaction norms estimated for female yellow perch for each of

four Lake Erie management units during the early period (1993-1998: solid grey line) and the

late period (2005-2010: solid black line). Ninety five percent confidence intervals for PMRN

midpoints are shown as error bars. The thin dotted lines depict the maturation envelope where

the probability of maturing lies between 0.25 (lower lines) and 0.75 (upper lines).
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Chapter 3. Synchronicity in length at maturity in multiple species of

harvested freshwater fish

Abstract

Decreases in age and size at maturation in harvested fish populations are concerning

because maturation affects size later in life, fecundity, and therefore, production. Such changes

in maturation can be caused by harvesting, or by other broad ecosystem changes that increase

size-selective mortality or alter resource availability and fish growth (e.g. nutrient input).

Distinguishing among different causes of changes in maturation in harvested fish populations can

be challenging. I used a model of harvest-induced plasticity and correlation analyses of data for

four harvested freshwater fishes inhabiting Lake Erie to assess the relative importance of

harvesting and broad ecosystem change as explanations for changes in length at maturation.

Harvests of yellow perch (Perca flavescens) and walleye (Sander vitreus) are regulated, whereas

harvests of white perch (Morone americana) and white bass (Morone chrysops) are not

regulated. Harvest intensity and length at 50% maturity (L50) varied widely in all four species. I

found no evidence that increasing harvest rate of mature individuals resulted in (i) reduced

juvenile densities, (ii) increased juvenile growth rates due to reduced intra-specific competition,

and (iii) lower L50 due to faster growth rates. However, the changes in L50 were synchronous

across species and independent of variation in harvest intensity over time. My findings suggest

the changes in L50 of the four species are likely a response to broad ecosystem changes in Lake

Erie that are unrelated to harvesting.
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Introduction

Identifying the processes that regulate maturation traits is important for the management

and conservation of harvested natural populations (Kuparinen and Merilä 2007). Life history

traits, such as size or age at maturation, are important fitness traits in natural populations because

they can strongly affect lifetime reproductive success and survival (Stearns 1989, Bernardo

1993). For harvested populations, the timing of maturation can influence the productivity and

viability of the population and therefore the population’s ability to withstand harvesting and

other ecosystem changes without persistent decline in abundance (Jørgensen et al. 2007, 2009,

Darimont et al. 2009, Heino et al. 2015). There is accumulating evidence that harvesting can

cause reductions in the age and size of maturation in many marine and some freshwater fish

(Trippel 1995, Sharpe and Hendry 2009, Devine et al. 2012, Audzijonyte et al. 2013, Feiner et al.

2015). In many harvested fish stocks, for example, age and size at maturity have declined under

strong harvest intensity resulting in lower adult size and fecundity, and reduced yield, raising

concerns about population resilience to future harvesting (Heino and Godø 2002, Olsen et al.

2004, Hutchings and Baum 2005).

Maturation traits can respond to harvesting via at least two mechanisms that are not

mutually exclusive: compensatory responses in individual growth rates (compensatory plasticity

response hypothesis) and fisheries induced evolution (FIE) (Law and Grey 1989, Browman

2000, Law 2000, Heino and Godø 2002, Heino et al. 2002b). Disentangling the roles of these

mechanisms represents an important challenge for understanding the origin and longer-term

consequences of how harvesting affects the life histories of fishes (see Chapters 1 and 2) (Ricker

1981, Policansky 1993, Rijnsdorp 1993, Heino and Dieckmann 2008). Compensatory growth
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occurs when individual fish that survive harvesting experience reduced resource competition and

faster growth under the lower population densities. Greater resource availability generates a

phenotypic plastic increase in individual growth rate and body condition in immature fish that

favours earlier maturation at smaller size (Trippel 1995, Stokes and Law 2000, Dieckmann and

Heino 2007). Phenotypic plastic outcomes are expected to occur quickly and are reversible.

Alternatively, fisheries induced evolution can occur when size selective harvesting favours

genotypes that mature before reaching the harvested size class, resulting in evolutionary changes

in maturation schedule within the harvested population (Law 2000, Heino and Godø 2002,

Engelhard and Heino 2004b). Evolutionary outcomes are expected to arise over longer time

periods and are harder to reverse.

A challenge in understanding the origin and consequences of life history change in fishes

involves assessing the relative importance of harvesting as the mechanism of change

(compensatory plasticity response and fisheries induced evolutionary hypotheses), rather than

other ecosystem processes that could alter the life histories of fishes (ecosystem change

hypothesis). This challenge has only been considered in a handful of studies (Ricker 1981,

Rijnsdorp 1993, Barot et al. 2005). Yet, many aquatic systems are now being subjected to

multiple anthropogenic stresses, such as higher than normal inputs of nutrients and pollutants

(Carpenter et al. 1998), changing climate (Schindler 2001, Poesch et al. 2016), introductions of

non-native species (Guzzo et al. 2013), and habitat loss (Allan et al. 2005). These factors can

also influence the life history traits of fishes independent of, or in conjunction with, harvesting

(Lapointe et al. 2014).
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I assessed the relative importance of harvesting and broad ecosystem change as

explanations for changes in length at maturation for four Lake Erie (Fig. 3-1) fishes with similar

ecology and life histories (Table 3-1 and Table 3-2), but experiencing different harvest

intensities: two species for which harvesting is tightly regulated, yellow perch (Perca flavescens)

and walleye (Sander vitreus), and two species for which harvesting is unregulated, white perch

(Morone americana) and white bass (Morone chrysops). This system offers a unique opportunity

for conducting a multi-species test of the influences of harvesting and broad ecosystem change

on the maturation dynamics of fish populations. Lake Erie has experienced substantial ecosystem

change over the past 100 years, including land cover change from forested to agricultural and

urban landscapes, water quality changes associated with inputs of nutrients and pollutants (Dolan

and McGunagle 2005, Han et al. 2012, Scavia et al. 2014), changes in species composition due

to losses of native species and introductions of non-native species (Munawar et al. 2005), and

changes in commercial and recreational fishing (Brenden et al. 2013). The Laurentian Great

Lakes, although large relative to other inland lakes, are smaller than marine systems and are

characterized by high human population densities and development around their perimeter. This

may enhance the degree to which fish life histories respond to the pronounced ecosystem

changes that have occurred in the Great Lakes, including Lake Erie (Landsman et al. 2011,

Brodnik et al. 2015, Sullivan and Stepien 2015).

The findings from earlier examinations of yellow perch in Lake Erie demonstrated that

length at maturation changed over this time period and raised the possibility that the changes

could be responses to broad ecosystem effects other than harvesting. The changes in length at

maturity (L50) could not be explained by plastic responses to harvesting (compensatory plasticity
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response hypothesis, Chapter 1). Furthermore length at maturation may have evolved during this

time period, based on probabilistic maturation reaction norms, but not in a manner suggesting

that harvesting is having any detrimental effect on maturation schedules and production

(fisheries induced evolution hypothesis, Chapter 2). A comparison across harvested species

within Lake Erie would help further reconcile the possible roles of harvesting and other forms of

ecosystem change on life history. Yellow perch, walleye, white perch, and white bass share

similar life histories characterized by medium body sizes, small eggs, high fecundity, no parental

care and generation times of 2 - 5 years (Table 3-1). Further ecological interactions in YOY fish

of these species that start out feeding exclusively on zooplankton are reduced somewhat through

a combination of separation in spawning and hatching times and the timing of ontogenetic niche

shifts (Table 3-2). Organisms that share the same resources in the same habitat tend to be

affected by the environment in similar ways and therefore in the absence of niche differentiation

coexisting species should fluctuate synchronously in population abundance and/or growth rate

(Loreau and de Mazancourt 2008). Since the early growth of individuals is important for both

survival and the timing of maturation in fishes, the ecological similarity of these four species

could make them prone to simultaneous life history responses to large scale changes in the Lake

Erie ecosystem. Synchronous fluctuations in abundance and/or growth rate of different species

over large areas have been observed, because large scale environmental factors drive these

fluctuations (Tedesco and Hugueny 2006). No study has investigated synchronous fluctuations in

length at maturity in any species, however life history traits like length and age at maturity are

related to population growth rate, because the quickest response to negative population growth is

lowering of age at maturity (Dunlop et al. 2015). Thus large scale ecological changes in Lake

Erie could synchronize length at maturity in different species sharing changing resources.
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My investigation involved two main steps. In the first step, I used the harvesting and life

history information for each species to test whether increasing harvest rate of mature individuals

resulted in (i) reduced juvenile densities, (ii) increased juvenile growth rates due to reduced

competition, and (iii) lower L50 due to faster growth rates in any species, as expected if the

changes in L50 were a plastic response to harvesting (compensatory plasticity response

hypothesis). I also tested whether values of L50 for each species changed synchronously over

time, despite differences in the magnitude and variability of harvesting intensity, as expected if

broad ecosystem change other than harvesting was influencing length at maturation (ecosystem

change hypothesis).

Methods

The first step examining the effects of harvesting was completed by testing the

conceptual model of individual phenotypic plasticity developed in Chapter 1 for each of the

study species (Fig. 3-2). In this model, increased harvest is expected to reduce the abundance of

spawning adults in the year of harvest resulting in fewer eggs, greater resource availability to

hatched larvae, and increased juvenile growth rate under relaxed intraspecific competition. The

higher growth rates of juveniles induces plastic developmental responses favouring earlier

maturation at smaller size (Fig. 3-2), resulting in a negative correlation across cohorts between

the magnitude of harvesting and length (or age) at maturity (Trippel 1995, Rochet 1998, Stokes

and Law 2000, Grift et al. 2003, Dieckmann and Heino 2007, Thorpe 2007). Further details of

the model are provided in Chapter 1. Specific predictions are summarized in Table 3-3. The

model used here is simplified slightly from the model used for yellow perch in Chapter 1. These



83

simplifications were necessary because I did not have data on YOY abundance for the other

species.

The analyses for part 1 required estimating the size at which 50% of individuals were

mature for each annual cohort, annual harvest intensity, relative abundances (CPUE’s) of age 2

and older individuals (a measure of adult population size) and juveniles (age 1), and estimates of

mean length at age 1 and age 2 for females (measures of growth rate). These estimates were

made for cohorts of yellow perch, walleye, white bass, and white perch for the period from 1991

to 2012. Temporally referenced data for these species were obtained from the Lake Erie

Partnership Index Fishing Survey database maintained by the Lake Erie Management Unit of the

Ontario Ministry of Natural Resources and Forestry (OMNRF and OCFA 2016).

Length at 50% maturity (L50), and its 95% confidence intervals, were estimated for each

cohort of each species using a logistic regression relating maturity status (immature vs. mature)

with total length, and inverse prediction was used to estimate the length corresponding to

probability of maturity of 0.5 (Jørgensen 1990).

Abundances of age 2 and older individuals (Fig. 3-3) and of juveniles were estimated for

each species from catch per unit effort (CPUE) data from the Lake Erie Partnership Index

Fishing Survey database. CPUE for each life stage and species was calculated from the numbers

of individuals per gillnet gang comprised of monofilament gill nets of variable mesh sizes

(OMNRF/OCFA 2015). Mean number of gangs fished annually ranged from 58 to 144 (mean:

125) from 1991 to 2012 (see Chapter 1 for additional sampling details). Mean CPUE for adults

and juveniles of each species were calculated by summing the relative abundances of adults and
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juveniles per gang across management units within a given year and dividing by the number of

contributing management units (Table 3-4).

An index of the relative harvest intensity (harvest ratio) was calculated for each species

by dividing the combined weight of fish harvested in the commercial and recreational fisheries

by CPUE of age 2 years and older fish (Probst and Oesterwind 2014). For comparing harvest

intensity between species and to other fisheries exploitation ratio was calculated as harvest

biomass / estimated total biomass for each species (Fig. 3-4). Data were obtained from the

Yellow perch task group (Belore et al. 2016), Walleye task group (Wills et al. 2016), and A.

Debertin (University of Guelph, personal communication) for white bass and white perch.

Indices of harvest intensity were ln transformed for analysis to normalize the data (Table 3-4).

Mean female sizes of age 1 individuals and of age 2 individuals were calculated for each

cohort and species using data from the partnership index survey. The partnership index gear

samples all age 1 and age 2 fish except for yellow perch where age 1 fish may not be fully

recruited to the gear, and size at age 1 could be upward biased. For walleye mean size at age 3

was also estimated because of longer maturation time (Fig. 3-5). Mean female length at age 1

and for age 2 for cohorts are based on 4 – 800 age 1 and 112 – 1709 age 2 individual for yellow

perch, 23 – 811 age 1 and 19 – 1560 age 2 and 15 – 917 age 3 individuals for walleye, 5 – 1428

age 1 and 8 – 1161 age 2 individual for white bass and 10 – 789 age 1 and 64 – 2036 age 2

individuals for white perch.

The predictions in Table 3-3 were tested using correlation analyses. Initial tests were

completed assuming generation times of 2-3 years for yellow perch, white bass, and white perch,

respectively, and 3-4 years for walleye (Froese and Pauly 2016). Additional tests were completed



85

considering longer lag times because maternal effects related to a female’s environment at the

time of spawning could extend beyond her offspring (Bernardo 1993). Prior to these correlation

analyses, harvest intensity was ln transformed to normalize the data. In addition, all variables

were checked for temporal trends and, where necessary, detrended using temporal linear

regression so that the residuals could be used in the correlation analyses (Table 3-4). All time

series were also inspected for autocorrelation and pre-whitened using autoregressive integrative

moving average (ARIMA) models. The occurrence of autocorrelation was assessed from the

significance of the partial autocorrelation function and the autocorrelation function (Probst et al.

2012). When autocorrelation were detected, the residuals from the fitted ARIMA model were

used to test my predictions (Table 3-3) with correlation analysis. All analyses were conducted in

R 3.0.2 (R Core Team 2014).

The second step of my investigation examining synchronous change across species was

tested by comparing patterns of change in female L50, harvesting and relative abundance across

the four species. For white bass which had one missing value for L50 for year 1992 the L50 value

was extrapolated to be able to analyze longer time series, this resulted in slightly lower

synchronicity than using series that were 2 years shorter. This comparison was made using the

Loreau and de Mazancourt community synchrony statistic (ɸ) (Gouhier and Guichard 2014).

Values of length at 50% maturity, harvest ratio and relative abundance were transformed prior to

analysis because the time trend is not the focus of analysis, but the residual fluctuations. Simple

linear trends in L50, harvest ratio and relative abundance were removed using linear regression

and the residuals were used for analysis. To eliminate species differences in L50, harvest ratio

and abundance, the residuals were scaled to mean = 0 and SD = 1, by subtracting each value for
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a given species by its mean and dividing by the standard deviation. The analysis of synchrony

and subsequent pairwise Pearson correlation coefficients were estimated using the Synchrony

package in R (Gouhier and Guichard 2014). The statistical significance of synchrony and mean

pairwise correlations was estimated using a Monte Carlo randomization protocol in the same

software. All analyses were conducted in R 3.0.2 (R Core Team 2014).

Results

For each fish species, length at 50% maturity of females from annual cohorts varied

widely between 1991 and 2012 (Table 3-4). Over this period, there was no evidence of a

persistent decline in female L50 for any species. Instead, L50 fluctuated from high values in the

early 1990s to lower values in the early 2000s before increasing again until 2004, followed by

little change (Fig. 3-6). Female L50 generally increased over this period in three of the species:

walleye (L50 = 413.8 + 2.4*time, R2 = 0.33, p = 0.005), white bass (L50 = 209.3 + 2.85*time, R2

= 0.56, p < 0.0001) and white perch (L50 = 159.3 + 1.23*time, R2 = 0.29, p = 0.009); and

exhibited no net change over time for yellow perch (L50 = 162.8 + 0.3*time, R2 = 0.04, p = 0.38).

For all four species, there was no consistent evidence to support the model predicting that

changes in L50 were responses by individual species to harvest intensity even after including

species-specific lag times of 2 and 3 years for yellow perch, white bass, white perch and 3 and 4

years for walleye. The prediction that L50 would be negatively correlated with harvest intensity 2

to 3 years (Yellow Perch, White Bass, White Perch), or 3 to 4 years (Walleye) pervious was not

supported (Prediction A; Table 3-5). Correlation coefficients characterizing the strength of the

relationship of female L50 and harvest ratio after accounting for species-specific lag times were

all small and not statistically significant. Examination of the predictions comprising the causal
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mechanism revealed that, for each species, CPUE of age 2 and older fish was higher when

harvest intensity was lower than when harvest intensity was higher, as predicted (prediction B;

Fig. 3-2, Table 3-5). Prediction C was also supported in all species because estimated

abundances of age 1 fish two years after harvest were unrelated to the CPUE of age 2 and older

fish (Fig. 3-2, Table 3-5). However, the remaining predictions were not supported because,

immature fish did not grow significantly faster in cohorts when their abundance was lower than

in cohorts where their abundance was higher (prediction D; size at age 2 in Table 3-5). Finally,

across species there was only in one case evidence that fish from faster growing cohorts matured

at a smaller size than fish from slower growing cohorts (prediction E; Table 3-5). For walleye

there was significant negative correlation between size at age 3 (growth in third year) and L50 in

the same year. Analyses involving longer time lags to consider maternal effects extending

beyond 2 – 4 years did not change the outcome of harvest effects. No significant correlation was

found between harvest index and L50 in cross correlation analysis at longer lags for any of the

four species.

There was evidence that harvest intensity differed across the species. Correlation

coefficients characterizing the strength of the correlation between harvest ratio and adult

abundance were higher for yellow perch, and weaker for walleye, white bass, and white perch

(Table 3-5). Confidence intervals for the correlation between harvest index and abundance of age

2 and older was smallest for yellow perch (-1.0  ̶ -0.88), wider and same for walleye and white

bass (-1.0  ̶ -0.74), and widest for white perch (-1.0  ̶ -0.39). Furthermore exploitation ratio was

highest for walleye, lower and similar for yellow perch and white bass, and lowest for white

perch. There were significant differences in exploitation ratio between walleye and white bass
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but the other species were not significantly different in exploitation ratio (species exploitation

ratio, F3= 5.3, p < 0.01). The intensity of harvest on each species also varied over the same time

period with both harvest ratio and exploitation ratio being higher in the first decade of the series

and reduced in the second decade (Fig. 3-4).

Conversely, there was strong evidence for the synchrony predicted if the L50 of the four

species were responding to lake-wide changes in environmental conditions (Fig. 3-7). Over the

22 year period, changes in female L50 across the four species were moderately synchronous and

the synchrony statistics were significant (Table 3-6). Over the same time period, there was no

evidence of synchrony in the relative abundances and harvest of the four species (Table 3-6).

Discussion

Harvest does not appear to cause individual plastic growth and maturation compensatory

responses in these four species of exploited fish in Lake Erie, as predicted by the compensatory

plasticity response hypothesis. I observed considerable variation in length at maturation and in

harvest intensity in the four species over 22 years, but variation in maturation was unrelated to

variation in harvest intensity, within or among species. However, temporal variation in the mean

length at maturation were synchronous among the four species over the period and so suggests

that ecosystem-level factors are having a stronger effect on maturation responses in Lake Erie’s

fishes than harvest in recent decades, as predicted by the ecosystem change hypothesis.

Plasticity in fish maturation

Maturation age and size are highly plastic traits in most fishes and can respond to

changes in resource availability and other conditions that affect juvenile growth independent of
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harvest (Engelhard and Heino 2004a). Evidence of such life history plasticity was expressed in

all four Lake Erie species here because change in length at maturity was both large and occurred

quickly over a few cohorts during the period from 1991 – 2012. Rapid declines in female length

at maturity occurred at the beginning of the period followed by even more rapid increases in each

species.  The decline in length at maturity over the interval 1991 - 2001 ranged from -8.3 to -28.4

kilodarwin (Darwin*103; for white bass and white perch respectively), while the increase in

maturity size from 2001 - 2007 ranged from 25.4 to 72.2 kilodarwin (for yellow perch and

walleye respectively; see summary Table 3-7, Fig. 3-8). These changes in length at maturity are

faster than in other harvested marine or freshwater fish. For example, a recent review of life

history changes in 18 exploited marine and freshwater fish populations found a range of

phenotypic change in length at 50% maturity of -24.8 to +5.6 kilodarwins (and in all but one case

the change was negative, Fig. 3-8, Sharpe and Hendry 2009). Length at maturation can rapidly

decline in heavily harvested fish populations over intervals as short as a few generations (Olsen

et al. 2004), but observations suggest that it increases only rarely by comparison and much more

slowly (Kuparinen and Hutchings 2012). My observations do not fit this pattern (Fig. 3-8).

Instead rapid, large and synchronous changes in maturation in four local species under different

levels of harvest suggests that individual maturation in all these species can express strong

plastic responses to changes in growth conditions in Lake Erie.

Plastic compensatory responses to harvest

I applied a compensatory growth and maturation model to time series data on annual

cohorts where harvest influences the maturation responses of individuals. By increasing adult

mortality, harvest decreases total reproduction and so juvenile abundance in the next generation.
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Reduced intraspecific competition increases resource availability for juvenile fish that generates

faster individual growth and as a byproduct, reduced age and size at maturation. This model was

not supported in any of the four species in Lake Erie. There was consistent evidence of a

negative relationship between harvest intensity and the abundance of older fish in all four species

(prediction B, Table 3-5). Furthermore there was no relationship between abundance of age 2

and older fish and juvenile abundance two years later as predicted (prediction C, Table 3-5).

However, all other relationships were not supported even after accounting for species-specific

developmental time lags (Table 3-5). This general result is also consistent with a more detailed

model of compensatory plastic responses to harvest in four geographic populations (and the

populations combined) of yellow perch in Lake Erie (Chapter 1). It is instructive to consider why

the compensatory growth and maturation model failed given much evidence for plastic

compensatory growth and maturation responses in fishes (Jørgensen 1990, Heino et al. 2002b,

Kraak 2007).

I briefly summarize my conclusions from chapter 1, where I considered the failure of the

model to predict changes in yellow perch female L50 before I focus on additional factors here.

Statistical power seems unlikely to limit step-wise causal testing in the model because I was able

to consistently detect a relationship between harvest and adult abundance in all four species and

with equal consistency but not to detect further down the model the causal relationships across

all species (and different stocks of the same species in Chapter 1). Widespread success in one

part of the causal chain and not in others is not consistent with lack of statistical power unless

effect sizes radically change down the causal chain. I also considered and rejected that variation

in harvest was insufficient since this was related to adult abundance after harvest. In addition, the
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coefficient of variation in harvest intensity for yellow perch in the analysis presented in Chapter

1 was comparable to those observed in marine stocks thought to be experiencing FIE.

Coefficients of variation in harvest were also high for walleye and white bass but lower for

yellow perch and white perch here, but this did not lead to increased utility of the compensatory

model in walleye and white bass as may be expected. Mean intensity of harvest also varied

between species here, yet the model did not perform better for more intensively harvested

species. Thus, lack of variation in harvest intensity also seems an unlikely explanation for lack of

model performance in all species. However, it is possible that the harvest was not particularly

selective because commercial and recreational harvests both occur and use different gear. How

harvest affects the surviving phenotype distribution and the potential frequency- or density

dependent effects of this on individual growth and development are unknown. This is difficult to

address because of the relatively low number of available cohorts in this dataset and our

incomplete knowledge of the factors that influence development in these species. In chapter 1,

there was some suggestion that sequential annual changes in the maturation traits in yellow perch

cohorts in the decade before 2002 differed from those in the decade after 2002. Nevertheless, I

conclude that if such dynamic population effects obscure any direct effects of harvest as

constructed into my model, then this implies that compensatory plastic responses to harvest are

minor in comparison to these more complex effects.

The compensatory growth and maturation model assumes that density dependent growth

and maturation responses in offspring are strongly regulated by resource availability (Trippel

1995, Law 2000). However, if resources are already not limiting, then such simple density

dependence may not pertain in these populations at this time. The relationships between juvenile
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(age 1) abundance and growth in the first year was non-significant for all species (Table 3-5),

consistent with little density dependent regulation of individual growth perhaps because of low

abundance from 1991 - 2012. There is also the possibility that the density dependent

relationships might have changed over time because of changing ecosystem conditions  due to

dreissenid establishment (Gobin et al. 2016). Thus, I cannot rule out that plastic compensatory

responses to harvest may occur at higher population abundances, because density dependence is

thought to be important in other fishes and populations of yellow perch and walleye elsewhere

(Jansen 1996, Lorenzen and Enberg 2002, Purchase et al. 2005b, Venturelli et al. 2010, Ivan et

al. 2011)

Maternal condition can affect many aspects of offspring development (Bernardo 1993)

that could change how harvest could affect growth and maturation. I considered and evaluated

this possibility by performing a cross correlational analysis between harvest and female L50 over

a lag time up to 8 years. There was no evidence that harvest was negatively related to maturation

on shorter or longer developmental time scales in any species, consistent with a similar but more

detailed analysis on yellow perch (Chapter 1). However little is known about maternal effects in

yellow perch except for early larval phenotype in relation to age and size of mothers but how that

relates to individual growth and maturity later is unknown (Heyer et al. 2001).

Another possibility is that the relationships between juvenile growth and maturation

timing may be more complex than is characterized by my model such that my growth metrics of

size at age 1 and 2 may be inappropriate to predict changes in maturation. Furthermore the

relationship between growth and L50 will also depend on the shape of the reaction norm for

maturation. For example, in Pacific chum salmon (Oncorhynchus keta) the most recent growth
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rather than body size (general juvenile growth) best predicts maturation in next the breeding

season (Morita and Fukuwaka 2006). On the other hand, growth in first summer was strongly

related (r = 0.82) to maturation rate of age 2 female walleye in Lake Erie between 1964 and 1994

(Madenjian et al. 1996) and may explain the weak positive relationship between growth and L50

for walleye here. In other words, our understanding of the causal relationship between stage-

specific juvenile growth and maturation may be species-specific, weakening the generality of my

model.

A history of harvest may also influence responses to contemporary harvest, for example

if maturation phenotype is at some limit after a long history of persistent harvest. However, this

is more likely to account for the lack of performance in my model for yellow perch, walleye and

white bass, because white perch were more recently introduced in the 1950s and have only a

short history of harvest in Lake Erie beginning in the 1980s (Busch et al. 1977, Boileau 1985).

For example, yellow perch may have limited additional evolutionary responses to harvest

compared to lake whitefish (Coregonus clupeaformis) and cod (Gaddus morhua) because their

higher natural rate of mortality likely already has favoured the evolution of early maturation

(Dunlop et al. 2015). Female length at 50% maturity in Lake Erie yellow perch was estimated at

210 mm in 1927-1937 (Jobes 1952) but declined to 179.0 mm by 1960-1966 (Hartman et al.

1980) and further to 173.4 mm for 1991-2010 (see Chapter 1). In walleye, female length at 50%

maturation estimated here as 441.4 mm has not changed much from estimates in mid 1960s of ~

450 mm and ~430 mm in the western and eastern basins of Lake Erie respectively (Wolfert

1969). There is little historic data available on maturation in white bass. Thus, while historical
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changes in maturation could limit current responses in some species, it would not account for the

lack of response across all four species here.

Intensity of harvest on Lake Erie fishes

Changes in maturity may also reflect the level of harvest intensity, and so it is worth

comparing the intensity of harvest on Lake Erie fishes with those found elsewhere in order to

evaluate possible consequences of harvest. Instantaneous fishing mortality (F year-1) can be

converted to exploitation ratio (Worm et al. 2013). Theory suggests that evolutionary responses

in length at maturation will be very weak below an exploitation ratio of 0.2 for cod (Gadus

morhua) (Hutchings 2009). The exploitation ratios of all four species can be estimated from

stock assessment models in Lake Erie (Belore et al. 2016, Wills et al. 2016, Debertin personal

communication). The mean of estimated exploitation ratio averaged over the entire 1991 - 2012

period exceeds the threshold in walleye (0.22) but not for yellow perch (0.14), white bass (0.11)

and white perch (0.18). Thus, on average, walleye are exposed to greater rates of exploitation

than yellow perch, white bass and white perch. However, exploitation ratio also varied in all

species over the interval while also generally declining with time. For example, exploitation ratio

is high and over the threshold in yellow perch only up to 1999, similarly high in walleye up to

2002, high in white bass only from 2001, and high to 1999 in white perch. Taken together, while

walleye are at greater risk of FIE than yellow perch, white bass and white perch, the general

decline in exploitation in all populations since 2003 is steadily reducing the risk of FIE responses

in maturation traits. In a meta-analysis where rate of change in length at 50% maturity in many

harvested fish stocks was related to fishing mortality over time mean fishing mortality (F year-1)

is often high. For example instantaneous fishing mortality ranged from 0.0 – 1.2 in 18 stocks of
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marine and freshwater fish that showed negative changes in L50 (Sharpe and Hendry 2009).

Based on this walleye is the only species here that has mean fishing mortality in range over the

study period where other species have been affected by FIE (Fig. 3-4), however fishing mortality

has been reduced greatly from what it was before mid-1980 in Lake Erie.

Opportunities for evolutionary responses to harvest?

Rapid and large plastic changes in maturation in Lake Erie’s fishes could nonetheless

obscure evolutionary responses, but I think that this is unlikely or only weak here. In general,

fisheries induced evolution is expected when intensive harvest selects both immature and mature

fish and results in declining length at maturation over generations (Olsen et al. 2004). However,

the relationship between harvest intensity and evolutionary responses is not entirely clear. Some

theory indicates that even weak harvests can cause evolutionary declines in length at maturity

(Heino and Godø 2002), although this likely also depends on selectivity.  Alternatively, some

argue that low instantaneous fishing rates less than F = 0.22 for gillnets can avoid evolutionary

decline in length at maturity (Hutchings 2009). Theory is more consistent in the prediction that

maturation traits will generally not rapidly return to former values when harvest ceases after

intensive size selective harvesting has caused rapid evolutionary declines in length at maturation

(Law and Grey 1989, Kuparinen and Hutchings 2012, Heino et al. 2015). My observations are

not consistent with this expectation because length at maturity increased just as quickly as it

decreased in these four species of harvested fish. In addition, my analysis of probabilistic

maturation reaction norms (PMRN) for age and size at maturation in Lake Erie yellow perch

(and white bass, white perch, Gíslason personal observations) over the same time period (chapter

2) indicated an upward shift in mean PMRNs between early 1990 to late 2000, which is counter
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to the effects of fisheries induced evolution. These results are consistent with other analyses of

harvested fishes in the Great Lakes. For example, PMRN analyses of walleye maturation traits in

the western basin of Lake Erie revealed increased rather than decreased PMRN midpoints

between two cohort groups (1990 - 1996 and 1997 – 2006 (Wang et al. 2009). Similar PMRN

analyses of age at maturation in Lake Whitefish in the Great Lakes indicate that age at

maturation is either increasing in populations in Lakes Huron and Michigan or that no change

has occurred in Lake Superior based on cohort groups born before versus after 1990 (Wang et al.

2008). The consistency of these findings suggests that recent FIE may not be as common in

harvested Great Lakes fish populations as with harvested fishes elsewhere.

Environmental forcers of maturation in Lake Erie fishes

The key challenge now is to determine the proximal causes of the rapid and synchronous

decreases and increases in maturation that occurred in these four species between 1991 and 2012.

Synchronous temporal variability in population abundance and/or growth have been reported for

a number of terrestrial and aquatic species (see review by Ranta et al. 1995, Koenig 1999,

Liebhold et al. 2004). One early example is Elton’s (1924) observations of synchronous

population fluctuations among Norwegian lemmings (Lemmus lemmus), Canada lynx (Lynx

canadensis) and snowshoe hare (Lepus americanus) (Lindstrom et al. 2001). Synchronous

changes in fish abundance have also been observed in the Great Lakes. For example, bloater

(Coregonus kiyi) population abundance is synchronized both within and across Lakes Michigan,

Superior and Huron, apparently in response to regional climate effects interacting with dispersal

within lakes (Bunnell et al. 2006).
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At least four factors can generate synchronous changes in population abundance over a

large geographic area. First, theory and empirical studies show that dispersal increases

synchronous responses among populations of the same species (Ranta et al. 1995). Second, a

mobile or dispersing predator can also generate synchrony among prey populations by tracking

them (Ydenberg 1987, Ims and Steen 1990). Third, synchronous population dynamics of

consumers can arise through trophic interactions with resource populations that are themselves

regulated in a synchronous fashion in space (Liebhold et al. 2004). Fourth, the dynamics of

different populations can become synchronized when environmental forcers are large in spatial

scale (Moran 1953). Predator mobility, could generate synchronous population dynamics intra-

or interspecifically, for example when different prey species share a common predator. Similarly,

the resource dynamics of a shared resource or a large-scale environmental forcing factor could

also generate synchronous changes either intra- or interspecifically.

Synchronous changes in abundance observed either intra- or inter-specifically have

motivated recent attention about large-scale environmental forcers of fish population dynamics.

For example, intra- and interspecific synchronous changes in the abundance of six species of

salmonids were observed across multiple lakes in a large watershed in Idaho, USA over 25 year

period. Only one of the species was harvested and so environmental forcing was deemed as the

most likely cause of the synchrony (Copeland and Meyer 2011). Synchronous changes in the

abundance of four species of African fishes also occurred over 24 years and was related to

regional river discharge in the previous year (Tedesco and Hugueny 2006). A defining feature of

both studies was the geographic scale of observed synchrony, which suggests large scale
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environmental forcing. What large-scale factors may pertain in Lake Erie basin or its watershed

that could synchronize changes in maturation of four fish species sharing the same water body?

Various abiotic or biotic factors could regulate changes in maturation in Lake Erie’s

fishes. For example, the invasion and establishment of dreissenid mussels is one biotic

mechanism that through its influence on pelagic prey resources could affect juvenile growth and

mortality that generate synchronized maturation responses. The decline in L50 occurred in the

four species after 1991 which corresponds with the first appearance of dreissenids in Lake St.

Clair in 1988 and their subsequent rapid spread into Lake Erie (Vanderploeg et al. 2002). The

establishment of very large populations of dreissenid mussels have had strong effects on the flow

of energy by dramatically decreasing phytoplankton abundance and shunting energy towards

benthic invertebrates throughout Lake Erie and other Great Lakes (Higgins and Zanden 2010,

Bunnell et al. 2014). A key uncertainty is the relative importance of changes in zooplankton and

benthic invertebrate resources on the development of juvenile fish (Vanderploeg et al. 2002).

The biomass of crustacean zooplankton has changed little from 1998 to 2010 while the density of

(non-dreissenid) benthic invertebrates has increased (Bunnell et al. 2014). If the increase in

benthic resources coupled with reduced juvenile numbers has generated faster growth, then this

could have induced earlier maturation at a smaller size during the period of rapid dreissenid

population growth in Lake Erie. However I found no evidences of coupling between growth and

length at maturity over this period. The filtering capacity of dreissenid mussels has also

dramatically increased water clarity between the late-1980s to early 1990s (Vanderploeg et al.

2002) and this may have changed juvenile predation risk (Chiu and Abrahams 2010, Pangle et al.

2012). Increased juvenile predation risk may favor earlier maturation as well (Heino et al. 2015).
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Thus, the effects of the dreissenid introduction are potentially multifarious and of large-scale

(Higgins and Zanden 2010). The juvenile ecology of these four species of fish are very similar

particularly in their first year (Table 3-2) and so the effects of dreissenids could be a major factor

that has influenced juvenile growth and survival in similar ways across species.

Changes in maturation schedule of harvested populations may also be more complicated

than suggested by simple harvest models of fisheries induced evolution or of plastic

compensatory growth as tested here. For example, populations at low abundance can respond to

environmental changes more readily than larger populations and so express greater volatility in

population dynamics (Anderson et al. 2008, Shelton and Mangel 2011). Variation in population

abundance affects the opportunity for density dependent processes that may influence juvenile

growth and maturation. In other words, harvest may generate conditions that permit

environmental forcers to have stronger effects on harvested than on other local populations

(Anderson et al. 2008). An interaction between harvest and environmental forcers, however, may

not apply to Lake Erie’s fishes because I observed synchronous changes in maturation regardless

of differences between species in the intensity of harvest. Instead, my study suggests large-scale

environmental forcers are driving synchronous developmental responses across multiple species

of harvested fishes, although the specific environmental factors are not yet known.
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Tables

Table 3-1. Age and size at 50% maturity, maximum fecundity, egg size and spawning time for

four harvested fish species in Lake Erie.

Species Mean

A50

(yr.)2

Mean

L50

(cm)2

Fecundity

Max3.

Egg size

(mm)3

Spawning

time1

yellow perch 2.5 16.6 100000 1.0-1.9 Late April

walleye 3.4 44.1 600000 1.4-2.1 Early April

white bass 2.1 24.2 1000000 0.7-1.2 Late May

white perch 2.3 17.3 150000 0.6-0.8 Mid May

1Gopalan et al. 1989, 2This study, 3Pritt et al. 2014.
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Table 3-2. Spawning and juvenile ecology, maximum age and commercial harvest records

lengths for yellow perch, walleye, white perch and white bass in Lake Erie.

yellow perch walleye white bass white perch

Spawning habitat1 Shallow area
in lakes or
tributary on
vegetation

In Rivers and
over coarse
gravel in
lakes

Near shore Near shore in
shallow water

Eggs orientation3 Demersal Demersal Demersal Demersal

Hatching time (days)1 8 12 – 18 4 4 – 6

Hatching length (mm)3 6 6.9 2.3 2.3

Larvae peak2 May 1 - 20 April 15 - 30 June 7 –

July 15

June 7 –

July 15

Larvae diet2 Zooplankton Zooplankton Zooplankton Zooplankton

Young of the year diet2 Zooplankton

Benthos

Fish

Fish Zooplankton

Fish

Benthos

Zooplankton

Benthos

Fish

Juvenile diet1,6 Benthos

Fish

Fish Benthos

Fish

Insects

Benthos

Fish

Maximum age4 12 17 9 11

Native to Great Lakes Yes Yes Yes Invaded in

1950

Harvest record from5 1916 1916 1899 1982

Harvest Quota Yes Yes No No

1Scott and Crossman 1973, 2Geopalan et al 1989, 3Pritt et al. 2014, 4This study, 5Baldwin et al.
2009, 6Froese, R., and Pauly, D. 2016.
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Table 3-3. Prediction matrix for the effects of: A) Harvest ratio, measured as ln(Total catch in millions of kg/CPUE of ages 2 and

older) on female length at 50% maturity 2 and 3 years later (3 and 4 years later for walleye); B) Harvest ratio on CPUE of ages 2 and

older in the year of harvesting; C) Abundance of ages 2 and older on the CPUE of age 1 year (2 year lag); D) CPUE of age 1 year fish

on 2nd year growth (mean female size at age 1); E1-E2) Early female growth in 1st year and in 2nd year on female length at 50%

maturity. Predicted direction of relationship is from Fig. 3-2. Outcome summarizes correlation test of the prediction (at p < 0.05 and

otherwise NS).
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Predictions Independent var. Dependent var. Predicted relationship Outcome

A Harvest ratio (t0)* ♀ L50 (t2 & t3)† Negative NS

B Harvest ratio (t0) CPUE ages 2 and older (t0) Negative Negative

C CPUE ages 2 and older (t0) CPUE 1 year (t2) Positive/no relationship NS

D CPUE 1 year (t0) ♀ Growth in 2th year (t0) Negative NS

D2# CPUE age 2 and older (t0) ♀ Growth in 3rd year (t0) Negative NS

E1 ♀ Growth in 1st year (t0) ♀ L50 (t1), (t2)$ Negative NS

E2 ♀ Growth in 2th year (t0) ♀ L50 (t0), (t1)$ Negative NS

E3$ ♀ Growth in 3rd year (t0) ♀ L50 (t0)$ Negative NS

* tn indicates the variable was lagged n years in the analysis, e.g. in prediction A harvest ratio in the year it was measured (t0) was
related to length at maturity two (t2) and three (t3) years later.
†For walleye the test is for 3 and 4 years later (t3, t4).
#For walleye this test was added because of slower life history.
$ For walleye this test was added and other tests for prediction E had different lag times as indicated because of slower life history.
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Table 3-4. Summary statistics for the variables used to test the compensatory plasticity response

model (Fig. 3-2), including number of annual cohorts available (N), minimum (Min), maximum

(Max), and mean estimates (Mean), the coefficient of variation across annual cohorts (CV), and

whether the variable was detrended by linear regression with time (DT) and whether an

autoregressive integrative moving average model (ARIMA) was also applied. The terms AR(1)

refers to first order autoregressive model and MA(1) first order moving average model. The

variables are for each of the four fish species. A50 is in years, L50 and growth in first and second

year are in mm.

Species Variable N Min Max Mean CV DT ARIMA

yellow ♀ A50 22 1.2 3.2 2.5 0.17

perch ♀ L50 22 151 196 173 0.09 N AR(1)

ln(Harvest ratio) 22 -4.72 -2.32 -3.93 -0.16 Y AR(1)

ln(CPUE age 2 & older) 22 1.54 4.55 3.51 0.25 Y AR(1)

ln(CPUE 1 year + 1) 22 -0.29 4.6 2.54 0.5 N AR(1)

♀ Growth in 1st year 22 122 165 152 0.07 N

♀ Growth in 2th year 22 164 216 200 0.06 N

walleye ♀ A50 22 2.8 4.9 3.4 0.12

♀ L50 22 381 473 441 0.06 Y AR(1)

ln(Harvest ratio) 22 -1.15 1.7 0.41 1.7 N

ln(CPUE age 2 & older) 22 0.08 2.52 1.22 0.57 N AR(1)

ln(CPUE 1 year + 1) 22 -3.0 2.65 0.67 2.1 N AR(1)

♀ Growth in 1st year 21 303 362 329 0.05 Y

♀ Growth in 2th year 21 392 457 422 0.04 Y

♀ Growth in 3th year 22 422 518 487 0.04 N
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white ♀ A50 21 1.4 2.8 2.1 0.17

bass ♀ L50 22 199 281 243 0.1 Y MA(1)

ln(Harvest ratio) 22 -1.83 1.89 0.46 2.06 Y

ln(CPUE age 2 & older) 22 -2.01 2.5 -0.11 -9.55 Y

ln(CPUE 1 year + 1) 22 -4.35 2.31 -0.19 -9.14 N AR(1)

♀ Growth in 1st year 21 169 265 237 0.11 N

♀ Growth in 2th year 21 205 323 296 0.09 N

white ♀A50 22 1.7 3.1 2.4 0.14

perch ♀ L50 22 151 196 173 0.09 Y

ln(Harvest ratio) 22 -5.0 -1.77 -3.48 -0.21 Y

ln(CPUE age 2 & older) 22 1.54 4.55 3.51 0.25 Y AR(1)

ln(CPUE 1 year + 1) 22 -0.29 4.6 2.54 0.5 N

♀ Growth in 1st year 22 122 165 152 0.07 N

♀ Growth in 2th year 22 164 216 200 0.06 N
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Table 3-5. Correlation coefficients (Pearson’s r) for the model predictions (Fig. 3-2 and Table 3-3): A) Harvest ratio and female L50,

B) harvest ratio and CPUE of ages 2 & older, C) CPUE of ages 2 & older and CPUE of age 1 year, D) CPUE of age 1 and female

growth in second year (size at age 2), E1) growth in first year (mean female size at age 1) and female L50, and E2) growth in second

year (mean female size at age 2) and female L50. Values in bold are statistically significant at p < 0.05.

Predic

tion Independent variable Dependent variable

Yellow

perch

Walleye White

bass

White

perch

A Harvest ratio (t0)* ♀ L50 (t2)† r 0.12 0.04 0.04 0.14

p 0.69 0.57 0.58 0.72

df 18 17 18 18

Harvest ratio (t0) ♀ L50 (t3)† r -0.01 0.14 0.18 0.02

p 0.48 0.71 0.77 0.53

df 17 16 17 17

B Harvest ratio (t0) CPUE 2 years & older (t0) r -0.94 -0.87 -0.88 -0.66

p <0.00001 <0.00001 <0.00001 <0.0005

df 20 20 20 20

C CPUE 2 years & older (t0) CPUE 1 year (t2) r -0.16 0.09 -0.09 -0.31

p 0.25 0.65 0.35 0.09

df 18 18 18 18
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D CPUE 1 year (t0) ♀ Growth 2nd year r -0.24 0.08 0.11 -0.24

(size at age 2) (t0) p 0.14 0.63 0.68 0.14

df 20 19 20 20

D2# CPUE age 2 and older ♀ Growth 3nd year r -0.03

(size at age 3) (t0) p 0.45

df 20

E1 ♀ Growth 1st year ♀ L50 (t1), (t2)$ r -0.19 0.18 0.1 -0.29

(size at age 1) (t0) p 0.21 0.78 0.67 0.09

df 19 19 19 19

E2 ♀ Growth 2nd year ♀ L50 (t0), (t1)$ r -0.17 0.36 0.19 0.31

(size at age 2) (t0) p 0.23 0.95 0.80 0.92

df 20 19 20 20

E3 Growth 3rd year ♀ L50 (t0)$ r -0.37

(size at age 3) (t0) p 0.04

df 20

† For walleye the tests are 3 and 4 years later (t3, t4) because of longer maturation time.
# For walleye this test was added because of longer maturation time.
$ For walleye test are for 2, 1, 0 years later (t2, t1, t0) because of longer maturation time.
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Table 3-6. Estimated Loreau and de Mazancourt community synchrony statistics (ɸ) and mean

pairwise Pearson correlation coefficient (r) between time series of female length at 50%

maturity, harvest ratio and relative abundance (ln (CPUE age 2 and older)) for the 4 harvested

fish species in Lake Erie. Synchrony and mean Person correlation coefficient estimates and

significance (p < 0.05) among species are shown for detrended and scaled data.

Variables ɸ r p

Length at 50% maturity 0.56 0.41 0.0002

Relative abundance -

ln(CPUE age 2 & older) 0.31 0.08 0.19

Harvest ratio 0.32 0.05 0.18
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Table 3-7. Maximum rate of change in length at maturity (L50) for four species of Lake Erie

fishes. Rate of change in Darwins was calculated from highest to lowest when declining and

from lowest to highest when increasing.

Species Time period

decreasing

Rate of change in

L50 kilodarwins

Time period

increasing

Rate of change in

L50 kilodarwins

yellow perch 1991-2001 -14.7 2001-2007 25.4

walleye 1993-1999 -28.2 1999-2002 72.2

white bass 1994-2001 -8.3 2001-2007 57.9

white perch 1993-2001 -28.4 2001-2007 40.4
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Figures

Fig. 3-1. Map of Lake Erie, line through the middle of the lake shows the border between USA

and Canada. The black square in the upper left insert shows the location of the Great Lakes in

North America. (Composed in R 3.0.2 using maps).
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Fig. 3-2. Conceptual model of plasticity in individual life history describing the direct

relationships between harvest, ages 2 and older abundance, growth and female size at 50%

maturity as solid arrows. The overall indirect effect of harvest on length at maturity is shown as

dashed arrow. Time refers to the lag time in years between harvest and each response (e.g. the

effect of harvesting is expected to affect growth one and two years later for yellow and white

perch and white bass, two and three years later for walleye). Letters at each arrow corresponds to

the predicted direction of relationship summarized in Table 3-3: A) Increased harvest reduces

female body size at 50% maturity; B) increased harvest lowers the abundance of ages 2 and

older; C) lower age 2 and older abundance reduces the abundance of juveniles; D) lower

abundance of juveniles individuals increases early growth rate of individuals; E) increased early

individual growth of females decreases female size at 50% maturity.
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Fig. 3-3. Relative abundance ln(CPUE) of age 2 and older yellow perch (YP), walleye (WA),

white bass (WB) and white perch (WP) in Lake Erie from 1991 - 2012.
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Fig. 3-4. Estimated Harvest ratio (solid black line) and Exploitation ratio (fraction harvested;

grey line) for yellow perch (YP), walleye (WA), white bass (WB), and white perch (WP) in Lake

Erie from 1991 - 2012.
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Fig. 3-5. Size at age for four species of fish in Lake Erie. Shown is size at age 1 and age 2 for

yellow perch (YP), white bass (WB) and white perch (WP) and size at age 1 – 3 for walleye

(WA). Note the vertical axis changes among plots.
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Fig. 3-6. Mean (and 95% confidence intervals) of female length at 50% maturity (mm) for

yellow perch (YP), walleye (WA), white bass (WB) and white perch (WP) in Lake Erie from

1991 to 2012 . Note that the vertical scale changes among species.
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Fig. 3-7. Detrended and scaled time series of A) relative abundance (ln(CPUE age 2 & older)),

B) harvest ratio and C) female length at 50% maturity for each of four fish species in Lake Erie

from 1991 – 2012. Black line: yellow perch, red line: walleye, green line: white bass and blue

line: white perch.
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Fig. 3-8. The relationship between rate of change in length at 50% maturity and estimated

instantaneous fishing mortality (F year-1) for yellow perch (YP), walleye (WA), white bass

(WB), white perch (WP) in Lake Erie and for 18 stocks of marine and freshwater fish stocks

from Sharpe and Hendry (S&H) 2009. Fitted lines are shown for rate of change and harvest

intensity for Sharpe and Hendry (2009) and for yellow perch, walleye, white bass and white

perch when L50 was declining and when L50 was increasing from table 3-7.
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Epilogue

Understanding changes in the life histories of harvested fishes, and the mechanisms

responsible for those changes, have become important research challenges (Ernande et al. 2004,

Heino and Dieckmann 2008, Heino et al. 2015). This understanding is needed because the

fecundity of individuals is size dependent, meaning that reductions in traits such as growth rate

and age and size at maturation can change the productivity and decrease yield of populations and

therefore future harvesting opportunities (Jørgensen et al. 2007, Enberg et al. 2009, Laugen et al.

2014). The corresponding changes in adult body size can also have important ecological

consequences (Shackell et al. 2010, Palkovacs 2011, Palkovacs et al. 2012). Moreover, examples

of such changes in life history and ecology are also increasing in number (Bassar et al. 2010,

Frank et al. 2011, Kuparinen et al. 2016). Much of the evidence for phenotypic changes induced

by harvesting has been compiled for marine species (Sharpe and Hendry 2009, Audzijonyte et al.

2013, Heino et al. 2015). Similar responses are expected for freshwater fishes, however,

populations of freshwater fishes remain less studied than in stocks of marine fishes (Dunlop et al.

2005, Edeline et al. 2007, Kokkonen et al. 2015).

A more comprehensive understanding of life history changes is also needed because there

are a variety of mechanisms that could shape life history traits important to production and yield.

Some mechanisms are a consequence of harvesting, as with compensatory responses to declining

stock density and competition (Trippel 1995, Kuparinen and Merilä 2007), truncated age

structure caused by recruitment overfishing (Jørgensen et al. 2007, Anderson et al. 2008), and

evolution caused by the selectivity and intensity of harvesting (Grift et al. 2003, Olsen et al.

2004). Other mechanisms that are independent of harvesting, such as responses to broad

ecosystem changes (e.g., biological invasions), may still have implications for future harvesting
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opportunities (Wang et al. 2008). Delineating the relative importance of these mechanisms is

important because they differ in their degree of reversibility and therefore effects long term

productivity and yield (Dunlop et al. 2009, Enberg et al. 2009, Kuparinen and Hutchings 2012,

Eikeset et al. 2013). Changes due to compensatory mechanisms and age truncation are expected

to be reversible from one generation to the next or over a few generations respectively, while

evolutionary changes due to harvest selectivity are expected to require a much longer time to

reverse (Conover et al. 2009, Kuparinen and Hutchings 2012). Improved understanding of how

important the mechanisms are should help natural resource managers plan better decisions about

acceptable rates of harvesting.

My thesis provides a broad investigation of mechanisms shaping length and age at

maturation in 21 annual cohorts of four species of fish harvested from Lake Erie, with an

emphasis on yellow perch. Its comprehensive nature is unique because it considers multiple

mechanisms by which harvesting could alter length and age at maturation, as well as

mechanisms other than harvesting. Its emphasis on a freshwater fishery is also unique because it

helps assess whether the general patterns observed in marine systems, also extend to freshwater

systems.

In Chapter 1, I tested the compensatory plasticity response hypothesis and showed that

the age and length at maturity of yellow perch cohorts, and their harvesting, fluctuated

dramatically from 1991 to 2013, and tested whether the variation in length and age at maturity

could be a consequence of plastic, individual responses to changes in density caused by variation

in harvest intensity. This hypothesis was tested using predictions from a conceptual model

predicting how length and age at maturity were expected to respond to harvest intensity, as well

as the chain of causal relationships leading to that expectation. I found little evidence that length
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and age at maturity were related to harvest intensity. The abundance of mature fish in the year of

harvest was lower when harvest was high, than when it was low, but, contrary to expectation,

abundances of YOY and juvenile ages classes in subsequent years were unrelated to the variation

in adult stock size, YOY and juvenile growth rates were not higher when their abundances were

lower, and length and age of maturity were not related to YOY and juvenile growth rate. I

therefore concluded that the variation in length and age at maturity observed in yellow perch

over the period of my analysis was not a consequence of plastic response to harvesting.

In Chapter 2, I tested the fisheries induced evolution hypothesis (FIE) and investigated

whether the variation in length and age at maturity observed in Chapter 1 could represent

evolved responses to harvesting. This chapter entailed calculating probabilistic maturation

reaction norms (PMRNs). PMRNs were calculated both for each annual cohort from 1992-2010

and for combined cohorts between 1993-1998 and between 2005-2010. The general prediction of

FIE is that intensive harvest increases the probability of maturing at smaller size at age and is

observed as a downward shift in the PMRNs. This prediction was not supported by my analysis,

and instead I found no trend in PMRN midpoints for ages 2-5 for annual cohorts in the whole

lake over the period 1992-2010. In fact, my analysis revealed that the PMRN for combined

cohorts in the period from 2005-2010 had shifted upward, relative to that for the period 1993-

1998, suggesting that maturation rate had slowed in 2005-2010. These findings suggested that

the variation in length and age at maturity observed in yellow perch over the period of my

analysis was not an evolved response to harvesting and that evolved responses in yellow perch

can occur faster and in opposite direction than expected based on literature surveys of other

marine fish populations where evidence of FIE has been observed (Devine et al. 2012, Heino et

al. 2015).
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In Chapter 3, I tested the ecosystem change hypothesis that changes in length and age at

maturity could be shaped by large-scale ecosystem changes other than harvesting. This study

involved a comparison of four percid species of Lake Erie fish having similar life histories, but

experiencing different harvesting pressure. The species were yellow perch and walleye, which

are intensively harvested and managed by quota, and white perch and white bass, which are

harvested less at least when quota for yellow perch and walleye are high, and are not actively

managed. A simplified version of the conceptual model of plastic responses to harvesting from

Chapter 1 was tested for the four species to assess if variation in length at maturity was related to

harvest intensity. I found no evidence to support this expectation. Conversely, if the temporal

changes in length at maturity were due to broader ecosystem change independent of harvesting, I

predicted that the changes in length at maturity would be synchronous across species. This

prediction was supported. My findings therefore suggest the life history changes in yellow perch,

walleye, white bass and white perch are likely a response to a basin-wide ecosystem change,

although the specific factors involved remain unidentified.

A key feature of my thesis has been its emphasis on testing multiple hypotheses for the

changes in length and age at maturation in particular, and life history traits in general, in

harvested fishes. For yellow perch, this allowed me to delineate between multiple mechanisms

by which harvest can influence life histories and between mechanisms involving harvest, and

mechanisms independent of harvest (broad ecosystem change) yet still important for determining

harvest rates. My findings suggest that over the time period considered broad ecosystem changes

are likely responsible for the changes in length at maturation observed in yellow perch, as well as

walleye, white bass and white perch. This finding is plausible, given that the harvest intensity on

Lake Erie fishes is generally lower than intensity of the past (Baldwin et al. 2009, Brenden et al.
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2013), the area around Lake Erie is heavily influenced by human activities beyond commercial

and recreational fishing, and Lake Erie has experienced a wide variety of anthropogenic changes

over the time period I examined, including multiple invasions by non-native species, extensive

land cover change, and growing nutrient inputs (Vanderploeg et al. 2002, Bunnell et al. 2014,

Scavia et al. 2014). Future studies will be needed to isolate the specific factors involved.

However, my conclusion regarding relative importance of broad ecosystem change over

harvesting for Lake Erie fishes contrasts with the compelling evidence emphasizing the role of

harvesting in marine fishes (Rijnsdorp 1993, Trippel 1995, Olsen et al. 2004, Sharpe and Hendry

2009). This contrast could indicate that smaller freshwater fisheries are influenced more heavily

by environmental variability than are marine fisheries, possibly due to the smaller spatial extent

of lake ecosystems relative to marine ecosystems, and reveals the potential value of examining

the alternative hypotheses for additional freshwater fisheries.

My findings do not mean that harvesting has been unimportant in shaping the life

histories of yellow perch, walleye, white bass and white perch over the longer history of the

fishery. My analyses were confined to the period from 1991 to 2012. Yellow perch and walleye,

in particular, have been harvested intensively for a much longer time, back into the early 1900’s

(Baldwin et al. 2009, Brenden et al. 2013). Consequently, the life histories of these fish could

have evolved in response to this earlier fishing pressure. In fact, lengths at maturity for yellow

perch and walleye were higher in the 1930’s and 1960’s than the lengths at maturity observed

now (Jobes 1952, Wolfert 1969, Hartman et al. 1980, Muth and Wolfert 1986), although rigorous

analyses relating these changes to harvest are not possible due to lack of data for earlier periods.

Much less is known about historical changes in length at maturity for white bass and white

perch, because historically these species were not as important to the Lake Erie fishery. If, for
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yellow perch and walleye, length at maturity had declined dramatically in response to harvesting

prior to the period considered in my analyses, further evolved declines may not be possible

(Dunlop et al. 2015).

The nature of the variability in L50 that I observed for yellow perch, both in the temporal

sequence of cohorts and in my analysis of PMRNs is another noteworthy feature revealed by my

analyses. These analyzes provided evidence that length at maturity was increasing toward the

latter half of the time series, and was not systematically declining over time as commonly seen in

harvested marine fishes (Sharpe and Hendry 2009). This result contradicts an independent,

earlier study by Feiner et al. (2015), based on PMRNs for yellow perch in Lakes Huron, Superior

and central and western basin of Lake Erie, suggesting that probability of maturing has increased

and that PMRNs have shifted downwards in continually harvested yellow perch in Lake Erie, but

had shifted upwards in the other lakes because of reduced harvesting. However, my findings

were based on analyses conducted at a finer temporal resolutions (years vs decades) and at more

comprehensive spatial (MUs 1 to 4) and age (2 to 5) scales. The variability in length at maturity

revealed here may require that managers consider short-term changes in life history traits when

setting harvesting targets, if the differences in length at maturity translate into meaningful

changes in population productivity and yield.

Effective fishery management should strive to maximize the yield from fish stocks while

at the same time ensure that ecosystem that supports the fisheries and the fish retain their

resilience under fishing (Pikitch 2004). This can be challenging task when fishing and

environmental change potentially alters the stocks in a way that can affects, productivity, yield

and future harvest opportunities. My thesis has demonstrated how testing multiple hypothesis

about the effect of harvesting and the environment on fish stocks can delineate the relative
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importance of different factors that shape short and long term life history that can change

potential production and yield from fish populations. The pattern of change and responses in life

history of freshwater fish under harvesting is different than observed for most harvested marine

fish (Sharpe and Hendry 2009, Heino et al. 2015), suggesting that factors shaping life history in

freshwater system could be different. This difference is possibly because of spatial extent and

higher environmental variation even in large lakes, highlighting the importance of investigating

other freshwater fisheries. Insights on short time life history changes, their direction and rate, and

possible drivers may help managers to be more effective when setting targets.
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Appendix A

Table A1. Interagency trawl survey indices used for estimating young of the year yellow perch in

each management unit and for the whole of Lake Erie. Data are from the Yellow Perch Task

Group Report, (Appendix A, Table 3 and 4, Belore et. al 2016).

Management unit Trawl surveys

MU1 OHS10, OHF10, OOS10

MU2 OHS20, OHF20, OHF20B, OHS20B

MU3 OHS30, OHF30, OHF30B, OHS30B

MU4 OLPN40, ILPO40, NYF40, LPL40, OLPO40
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Table A2. Summary statistics for three indices of harvest intensity used for the whole of Lake

Erie. Shown are number of years of data (N), minimum (Min), maximum (Max) and coefficient

of variation (CV).

Harvest intensity F year-1 Exploitation ratio

N 23 23 23

Min 11.20 0.18 0.09

Max 97.83 1.32 0.44

Mean 26.93 0.52 0.20

CV. 0.797 0.646 0.564
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Table A3. Pairwise Pearson correlation coefficients (r) between the three indices of harvest

intensity for the whole of Lake Erie. Pearson product moment correlation coefficients are

provided above the diagonal. p-values are provided below the diagonal (significant at p < 0.05).

Harvest

ratio

F year-1 Exploitation

ratio

Harvest ratio 0.63 0.77

F year-1 <0.002 0.90

Harvest ratio <0.0001 <0.0001
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Table A4. Pearson correlation coefficients (r) obtained for tests of model predictions A and B (see Fig. 1-3 and Table 1-1) when the

time series were split and analyzed separately for two time periods: 1991-2001 and 2002-2013. Correlation coefficients are provided

for the three measures of harvest intensity and for both L50 and A50. Lag time refers to the time in years between the causal and

dependent variables. Values in bold are statistically significant at p < 0.05.

Harvest intensity indices

Period Pre-

diction

Independent

variable

Dependent

variable

Harvest

ratio

Exploitation

ratio

F

1991-2001 A1 Harvest (t0)* ♀ L50 (t2) r -0.62 -0.25 0.15

p 0.03 0.25 0.65

df 7 7 7

Harvest (t0) ♀ L50 (t3) r -0.73 0.21 0.14

p 0.02 0.69 0.63

df 6 6 6

A2 Harvest (t0) ♀ A50 (t2) r 0.11 -0.26 0.31

p 0.61 0.25 0.79

df 7 7 7

Harvest (t0) ♀ A50 (t3) r -0.19 -0.17 -0.16

p 0.32 0.35 0.36

df 6 6 6

B Harvest (t0) CPUE ages 2 & older (t0) r -0.92 -0.31 0.21
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p <0.0001 0.17 0.73

df 9 9 9

2002-2013 A1 Harvest (t0)* ♀ L50 (t2) r 0.51 0.24 0.27

p 0.93 0.74 0.77

df 8 8 8

Harvest (t0) ♀ L50 (t3) r 0.47 0.23 -0.32

p 0.90 0.72 0.20

df 7 7 7

A2 Harvest (t0) ♀ A50 (t2) r 0.39 0.21 0.41

p 0.87 0.71 0.88

df 8 8 8

Harvest (t0) ♀ A50 (t3) r 0.39 0.23 0.13

p 0.85 0.72 0.63

df 7 7 7

B Harvest (t0) CPUE ages 2 & older (t0) r -0.99 -0.74 -0.22

p <0.00001 0.003 0.25

df 10 10 10

* tn indicates the variable was lagged n years in the analysis, e.g. in prediction A harvest ratio in the year it was measured (t0) was
related to length at maturity two (t2) and three (t3) years later.
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Table A5. Pearson correlation coefficients (r) obtained for tests of model predictions C to E

when the time series were split and analyzed separately for two time periods: 1991-2001 and

2002-2013 (see Fig. 1-3 and Table 1-1). The tests were conducted using harvest ratio as the

measure of harvest intensity. Lag time refers to the time in years between the causal and

dependent variables. Values in bold are statistically significant at p < 0.05.

Time periods

Prediction

Independent

variable

Dependent

variable

1991-

2001

2002-

2013

C1 CPUE ages 2 & older (t0) Density YOY (t1) r -0.37 0.27

p 0.15 0.79

df 8 9

C2 CPUE ages 2 & older (t0) CPUE age 1 (t2) r -0.36 0.11

p 0.17 0.62

df 7 8

D1 Density YOY (t0) ♀ Growth 1st year r -0.33 0.29

(size at age 1) (t0) p 0.16 0.82

df 9 10

D2 CPUE age 1 (t0) ♀ Growth 2nd year r 0.05 -0.51

(size change 1 - 2) (t0) p 0.56 0.04

df 9 10

E1 ♀ Growth 1st year ♀ L50 (t1) R 0.14 0.11

(size at 1) (t0) p 0.65 0.62

df 8 9

E2 ♀ Growth 2nd year ♀ L50 (t0) r 0.14 -0.08

(size change 1 - 2) (t0) p 0.66 0.4

df 9 10

* tn indicates the variable was lagged n years in the analysis, e.g. in prediction A harvest ratio in
the year it was measured (t0) was related to length at maturity two (t2) and three (t3) years later.
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Fig. A1. Time series of all variables at the whole lake level. A) ln(harvest ratio), B) ln(CPUE

ages 2 and older), C) ln(density YOY), D) ln(CPUE of age 1 +1), E) female growth in first year,

F) female growth in second year.
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Fig. A2. Time series of all variables for MU1. A) ln(harvest ratio),  B) ln(CPUE ages 2 and

older), C) ln(density YOY), D) ln(CPUE age 1 +1), E) female growth in first year, F) female

growth in second year.
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Fig. A3. Time series of all variables for MU2. A) ln(harvest ratio), B) ln(CPUE ages 2 and

older), C) ln(density YOY), D) ln(CPUE age 1 +1), E) female growth in first year, F) female

growth in second year.
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Fig. A4. Time series of all variables for MU3. A) ln(harvest ratio), B) ln(CPUE ages 2 and

older), C) ln(density YOY), D) ln(CPUE age 1 +1), E) female growth in first year, F) female

growth in second year.
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Fig. A5. Time series of all variables for MU4. A) ln(harvest ratio), B) ln(CPUE ages 2 and older,

C) ln(density YOY), D) ln(CPUE age 1 +1), E) female growth in first year, F) female growth in

second year.


