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The heavens declare the glory of God;
the skies proclaim the work of His hands.
Day after day they pour forth speech;
night after night they display knowledge.
There is no speech or language
where their voice is not heard.
Their voice goes out into all the earth,
their words to the ends of the world.

Psalm 19:1-4
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Abstract

Parental care and reproductive timing can affect survival, growth, and recruitment
of offspring, but may operate at different stages in the life history of fish. I examined
both factors in populations of fathead minnow (Pimephales promelas) stocked into
experimental ponds. Observed paternal care improved hatching success, especially if the
male aggressively protected his nest. Although hatching success was independent of the
timing of nest initiation, early-hatched fry consistently achieved larger sizes by fall than
late-hatched fish, which may increase their likelihood of winter survival. Furthermore,
early-hatched individuals were more likely to mature and spawn as yearlings than late-
hatched fish. Thus, paternal care was important for egg survival, whereas the seasonal
timing of nest activity influenced larval and juvenile life stages. To enhance
understanding of fish population dynamics, assessment of factors affecting important
early life stages, such as parental care and hatch dates of progeny, should be included in

research protocols.
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Chapter 1. GENERAL INTRODUCTION

Natural selection favors heritable traits that increase an organism’s lifetime
reproductive success. Evolution of behavioral traits is particularly interesting because
selective pressures act on the “choices” made by organisms in like manner as physical
characters. Because organisms have finite energy budgets and lifespans, many behaviors
result from decisions of resource allocation; organisms seeking to maximize their
inclusive fitness must decide how to invest their finite resources (Heino & Kaitala 1999).
Two fundamental resource allocation decisions are when to reproduce and how much
care to invest in offspring. Understanding how organisms make these choices, and being
able to predict how they will respond when under different circumstances, is helpful to
ecologists and resource managers with regards to population monitoring.

Reproductive timing may be governed by factors pertaining directly to the parent.
First, the age (or size) at which an individual matures can be energetically constrained.
In many taxa, smaller/younger individuals must postpone reproduction until they are able
to meet its nutritional demands (e.g., fish: Danylchuk & Fox 1996; birds: Gonzalez-Solis
et al. 2005; mammals: Langvatn et al. 2004). Where social hierarchies exist, breeding
activity in subordinate individuals can also be delayed by dominant conspecifics (Cristol
1995; Danylchuk & Tonn 2001; Holand et al. 2004). Seasonality can limit the
reproductive period, and can be mediated by temperature, food supply, and/or water
availability (Fox 1989; Conover 1990; Rubenstein & Wikelski 2003; Loe et al. 2005).

The timing of reproduction can be further influenced indirectly through offspring
performance if variation in recruitment potential exists among progeny having different
birth dates. Reproductive success will be higher for parents who breed when conditions
are optimal for the survival of their young. Selection on when to reproduce may be
especially strong in seasonal environments, where offspring must accumulate enough
energy reserves during the growing season to withstand a time when the environment
becomes inhospitable (Cargnelli & Gross 1996; Ludsin & DeVries 1997; Verboven &
Visser 1998). In addition, selection may favor reproductive timing that is synchronous
with brief peaks in resource abundance on which offspring can capitalize (van Noordwijk
et al. 1995).

Although periods of optimal breeding conditions may be somewhat predictable,
stochastic variability in environmental conditions can alter these dates among years.
Some of these temporally variable factors, e.g., food or habitat availability, or predator
abundance (Donovan et al. 1997; Dzus & Clark 1998), may even fluctuate independently
of seasonal climatic patterns. Consequently, many species overcome this environmental
uncertainty by adopting a “bet-hedging” reproductive strategy (Amundsen & Slagsvold
1998; Garvey et al. 2002). By producing multiple clutches intermittently across an
extended reproductive period, the probability of having at least some progeny recruit is
increased, thereby improving fitness.

Parental care, defined as any post-fertilization investment of time and energy into
progeny (Gross & Sargent 1985), is a second behavior that influences reproductive
success. Parental duties vary widely across taxa and include incubation, nest defense,
and feeding of hatchlings. According to life history theory, care for offspring should only
evolve if there is a net increase in fitness of the caregiver (Gross & Sargent 1985). If
mortality of offspring is inherently high, the benefits of ensuring that the present young
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survive may outweigh the costs of providing care, namely energetic expenditure and
foregone production of additional progeny (Gross & Sargent 1985; Paez et al. 2004;
Salomon et al. 2005).

In most fishes that provide parental care, parents clean, aerate, and guard their
eggs from predators until hatching (Blumer 1979). Paternal care (i.e., performed by the
father alone), the most common type of parental care in oviparous fish, is believed to
have evolved from female nest site selection (Gross & Sargent 1985). Because
freshwater fishes typically spawn demersal eggs, females can choose where to oviposit
(Gross & Sargent 1985). Males that control the best spawning substrates receive the
most spawnings and, as holders of territories that are attractive to females, they suffer no
mating costs in providing nest care (Gross & Shine 1981; Gross & Sargent 1985).
Guarding males tend the nest and protect it from predators, which include female
conspecifics in several species (FitzGerald & Whoriskey 1992; Vandenbos 1996; Hishida
2002), likely reinforcing this mating system. Interestingly, paternal care facilitates
fractional spawning; since females are released from a commitment to care for their eggs,
they are able to concentrate their efforts on feeding and can therefore produce additional
clutches (Blumer 1979).

I examined the consequences of both reproductive timing and parental care on
offspring performance in the fathead minnow (Pimephales promelas), a protracted
spawner that exhibits solitary male care. In a two-year study, I introduced minnows into
experimental ponds at Meanook Biological Research Station (MBRS; Alberta, Canada)
on two stocking dates. In Chapter Two, I report effects of hatch date on early life stages
by tracking survival and growth of age-0 cohorts hatching in each stocking treatment
through their second summer of life. In Chapter Three, I focus on the hatching success of
nests produced by these experimental populations. By intensively monitoring nesting
activity, I was able to compare egg survival among nests receiving different amounts of
paternal care.

Addressing these questions at the mesocosm level had several advantages
compared to other spatial scales. Egg production and hatching success are difficult to
quantify at the population-level in aquatic systems. On the other hand, laboratory studies,
using aquaria or larger tanks, fail to incorporate complex ecological interactions that
naturally influence spawning dynamics and recruitment. By using small experimental
ponds, I could obtain both precise estimations of egg survival while preserving a realistic
spawning scenario that incorporated abiotic and biotic phenomena, such as temperature
regime, demographic changes, and community interactions, naturally experienced by
populations. Insight into the importance of reproductive timing and parental care on
survival in the early life stages of progeny should enhance our understanding of
population dynamics in fish.
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Chapter 2. IMPORTANCE OF REPRODUCTIVE TIMING AND HATCH DATE
FOR FATHEAD MINNOW RECRUITMENT

Introduction

Variation in the timing of reproduction can affect population dynamics in fish
(e.g., Ludsin & DeVries 1997, Garvey et al. 2002) and has a variety of natural causes.
Interannual variability in environmental conditions, e.g., winter duration, can alter dates
of spawning initiation by regulating the time of year water reaches the minimum
temperature at which spawning can occur (Mills 1991; Danylchuk & Tonn, in press).
Differences in energetic condition among spawners can also affect reproductive timing.
After ice-off, larger/older offspring may be in better energetic condition and able to
invest more towards reproduction. In contrast, smaller/younger individuals may require
more time to replenish a relatively larger energy deficit and are unable to spawn until
later in the summer (Goodgame & Miranda 1993; Danylchuk & Fox 1994, 1996). Third,
inhibition of spawning can also occur through social control, whereby smaller,
subordinate males may not initially breed because they are prevented from establishing
nesting territories by dominant conspecifics (Danylchuk & Tonn 2001). Lastly, for
fractional, or multiple-batch, spawners, fish breed repeatedly throughout the season,
allowing even the same parents to produce offspring that differ in hatch date.

The benefits of hatching early result from the ability of young-of-the-year (YOY,
or age-0) fish to attain a larger body size due to a longer growing season (Keast & Eadie
1984). Large age-0 fish are less vulnerable to gape-limited predation than small
individuals (Pine et al. 2000). Additionally, because they have wider gapes, larger young
have a wider variety of prey types available to them (Phillips et al. 1995; Ludsin &
DeVries 1997). Third, large YOY escape the allometries associated with smaller sizes
that are detrimental to first-winter survival. These include low capacity for energy
storage (primarily in the form of lipids), disproportionately higher mass-specific
metabolic requirements (Bernard & Fox 1997; Cargnelli & Gross 1997; McCollum et al.
2003), and a larger gill-surface to body ratio susceptible to osmoregulatory failure in
frigid waters (Fullerton et al. 2000; McCollum et al. 2003). Size-biased predatory or
starvation mortality, selecting against smaller size-classes, can often result from these
handicaps (e.g., Post & Evans 1989; Garvey et al. 1998; Schultz et al. 1998; Braaten &
Guy 2004). Therefore, YOY produced from earlier spawnings can have higher first-year
survival than those hatching later in the summer (Keast & Eadie 1984; Cargnelli & Gross
1996; Ludsin & DeVries 1997; Conover et al. 2003). Direct evidence of improved
performance of early-hatched age-0 fish has been largely limited to the first summer of
life or to assessment of first-winter survival, although a few longer-term studies have
shown that earlier-hatched YOY can mature at younger ages than later-hatched
conspecifics (Baylis et al. 1993; Saito & Nakano 1999). Hatch-date related differences in
growth, survival, and age of maturity may ultimately result in differential fitness among
offspring within a cohort.

However, optimal timing of reproduction can shift due to variability in
environmental conditions that may unpredictably alternate between favoring early or late
hatch dates. For example, in years when spring conditions are characterized by cool
water temperatures, low food availability, or high abundance of predators, survival rates
of early-hatched YOY may be lower than offspring produced later in the season (Pine &

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Allen 2001; Garvey et al. 2002; Santucci & Wahl 2003). The temporally variable sources
of mortality facing offspring may make it adaptive for parents to spread out egg
production over time, ultimately selecting for phenotypic plasticity in breeding schedules
(Schultz 1993; Garvey et al. 2002).

Since cold water temperatures, extended winter duration, and starvation can be
major causes of first-winter mortality in fish (Post & Evans 1989; Fullerton et al. 2000),
recruitment in northern fish populations may be especially sensitive to delayed spawning
periods. The objectives of my research were to examine how the temporal dimension of
spawning influences recruitment dynamics in boreal fishes. In a two-year study using
experimental ponds, effects of reproductive timing on performance of progeny were
compared between treatments of relatively early- and late-spawning fathead minnow
populations. I hypothesized that over an extended spawning season, earlier-hatched
YOY would grow larger and be in superior condition at ice-on than later-hatched
counterparts, which would result in higher first-winter survival. By following cohorts for
two years, I was also able to examine longer-term effects of hatch date on year-class
strength. I predicted that growth advantages associated with earlier hatch dates of age-0
minnows would be maintained through their second summer as age-1 fish.

Study Organism

The broad range of the fathead minnow (Cyprinidae: Pimephales promelas)
extends throughout most of North America. In the boreal lakes of Alberta, which
represent the northern geographical limit (Nelson & Paetz 1992), single-species
assemblages of fathead minnow are not uncommon (Price et al. 1991; Danylchuk & Tonn
2003), and fish predominately occupy shallow (<2 m depth) littoral habitats (Danylchuk
& Tonn, unpub. data).

Both fathead minnow’s regional abundance and breeding habits facilitate in-depth
population studies. Fathead minnow are promiscuous batch-spawners, producing several
clutches of eggs over the summer months (Gale & Buynak 1982; Scott & Crossman
1998). Females deposit adhesive eggs on the underside of aquatic vegetation or woody
debris that are fertilized and then guarded by the males (McMillan & Smith 1974; Nelson
& Paetz 1992). Fathead minnows will also readily spawn on artificial substrates (e.g.,
Benoit & Carlson 1977; Grant & Tonn 2002; Clemment & Stone 2004), enabling detailed
observation of nest activity and hatching success that are not easily obtained from other
species.

Danylchuk & Tonn (2003, in press) described a stable, boreal Alberta population
of fathead minnow inhabiting South Calling Lake 100 (SCL100; 55° 5'N, 113°47' W), a
small waterbody devoid of piscivorous fish. Both male and female minnows matured at
age-3 and lived up to age-5 (Danylchuk & Tonn, in press). Dates of spawning initiation
ranged from 22 May - 18 June, when water temperatures reached at least 17°C, and
average duration of spawning activity was 69 d (Danylchuk & Tonn, in press). I
collected fish from the SCL100 population for my experiment.

Methods
Study Site.—In 2003 and 2004, I used four experimental ponds (Ponds 3-6; surface area =

178 £18.1 m%, ¥ + SE; 1.5 m maximum depth), located at Meanook Biological Research
Station (MBRS; 54° 37' N, 113° 35' W), near Athabasca, Alberta, Canada. To control for
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possible differences among ponds that might confound the results, I divided the ponds in
half with water-impermeable polyethylene tarpaulin supported by wooden posts (sensu
Grant & Tonn 2002). Each pond-half was then designated as either Early-Stock (ES) or
Late-Stock (LS), and I alternated treatment groups in ponds used in both study years. To
equalize hydrostatic pressures that were problematic in the first summer, I inserted four
small rectangular sections (total area ~1.5 m?) of fine-mesh (0.56 mm) screens into the
tarpaulin curtains of all ponds used in 2004.

Natural spawning substrate, i.e., aquatic vegetation and coarse woody debris, was
removed from the ponds before stocking. I then anchored 11 floating fenceboards (1.6 x
0.14 m) along the shoreline in each pond half (total spawning surface available = 2.47
m?). These “nestboards” were covered in black tarpaulin to aid egg detection. A
submersible temperature logger (Onset Corp., Pocasset, MA, USA) recorded water
temperature hourly 0.3-0.5 m below the surface of each pond.

Experimental Procedures.—I collected fathead minnows in spring from SCL100
using funnel traps. Fish were transported to MBRS, where they were kept in shaded,
outdoor holding tanks and fed maintenance rations of flake-food. Length-frequency
distributions (measured to the nearest 1 mm total length, TL) were determined separately
for three life history categories: Male, Female, and Immature (defined as fish lacking
distinguishable secondary sexual characteristics; see Scott & Crossman 1998). Fathead
minnows categorized as Immature may mature and reproduce before the end of the
current spawning season (Grant & Tonn 2002; W.M. Tonn & C.A. Paszkowski, unpub.
data). Based on mean TL of fish for each category (n = 364-1132), I subdivided the
categories into Small, Medium, and Large size-classes (3-mm intervals) and then batch-
marked fish with fin-clips or subcutaneous injection of acrylic paint. Minnows were
segregated into the holding tanks by sex to suppress spawning activity.

I separated initiation of the spawning season of experimental populations of
fathead minnows by staggering their stocking dates into the ponds by three weeks. On 24
June 2003, even ratios of life history categories and size-classes of fathead minnows were
introduced into one ES pond-half in each of three experimental ponds (Ponds 3, 4, and 5)
at a natural density of approximately 1 fish/m? (23.3 kg fish/ha; Danylchuk & Tonn
2003), based on the average surface area of the ponds. The three LS pond-halves were
stocked with the same population structure on 15 July. Minnows found dead within 12 d
of stocking (just as spawning commenced) were replaced by fish of the same category
and size from the holding tanks. I removed surviving stocked minnows in late August by
extensive trapping. Details of and comparisons between ES and LS populations are
presented in Appendix A.

I inspected nestboards for eggs daily over the duration of the spawning season and
recorded histories of all nests in detail. Egg masses were enumerated with the aid of a
counting grid, and all eggs were ultimately accounted for as either diseased, depredated,
or hatched (sensu Vandenbos 1996; Grant & Tonn 2002).

Biweekly from July to Oct 2003, I sampled “Early-Hatch” (EH) and “Late-Hatch”
(LH) age-0 fish by performing standardized seine sweeps (seine: 1 x 1.2 m, 2 mm mesh)
and setting three minnow traps overnight in each pond-half. Age-0 minnows were
counted and measured (TL) to calculate first-summer growth and relative abundance.
The 2003 year-class then remained in the ponds over the winter. I monitored pond
dissolved oxygen (DO) levels periodically under the ice throughout the winter. Pond-
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halves became progressively hypoxic as winter progressed, so I aerated the ponds on
three occasions in February to increase dissolved oxygen (DO) stores.

From 13-20 May 2004, I drained the ponds down to depths of 0.3-0.5 m and
pond-widths of ~4 m. I then removed all age-0 fish by seining repeatedly (seine: 4.5 x
1.2 m, 2 mm mesh) until three consecutive hauls yielded zero fish. All YOY were
counted and measured, and subsamples were weighed to assess overwinter survival and
condition. Ponds were refilled and the experiment was repeated in Ponds 5 and 6, with
stocking of ES and LS treatments again staggered by three weeks (17 June and 8 July
2004, respectively).

In late Aug 2004, I harvested YOY from all pond-halves by the drain-and-seine
technique described above. All fish were counted to estimate cohort abundance, and
subsamples were measured (TL) and weighed (nearest mg). Fulton’s condition factor (K
=100 x [mass(g) / length(cm)”~3]) was then calculated as a measure of general health.

In May 2004, following the post-winter removal of age-0 fish, I reserved Pond 4
for comparing EH and LH performance of the 2003 year-class through their second year
of life. After draining Pond 4, overwinter survivors (now age-1 fish) were seined out of
the pond and temporarily held in holding tanks, until being re-stocked at equal densities
(160 fish/pond-half) on 7 June 2004. None of these fish exhibited signs of sexual
maturation at time of re-stocking. I added ei%ht nestboards to each pond-half (0.48 x 0.09
m,; total spawning surface available = 0.34 m”), and monitored spawning activity and egg
production as above. On 26 July, age-1 fish were trapped to assess growth (TL and wet
mass), condition (K), and were examined for development of secondary sex
characteristics. Sub-samples of mature females were sacrificed to measure their
gonadosomatic index (GSI = ovarian mass / total mass x 100). The pond was drained on
11 Aug, and all age-1 fish, along with their offspring, were removed by seining for final
comparisons between EH and LH treatments.

Statistical Analyses.—Using two-factor, Model III (mixed-model) ANOVAs, I
tested for treatment effects (the fixed factor, ES vs. LS, or EH vs. LH) on several
reproductive and growth-related measures. Pond was the random factor when
comparisons were made across multiple ponds; sampling date was the random factor
when Pond 4 fish were analyzed over multiple dates. Because 2003 YOY were measured
in multiple ponds over multiple dates, ANOV As were performed separately for each
sampling date. Natural logarithms of the probabilities obtained from these individual
tests were then summed to generate a G-like statistic, which was compared to a
distribution to detect overall treatment effects (Sokal & Rohlf 1995). Because the use of
only two ponds for the experiment in 2004 reduced the df of the denominator MS to one,
pond-wise -tests were substituted for ANOVA for comparing growth parameters of age-
0 fish between treatments. For these tests, unequal variances were corrected by the
Welch-Satterthwaite approximation of degrees of freedom (Zar 1999).

To identify the degree to which growth and size-selective first-winter mortality
influenced cohort size structure, I examined quantile-quantile (QQ) plots of fall and
spring YOY TL distributions (sensu Post & Evans 1989). I used G-tests of independence
to compare survival rates of age-0 fatheads, and percent maturity of age-1 fish between
treatments. If necessary, length, count, and proportion data were, respectively, log,
square root, and arcsine-square root transformed to meet the conditions of normality
required for parametric testing. When such assumptions could not be met, I used
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Wilcoxon signed-rank (7), Mann-Whitney (U), or Kruskal-Wallis () tests as
nonparametric alternatives. Significance levels for all analyses were set at a = 0.05.
When multiple comparisons were made among groups, significance levels of the pairwise

tests (o) were adjusted, using the Dunn-Sidak method, to maintain this experiment-wise
error rate (Sokal & Rohlf 1995).

Results
Reproduction.—At time of stocking, water temperature was higher when LS fatheads
were added to the pond-halves than for ES fish, by 7°C and 2°C in 2003 and 2004,
respectively. In 2003, daily water temperature averaged over the duration of the ES
spawning and nesting seasons was 20.6°C. However, mean water temperature in 2003
LS pond-halves was 22.2°C, almost 2°C warmer than all other treatment-years. In 2004,
temperatures of ES and LS pond-halves were similar, averaging 20.4°C.

ES spawning commenced approximately 9 d after stocking in both years of study.
LS reproduction began 6 d post-stocking in 2003, and 12 d post-stocking in 2004 (Table
2-1). Once initiated, spawning occurred daily over the next ca. 24 d for ES minnows,
about 6 d longer than the LS breeding season (Table 2-1). Consequently, LS egg
production extended 2-3 weeks later into the summer than in the ES populations. Mean
nest size was similar between treatments (Table 2-1). Although not statistically
significant (signed-rank tests: p s > 0.14), total ES egg production and nest-days
exceeded those of LS in four of five pond-years. Average number of ES and LS nests
was identical in 2003, but the difference in egg production was more pronounced in 2004
because of relatively few LS nests (Table 2-1). In general, eggs hatched within 6-8 d of
deposition in both treatments. Hatching success, the proportion of eggs that hatched per
nest, was marginally higher in LS pond-halves for both years (Table 2-1).

Age-0 Fish.—Despite slight discrepancies in LS spawning initiation between 2003 and
2004, overlap in hatch dates of EH and LH age-0 fathead minnows within each pond was
minimal in both years (Table 2-1). Differences in peak hatch-out between EH and LH
YOY, defined as the period of four consecutive days with the highest number of Stage 3
eggs (just prior to hatching; Vandenbos 1996), ranged from 11-26 d for all pond-years.
The maximum difference in age within EH and LH age-0 cohorts was 27 d, as
determined by the duration of hatching.

By fall 2003, EH YOY were 13-89% greater in length than LH fish in all three
pond-pairs, with these differences being significant on all sampling dates (¢-tests: ¢ =
3.38-11.29, p’s £0.001; n = 29-89; Fig. 2-1). According to the ANOVA, fish size
differed significantly between treatments for two of these sampling dates (12 Augto 18
Oct 2003) where more than 25 individuals were captured in each pond-half (Fig. 2-1).
Moreover, the significance of the summed probabilities of all four ANOVA tests (G =
21.40, df = 8, p = 0.000) revealed a clear overall effect of hatch date on YOY length.

In late Aug 2004, LH YOY were just over half the length of their EH counterparts
in Pond 5 (Table 2-2). However, growth differences in YOY from Pond 6 were not as
distinct: LH YOY averaged only 1.2 mm (7%) smaller than EH offspring (Table 2-2).
The variation in YOY sizes between treatments for Ponds 5 and 6 created a highly
significant pond-treatment interaction term (p < 0.0001) that masked any detectable
differences in length in the ANOVA. However, according to pond-wise t-tests, LH age-0
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fish had significantly smaller lengths than EH fish in both Ponds 5 and 6 (Table 2-2).
Mass and condition of LH YOY were significantly lower (87% and 14%, respectively)
than that of EH fish in Pond 5 (Table 2-2). However, mean condition of Pond 6 LH YOY
was actually 7% higher than in EH counterparts (Table 2-2).

Mass of 2003 age-0 fatheads sampled on 13 Sep could be estimated using a
length-mass log-linear regression of age-0 fish measured late-Aug 2004 (log[wet
mass(g)] = 3.237 x log[TL(mm)] - 5.423; #* = 0.96, n = 391). Fish measured on 13 Sep
2003 were chosen because the 2004 year-class would have been most similar in age to
the 2003 year-class on that date, due to later stocking in 2003 than in 2004. As was
observed for length, predicted mass and condition of EH YOY were also greater than in
LH 2003 cohorts

Upon final draining of the two ponds studied in fall 2004, YOY abundances
varied greatly among pond-halves. In Pond 6, the catch of EH YOY was three times
greater than in the LH side, while Pond 5 had 25% fewer EH individuals than the LH
age-0 cohort (Table 2-2). Despite this variation, total EH age-0 biomass was
approximately five times greater than that of the LH cohorts in both ponds (per unit of
pond surface area; Table 2-2). First-summer survival was significantly higher for LH
age-0 minnows than for EH YOY in both ponds, and averaged 33.5% and 19.5% for LH
and EH treatments, respectively (G-tests of independence: p’s < 0.0001; Table 2-2).

The relationship between number of hatchlings and fall cohort size observed in
the four 2004 pond-halves was determined by linear regression. Although low sample
size meant that the positive relationship was not significant (** = 0.68, df =2, p = 0.18), I
used the regression equation to estimate fall abundance of age-0 minnows in each pond-
half in 2003. While differences in estimated EH and LH cohort size varied among these
ponds, expected biomass density of EH age-0 fish was 2-4 times higher than that of LH
cohorts.

Overwinter.—Ice cover lasted 177 d (26 Oct 2003 - 20 Apr 2004) on the MBRS ponds.
By 15 Feb, increasing ice thickness decreased water depth to 0.25-0.5 m, and water
temperatures fell below 2°C. Likewise, DO concentrations declined to 0.2-0.5 mg/L, but
aeration efforts successfully increased these levels, at least temporarily, up to 3-4 mg/L.
Still, winter mortality of age-0 fish was severe, with overall losses of 64%, 78%, and
100%, for Ponds 3, 4, and 5, respectively, based on estimated fall 2003 abundances.
Total spring harvests of Pond 3 YOY was 2,604 fish, with all but ~30 individuals caught
in the EH pond-half. Unfortunately, Pond 3’s divider had breached under the weight of
the heavy snowfall and overflowed from snowmelt, so contamination between treatments
through mixing of fish was suspected. Thus, I used only Pond 4 overwinter survivors for
the 2004 age-1 experiment.

In Pond 4, twice as many EH age-0 minnows survived winter than did LH
offspring (793 EH vs. 390 fish, respectively). EH YOY had slightly higher overwinter
survival than LH fish (24.3% vs. 18.3%, respectively), as calculated from estimated
cohort abundances in fall 2003. However, total first-year survival, based on 2003
hatching success, was similar between treatments (~5%) because fewer LH hatchlings
were produced. Despite their higher spring density, EH survivors were 16% (3.4 mm)
longer and 66% (50 mg) heavier than LH individuals. Mean TL (& SE) of EH fall (18
Oct 2003) and spring (20 May 2004) minnows were 18.7 + 0.5 and 24.6 £ 0.3 mm, while
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LH fish were 16.6 + 0.5 and 21.2 £ 0.2 mm, respectively (Fig. 2-2a,c). Based on QQ
plots, both EH and LH groups demonstrated some growth between these dates,
presumably during the 30 d period after ice-off before fish were measured. However, the

shallow slope of the LH plot indicated a disproportionate loss of smaller individuals from
that cohort (Fig. 2-2d) relative to the EH fish (Fig. 2-2b).

Age-1 Fish.—In 2004, both EH and LH cohorts (now age-1 fish) grew ~33 mm, more
than doubling their spring size (Fig. 2-3) and increasing in mass 15-fold. 4-5 mm length
differences between treatments persisted into their second summer (nine sampling
periods; F; g =24.62, p = 0.001; Fig. 2-3). Additionally, for the May, July, and August
sampling dates in 2004, EH immature age-1 fish (lacking secondary sex characteristics)
were significantly heavier and in better condition than LH age-1 fish (mass: F}, = 30.44,
p =0.031; condition: 5 =267.77, p =0.004). By 11 Aug, mass and condition of
immature age-1 fish were 31% and 5% greater, respectively, in EH fatheads than in LH
fish.

Overall, mature individuals, primarily males, had greater length, mass, and
condition than their immature counterparts (Kruskal-Wallis: p’s < 0.0001), but such
differences were independent of treatment (U-tests: p’s > 0.1; Fig. 2-4). However,
significantly more EH age-1 fish exhibited signs of maturity than LH minnows on both
July and August sampling dates (G-tests of independence: p’s < 0.0005; Table 2-3a).
GSI values for mature EH females were also 3.4 times greater than values for mature LH
females in late July (U-test: p =0.017; Table 2-3a). Both EH and LH age-1 cohorts
demonstrated high second-summer survival (Table 2-3a), relative to end-of-season
survival of the parental populations (21%, App. A). Age-1 females were 16% (10 mm)
smaller and 44% (1.23 g) lighter than Females stocked in Ponds 5 and 6 (U-tests: p’s <
0.0001; App. A,B).

Spawning commenced for both age-1 cohorts on 15 July. EH spawning duration
(16 d) extended 10 d longer than the LH season, and nest and egg production were also
higher in EH than in the LH treatment (Table 2-3b). Although EH eggs started hatching
4 d later and extended 12 d beyond that of LH, EH offspring were 33% longer and almost
2.5 times heavier than LH progeny at final removal on 11 Aug (Table 2-3c). Age-0
abundance was slightly higher and, based on the predicted hatch, survivorship was also
greater in the LH pond-half (G-test of independence: p <0.0001; Table 2-3c). However,
given the larger sizes of EH offspring, biomass density of YOY was 2.6 times greater in
the EH than the LH pond-half (Table 2-3c).

One LS Large Female that had been added to Pond 4 during the 2003 experiment
apparently escaped both fall removal trapping and spring seining, and was not removed
until after the LH age-1 spawning season (on 26 July). She appeared to be gravid and
was twice as heavy as the LH age-1 females.

Discussion

Reproduction.—Dates of ES spawning initiation in the MBRS ponds were 1-2 weeks
later than those documented in SCL100 fathead minnow (Danylchuk & Tonn, in press).
This delay can be attributed to the interruptions to the minnows’ natural spawning
patterns by a combination of transportation, tank-induced, and handling stresses,
followed by later re-stocking in June. Cooler pond water temperatures in July and
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August of 2004, possibly a result of greater rainfall compared to 2003 over that same
period (Climate Data Archive, Environment Canada), may partially explain the reduction
in LS fecundity in 2004 relative to that of 2003 LS fatheads.

Because ES and LS hatching overlapped only slightly, the ages of the majority of
offspring differed by about two weeks between treatments, while maximum age
differences approached 30-40 d. Such seasonal variation in hatch dates is not only
feasible for this species, but can be even more extreme in natural populations, where
spawning seasons can extend longer than two months (Nelson & Paetz 1992; Danylchuk
& Tonn, in press). The discrepancy in spawning season may be understood by
considering the greater abundance of the SCL100 fathead minnow population ( ¥ =
62,490 individuals; Danylchuk 2003) compared to that of the MBRS ponds (84-95
fish/pond-half). I expect that SCL100 had a correspondingly greater number of
reproductively active fish contributing to overall egg production than the experimental
populations, which may spawn over a longer period of time.

Age-0 Fish.—In accord with my hypothesis, delayed spawning in LS fathead minnows
influenced the next generation of fish, decreasing first-summer size of LH progeny, likely
because later hatch dates limited their seasonal growth potential (Keast & Eadie 1984;
Cargnelli & Gross 1996). However, the additional influence of density-dependent factors
on growth cannot be ruled out. High cohort density may have partially stunted the
growth of EH YOY in Pond 6, explaining why these progeny were in poorer condition
than the LH group. Despite considerable variation in cohort densities, EH YOY were
consistently longer and comprised a greater biomass than LH counterparts in all five
pond-years.

Survival of age-0 minnows was not related to numerical density, but was higher in
both LH cohorts by fall (2004), and therefore appeared inversely related to fish biomass.
Alternatively, higher fall survival in LH treatments may have been because LH age-0 fish
were approximately three weeks younger than EH fish at time of removal. In this view,
EH progeny had a higher probability of dying simply because of longer exposure to risk
factors (Garvey et al. 2002).

Pond 3, containing the largest age-0 fish, had the lowest overall winter mortality
(64%), while no age-0 fatheads survived winter in Pond 5, likely due to a combination of
starvation and anoxia. Pond 4 suffered 78% mortality, and size-selective starvation
appears to at least partially explain the positive size shift in fatheads, especially for LH
fish. Minimum fall sizes of YOY were 11 mm, but no fish less than 16 mm survived
their first winter. The LH cohort had a greater proportion of individuals under this
minimum-size threshold (52.3% LH vs. 38.6% EH, respectively). Therefore, starvation
mortality may have been more threatening to smaller LH YOY than for their older, larger
EH counterparts. This would also explain the shallower slope of the LH QQ plot relative
to that of the EH plot. Growth occurring prior to the spring stock assessment (30 d after
ice-off) may have also shifted the age-0 size structure, apparent from the position of the
QQ distributions above the reference lines (Post & Evans 1989).

Age-1 Fish.— Effects of hatch-date on fathead minnow performance carried over into the
second year of life, as predicted, with EH winter survivors remaining consistently larger
than LH fish; no compensatory growth in LH minnows was observed. This size
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advantage may account for why proportionally more EH age-1 fish matured and also had
greater gonadal investment and fecundity than LH fish. Maturation at age-1 was
unexpected because the minimum age of maturity documented for SCL100 fathead
minnow was age-3 (Danylchuk & Tonn, in press). However, when Pond 4 age-1
minnows were measured on 26 July, fish had achieved sizes (¥ = 50 mm TL) equivalent
to age-3 minnows from SCL100 (Danylchuk & Tonn, in press).

Maturation of Pond 4 fish at ages two years younger than that observed in their
lake of origin indicates that age-at-maturity can be size-dependent in fathead minnow.
Indeed, the age at which fish mature is often phenotypically plastic and decreases with
growth rate (Stearns & Koella 1986; Fox 1994; Heino et al. 2002). A single cohort of
age-0 minnows was introduced to Pond 4 at a relatively low density, enabling accelerated
growth rates which, in turn, facilitated maturation as yearlings. Interestingly, the life
history pattern of the Pond 4 cohort resembled that of fathead minnows occupying two
other lakes situated within 5 km of SCL100, where maturation also occurred at age-1
(Danylchuk & Tonn, in press). In these two lakes, average densities of fathead minnow
were 7-38% that of SCL100 (Danylchuk & Tonn 2003). Consequently, average lengths
of age-1 fish were significantly (6-10 mm) greater in these two other lakes than for
SCL100 fish (Danylchuk & Tonn in press).

Life history contrasts among fathead minnow populations implicate the role of
density-dependence in the timing of maturation. Low stock densities, such as occurring
following a winterkill, can decrease the age of maturity by accelerating juvenile growth
(Fox & Keast 1991; Danylchuk & Tonn, in press). Conversely, transition to adulthood
may be delayed when higher population densities result in resource limitation and/or
competitive interactions that retard juvenile growth (Fox 1994). Furthermore, higher
densities of older males may socially repress age-1 males from breeding in SCL100
(Danylchuk & Tonn 2001).

It is possible that the carryover adult Female from 2003 deposited some eggs on
the single LH nest. If LH age-1 reproductive effort was, in fact, overestimated because of
her egg contribution, then true differences between age-1 treatments were even more
extreme than what was observed.

Reproductive effort of the age-1 cohort, as measured by spawning duration and
fecundity, was markedly less than the effort of populations of older LS adult Females in
Ponds 5 and 6 that began spawning on similar dates. This difference in reproductive
investment was probably size-linked; age-1 females in Pond 4 were significantly smaller
than the Females stocked in other ponds. Another indication of limited reproductive
effort was the fact that end-of-summer survival of Pond 4 age-1 cohorts was over three
times higher than that of the adult populations stocked in other ponds, with catch rates of
mature age-1 fish remaining stable over time. These results may suggest that mature age-
1 fatheads had negligible post-spawning mortality after their first breeding season
because of reduced reproductive investment.

Performance of EH versus LH cohorts beyond age-1 was not investigated in this
study, and it is possible that maturation at age-1 may have consequences for future
growth and reproduction (Heino & Kaitala 1999). Though reproductive effort observed
in age-1 fathead minnows was small relative to larger fish, energetic costs associated with
spawning and paternal care could potentially decrease the lifespan of EH age-1 fish
relative to LH individuals that delayed maturation, as has been shown in pumpkinseed
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sunfish (Fox 1994). Long-term studies are needed to examine the effects of seasonal
timing of spawning on the entire life history of offspring.

The offspring of the age-1 fish (Pond 4) were comparable to LH age-0 fish from
other ponds (born of older fathead minnows), which had similar hatch dates.
Surprisingly, however, reproductive timing of adult fish in 2003 may have also affected
the second generation of fathead minnow. Progeny of EH age-1 fish were significantly
longer than offspring of LH minnows, even though hatching of the former began several
days after the latter. However, because the EH offspring hatched out over a longer time
interval and had lower survivorship, they may have experienced reduced intra-cohort
competition. In any case, replication would be needed to validate these findings.

Implications of Reproductive Timing

Fluctuations in both environmental and demographic conditions can alter the
timing of spawning which, in turn, can affect performance of the new year-class. Fish
spawning early in the season may demonstrate higher fitness if their offspring are able to
outperform YOY hatched later in the season. By having greater opportunity for growth
before the onset of winter (Cargnelli & Gross 1996), early-hatched YOY are larger,
making them less vulnerable to predatory invertebrates and gape-limited piscivorous fish,
including cannibalism by older conspecifics (Vandenbos 1996; Garvey et al. 1998; Pine
et al. 2000). Another benefit of earlier hatch dates is the capability of older age-0 fish to
switch to larger prey earlier than younger, smaller fry (Phillips et al. 1995). This can
ensure food availability for early-hatched YOY by expanding the options of prey items
accessible to them (Ludsin & DeVries 1997). With a greater assemblage of high-quality
food available to larger fish, early emergence may be especially important for first-year
recruitment where winter duration and severity impose a survival bottleneck on fish
populations (Ludsin & DeVries 1997). In northern climates, small YOY could starve
after their limited energy reserves become depleted during long, cold winters (Schultz et
al. 1998; Fullerton et al. 2000). Smaller body size of late-hatched YOY may result in
particularly low overwinter survival, especially where size-dependent winter mortality
operates. Finally, early spawning may be advantageous, from a fitness standpoint, if
early-hatched age-0 fish are able to mature and spawn at a younger age because of their
superior size and condition to later-hatched fish.

However, potential advantages of early hatch dates may be undermined by
stochastic environmental perturbations or predation, which may act to decrease survival
rates of early-hatched age-0 fish. Seasonal fluctuations in water levels