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ABSTRACT

Non-genetic influences of females on offspring phenotype are known as maternal
effects. Maternal effects can influence offspring traits such as mass at birth and weaning,
which can in turn affect offspring survival. Since survival ultimately affects fitness of
parents and offspring, maternal effects on such traits are of particular interest.

[ examined maternal effects on offspring traits from birth through weaning in
harbour seals (Phoca vitulina) on Sable Island, 1987-1996. I explored relationships
between maternal mass at parturition, age, and pupping date on birth mass, growth rate,
and weaning mass of offspring.

Pupping date did not significantly affect pup traits. Maternal age and mass had
significant effects, but their relative influence changed between birth and weaning. At
birth, a female’s age significantly affected birth mass, while maternal mass did not. Age
effects on birth mass were significant only among young females. Reproductive
experience of young females may have affected birth mass more than did age per se.
During lactation, maternal mass at parturition had stronger effects on pup traits than did
maternal age. Pups of large females had high growth rate and high weaning mass.

Harbour seal females make brief foraging trips during lactation, thus their pattern
of maternal care is intermediate between those of otariids and fasting phocids. As
predicted, effects of mass at parturition on pup growth rate and weaning mass were
weaker than in fasting phocids, and stronger than in otariids. Small females appeared to
begin foraging earlier in lactation than did large females, and postnatal investment of
energy was lower for small females. Thus maternal body mass in species that forage
during lactation may affect maternal behaviour and limit maternal investment generally.

Sexual selection theory predicts that in polygynous, sexually dimorphic species
small, young females will bear fewer males than females, and that mothers will invest
more energy in male offspring. In this study, sex ratio at birth did not vary with maternal
age or mass. Birth mass was higher for males than females. Weaning mass was also
higher for males, but this resulted from differences in birth mass, rather than differential

maternal investment during lactation. At weaning, sex ratio did not differ from unity.



ABBREVIATIONS

ANCOVA -analysis of covariance
ANOVA -analysis of variance
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CHAPTER 1

GENERAL INTRODUCTION

Maternal effects

An organism’s phenotype is shaped by complex interactions between its genotype and the
environment. A female can, however, influence offspring phenotype, over and above her
own genetic contribution (Mather and Jinks 1971; Arnold 1994). For example, in
domestic animals, birth mass can be affected by nutritional intake of the female (Willis
and Wilson 1974; Robinson 1977). Non-genetic influences of females on offspring are
known as maternal effects, and can be defined succinctly as direct effects of a female's
phenotype on the phenotype of its offspring (Bernardo 1996).

Maternal effects can occur only during the period of maternal care. In mammals,
the period of maternal care usually consists of three phases: gestation, lactation, and
post-weaning care (Clutton-Brock 1991). Maternal effects can be physiological (e.g.,
maternal mass affecting offspring mass) or behavioural (e.g., foraging ability or predator
defense) (Bernardo 1996). Maternal age can affect offspring traits even after traits
correlated with maternal age (such as body mass) are statistically adjusted (Bowen et al.
1994; Bernardo 1996). Age-related effects may result from behavioural and physiological
changes in the female that influence her ability to provide for offspring (Forslund and Part
1995).

Maternal effects can be studied by examining relationships of life-history traits

between females and offspring. Life-history traits are characteristics that directly



influence reproduction and survival (Stearns 1992). In mammals, life-history characters
include mass at birth, mass at weaning, growth rate, and age- and mass-specific
reproductive investments. These traits interact to affect the fitness of an organism, and
are linked together by constraining relationships, or trade-offs.

The term “trade-off” implies that one trait cannot be increased without decreasing
another. Many trade-offs have a physiological basis. This can be explained by the
principle of allocation, and can occur at several stages in the life history (Gadgil and
Bossert 1970; Boyce 1988). The basic premise of this principle is that animals have finite
resources of energy or nutrients, that must be allocated among the competing sinks of
reproduction, growth, and maintenance.

Offspring phenotype can affect offspring fitness, and thus psrental fitness. For
instance, an offspring’s birth mass may be positively related to subsequent survival
(Garnett 1979; Clutton-Brock et al. 1982), particularly in times of environmental stress
(Hutchings 1991). In mammals, weaning mass (Guinness et al. 1978; Baker and Fowler
1992) and offspring growth rate can also be positively correlated with survival. For
example, low rates of mass gain during lactation tend to be associated with reduced
survival in red deer, Cervus elaphus (Clutton-Brock et al. 1982), and in grey seals,
Halichoerus grypus (Coulson and Hickling 1964). Since survival uitimately affects
fitness of parents and offspring, maternal effects on offspring mass and growth rates are
of particular interest.

Some researchers have used maternal mass alone to explain maternal effects in
mammals (Millar 1977; Ambom et al. 1993), whereas others have used age alone (Reiter

and Le Boeuf 1991). In some cases, the use of either age or mass exclusively has been



due to the difficulty of measuring age or mass in certain species. But this practice also
reflects the fact that there have traditionally been two approaches to life history: age-
based and state-based. Age-based life-history theory assumes that, within a population,
all individuals of the same age are physiologically equivalent. It attempts to predict how
organisms vary reproductive effort throughout their lifespan in response to changes in
age-specific survival and age-specific fecundity (Roff 1992; Stearns 1992). The state-
based approach recognizes that individuals generally differ in condition or quality, and
these differences are important in determining reproductive success (Clutton-Brock et al.
1982; Lunn and Boyd 1993). An individual’s condition may include the quality of its
territory, reserves of protein or fat, and foraging skills. State-based life-history theory
looks for the best level of reproductive effort as a function of the organism’s state, or
condition (McNamara and Houston 1996). Age may also be considered a component of
state, however, if there are major differences between individuals of the same age, other
state variables must be considered (McNamara and Houston 1996).

[t is realistic, therefore, to expect that both maternal age and condition affect life-
history traits of offspring. The relative influences of these factors are likely to change
over a female’s lifetime due to behavioural and physiological changes. Such a change
may be particularly true of mammals like pinnipeds that continue to grow after sexual
maturity. Because of expected trade-offs between growth and reproduction, small, young
females may have proportionately less energy to invest in current offspring.

Maternal effects can also vary by offspring sex. In sexually dimorphic,
polygynous species in which males are larger than females, reproductive success is more

variable and more dependent on size in males than females (Le Boeuf and Reiter 1988).



Theory predicts that females should invest more energy in the sex that will have the
greatest effect on their own fitness. To invest differently with respect to offspring sex,
females could either vary sex ratio at birth in relation to maternal body condition (Trivers
and Willard 1973), or invest energy differentially during the period of maternal
care(Maynard-Smith 1980).

Pinniped life histories

Pinnipeds belong to the order Carnivora and consist of three families: Phocidae,
true seals; Otariidae, fur seals and sea lions; and Odobenidae, the walrus. Several
features of pinniped life history make these organisms convenient candidates for studies
of maternal effects. Females bear single pups, thus maternal effects at each reproductive
event are limited to one offspring only. Females usually return annually to breeding sites
on land or sea ice (Bonner 1984), thus it is possible to follow known individuals over
time, and to gather data on large numbers of females under similar environmental
conditions. Maternal care ceases abruptly at weaning (Bonner 1984), thus maternal
effects in pinnipeds are limited to gestation and lactation. In phocid seals, the end of this
period of investment is easily defined and lactation is relatively brief, averaging only 23
days (Boness and Bowen 1996). Pinnipeds are large, long-lived, iteroparous mammals
that continue to grow after sexual maturity (McLaren 1993), making it possible to study
the relative influence of maternal effects over a wide range of maternal ages and sizes.
Since pinnipeds exhibit polygyny and size dimorphism (Bartholomew 1970) theory
predicts that maternal investment will vary with offspring sex.

The harbour seal, Phoca vitulina concolor, is a small phocid that breeds on

isolated beaches and islands along the eastern coast of North America (Boulva and



McLaren 1989). Females usually give birth annually after reaching sexual maturity
around 4 years of age (Bigg 1969), and continue to grow until around age 10 (Boulva and
McLaren 1989). Female harbour seals forage during lactation (Bowen et al. 1992a).
Thus, they exhibit a strategy of maternal care during lactation that is intermediate
between most phocid species, which fast during lactation, and otariid species, which
forage during lactation (Boness et al. 1994; Boness and Bowen 1996). Adult males are
slightly larger than adult females, and show low levels of polygyny (Coltman et al. in
press (a)).

Here I analyze a long-term data set on harbour seal females and pups from Sable
Island, Nova Scotia. I examine the relative influence of maternal effects on offspring traits
throughout the period of maternal investment, i.e., from birth through weaning. Over the
10 years for which I have data on Sable Island harbour seals, an unanticipated change in
demography occurred. Pup production declined and maternal age distribution shifted to
older females. To study the consequences of these demographic changes, I investigated
interannual variation in life-history traits of females and offspring (Chapter 2).

After determining that data could be pooled across years (Chapter 2), [ analyzed
maternal effects at different stages of maternal care. Chapters 3 and 4 focus on the end of
gestation (i.e., birth), and Chapter 5 encompasses the periods of lactation and weaning. In
Chapter 3, I examine the relationships of maternal age, parturition mass, pupping date, and
reproductive experience to birth mass and state of development of newborns. I continue
these analyses in Chapter 5, by examining maternal effects on pup growth rate during
lactation and weaning mass. I also make interspecific comparisons of maternal effects

during lactation among pinnipeds and relate them to the harbour seal’s intermediate



strategy of maternal care (Chapter 5). I use path analysis to model possible causal
relationships among maternal traits and pup traits at birth (Chapter 3), and through
lactation and weaning (Chapter 5). [ also describe patterns of reproductive investment
(pre-natal investment: Chapter 3; post-natal investment: Chapter 5) in harbour seals as
examples of large, iteroparous, mammals that continue to grow after maturity.

[ examine sex differences in birth mass (Chapter 3), as well as in pup growth rate
and weaning mass (Chapter 5), with respect to differential investment theory. I test for
deviations in sex ratio at birth (Chapter 4) and weaning (Chapter 5) in relation to maternal
age class and maternal mass class. In Chapter 6, [ summarize and synthesize the main

results of my work.



CHAPTER 2

INTERANNUAL VARIATION IN TRAITS OF HARBOUR SEAL

FEMALES AND PUPS ON SABLE ISLAND

Introduction

Interannual variation in the environment can influence life history traits. Environmental
effects can be biological or physical. For example, an extreme El Nifio event in 1982-83
led to changes in ocean temperature that, in turn, led to shortages of prey for several
species of pinnipeds (Trillmich and Ono 1991). In California sea lions, Zalophus
californianus, this caused reduced maternal investment and slower pup growth (Ono et al.
1987). In a less extreme example, a long-term decline in quality of foraging habitat of
snow geese, Anser caerulescens, led to a decline in offspring growth rates, parental body
size (Cooch et al. 1991), and female reproductive success (Rockwell et al. 1993). Such
interannual variation could alter maternal effects on offspring traits, such as the effect of
female mass at parturition on offspring birth or weaning mass.

The main objective of my research was to assess the relative influence of maternal
age, parturition mass, and pupping date on offspring traits of harbour seals, such as birth
mass, growth rate, and weaning mass. Data were collected on Sable Island from 1987 to
1996 (Chapters 3-5). Halfway through the study period, an unexpected demographic
change began; the number of pups born dropped progressively from around 600 in 1991,
to 86 by 1996 (Figure 2.1). The age structure of parturient females also changed, with

fewer young females represented in later years (Figure 2.2).
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Figure 2.1. Annual production of harbour seal pups on Sable Island from 1978 to
1996. Numbers come from tagging of all pups in each cohort (Marine Fish
Division, Dept. of Fisheries and Oceans, Canada).
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Figure 2.2. Changing age distribution of female harbour seals giving birth on Sable Island
between 1987 and 1996 (n = 91). Data are cross-sectional, with each female being
represented only once. (In this “box-and-whiskers plot” the 25th, 50th, and 75th
percentiles are shown by the bottom of the box, the horizontal bar, and the top of the
box, respectively. The largest and smallest values that are not outliers are shown as
thin horizontal lines or “whiskers.” Open circles show outliers.)
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These changes provided an unanticipated opportunity to study effects on life-
history traits of females and pups. Here I examined interannual variation in traits of
females (e.g., pupping date and parturition mass) and of pups (birth mass, rate of mass
gain during lactation, and weaning mass). To address concerns that the demographic
changes may have altered the effects of maternal age and parturition mass on these
offspring traits, I compared traits between two 5-year periods, i.e., before and after pup
production began to decline. I also compared relative birth and weaning mass as
energetic measures of reproductive effort between these periods. Possible causes for the

shifts in maternal age and pupping date were explored.

Methods

Data on females and newborns were collected in May and June each year from 1987 to
1996, and on weaned pups from 1988 to 1996. The study area was a 24-km stretch of
beach on the north side of Sable Island, a vegetated sand bar off Nova Scotia, Canada
(43°55°N, 60°00°W).

Each day throughout the pupping season, newborn pups were captured, sexed, and
weighed as described in Chapter 3. When mothers of newborns were present, they were
captured and weighed (Chapter 3). Body mass of pups and females taken within 24 hours
of birth were defined as “birth mass” and “parturition mass,” respectively.

Maternal age was known in cases where the female was first tagged as a pup and
the tag was retained to the time of recapture. Annual pup tagging first began in 1978 by
the Department of Fisheries and Oceans (W. T. Stobo and W. D. Bowen, unpublished)

and continued throughout this study. Thus, known maternal age potentially ranged from
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4 (i.e., age at first parturition) to 9 years at the beginning of the study, and from 4 to 19
years at the end. Data on the oldest ages (14-, 15-, and 16-year-olds) were combined into
a 14+ age category (Chapter 3).

Pupping dates were converted to day of year, taking into account the leap years
1988, 1992, and 1996. To test for effects of changing demography, cohort year was
categorized into two 5-year periods: 1987 to 1991, when pup production was essentially
stable; and 1992 to 1996, when pup production was in rapid decline (Figure 2.1).

Mass of pups at weaning was estimated by weighing a subset of pups at, or near
weaning, as described in Chapter 5. Rate of mass gain of pups was estimated by dividing
mass gained during lactation by the length of the lactation period.

To document population trends within and among seasons, weekly counts on the
study area were made beginning in 1991. An experienced observer surveyed the north
beach of the island in late afternoon, and counted adult males, adult females, juveniles,
and pups. Since seals in the water were not included, the observer would not be able to
count every seal present on the island during a particular week. It was, however,
expected that trends within a season would be noticeable, such as the disappearance of
females from the beach after weaning. At the end of each study season, and for each
category, the highest count was called the “maximal count.” Annual trends of maximal
counts were assumed to represent annual trends within the population as a whole.

Statistical analyses were performed using SPSS statistical software. Means are

reported with standard errors (SE). The significance level for all tests was alpha = 0.05.
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Results

Count data

Beginning in 1991, there was a fairly steady decline in maximal counts of pups (Figure
2.3). Numbers of females remained stable until 1993, then also began to decline.
Numbers of juveniles and adult males declined between 1991 and 1996.

Pupping date and maternal age

Observed births occurred from May 11 to June 16 (Table 2.1). Among years, the
briefest observed pupping period was 17 days in 1987 (May 11 to May 27), and the
longest was 34 days in 1995 (May 13 to June 16). Observed dates of pupping were
influenced by when observations began and ended in each year. In most years,
observations began after a small number of pups had been born. However, sampling
encompassed the main part of the pupping season in each year, thus mean pupping dates
are reasonably accurate. In 1987, observations ended before the end of the pupping
season, thus the brief observed period of pupping was inaccurate, and mean pupping date
may have been negatively biased.

Mean date of pupping was essentially stable around May 22 (day 142) from 1987
through 1991 (Table 2.1; Figure 2.4). After 1991, pupping started to occur at
progressively later dates; in 1992 and 1993, mean pupping date was May 26, and in 1996,
mean pupping date was May 31. Pupping date and year were positively correlated over the
period 1987 to 1996 (r = 0.49, n = 676, p < 0.001).

Pupping date was significantly correlated with maternal age (» =0.36,n=91,p=
0.001). This relationship, however, appeared to be due to increasingly later pupping dates

(Figure 2.5), and increasingly older parturient females (Figure 2.2). In 1987-91, mean
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Table 2.1. Summary of annual pupping dates' of harbour seals observed on Sable Island

(n=676).
Year  Mean SE n Earliest Latest Range
observed observed (days)
birth ? birth
1987 May20° 04 57 Mayll May 27° 17°
1988 May25 04 70 May 18 June 7 21
1989 May22 0.7 60 May 11 June 6 27
1990 May22 0.7 46 May 13 June 1 20
1991 May20 05 53 May 11 May 28 18
1992 May26 04 92 May 18 June 7 21
1993 May26 05 96 May 14 June 6 24
1994 May27 05 82 May 16 June 12 28
1995 May3l 0.7 84 May 13 June 16 35
1996  June 1 08 36 May 24 June 10 18
All May26 0.2 676 Mayll June 16 23

' Data are cross-sectional (i.e., each female is represented only once).

? In each year, a small number of births occurred before sampling began, thus the
earliest observed date was slightly later than the actual earliest pupping
date for the population.

In all years but 1987, observations continued beyond the last birth, thus the latest
observed date is representative of the population. In 1987, however,
sampling was terminated before the end of the pupping season, thus latest
date, mean date, SE, and range are negatively biased.
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Table 2.2. Comparison of life-history traits between periods of stable ( 1987-1991) and

decreasing (1992-1996) population of harbour seals on Sable Island.

1987-1991 1992-1996 p p
. mean + S.E. mean + S.E. t-test ANCOVA
Trait (n) (n) [d.f] [d.f]
Female
Pupping date May 22 + 0.3 May28+03 <0.001 <0.001'
(286) (390) [674] [1, 88]
Age (yr) 6.4+0.30 10.0£0.52  <0.001 -
(44) 47 [89]
Parturition mass 85.3+0.70 84.8 +0.84 0.64 0.252
(kg) (136) (108) [242] [1,72]
Lactation duration 23.7+0.33 242 +0.36 031 -
(d) (87) (88) [173]
Weaning date June 15 £ 0.4 June21 £0.5 <0.001  <0.001°
(87) (88) [173] [1,97]
Pup
Birth mass 10.8 +0.1 11.0£0.9 0.14 0.74*
(kg) (207) (168) [373] [1, 78]
Rate of mass gain 0.62 +0.02 0.59 +£0.01 0.08 0.10°
(kg/d) (48) (68) [114] [1,97]
Weaning mass 24.6+0.38 25.1 £0.37 0.37 0.60°
(ke) (76) (78) [152] [1,97]
Pup:female
comparison
Relative birth mass 128 +0.13 13.0+0.13 0.40 0.58'
(%) (136) (108) [242] [1,72]
Relative weaning 29.8 £ 048 29.7£0.43 0.92 -
mass (%) (47) (53) [98]

! Controlling for maternal age

? Log parturition mass controlling for log maternal age
3 Controlling for parturition mass

% Log birth mass controlling for log maternal age
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Figure 2.5. Comparison of pupping dates between periods of stable (1987-1991) and
declining (1992-1996) production of harbour seal pups on Sable Island (n = 676).
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pupping date was May 22, and was May 28 in 1992-1996 (Table 2.2). Mean age of
parturient females increased from 6.4 yr in the first period to 10.0 yr in the second.

Data were examined by maternal age class and period (Figure 2.6). Within each
age class, mean pupping date was higher in the second period, whereas within periods
there were no significant differences between mean pupping date of each age class (2-way
ANOVA; period p = 0.03; age class p=0.11). Thus, although mean pupping date was
later in the second period, this was attributable to period rather than age class. The oldest
age class was represented only in the second period, in which pupping dates were later
(Figure 2.6). Thus the change in age structure gave the false impression that older
females bore pups significantly later. I further explored the relationships among pupping
date, maternal age, and period using longitudinal data. For 27 females of known-age that
had two or more pups in each period, mean pupping date was 4 days earlier in first period
compared with the second (mean dates May 24 and May 28, respectively). Again, the
difference in mean pupping date was due to period rather than age (repeated-measures
ANCOVA with mean age as a time-varying covariate: period p = 0.01; age p = 0.18).
This corroborates the conclusion drawn from the cross-sectional data that period was
more important than maternal age in determining pupping date.

Birth mass and parturition mass

Annual mean birth mass of pups ranged from a low of 10.1 in 1993 to a high of
11.4in 1995 (Table 2.3; Figure 2.7a). Since log age was correlated with log birth mass
(r=0.74, n= 81, p <0.001), as well as with log parturition mass (» = 0.73, n = 75,

p <0.001), and since maternal age increased over the study period, I controlled

statistically for log age when looking for differences in annual means of each variable.
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There was no significant interannual variation in mean birth mass. Mean parturition mass
ranged from 78.9 kg in 1994, to 89.7 kg in 1995, but did not differ significantly by year
(Table 2.3; Figure 2.7b). Annual mean birth mass was not significantly correlated with
annual mean parturition mass (Spearman r = 0.07, n = 10, p =0.85). Annual residuals of
birth mass and parturition mass, expressed as percentage difference from the population
means (Figure 2.8), were not correlated either (Spearman = 0.17, n = 10, p =0.68).

To test for effects of changing demography, mean birth and parturition masses
were compared by period (Table 2.2). Mean birth mass was 10.8 kg in the first and 11.0
kg in the second. Mean parturition mass for each period was 85.3 kg and 84.8. Neither
variable differed significantly between periods.

Traits associated with lactation and weaning

Mean rate of pup mass gain ranged from 0.56 kg/d in 1989 to 0.73 kg/d in 1992
(Figure 2.9a; Table 2.4). There was, however, no significant interannual variation in
mean rate of pup mass gain. Mean weaning mass ranged from 23.7 kg in 1991 to 26.2 kg
in 1992, and also did not differ significantly by year (Figure 2.9b; Table 2.4).

To test for effects of changing demography, mean traits of females and pups were
compared between periods. Mean weaning mass and rate of pup mass gain did not differ,
before or after controlling for parturition mass (Table 2.2; all p > 0.05). Mean lactation
duration also did not vary by period. Mean wean date was significantly higher in the
second period, as would be expected from the higher mean pupping date but similar

duration of lactation (Table 2.2).
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Table 2.3. Annual mean birth mass and parturition mass of harbour seals on
Sable Island, 1987 to 1996 (mean + SE; sample size in parentheses).

Year Birth mass Parturition mass
(kg) (kg)
1987 10.8 +0.21 85.7+2.06
39) (10)
1988 10.8 +0.18 874+1.52
&) (35)
1989 11.0+0.29 82.1+1.04
30) (24)
1990 10.6 £0.23 88.1 +1.65
(32) (24)
1991 10.9+0.16 83.7+1.20
49) (48)
1992 1.1 £0.15 84.7 +1.27
41) (40)
1993 10.1 £0.20 80.1 +2.19
(32) (19)
1994 11.0+£0.30 78.9+2.16
@2n (10)
1995 11.4+0.14 89.7 + 1.88
€2 (19)
1996 11.2+0.14 879+ 1.56
(23) (20)
ANCOVA p 0.246* 0.102*
[d.f] (9, 70] [9, 64]

* ANCOVA on log transformed data, controlling for log age
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Figure 2.7. Interannual variation in a) birth mass (# = 375), and b) maternal mass at
parturition (n = 244) of harbour seals on Sable Island, 1987 to 1996. (Box-and-
whiskers plot, as per Figure 2.2)
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represents point when the population began to decline (see text).



24

Table 2.4. Annual rate of mass gain and weaning mass of harbour seal pups on
Sable Island, 1988 to 1996 (mean + SE; sample size in parentheses).

Year Rate of Weaning mass
mass gain (kg)
(kg/d)
1988 0.66 £ 0.018 26.0+£0.72
(16) (23)
1989 0.56 £ 0.038 24.1 £0.50
(12) 27
1990 0.63 £ 0.020 24.0+0.96
9) (15)
1991 0.63 £ 0.051 23.7+0.99
(I ()
1992 0.73 £ 0.058 26.2 +£0.66
(3) (6)
1993 0.57 £0.017 247 £0.48
39) (36)
1994 0.58 +0.025 25.3+0.71
22) (26)
1995 0.62 + 0.061 256 +1.81
) )
1996 0.58 £ 0.059 247+ 194
(2 3
ANOVA p 0.071 0.389
[d.f] (8, 107] (8, 145]
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Reproductive effort

Similarly, energetic measures of maternal reproductive effort were compared by
year and period. The ratio of birth mass to parturition mass is a measure of pre-natal
reproductive effort known as relative birth mass (Chapter 3). Relative birth mass did not
vary by year (ANCOVA controlling for maternal age, Fq, 641 = 1.3, p = 0.26), or by period
(Table 2.2). The ratio of weaning mass to parturition mass is a measure of overall
reproductive effort known as relative weaning mass (Chapter 5). This measure of
maternal investment also did not vary across years (ANOVA F, 8.9y =17,p=0.11)or

between periods (Table 2.2).

Discussion

Changing demography

There was a fairly steady decline in the number of harbour seal pups born on Sable Island
after 1991. Concurrently, maternal age distribution of known-aged females shifted to
older ages. The increase in age of parturient females resulted from few young females
giving birth in later years. This trend was not due to a bias in data collection because
almost every breeding female was captured in the last few years of the study. The trend
reflects a lack of recruitment of young females to the breeding population. It is possible
that young females had higher mortality, or emigrated elsewhere. Alternatively young
females may have been less able to carry a fetus to term in later years. Severe population
crashes are common in populations of large mammals (Young 1993) and dramatic
declines in pinniped populations have been observed that cannot be accounted for by

direct or indirect exploitation (Loughlin et al. 1992). Natural die-offs of carnivores tend
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to be due to diseases (Harwood and Hall 1990; Young 1993), yet there are no signs of
disease in this population. Unfortunately, there are no ongoing studies elsewhere in
castern Canada to address the possibility of emigration.

Increased mortality or emigration could be caused by changes in prey distribution
or competition with other species (Pianka 1976). A candidate for competition is the grey
seal (Halichoerus grypus), whose population on Sable Island has been increasing by
about 13% per year for several decades (Mohn and Bowen 1996). Analyses of stomach
and scat contents have shown dietary overlap in the two species, both inshore (Bowen and
Harrison 1996) and on Sable Island (Bowen and Harrison 1994; W. D. Bowen unpubl.).
Studies on domestic mammals have shown that nutrition in the latter stages of pregnancy
has the greatest effect on fetal growth and mass of newborns (Sadleir 1969; Robinson
1977). However, no appreciable changes in birth mass of the pups or the condition of
parturient females were detected over this study, so increased competition or shifts in
prey distribution may be occurring away from Sable, before the pupping season. An
alternative explanation is predation by sharks on young females. Sharks are predators of
seals in eastern Canada (Boulva and McLaren 1979; Brodie and Beck 1983) and shark
predation on harbour seal pups near Sable Island increased over the study period (W. D.
Bowen unpubl.).

The other appreciable change over the study period was the shift in pupping dates,
as indicated by cross-sectional and longitudinal data. The observed trend towards later
pupping dates did not appear to be caused by increased maternal age. In many mammals,
photoperiod controls the timing of birth (Follett 1982). In pinnipeds, including harbour

seals (Temte 1994), photoperiod is thought to initiate embryonic implantation, and all
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females in a population should implant at about the same time to ensure synchronized
reproduction (Boyd 1991). Seasonal patterns of photoperiod would not have changed
over the study period, thus other environmental features, such as changes in ocean
temperature or nutritional stress, are more likely to be responsible for the changes in
pupping date.

Changes in ocean temperature, which are often correlated with changes in fish and
invertebrate distribution, have been documented on the Scotian Shelf over the study
period (Drinkwater 1996). Pupping date can be influenced by food availability through
changes in gestation length. In Antarctic fur seals (Arctocephalus gazella), pupping dates
were delayed due to longer pregnancies in years of low food availability (Boyd 1996). If
this were the case in harbour seals, the steadily increasing pupping dates observed after
1991 may indicate decreasing food availability for pregnant females. This too could have
been caused by changes in prey distribution and/or competition with the expanding
population of grey seals. It is noteworthy that in Antarctic fur seals, the number of young
born was reduced in years where births were late on average (Lunn and Boyd 1993). This
suggests that nutritional stress changes the timing of birth and reduces the probability that
females will carry a fetus to term (Boyd 1996). This pattern is similar to that seen in
harbour seals on Sable Island after 1991.

Interannual variation

Despite the observed changes in pupping date and maternal age structure, there
was no significant variation in parturition mass or birth mass by year or period. This
stability may be partially explained by the fact that Sable Island is a pupping site, and thus

comparable to a maternity ward (W.D. Bowen, pers. comm.). The only females sampled
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were successful females, whose condition may have surpassed a critical threshold that
allowed them to carry a viable fetus to parturition (Arnbom et al. 1994). Females that did
not bear pups simply would not appear in the data set. There was also no significant
variation in rate of mass gain during lactation or weaning mass. By definition, these data
also represented only females that had weaned their pups successfully.

The lack of interannual variability was noted in the earlier work of Muelbert and
Bowen (1993), who found that weaning mass and lactation duration of harbour seals on
Sable Island did not differ between 1988 and 1989. The longer time frame of the present
study illustrates the consistency of pup mass at birth and weaning in harbour seals. In
many animals, survival increases with body size (Guinness et al. 1978; Clutton-Brock
1988) and weaning mass of mammals is likely to be under strong selective pressure (Lee
etal. 1991).

The lack of interannual variation in pup traits shows that pups were not
significantly affected by any interannual environmental fluctuations. This could have
resulted from a lack of fluctuation, or from the ability of females to buffer their offspring
from the types of variation that occurred. Buffering by females is a more likely
explanation, given the arguments above for nutritional stress potentially leading to
delayed pupping dates. Furthermore, changes in ocean temperature have been
documented on the Scotian Shelf over the study period, with deep waters warming, and
surface waters cooling after 1991 (Drinkwater 1996).

The lack of variation in pup traits between the early and late periods shows that
the shifts in maternal age structure and pupping date did not affect pup traits. Also, since

pupping date has no significant effect on birth mass of harbour seals (Chapter 3), or
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weaning mass (Chapter 5), the shift in pupping dates should not have altered relationships
between maternal traits and offspring traits. The similarity of energetic measures of
prenatal and postnatal reproductive effort among years, and between periods is evidence
of a consistent relationship between parturition mass of females and mass of pups at birth
and weaning. These points allowed me to pool data from all years to analyze maternal

effects (Chapters 3-5).

Summary
After 1991 there was a steady decline in the number of harbour seal pups born on Sable
Island. Overall, numbers of adult males and females and juveniles declined over the
same period. The decline in numbers of adult females was due to reduced recruitment of
young females to the breeding population. The cause for the decline in recruitment of
young females is unknown, but may include differential emigration and/or mortality, or
an inability to carry a fetus to term in later years.

Pupping dates became later after 1991, possibly because of reduced food
availability due to a shift in prey distribution or competition with grey seals.

From 1987 to 1996 mean annual birth mass, rate of pup mass gain, and

weaning mass did not vary significantly. The lack of interannual variation suggests
strong selective pressure on these life-history traits of pups or a capacity of female

harbour seals to buffer the young from the observed environmental variation.



CHAPTER 3

MATERNAL EFFECTS ON TRAITS OF NEWBORN

HARBOUR SEALS

Introduction

An organism’s phenotype results from complex interactions between its genotype and the
environment (Bernardo 1996). A female can, however, directly influence offspring
phenotype independently of genotype (Arold 1994). For example, in domestic animals,
birth mass can be affected by the female’s nutritional intake (Willis and Wilson 1974
Robinson 1977). Such influences are known as maternal effects.

Maternal age can also affect offspring traits, even after traits correlated with
maternal age, such as body mass, are statistically adjusted (Bernardo 1996). Age likely
reflects behavioural and physiological changes in the female, which in turn can affect
offspring (Forslund and Part 1995). Age effects are stronger among young females than
old females (Forslund and Larsson 1992). For example, in birds it is well established that
reproductive performance improves with age among young females, then levels out in
middle age, and, in some cases, declines in old age (Curio 1983; Rockwell et al. 1993;
Forslund and Part 1995). This is similar to the pattern seen in many large mammals, such
as northern elephant seals, Mirounga angustirostris, and red deer, Cervus elaphus
(Clutton-Brock et al. 1988; Le Boeuf and Reiter 1988; Sydeman et al. 1991). Most
evidence for maternal age effects comes from long-term studies on birds and mammals

(Clutton-Brock et al. 1988; Newton 1989; Rockwell et al. 1993). With the exception of
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northern elephant seals (Le Boeuf and Reiter 1988) and Antarctic fur seals, Arctocephalus
gazella (Boyd 1996), there are few long-term life-history studies on pinnipeds. Here [
present results of a 10-year study on female harbour seals, Phoca vitulina.

Birth mass is a phenotypic characteristic of offspring that is positively correlated
with probability of survival in some mammals (Clutton-Brock et al. 1982). Birth mass
varies with maternal mass at parturition within (Costa et al. 1988; Iverson et al. 1993) and
across species (Blueweiss et al. 1978; Oftedal 1985). However, other factors, such as
age, parity, pupping date, and offspring sex can also affect birth mass in mammals
(Guinness et al. 1978; Reiter et al. 1981). The effects of such variables, particularly
maternal age and mass, are usually studied in isolation (Boyd and McCann 1989; Lee et
al. 1991; Arbom et al. 1993).

In general, both maternal age and condition are likely to affect offspring life-
history traits. In addition, their relative effects may change throughout an animal’s
lifetime. Thus, I examined the effects of maternal age and parturition mass on traits of
newborns, over a range of maternal ages, and within three age-classes of females. I
predicted that maternal age would be correlated with birth mass among young females
because increasing age, and thus experience, could lead to behavioural or physiological
changes in the female that would increase birth mass. After several reproductive events,
experience would not be expected to add further benefits (Forslund and Pirt 1995).
Condition, measured here as parturition mass, was predicted to affect birth mass in older
females.

Maternal mass at parturition appears to be a good measure of general condition in

harbour seals, as it reflects the amount of absolute energy stores available to the female at
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pupping. Percentage body fat is similar among post-parturient harbour seals
(approximately 30% of body mass) and is independent of body mass (Bowen et al. in
prep.). Parturition mass is also a convenient measure of condition since, by definition, it
is always taken at the same point in each female’s reproductive cycle, and is therefore
useful for comparisons among and within females.

For animals that continue to grow after maturity, such as pinnipeds, life-history
theory predicts trade-offs between growth and reproduction (Gadgil and Bossert 1970;
Roff 1992). Female harbour seals first give birth between 4 and 6 years of age, but
continue to grow until around age 10 (Boulva and McLaren 1979; Markussen et al. 1989).
Since young females continue to grow after sexual maturity, they will need to devote
some energy toward growth. Thus, young females may have a smaller proportion of
energy to allocate towards reproduction than have older females, and offspring may be
correspondingly smaller. In long-lived species with a high probability of survival after
sexual maturity, there are also allometric grounds for expecting young females of smaller
body size to invest less in offspring and more in growth (Reiss 1989). I predicted that
reproductive investment would be lowest among younger females, since they have greater
growth requirements than older females. After age 10, reproductive investment should
level off. The ratio of “mass of young / mass of female” has been used as an index of
maternal reproductive investment in mammals (Robbins and Robbins 1979; Kovacs and
Lavigne 1986). One problem with using this approximation for mammals is that it does
not consider lactation (Roff 1992), which is energetically expensive (Oftedal 1985). To
avoid this problem, one can separate reproductive investment into pre- and post-natal. I

consider the ratio “mass of young / mass of female™ as a measure of prenatal reproductive
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investment.

Pinnipeds typically bear single, precocial offspring (Bonner 1984). Newborn
harbour seals are more precocious than most other phocids, being larger relative to the
size of the female, more active, and usually born without a fetal coat. They enter the
water within hours of birth (Lawson and Renouf 1985), whereas most other phocids do
not begin to swim until after weaning. Their advanced development is also reflected in
the shedding of the fetal coat, or lanugo, in utero (Oftedal et al. 1991); most phocid
species maintain their lanugo for a period after birth (Ling and Button 1975). Large
relative size (hence low surface-to-volume ratio) and shedding of fetal lanugo may be
adaptations for early entry into cold water (Oftedal et al. 1991). On Sable Island, most
newborn harbour seals with extensive lanugo are born early in the season and are small in
body size (Boulva 1975; Bowen et al. 1994).

In this study I examined relationships of maternal age, mass, experience, and
pupping date to traits of newborns, including birth mass and state of development
(reflected in lanugo pelage at birth) using cross-sectional and longitudinal data. In
addition, I investigated patterns of prenatal reproductive investment in female harbour

seals as examples of large, iteroparous, mammals that continue to grow after maturity.



35

Methods

Data collection

Data were collected in May and June from 1987 to 1996 on Sable Island, a vegetated sand
bar off Nova Scotia, Canada (43°55°N, 60°00°W). The study area was a 24-km stretch of
beach on the north side of the island. Each day throughout the pupping season, the beach
was searched for newborn pups which were captured by hand or with hoop nets. A pup
was considered to be newborn if it was still wet with birth fluids; if fresh blood was on
the pup’s coat or birth site; or if it had difficulty holding its head up and moved with an
awkward “gait” (Bowen et al. 1994). Pup sex was recorded, and an individually
numbered Rototag was inserted in the webbing of the hind flipper. The percentage of
lanugo covering the entire body was estimated visually .

When mothers of newborn pups were present, they were captured with a hand-
held net fastened between two aluminum poles, and tagged (Bowen et al. 1992a). To
facilitate recognition of individuals from a distance, mother-pup pairs were marked on
their backs with identical symbols using a fast-drying fluorescent paint (V-285, Lenmar
Inc., Baltimore MD). Females and pups were weighed using a spring-balance scale
suspended from a mobile all-terrain vehicle. Pups were weighed to the nearest 0.1 kg, on
a 50-kg scale, and females to the nearest 0.5 kg on a 200-kg scale.

Maternal age was known in cases where the female was first tagged as a pup and
the tag was retained to the time of recapture. Pup tagging first began in 1978 by the
Department of Fisheries and Oceans (W. T. Stobo and W. D. Bowen unpubl.) and
continued throughout this study. Known maternal age potentially ranged from 4 to 9

years at the beginning of this study, and from 4 to 19 years at the end; no females gave
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birth before they were 4 years of age.

Statistical techniques

Two types of data were available for analyses: cross-sectional, in which each
female was represented only once; and longitudinal, in which individual females were
studied over time. To create cross-sectional data sets, data for each female were chosen
randomly from only one pupping season. Pups whose mothers were not known were
considered to have distinct mothers, and were included in cross-sectional data. Cross-
sectional data were analyzed rather than the larger, complete data sets in order to meet the
assumptions of independence required for regression analysis and analysis of variance,
and thus avoid problems caused by serial correlation (Laird and Ware 1982).

Longitudinal data were analyzed using univariate and multivariate techniques.
One advantage of multivariate data is that there is no need to make assumptions about the
correlation structure between repeated measures on the same females. Repeated measures
ANCOVA on multivariate data accounted for serial correlations and some forms of non-
independence of data (Laird and Ware 1982).

Pupping dates were converted to day of year, taking into account the leap years
1988, 1992, and 1996. Only masses recorded within 24 hours of birth were included.
Mass of pups was defined as “birth mass” and mass of females was defined as
“parturition mass.” Body mass measured on the day after birth was extrapolated by
subtracting a daily mass gain of 0.5 kg for pups (n = 71) and adding a daily mass loss of
1.7 kg for females (n = 52) (Bowen et al. 1994). Data from all years were pooled
(Chapter 2). One extreme birth mass/maternal age outlier was removed from the data set.

(This data point was a 12-year old female that bore a newborn that weighed only 7.3 kg.
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This birth mass was atypical of the pups of 12-year olds (mean: 10.7+1.1kg,n=17),
and was removed from the data set since it was smaller than the mean birth mass minus 3
standard deviations for all 12-year-old females. The reason for this atypical birth mass is
unknown.)

At the oldest maternal ages, data were not available for both pup sexes, i.e., within
15-year-olds (n = 6) there were no' data on male pups, and among 16-year-olds (n=1)
there were no data on female pups. For this reason, data on 14-, 15-, and 16-year-olds
were combined into a 14+ age category.

To meet the assumption of linearity required for regression analyses, ANOVA,
and ANCOVA, data were transformed as necessary. In regression analyses on lanugo
coverage, the raw amount of percentage lanugo was used. For categorical analyses, such
as ANCOVA, pups were categorized as having no lanugo (0-5%), moderate (6-49%), or
extensive (50-100%) (Bowen et al. 1994). Similarly, age and log age were treated as a
continuous variables in regressions and as covariates in ANCOVAs. For categorical
analyses of age, females were grouped into three age classes: 4to 6; 7to 10; and 11 to
14+ yr. The first class included females with little or no prior maternal experience (they
would have produced only from 0 to 2 pups previously). The second class included
moderately experienced females (3 to 5 pups), while the third class included experienced,
females (> 5 pups). Only females in the first and second groups were still growing, since
little growth occurs in females after age 10 (Boulva and McLaren 1979; McLaren 1993).

Path analyses were conducted to explore possible causal relationships between
maternal effects and traits of newborn pups, and to determine the relative strengths of

relationships. For these analyses, a subset of data (n = 74) was used, in which each case



38

was complete for all 5 variables examined (maternal age, parturition mass, pupping date,
birth mass, and percentage lanugo). This assured an equal sample size along each path,
making comparisons between paths meaningful. Path models were constructed a priori,
based on hypothesized causal order. Paths were considered uni-directional to allow
unique estimation of parameters (Klem 1995). Standardized partial-regression
coefficients were used as path coefficients, and were obtained from multiple regressions
on each endogenous variable (Wilkinson et al. 1996). If a path coefficient was not
significantly different from zero, the model was trimmed by removing the path, and the
multiple regression was run again to re-estimate the parameters (Klem 1995). The
amount of unexplained variance for each endogenous variable was estimated as 1 - R’ for
each regression within the model (Sokal and Rohlf 1995), and is shown in path diagrams
as a percentage at the end of a thick arrow (Klem 1995).

Statistical analyses were performed using SPSS statistical software. Means are
reported with standard errors (SE). Correlation coefficients are Pearson’s r, unless stated
otherwise. The significance level for all tests was alpha = 0.05. All statistics, figures,

and tables refer to cross-sectional data sets unless stated otherwise.
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Results
Mean pupping date, birth mass, maternal age, and parturition mass
Pupping dates were known for 1,136 pups, of which 676 were known or assumed to be
from different females. Mean pupping date was May 26 (Table 3.1). Birth mass was
measured for 617 pups, of which 375 were from different females. Birth mass ranged
between 6.5 and 14.2 kg, averaging 10.9 kg (Table 3.1). There was no significant
difference between the birth mass of pups weighed prior to suckling (i.e., within a few
hours of birth; n = 26) and those weighed within 24 hours of birth (n = 349) (ANOVA,
Fr1. 374 = 0.66, p = 0.42).

For pups with known birth mass, maternal age ranged from 4 to 16 years, with a
mean of 8.4 + 0.36 years (n = 81). Parturition mass was measured 424 times in 244
individual females. Mean parturition mass was 85.1 £ 0.54 kg (» = 244), and ranged
from 62.5 to 106.4 kg. Parturition mass increased with maternal age non-linearly (Figure
3.1). Parturition mass was measured in 75 females of known-age. Log maternal age was
positively correlated with log parturition mass (» = 0.73, n = 75, p < 0.001), and
accounted for 54% of the variation in log parturition mass. Mean parturition mass
increased progressively within the 3 maternal age classes (75.6, 83.8, and 90.1 kg, for
young, intermediate-aged, and older females, respectively) and was significantly different

by maternal age class (Table 3.1).



Table 3.1. Effect of maternal age class on life-history traits at birth in harbour seals
(sample size in parentheses; degrees of freedom in square brackets).

Maternal age class

All females Young Intermediate Older P
(4-6yr) (7 -10 yr) (11-14+yr) ANOVAor
Variable ANCOVA
Pupping date May26+0.2 May25+0.7 May25+0.8 May29+0.9 0.107°
(676) 37N 31 (23) [2. 87]
Birth mass (kg) 109+006 93+025 [1.0+0.16 11.7+0.15 <0.001*
(375) (30) 2N (24) [2. 71}
Maternal mass at 85.1£054 756+1.19 838+1.10 90.1+1.37 <0.001
parturition (kg) (244) 24) 2N 24) (2, 72]
Relative birth mass 129+£0.09 12.1+030 13.2+0.27 13.1£0.26 0.010
(%) (244) (24) 2N (24) [2, 72]
(pup:female mass)

' Two-way ANOVA with period (Chapter 2)
? ANCOVA of log birth mass on age class, controlling for log parturition mass



110
.
100 4
.
o)} ®
g L ° ; g °
8 90 - . . . ¢
g ® ® i s [}
c ° . S o
2 S °
5 80 - . » ¢ °
5 i
[ e [ ]
a o '
°
i °
70 . °®
°
60 L} 1) L T T o
2 4 6 8 10 12 14 16

Maternal age (yr)

41

Figure 3.1. Parturition mass and age of parturient female harbour seals on Sable

Island (n = 75).
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Pupping date in relation to other traits

Pupping date was not significantly related to birth mass of males (r=0.11,n=
175, p =0.14), females (r = 0.10, n = 200, p =0.15), or both sexes combined (r=20.09,
n =375, p=0.08). Pupping date was also not significantly related to parturition mass for
mothers of male pups (r = 0.13, n = 118, p = 0.16), female pups (r = - 0.04, n = 126,

P = 0.69), or both sexes combined (r = 0.04, n = 244, p = 0.57).

Pupping date was not related to sex of pup. Pupping date and sex were recorded
for 1001 pups, from 545 different females. Overall, mean birth date of male pups was |
day earlier than that of females (May 25 + 0.4 d, n = 251, versus May 26 £ 0.4 d, n =
294), however, this difference was not significant after controlling for year effects
(Chapter 2) on birth date (2-way ANOVA, year p < 0.001, pup sex p = 0.08, interactions
P = 0.65). In addition, pupping date did not differ significantly within years by sex of
pup (Table 3.2) even though males were born on average at least 1 day earlier than
females in 7 years out of 10.

Pupping date as an individual trait

Many females tended to pup around the same time each year (Figure 3.2). In the
longitudinal data set, there were 30 females of known-age that produced from 4 to 7 pups
(n = 144 cases). Among females, mean pupping dates were not equal (ANOVA, Fy29 /14
= 3.5, p <0.001). Twenty percent consistently gave birth before the mean pupping date
(May 26) while thirty percent gave birth later. The remainder bore pups before and after the

mean pupping date of the population (Figure 3.2).



Table 3.2. Mean pupping date by year and pup sex for harbour seals on Sable
Island, 1987-1996.

Year n Male Female t-test p
1987 54 May 20 May 20 0.96
1988 69 May 25 May 26 0.57
1989 54 May 21 May 22 0.50
1990 44 May 21 May 22 0.21
1991 53 May 20 May 21 0.43
1992 45 May 26 May 27 0.21
1993 65 May 26 May 26 0.43
1994 72 May 27 May 29 0.18
1995 53 May 29 May 28 0.50
1996 36 May 31 June 2 0.35

All 545 May?25 May 26 0.08*

* p for pup sex in a 2-way ANOVA, with year and pup sex as
factors (year p < 0.001).



30 - = WOo—O0
28 - Tl OO=0
X DL O—O0—00
26 ! L o0—0——o0
2 24- '. » :': l. E
£ 22 - ut D 88508°
o DT 000=0"
< 20 : . 10— 0=O—O0
. ; L QOO @D
318- :  : QO-0—0Q0
c 16 : o O— :80
; O——00—0. :
S 14 - I o—a@mo. it
= : O—O—0 1
g 129 [ 00000
= 10 1 i 000—m—o—aG -
= L 0—=000—o00 °
. O——0—00—00
s 8 O——O—0
6 - O—O0——-0000
o0—0—0—0-20
4 - O—0—00
oO————0—00
2 - O—000 50— o
S o 0—0 e )
0 I— ——————r — e NN e

May 10 May 17 May 24 May 31 June 7 June 14 June 21

Birth date

Figure 3.2. Seasonal distribution of pupping dates for 30 female harbour seals that
produced 4 or more pups between 1987 and 1996 on Sable [sland. Overlapping
symbols indicate pups born on the same day in different years. Dotted line shows
frequency distribution of births within the population, 1987-1996



45

Based on the first and last recorded births during the study, the possible range of
pupping dates was 36 days. Each female covered a narrower range than this: the greatest
range in pupping dates within an individual was 16 days (over 7 years), while the lowest
range was 3 days (over 6 years). Some females were more variable than others.
Differences in ranges of maternal age did not explain this variability since variance in
pupping date was not significantly correlated with variance in maternal age (r = -0.06,
n=30, p=0.79). Two general patterns of variation in pupping date were observed
among the 30 females: stable, and increasing (Figure 3.3).

Birth mass in relation to other traits

Pup birth mass increased with parturition mass and maternal age. The relationship
between birth mass and parturition mass was non-linear (Figure 3.4a). Log parturition
mass was positively correlated with log birth mass (» = 0.45, n = 244, p < 0.001), and
accounted for 20% of the variation in log birth mass. This correlation was stronger for
female pups (r = 0.50, n = 126) than for male pups (r = 0.41, n = 118), but was not
significantly different by pup sex (p > 0.50). The relationship between birth mass and
maternal age was also non-linear (Figure 3.4b). Log maternal age was positively
correlated with log birth mass (» = 0.74, n = 81, p < 0.001), and accounted for 55% of the
variation in log birth mass. Again, this correlation was stronger for female pups (r = 0.79,
n = 38) than for male pups (r = 0.72, n = 43), but not significantly so (p > 0.20). Mean
birth mass increased with maternal age even after controlling for parturition mass
(ANCOVA on log-transformed data, Fyg 637 = 6.9, p <0.001). Conversely, birth mass
was not correlated with parturition mass after controlling for maternal age (partial

correlation on log-transformed data; = 0.16, n = 72, p = 0.18.)
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Mean birth mass was lowest for pups of the youngest females (9.3 kg), while
those of the intermediate and oldest age classes were higher and similar (11.0 and 11.7
kg, respectively) (Table 3.1). Mean birth mass was significantly different among age
classes even after controlling for parturition mass.

Males were significantly heavier than females at birth (11.1 + 0.09 kg, n = 175,
versus 10.7 £ 0.09 kg, n =200) (¢-test, p = 0.009).

Maternal effects on fetal coat

Most pups (84%) were born without lanugo. Most pups with > 50% lanugo were
born to young females and had low birth mass (Figure 3.5). They were also mainly born
early in the season (within the first two pupping date quartiles; Figure 3.6). Means of
pupping date, birth mass, parturition mass, and maternal age were all lowest for pups with
extensive lanugo (Table 3.3). The means of these traits increased for pups with moderate
lanugo, and then again for pups without lanugo (Table 3.3).

In the cross-sectional data, pups with extensive lanugo were limited almost
exclusively to the youngest maternal age class. Among known-age females whose
parturition mass was recorded, there were 13 pups with more than extensive lanugo born
to young females, | pup born to an intermediate-aged female, and none bomn to the oldest
females. Parturition mass of the intermediate-aged female bearing the pup with extensive

lanugo was 71.7 kg. This was substantially lower than the median parturition mass for

the intermediate maternal age class (83.8 £ 1.1 kg).
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Table 3.3. Relationship between lanugo coverage and other variables for harbour seals

(mean * SE, sample size in brackets).

Lanugo coverage
Extensive Medium Low
(50 - 100%) (6 - 49%) (0 - 5%)
Variable
Pupping date May22+03 May25+1.0 May 27
(66) (28) +0.6
(480)
Pup birth mass (kg) 9.0+£0.17 10.0£0.23 11.2 £0.06
(43) (22) (267)
Parturition mass (kg)  75.0+1.35 82.3+2.06 86.5 £ 0.56
(24) (15) (194)
Maternal age (yr) 5.6 £0.58 6.6 £0.93 94+0.44
(18) (8 (58)
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Individual females showed no tendency to produce pups of a particular lanugo
class. Most females that bore more than one pup had pups with no lanugo (89% of 209).
Twenty-five females (11%) had pups with lanugo (Table 3.4). For 17 of these females, the
percentage lanugo decreased from one pup to the next, and in the remainder, percentage
lanugo increased. There were two intermediate-aged females of known parturition mass
that bore pups with extensive lanugo. When the pup with extensive lanugo was born, each
female’s parturition mass was low compared to her mean parturition mass (F igure 3.7).

Path analysis of maternal effects on newborn traits

Path analysis was used to examine possible causal relationships and to determine
the relative influence of maternal age, parturition mass, and pupping date on pup birth
mass and percentage lanugo. [ hypothesized a model with 8 paths (Figure 3.8a). I
postulated that maternal age could have direct effects on parturition mass, as well as on
birth mass and percentage lanugo. Age could also have indirect effects on birth mass
through parturition mass, and on percentage lanugo through birth mass. Parturition mass
and pupping date could have direct effects on birth mass and percentage lanugo, and
indirect effects on percentage lanugo through birth mass. I did not hypothesize a
relationship between maternal age and pupping date, or between parturition mass and
pupping date, due to earlier analyses that indicated non-significant relationships after
controlling for the effects of increasing birth date over the study period (Chapter 2).

The main assumption of path analysis is that the relationships between linked
variables are linear. Non-linear effects must be accounted for in the unexplained variance,
or by transformations of the variables (Sokal & Rohlf 1995). I therefore used log-

transformed data on maternal age, parturition mass, and birth mass in the model.
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Table 3.4. Percentage lanugo coverage on pups of 25 known-age harbour seal females
captured in 2 or more years on Sable Island, and bearing at least 1 pup with
lanugo. In the first 17 cases, lanugo decreased or remained stable, while in the
last 8 cases, lanugo coverage increased at least once.

Maternal age (yr)
Female
no. 4 5 6 7 8 9 10 11 12 13 14+
952 100 40 O 0
998 100 5
1003 100 0 0
1012 90 50 O
994 75 0 0 0
954 20 0 0
987 100 20 O 0
1011 95 30 0
990 9% O 0 0 0 0
945 7% 0 0
947 50 30
941 100 25 4
991 5 0 1
950 9 O 0 0 0 0
959 5 0 0 0
949 5 0
967 2 0 0
1008 0 4 25
996 0 10 O
1000 1S 4 10 O 0
944 20 0 8 0
992 0 75 0 S
953 0 20
965 0 4 0 0 0
980 10 80 O
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Data on percentage lanugo were not transformed due to null values, and data on
pupping date were not transformed either. The variables were all significantly correlated
with one another, except for pupping date (Table 3.5).

In the overall model, all maternal ages and both pup sexes were examined
together (Figure 3.8a). Pupping date was not significantly related to birth mass or lanugo
and was dropped entirely from the model. Two other paths were not significant: the path
between parturition mass and birth mass, and that between age and percentage lanugo.
Eliminating these made the model simpler, with only 4 paths (Figure 3.8b). The path
strength between age and birth mass (0.75) was similar to that of age on parturition mass
(0.73). These were the strongest paths in the model. Parturition mass had a direct effect
on percentage lanugo (-0.23), but no significant effect on birth mass. The indirect effect
strength of age on percentage lanugo (-0.65) (Appendix 3.1) was stronger than the direct
effect of parturition mass on percentage lanugo (-0.23) (Table 3.6). There was a strong
negative effect of birth mass on percentage lanugo (-0.64).

The amounts of unexplained variance for each endogenous variable were 36% for
percentage lanugo, 44% for birth mass, and 46% for parturition mass (Figure 3.8b).
Sources of unexplained variance may include pup sex and unquantified individual
maternal effects. Since path analysis can include only interval or ordinal data (Klem
1995), it was not possible to use dummy variables for pup sex or maternal ID in the

model.
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percentage. Dashed lines represent negative paths.
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Table 3.5. Bivariate correlation matrix (Pearson’s ) for life-history traits used in path
analyses (n = 74).

Trait Log Log Birth Log birth  Percentage
maternal  parturition date mass lanugo
age mass
Log maternal age -
Log parturition 0.73%* -
mass
Pupping date 0.27* 0.18 -
Log birth mass 0.75** 0.62** 0.07 -
Percentage lanugo -0.67** -0.63** -0.21 -0.78** -
*p <0.05

** p<0.01
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Table 3.6. Effect strength' of variables in the three path models containing compound
paths (Figures 3.8b to 3.9b). (NS = not significantly different from 0)

Endogenous variable

Log Log Log birth
maternal parturition mass

Exogenous variable age mass
Overall path model (Fig. 3.8b)

Log maternal age -

Log parturition mass 0.73 -

Log birth mass 0.75 NS -

Percentage lanugo -0.65 -0.23 -0.64
Male pup model (Fig. 3.9a)

Log maternal age -

Log parturition mass 0.76 -

Log birth mass 0.71 NS -

Percentage lanugo -0.66 -0.33 -0.57
Female pup model (Fig. 3.9a)

Log maternal age -

Log parturition mass 0.71 -

Log birth mass 0.84 NS -

Percentage lanugo -0.69 NS -0.82

! Effect strength of one variable on another is the sum of the direct path coefficient (if any) and
the product of path coefficients of each compound path (calculations in Appendix 3.1).
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To test for differences due to pup sex, the model was re-estimated for each sex,
across all maternal ages. In the model for male pups (7 = 41), ali the same paths were
significant as in the overall model (Figure 3.9a). The effect strengths of the model on
male pups were similar to the overall model (Table 3.6), as were the amounts of
unexplained variance. In the model for female pups (n = 33), the path between age and
birth mass was stronger (0.84), and the unexplained variance was reduced to 29% (F igure
3.9b); this is the strongest path coefficient and the lowest unexplained variance in all path
models presented here. The path between parturition mass and percentage lanugo was
not significant in the female pup model. Birth mass alone explained as much of the
variance in female percentage lanugo (67%) as did birth mass and parturition mass in the
model for male pups (66%). The effect strength of age on percentage lanugo was similar
for both sexes (male: -0.66; female: -0.69; Table 3.6).

To see whether the model was valid for all ages, the model was re-estimated for
the 3 maternal age classes (Figure 3.10). The model was appropriate only for the
youngest maternal age group (4- to 6-yr-olds, n = 24). It had the same final form (Figure
3.10a) as the model for all ages, except the link between parturition mass and percentage
lanugo was not significant. The path coefficients were smaller, and the unexplained
variances greater. For the intermediate age class (7- to 10 yr, n = 26), the only significant
path was between parturition mass and percentage lanugo (Figure 3.10b). The
significance of the path was, however, only marginal (p = 0.046), and the unexplained
variance of percentage lanugo was high (84%). No paths were significant in the model

for the oldest females (11 - 14+ yrs, n = 24).
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Figure 3.9. Trimmed path models of maternal effects at birth in harbour seals by pup sex:
a) male pups (n = 41), and b) female pups (n = 33). Percentage unexplained variance
is linked to each endogenous (dependent) variable by a thick arrow. Dashed lines
indicate negative paths.
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Figure 3.10. Trimmed path diagrams of maternal effects at birth in harbour seals by
maternal age class: a) mothers aged 4 to 6 years (n = 24), and b) mothers aged 7 to
10 years (n = 26). (In the model for mothers > 11 yrs old (n =24) no paths were

significant .)
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Prenatal reproductive investment

Birth mass of pups ranged from 8.9% to 18.7% of maternal mass at parturition
(mean, 12.9 + 0.09%, n = 244). There were no trends over the pupping season as relative
birth mass was not significantly correlated with pupping date (= -0.04,n=244,p =
0.53). Relative birth mass was positively correlated with maternal age(r=0.26,n =175,
p =0.025) and differed between the three maternal age classes; the youngest females had
the lowest relative birth mass (12.1%), while relative birth mass was higher and equal in
the other two age classes (13.2% and 13.1%, respectively; Table 3.1). Relative birth mass
was significantly higher for male pups than female pups (13.2 £ 0.14%, n = 118, versus
12.6 £ 0.12%, n = 126) (t-test, p = 0.002).

Age versus experience

Harbour seals usually give birth each year following maturity (Bigg 1969), so
maternal experience increases with maternal age. This makes it difficult to distinguish
between the influences of experience (parity) and age. To test whether age per se was an
important determinant of birth mass for pups of young females, I compared parturition
mass and pup birth mass of primiparous 4- and 5-year olds (7 = 6 and 14, respectively).
Mean parturition mass of 4-year-old females was significantly lower than that of 5-year-
old females (70.5 * 1.7 versus 75.7 £ 1.0 kg) (¢t-test, p = 0.01). Mean birth mass was lower
among primiparous 4-year-olds than primiparous 5-year-olds (8.1 £ 0.2 kg, versus 9.0 +
0.3 kg), but this was not significantly different after controlling for parturition mass
(ANCOVA, Fy;, 177 = 1.4, p=0.25). Relative birth mass in each group was 11.5% and

11.8% respectively, and these were not significantly different (z-test, p = 0.66).
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To test for an influence of experience, while controlling for age, I compared
parturition mass and birth mass for pups of primiparous 5-year old females (n=14), with
those of 5-year-olds with one year’s prior experience (n = 3). Mean parturition mass for the
two groups were 75.7 £ 1.0 kg and 80.5 + 1.6 kg, and were marginally significantly
different (ANOVA, Fy; ;5;= 4.6, p=0.048). After controlling for parturition mass, mean
birth mass did not differ between the two groups (ANCOVA, F, 1147 = 1.1, p=0.32).
Relative birth mass was slightly higher but not significantly different in the 5-year-olds
with prior experience (12.6% versus 11.8%) (s-test, p = 0.47).

A separate approach to look for effects of experience was to compare primiparous
females with multiparous females while controlling statistically for age. I assumed that
all females older than 5 were multiparous and so pooled data on them (n = 57) and
compared them with pooled primiparous 4- and 5-yr-olds (n = 18). Log parturition mass
did not differ between the two groups after controlling for log age (ANCOVA, Fy; 75 =
2.5, p=0.117). However, log birth mass was lower among the primiparous females after

controlling for log age and log parturition mass (ANCOVA, Fy; 7;;=16.3, p < 0.001).

Discussion

Maternal effects on traits of newborns

Pupping date, maternal age, and parturition mass had different influences on the extent of
lanugo on newborns and on pup mass at birth. Pupping date did not significantly affect
pup birth mass or percentage lanugo, and thus cannot be considered a maternal effect on

newborn harbour seals. Maternal age and parturition mass were, however, significant

maternal effects.
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In bivariate analyses, log maternal age explained 55% of the variation in log birth
mass, while log parturition mass explained only 20%. This effect of parturition mass is
low compared to other species of pinnipeds. For example, maternal mass explained more
than 50% of the variation in birth mass in grey seals, Halichoerus grypus (Iverson et al.
1993) and Antarctic fur seals (Costa et al. 1988). In fact, the overall path model suggests
that parturition mass does not affect birth mass in harbour seals, but simply covaries with
it through effects of age (Figure 3.8b). Age affected birth mass and parturition mass
equally. On the other hand, both age and parturition mass affected percentage lanugo.
Both relationships were negative, reflecting the observation that younger and smaller
females were more likely to have pups with low birth mass and extensive lanugo (Bowen
et al. 1994).

The relationships between pup traits and maternal traits changed with maternal
age. This has been documented in other mammals. Dobson and Michener (1995)
compared path analyses of different age classes of female Richardson’s ground squirrels
and found that the influence of maternal characteristics on offspring traits, including
neonate mass, varied with age. My comparison of path models between the three
maternal age classes (Figure 3.10) supports the hypothesis that, among young females,
age is an important factor influencing offspring birth mass and state of development. In
the model on 4 to 6 year-olds, age had an equal and positive effect on both birth mass and
parturition mass. As in the overall model, parturition mass did not significantly influence
pup traits among young females, but simply covaried with birth mass. However, within
the intermediate age group, the effect of age was no longer significant. There was a

small, but statistically significant effect of parturition mass on percentage lanugo,



65

suggesting that condition can affect the state of pup development in intermediate-aged
females. For the oldest females, neither age nor condition significantly affected the
newborn traits that I studied. These path models support the hypothesis that experience,
reflected by age, is important over the first few reproductive events. After that, condition,
reflected by increasing parturition mass, is more influential. At higher ages and heavier
masses both variables lost their influence.

What mechanisms might lead to increasing birth mass with age (after controlling
for parturition mass)? As mentioned earlier, there are likely to be trade-offs between
growth and reproduction. Since young females are still growing, they may have a smaller
proportion of energy to allocate towards current reproduction. If this is so, offspring
should be relatively smaller. In addition there may be limitations on the amount of
nutrients that a female can give to her growing fetus. In mammals, the maternal
environment can be critical for fetal growth (reviewed by McKeown et al. 1976). In some
species, such as guinea-pigs (Cavia parcellus) and humans, the reserves of the uterus are
limited, and neonate mass is more related to size of the female than to that of the male
parent. In other species, such as some breeds of sheep, the reserves of the uterus are
abundant and impose no constraints on fetal growth; in these cases, birth mass is
determined by fetal genes, and is related to the size of both parents. This argument could
apply to species that continue to grow after beginning to reproduce. While the female is
young and small, transfer of nutrients in utero may be reduced relative to older females.
After reaching full-size, nutrient transfer in utero might become more than sufficient to
meet fetal needs, and maternal age and mass would no longer influence birth mass. This

could explain the seemingly random variation in pup birth mass for females older than 10
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yr and greater than the median mass of 85.0 kg (F igure 3.4). This variation is clearly not
related to maternal age or maternal mass, but could be related to variation in paternal
genes and other unmeasured factors.

Maternal age versus maternal experience

Age alone was not an important determinant of birth mass among young females,
as evidenced by the comparison of primiparous 4- and 5-year olds. The fact that females
of different ages, but equal experience, had pups of similar birth mass suggests that
experience is more important than age per se. This suggests that age is nothing more than
a convenient metric, representing underlying behavioural and physiological components.

Although the mean birth mass of pups was not significantly different between 5-
year old females with no prior experience and those with 1 year’s experience, it is
possible that the small sample size of the latter (n = 3) is responsible for the lack of
significance. It is noteworthy that in the experienced category, females were 6% heavier
and pups were 13% heavier, thus prenatal reproductive investment was higher. These
patterns are consistent with the hypothesis that birth mass and reproductive investment
are positively influenced by maternal experience among young animals. Further studies
with greater sample sizes are needed to address this question directly in harbour seals.
There is some additional support for the positive effects of experience. Birth mass was
lower in primiparous than multiparous females after controlling for age and parturition
mass. This was also the case in northern fur seals (Trites 1991). The author concluded
that females were physiologically altered by their first pregnancy, and he hypothesized
that after the first parturition, higher numbers of intrauterine blood vessels led to

improved fetal provisioning.
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Prenatal investment

The relative birth mass of 12.9% is high compared with other phocids which
average 9.0% (12 species; Bowen 1991), and is exceeded only by bearded seals, Erignathus
barbatus (13.4%) (Bowen 1991). Among mammals, relative birth mass varies from 0.3%
in the polar bear (Ursus maritimus), to 63% for the guinea pig (McKeowen et al. 1976), and
the general pattern is for larger species to bear relatively smaller offspring (Leitch et al.
1959). The average offspring or litter mass for mammals with parturition masses similar to
harbour seals is between 5.2 and 8.7% of maternal mass (McKeowen et al. 1976). Thus, a
female harbour seal has high prenatal investment relative to comparable mammals in
general, and to other phocids in particular. Newborn harbour seals are more active and
precocious than most comparably sized mammals, beginning to swim within hours of birth
(Lawson and Renouf 1985; Oftedal et al. 1991), thus, high relative birth mass may be an
adaptation to earlier activity (McKeowen et al. 1976). It is also likely to be an adaptation to
earlier entry into the water than most other pinnipeds (Oftedal et al. 1991).

[ hypothesized that while female harbour seals were still growing, trade offs with
current growth would limit prenatal reproductive investment, and lead to lower relative
birth mass than in older, larger females. I expected that relative birth mass would
increase as adult growth decelerated, and then increase again after adult growth stopped.
Relative birth mass was lowest among young females and increased between the young
and intermediate-aged females, as expected. It did not, however, increase between
intermediate and older females. This similarity between intermediate-aged, growing
females and non-growing, older females does not support the hypothesis that investment

will increase after growth has finished.
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The pattern of increasing investment with age differed from other phocids and
most mammals. Relative birth mass usually declines with maternal age (Deutsch et al.
1994) or maternal mass (Millar 1977; Kovacs and Lavigne 1986). The fact that prenatal
reproductive investment increased after the first few reproductive events in harbour seals,
then leveled off, suggests that young harbour seals are particularly limited in the amount
of resources they can put toward gestation. Physiological constraints, such as the ability
to deliver nutrients to the fetus in utero (McKeowen et al. 1976), could be important
limitations to birth mass of pups in young females. In harbour seals, relative birth mass is
still high compared with other phocids and mammals, as discussed, but appears to be
limited for young females.

Perhaps this difference in patterns of investment can be explained by the fact that,
in many aspects, harbour seals are atypical phocids. They are one of the smallest phocid
species, but slightly larger than most otariid species (Boness et al. 1994). They exhibit a
strategy of maternal care that is intermediate between otariids and phocids, feeding rather
than fasting during lactation (Bowen et al. 1992a; Boness et al. 1994; Boness and Bowen
1996). The small body mass of harbour seals is thought to be critical in the evolution of
this foraging, since they have a limited ability to store reserves throughout lactation
(Boness et al. 1994). This study suggests that small body mass is also a limiting factor
during gestation for young females.

Fetal coat

Most pups were born without lanugo. Pups with extensive lanugo were mainly
born early in the season to young females. On average, pups with extensive lanugo

weighed 20% less than pups without lanugo. Since low birth mass can be related to high
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mortality in some mammals (Calambokidis and Gentry 1985; Trites 1990) these patterns
are consistent with the idea that extensive lanugo is indicative of an under-developed pup
of low quality (Bowen et al. 1994). In the earlier study, among 10 females that bore at
least | pup with lanugo, percentage lanugo decreased in almost all cases (Bowen et al.
1994). There were more instances in the present study (9 out of 25) of lanugo coverage
increasing in subsequent pups. Although these cases were still the minority, they
illustrate that extensive lanugo on a pup is not limited to a female’s first reproductive
event. Limited observations suggest that, among intermediate-aged females, relatively
poor condition, reflected by low parturition mass, can lead to extensive lanugo (Figure
3.7.

Path analyses indicated that among young females, maternal age, and not
condition, affected the amount of lanugo coverage. The effect of age was not significant
among intermediate-aged or older females. The path model on intermediate-aged females
suggested that condition influenced lanugo. This was supported by the observation that
an intermediate-aged female that gave birth to a extensive lanugo pup weighed
substantially less than the median of its age class.

Patterns in pupping date

As in most other pinnipeds (Bonner 1984), female harbour seals on Sable Island
synchronize their reproduction, giving birth within a period of 3 to 4 weeks. Such
reproductive synchrony must be maintained by selection. Within the pupping season,
however, there were no significant relationships between pupping date and maternal age or
parturition mass. In many mammals, birth date is related to survival of offspring (Festa-

Bianchet 1988; Iason 1989). For instance in red deer, calves born early or late in the
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season have a lower chance of surviving the summer than those born in peak season
(Guinness et al. 1978), and in northern elephant seals, females that bear pups early in the
season are more successful (Reiter et al. 1981). Based on the lack of relationships between
pupping date and maternal age or mass within the season, I hypothesize that on Sable
Island selection for pupping date acts similarly on all female harbour seals, regardiess of
age or mass.

Each female’s range of pupping dates over the study period was narrower than
that of the population as a whole, and mean pupping dates were different among
individuals. Boyd (1996) made similar observations using longitudinal data on 21
Antarctic fur seals, noting that some females gave birth early in the season while others
gave birth later. Data presented in Figure 3 of Boyd’s publication (1996) indicate that
24% of females gave birth before the mean pupping date for the population, 43% after,
and 33% both before and after. The author suggested that the tendency to give birth at
specific times of the year indicated a range of responses to photoperiod, and that this
response might be genetically determined, as in wild rodents (Desjardins et al. 1986).

Sex differences

On average, males were born one day earlier than females. This relationship was
not significant after considering interannual variation. Relationships of birth date to natal
sex ratio are variable in other mammals. In Antarctic fur seals natal sex ratio is not
related to birth date (Boyd and McCann 1989), but males tend to be born earlier in the
season than females in grey seals (Coulson and Hickling 1964; Anderson and Fedak
1987) and red deer (Clutton-Brock et al. 1982).

In polygynous, species in which adult males are larger than females, large size
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usually confers reproductive advantages to males, and males usually have higher
reproductive potential than females and greater variability in reproductive success (Clutton-
Brock et al. 1982; Le Boeuf et al. 1989). In such species, sexual-selection theory predicts
that evolution would favour greater parental investment in male offspring (Trivers and
Willard 1973; Maynard-Smith 1980), and male newborns typically weigh more than
females (Clutton-Brock et al. 1982). This pattern is seen in phocids (Le Boeuf et al. 1989;
McCann et al. 1989) and otariids (Boyd and McCann 1989). In the present study, male
pups averaged 3.7% heavier than females, and relative birth mass was 5% greater. Greater
birth mass may be a factor leading to sexual dimorphism in adult harbour seals. However,
most of the growth leading to sexual dimorphism in pinnipeds occurs during growth spurts
long after weaning (McLaren 1993), and therefore after the period of maternal investment
(Bowen et al. 1992b). The relationship between birth mass and adult mass is unknown in
harbour seals (and for other pinnipeds) thus the biological significance of differential birth

mass is unclear.

Summary

Pupping date was not a significant maternal effect on birth mass in harbour seals.

Contrary to studies of other mammals, in which pupping date within the pupping season

is related to offspring survival, there was no tendency for older or larger females to give

birth early. I hypothesized that the lack of relationships between pupping date and

maternal age or mass suggests that selection on pupping date affects all females similarly.
In harbour seals, maternal effects of age were stronger than parturition mass on pup

birth mass. In fact, parturition mass had no significant effect on birth mass, but simply
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covaried with age. Age effects were strongest among young females, weak for
intermediate-aged females, and insignificant for older females. It appeared that, among
young females, age itself is was not as important as reproductive experience in determining
offspring birth mass. Experience could lead to behavioural improvements, such as
increased foraging ability during pregnancy, or physiological improvements, such as
improved intrauterine transfer of nutrients to the fetus. Such effects of experience may to
apply to mammals in general.

Pups with extensive lanugo usually had low birth mass, and were born early in the
season to young light females. Over all ages, maternal age had an indirect negative effect
on percentage lanugo through its effect on birth mass, while parturition mass had a direct
negative effect. Among intermediate-aged females, only parturition mass affected
percentage lanugo, suggesting a role for condition, but not age, after the first few
reproductive events.

Prenatal reproductive investment, measured as the ratio between birth mass and
maternal mass, was 12.9%. This is high for mammals and pinnipeds alike, and may be an
adaptation to earlier activity than comparably sized terrestrial mammals, and early entry
into cold water. Investment increased from young females to intermediate-aged females,
then leveled off. This suggests that young female harbour seals are limited in the amount
of resources they can deliver to a growing fetus, and may reflect a trade-off between
growth and reproduction, and limitations due to small body mass.

There were differences in pup traits by pup sex. Male newborns weighed 3.7%
more than females, and prenatal reproductive investment, measured as relative birth mass,

was 5% greater for male pups. Overall, males were born one day earlier, but this



relationship was not significant after considering interannual variation. It is unknown
whether greater absolute and relative birth mass of males lead to increased adult size,

survival, or reproductive success of males.
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Appendix 3.1. Calculations of the effect strength of variables of compound paths in path
model (Figures 3.8 to 3.10). The strength of a compound path is the product of
each path coefficient. The effect strength of one variable on another is the sum of
the direct path between them (if any) plus the products of any compound paths
connecting the two variables (Klem 1995).

Figure 3.8b. Trimmed model, across all ages and both sexes.

Effect of log age on percentage lanugo (0.75 X -0.64) + (0.73 X -0.23) = - 0.65

Figure 3.9. Trimmed models, for male and female pups.

Males:
Effect of log age on percentage lanugo (0.71 X -0.57) + (0.76 X -0.33) = - 0.66

Females:
Effect of log age on percentage lanugo 0. 84 X -0.82 = - (.69

Figure 3.10a. Trimmed model, for 4-6 yr-old females.

Effect of log age on percentage lanugo 0.66 X -0.75 =-0.50



CHAPTER 4

MATERNAL EFFECTS ON NATAL SEX RATIO

IN HARBOUR SEALS

Introduction

In polygynous species in which males are larger than females, male reproductive success
is often affected by male-male competition (Clutton-Brock et al. 1982). Larger males are
more likely to gain access to females by displacing smaller males in aggressive
encounters (Le Boeuf 1974). Large body size also confers an energetic advantage to
animals that fast (Lindstedt and Boyce 1985), which is the case for most male pinnipeds
during the breeding season (Bartholomew 1970). Trivers (1972) hypothesized that in a
polygynous mating system, mothers should invest more in male than female offspring,
since a son could benefit more from additional investment, and a son in good condition
could potentially produce more descendants. Evidence for differential investment might
include higher birth mass, weaning mass, or growth rate, reflecting greater resource
allocation by the mother (Maynard Smith 1980; Clutton-Brock et al. 1982).

Another form of differential investment could be a skewed sex ratio. Trivers and
Willard (1973) hypothesized that in species whose reproductive success is related to their
size or condition, and where this relationship differs between sexes, mothers should vary
offspring sex in relation to the their own body condition. According to theory, large,
older mothers should produce more males whereas small, young mothers that are still

growing should produce more females. This prediction comes from the expectation that a

75



76

son in good condition at the end of the period of maternal investment should
outreproduce a daughter in similar condition, whereas a daughter should outreproduce a
son if both are in poor condition (Trivers and Willard 1973).

The hypothesis that females will adjust offspring sex ratio toward the sex that will
have the greatest effect on their own fitness has generated great interest among
behavioural ecologists. There is abundant evidence of skewed sex ratios with respect to
maternal condition among invertebrates (Charnov 1982), however the evidence among
polygynous, sexually dimorphic mammals has been mixed. Among species in which
adult males are larger, there are examples of the predicted female-biased sex ratios for
young mothers, or mothers in poor condition, but also of male-biased sex ratios, and
unbiased sex ratios (reviewed by Clutton-Brock and Iason 1986; Byers and Moodie
1990). Reviewers have criticized some of these studies because of their small sample
sizes, and for claiming that trends are supportive of theory despite a lack of statistical
significance (Clutton-Brock and [ason 1986).

Pinnipeds are considered good study candidates with which to test predictions of
differential investment (Kovacs and Lavigne 1986; Le Boeuf et al. 1989). Within the two
main families of pinnipeds—the Otariidae and Phocidae—there are varying degrees of
sexual size dimorphism. In all otariid species, adult males are larger than females
(Alexander et al. 1979), reaching up to 5 times larger in northern fur seals, Callorhinus
ursinus (Gentry 1981). In most phocid species, adult males are also larger than females,
ranging from 1.1 to 10 times larger (Bryden 1972; Kovacs and Lavigne 1986). All
otariids, and many phocids, have polygynous mating systems (Boness et al. 1993). In

pinnipeds, parental care is provided solely by females, and ends after lactation, which is
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brief in phocid seals compared with other mammals (Bonner 1984; Bowen 1991). These
features facilitate studies of parental energetic investment in offspring.

Evidence for a skewed sex ratio with respect to maternal condition is weak in
phocids. One of the few examples of positive evidence is the southern elephant seal,
Mirounga leonina (Ambom et al. 1994). Southern elephant seals are polygynous and
extremely size dimorphic, with adult males weighing up to 10 times as much as females
(Bryden 1972). Large body size in adult males confers a fighting advantage necessary to
maintain high dominance status, which is associated with high reproductive success
(McCann 1981; Modig 1996). Arnbom et al. (1994) found that the birth sex ratio in
southern elephant seals was related to maternal body condition (measured as mass), but
not to maternal age. Females below a threshold mass of 380 kg gave birth exclusively to
female pups. As only 9 females below this suggested threshold were studied, more data
are needed to confirm this result. Furthermore, in northern elephant seals, Mirounga
angustirostris, a closely related species in which male.s are also much heavier than
females, and large males tend to dominate mating (Le Boeuf and Reiter 1988), there was
no relationship between natal sex ratio and maternal mass (Le Boeuf et al. 1989). There
was also no relationship between birth sex ratio and maternal age in northern elephant
seals (Reiter et al. 1981; Le Boeuf et al. 1989).

Compared with these phocid species, adult harbour seals, Phoca vitulina, show a
lower degree of size dimorphism between the sexes. At the beginning of the breeding
season in eastern Canada, mean male mass is 108 kg (Walker and Bowen 1993), and
mean female mass is 85 kg (Chapter 3); thus adult males weigh 1.3 times as much as

females. This lower degree of dimorphism may be related to the fact that harbour seals
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mate aquatically, rather than terrestrially (Coltman et al. in press (c)). In the aquatic
environment, agility could be a more important factor leading to successful mate
competition than large size (Le Boeuf 1991), thus sexual selection on size may be lower
in aquatically breeding species (Coltman et al. in press (c)).

Regardless of the reason for lower size dimorphism in harbour seals than in larger
phocids, body size appears related to reproductive success. Large males spend less time
foraging during the mating season, and more time engaged in shallow dives, which are
usually associated with aggressive behaviour and advertising displays to females
(Coltman et al. 1997). In addition, large males expend more energy during the mating
season than small males. This may translate into a mating advantage since reproductive
effort is correlated with mating success in other phocids (Coltman et al. in press (c)).
Males engage in fights during the breeding season (Sullivan 1981; Walker and Bowen
1993), and there is genetic evidence for a low level of polygyny in harbour seals (Coltman
et al. in press (b)). It is reasonable, therefore, to expect some level of differential
matemnal energy investment in harbour seals. Here I examine natal sex ratio. Differential
birth mass is explored elsewhere (Chapter 3), as are sex ratio at weaning and differential
growth rate and weaning mass (Chapter 5).

Evidence suggests little differential investment in phocid seals. Nonetheless,
harbour seals appear to exhibit features for which theory predicts differential effects.
Therefore, I used my data to examine the predictions that offspring sex ratio should vary
with parturition mass and with maternal age. In addiiion, I examined the assumptions of

adaptive sex ratio theory to see whether the assumptions apply to pinnipeds.
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Methods

Data were collected in May and June from 1987 to 1996 on Sable Island, a vegetated sand
bar off Nova Scotia, Canada (43°55°N, 60°00°W). The study area was a 24-km stretch of
beack on the north side of the island. Each day throughout the pupping season, newbomn
pups on the beach were captured by hand or with hoop nets as described in Bowen et al.
(1992a). Sex was recorded for 1001 pups. When mothers of newborns were present,
they were captured and weighed to the nearest 0.5 kg on a 200-kg scale suspended from a
mobile all-terrain vehicle.

Mass of females was measured within 24 hours of parturition in 424 cases, and
defined as “parturition mass.” The age of females was known in 251 females that had
retained individually numbered tags from annual pup tagging programs conducted by the
Department of Fisheries and Oceans beginning in 1978 (W. T. Stobo and W. D. Bowen,
unpubl.). Both maternal age and parturition mass were known for 178 females.

At the oldest maternal ages, data were not available for both pup sexes, i.e.,
among 15-year-olds (n = 6) there were no male pups, and among 16-year-olds (n = 1)
there were no female pups. For this reason, data on 14-, 15-, and 16-year-old females
were combined into a 14+ age category.

Kolmogorov-Smimov tests were used to test for differences in the distribution of
variables. Logistic regression models were tested to predict pup sex based on maternal
age alone, maternal mass alone, and maternal age and mass together. Pup sex was treated
as a binomial response variable, with females coded as 0 and males as | (Arbom et al.
1994). Predictor variables were treated as continuous. Data were analyzed using SPSS

statistical software. Means are reported with standard errors (SE). The significance level
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for all tests was alpha = 0.05. Sex ratios are presented as percentage of males.

Results

The overall natal sex ratio was 468 males to 533 females, or 46.7% males. This was
marginally different from equality (x* = 4.2, p = 0.04). Within years, however, the sex
ratio did not differ significantly from equality (Table 4.1). The ratio was close to
deviating from unity only in 1993, when there were 41.7% males (Table 4.1).

Mean parturition masses of mothers of male and female pups were 84.8 £ 0.55 kg
(n=209) and 85.0 + 0.56 kg (n = 215), respectively, and were not significantly different
(t-test, p=0.77, d.f. = 422). There was no significant difference in the distributions of
parturition mass by pup sex (Kolmogorov-Smirnov, p = 0.77).

To examine the influence of parturition mass on offspring sex, mass was divided
into five 10-kg groups, ranging from 60-69 kg, to 100-109 kg. Sex ratio was not
significantly different from equality in any mass category (Table 4.2). In a coarser
categorization of females into large and small, based on the median mass of 84.9 kg, sex

ratio did not differ from unity in either category (Table 4.2).
A logistic regression model predicting pup sex by maternal parturition mass was

not significant (x*>= 0.08, n = 424, p = 0.77), and correctly predicted only 51% of cases.



Table 4.1. Natal sex ratio of harbour seals on Sable Island, 1987 to 1996 (n = 1001).

Year Male Female % males Chi-square

n n p
1987 32 26 55.2 0.43
1988 45 54 45.5 0.37
1989 45 54 45.5 0.37
1990 42 41 50.6 0.91
1991 48 50 49.0 0.84
1992 56 49 533 0.49
1993 58 81 41.7 0.05
1994 65 78 45.5 0.28
1995 54 65 45.4 031
1996 23 35 39.7 0.12
Overall 468 533 46.7 0.04*

*p < 0.05



Table 4.2. Natal sex ratio of harbour seals on Sable Island, 1987-1996, by parturition
mass category (n = 424).

Parturition mass category (kg) Male Female % males  Chi square

n n p
60 - 69 4 8 333 0.25
70-79 55 50 524 0.63
80 - 89 96 95 50.3 0.94
90-99 48 55 46.6 0.49
100 - 109 6 7 46.2 0.78
Small (< 84.9 kg) 108 106 50.5 0.89
Large (> 85.0 kg) 101 109 48.1 0.58

All females of known mass 209 215 493 0.77
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The predicted values for pup sex at each mass ranged between 0.47 and 0.51. Since
predicted values from a logistic model can be interpreted as probabilities (Wright 1995),
at any mass a mother had an approximately equal chance of having a pup of either sex.
Contrary to theory, the prediction of this logistic model was for smaller mothers to have
male pups, and larger mothers to have female pups, but the model was not significant,
and the prediction clearly did not properly represent the data (Figure 4.1).

Age of mothers of male and female pups averaged 8.4 + 0.50 (7= 121) and 9.0 +
0.26 yr (n = 130), respectively. These did not differ significantly (p = 0.09, d.f. = 249).
There was also no significant difference in the distribution of maternal age by pup sex
(Kolmogorov-Smirnov, p = 0.46).

To investigate the influence of maternal age on offspring sex, I examined sex ratio
at each maternal age, and by the three maternal age classes examined elsewhere in this
thesis (young, 4-6 yr; intermediate, 7-10; and older 11-14+ yr). Sex ratio did not vary by
maternal age, or age class (Table 4.3). In addition, a logistic regression model was tested
to predict pup sex based on maternal age. The model was not significant (x> =2.9, n =
251, p=0.09). It correctly predicted only 54% of the cases. Contrary to theory, the
prediction of this logistic model was for younger mothers to have male pups, and older
mothers to have females; however the model was not significant, and the prediction did
not properly represent the data.

To examine the simultaneous effects of maternal age and mass on pup sex, a
logistic model was tested using both variables as predictors. The predictive strength of
this model with two variables was better than the previous models with only one variable

however, it was stll not significant (x°= 3.0, n = 178, p = 0.22).



84

Pup sex predicted by logistic regression

Male - ) o ovs ase ammmemeresn

Female T e @ oo

Male N b hadiihg o bt d oo e osce

Female ~ . o ® o we eam o o we o

i T L] T L L] T

60 65 70 75 80 85 90 95 100 105 110
Parturition mass (kg)

Figure 4.1. A comparison of pup sex as predicted by logistic regression versus observed
data with respect to maternal parturition mass. The logistic regression was not
statistically significant.



Table 4.3. Natal sex ratio of harbour seals on Sable Island, 1987-1996, by maternal age
and maternal age class (n = 251).

Maternal age = Male Female % males Chi-square p

(yr) (n) (n)
4 6 4 60.0 0.53
5 10 16 38.5 0.24
6 16 12 57.1 0.45
7 19 13 59.4 0.29
8 17 14 54.8 0.59
9 11 13 45.8 0.68
10 15 16 48.4 0.86
11 9 10 47.4 0.82
12 7 13 35.0 0.18
13 7 8 46.7 0.80
14* 4 11 26.7 0.07
Young 32 32 50.0 1.00
(4-6)
Intermediate 62 56 52.5 0.58
(7-10)
Older 27 42 39.1 0.07
(11 - 14+)
All known-age 121 130 48.2 0.57

females
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Discussion

Trivers and Willard (1973) predicted that even though certain conditions could
theoretically lead to deviations from a 50:50 sex ratio, these deviations should tend to
cancel out in the population. The sex ratios of equality in harbour seals each year are
consistent with this prediction. Sex ratio theory also predicts that females should bias
offspring sex according to their ability to invest in that offspring. Contrary to theory,
none of these trends were seen in harbour seals.

Young females were no more likely to produce female pups than were older
females, which on average had more energy to invest in offspring due to greater
parturition mass (Chapter 3). Sex ratio did not deviate from unity at any maternal age or
within any maternal age class, and age was not a significant predictor of pup sex in
logistic regression. Similar results were found in northern elephant seals, where sex ratio
did not differ from unity for young or old females (Le Boeuf et al. 1989), and in southern
elephant seals where age was not a significant variable in a logistic regression on pup sex
(Ambom et al. 1994). It appears that maternal age does not significantly affect pup sex in
the phocid seals studied to date.

Similarly, light harbour seal females were no more likely to produce female pups
than were heavy females. Sex ratio did not vary within any parturition mass category,
and matenal mass was not a significant predictor of pup sex in logistic regression. This
latter result is contrary to findings on southern elephant seals, in which females below a
threshold mass of 380 kg gave birth exclusively to female pups (Arnbom et al. 1994).
This difference may be due to the greater sexual dimorphism in elephant seals and the

relatively greater advantage that male size may confer on mating success in southern
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elephant seals compared with the aquatically mating harbour seals. Alternatively, the
elephant seal findings may be a statistical artifact of small sample size, as only 9 females
below the suggested threshold were studied. Work on the closely related and highly
sexually dimorphic northern elephant seal showed no relationship between birth sex ratio
and parturition mass (Reiter et al. 1981; Le Boeuf et al. 1989). While there was a
tendency for larger female grey seals, Halichoerus grypus, to produce more sons, this was
not significant (Anderson and Fedak 1987). Thus, resuits of the present study support the
more common finding that parturition mass does not affect sex ratio in phocid seals.

In otariid seals, males are usually heavier at birth and tend to grow slightly faster
than females (Trillmich 1996). Adult males are polygynous, and are substantially larger
than females (Boness et al. 1993). Male body size has not yet been proven to be
important to reproductive success in otariids due to inherent measurement difficulties
(Ono and Boness 1996), however size is believed to influence fighting ability and fasting
duration during the mating season (Boyd and Duck 1991). There is reason, therefore, to
expect differences in sex ratio according to maternal age and condition in otariids as well.
There is some indirect evidence for a relationship between maternal condition and pup
sex in California sea lions, Zalophus californianus. The proportion of male pups
declined during the 1982-1983 El Niiio, when female condition was assumed to decrease
due to reduced prey availability (Ono and Boness 1991). Otherwise, evidence in otariids
does not support the theory of adaptive sex ratios. In a study of 7,000 fetuses of northern
fur seals over 16 years, there was no difference in sex ratio for females of different ages
or between primiparous and multiparous females (Trites 1991). Similarly, there was no

significant relationship between maternal size and pup sex in California sea lions (Ono
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and Boness 1996), or maternal mass and pup sex in northern fur seals (Macy 1982, cited
in Ono 1997) and Antarctic fur seals, Arctocephalus gazella (Costa et al. 1988).

In other mammals, most data do not reveal female biased-sex ratios for small or
young mothers (Clutton-Brock and Iason 1986). For example, in red deer (Cervus
elaphus), although there was evidence for higher allocation of body reserves to male
offspring, sex ratios did not differ significantly between mothers of different ages;
between hinds that were barren the previous year and those that had successfully raised a
calf; or between females occupying habitats of different quality (Clutton-Brock et al.
1981). In a more recent study, Reimers and Lenvik (1997) examined the sex of fetuses in
a large sample of semi-domestic reindeer, Rangifer tarandus (n = 1,525). There was no
significant difference in maternal mass between mothers of male versus female fetuses.
In addition, sex ratio was not different from equality overall (50.0% males), or within
three age classes. The authors also fitted a logistic regression model with fetal sex as the
binomial response variable and maternal mass, maternal age, and mass-by-age
interactions as predictor terms. As with my logistic regression models on pup sex of
harbour seals, their model was not significant.

Why might harbour seals and other pinnipeds not conform to the theory of
adaptive sex ratios? It is important to note that theory of Trivers and Willard (1973) is
based on three basic assumptions, each of which must be examined. The first assumption
is that the condition of offspring at the end of the period of parental investment is
correlated with condition of the mother during parental investment. This appears to be
true for harbour seals, as parturition mass was positively correlated with weaning mass

(Chapter 5).
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The second assumption is that differences in condition at the end of parental
investment endure into adulthood. This is uncertain for pinnipeds. There is no evidence
that birth mass or weaning mass of phocids are related to adult body size (McCann et al.
1989). Most of the growth leading to sexual dimorphism in pinnipeds occurs long after
weaning, with male growth spurts occurring near sexual maturity (McLaren 1993). In
ungulates, Reimers and Lenvik (1997) point out that female weaning mass explains only
10% of the variation in adult body mass since heavy calves are likely to breed earlier and
subsequently weigh less as adults.

The third assumption is that slight advantages in body size or condition are
relatively more beneficial to male reproductive success than to female reproductive
success. Male reproductive success is more variable than female success in pinnipeds
(Le Boeuf and Reiter 1988; Boness et al. 1993), however, the relative importance of body
size to reproductive success of males and females is not clear. Although reproductively
successful males tend to be large, size is just one of several variables determining success
in male elephant seals (Le Boeuf and Reiter 1988; Deutsch et al. 1994) and male harbour
seals (Coltman et al. in press (a)).

Thus, there are insufficient data to determine whether two of the three
assumptions of adaptive sex ratio theory apply to pinnipeds. If future studies show that
the assumptions do not to apply to phocids, then unbiased sex ratios cannot be considered
as evidence against the theory of Trivers and Willard (1973). On the other hand, if all
three assumptions apply, it will be possible to reject the theory for pinnipeds. Present
evidence indicates that sex ratio does not vary with maternal age or mass in phocid or

otariid seals.
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Summary

Sexual selection theory predicts that in sexually dimorphic and polygynous species,
females in good condition should invest more in male offspring. One way this can be
accomplished is for older or larger mothers to vary the sex ratio towards males (Trivers
and Willard 1973). In barbour seals, there was no evidence for deviations in sex ratio by
maternal age or parturition mass, and this is in agreement with most evidence for phocid
and otariid seals. Data on pinniped sex ratios that do not support the theory of Trivers
and Willard (1973) cannot, however, be considered as negative evidence until it is known

whether pinnipeds meet the assumptions of the theory.



CHAPTERSS

MATERNAL EFFECTS ON OFFSPRING TRAITS OF

HARBOUR SEALS DURING LACTATION

Introduction
Offspring phenotype can be influenced directly by maternal phenotype, independently of
genotype (Bernardo 1996). Such influences are known as maternal effects (Armold 1994).
Maternal effects can be behavioural or physiological, and may vary with maternal age
(Forslund and Part 1995; Bernardo 1996). Maternal effects operate only during the
period of maternal care. In mammals, this period usually consists of three phases:
gestation, lactation, and post-weaning care. In pinnipeds, however, maternal care ceases
at weaning (Bonner 1984), limiting the influence of maternal effects to gestation and
lactation. This makes studies of maternal effects simpler in pinnipeds than other
mammals.

Mammals produce energy-rich milk to provision offspring, making lactation the
most expensive period of maternal energy investment (Millar 1977; Oftedal 1985).
During lactation, females may either fast or forage. Until recently it was thought that
pinniped strategies of maternal care were determined by phylogeny, with the family
Phocidae fasting throughout lactation, and the Otariidae foraging during lactation (Bonner
1984; Costa 1991). While it is true that all otariids forage during lactation, recent
evidence has shown that some small-bodied phocid species forage during lactation as

well (Hammill et al. 1991; Lydersen and Kovacs 1993; Boness et al. 1994).

91
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Harbour seals, Phoca vitulina, are phocids that forage during lactation (Bowen et
al. 1992a; Boness et al. 1994). Lactation lasts approximately 24 days (Muelbert and
Bowen 1993), a typical duration for phocids (Boness and Bowen 1996). In contrast,
lactation lasts dramatically longer in otariids, ranging from 117-540 days (Table 1, Boness
and Bowen 1996). The foraging cycle of harbour seals is, therefore, a strategy of maternal
care that is intermediate between otariids and most phocids (Boness et al. 1994; Boness
and Bowen 1996).

For species that fast throughout lactation, the energy a female can invest in
offspring will be limited by her energy reserves at parturition (Iverson et al. 1993:
Deutsch et al. 1994). In contrast, in species that forage during lactation, females
supplement initial energy stores, and thus can invest additional energy towards offspring
nourishment. The proportion of supplemental energy obtained will be determined mainly
by the time spent foraging, and by foraging ability or efficiency.

Foraging species fast before beginning to forage (Bonner 1984), and maternal
mass and age may affect foraging efficiency and timing. Mass at parturition can dictate
when foraging begins, with smaller females beginning to forage sooner, due to earlier
exbaustion of initial energy stores (Thompson et al. 1994; Bowen et al. in prep.).
Foraging efficiency might also be affected by maternal size and mass through
morphological constraints (e.g., dive duration). Maternal age is likely to influence
foraging efficiency through learning (DesRochers 1992). In general, age is more strongly
correlated with pups traits at younger ages than at older ages because young females and

their offspring can benefit most from increasing maternal experience (Curio 1983;
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Forslund and Larsson 1992; Sydeman and Nur 1994). Both maternal age and parturition
mass are, thus, expected to affect energy intake of foraging females. Energy intake in
turn will affect life-history traits of offspring during lactation.

Weaning mass and growth rate during lactation are important offspring traits, as
they are correlated with probability of survival of young mammals (Clutton-Brock et al.
1982). In pinnipeds, pups fast for a period after weaning, and lose mass before they begin
to forage independently (Worthy and Lavigne 1987; Ambom et al. 1993; Muelbert and
Bowen 1993). Thus, weaning mass may be critical in providing sufficient stores for
survival to nutritional independence. Low rates of mass gain by pups during lactation
tend to be associated with reduced survival in red deer, Cervus elaphus (Clutton-Brock et
al. 1982) and grey seals, Halichoerus grypus (Coulson and Hickling 1964).

In pinnipeds, there is evidence that maternal mass and age affect pup traits.
Weaning mass varies with maternal mass at parturition both within species (Armbom et
al. 1993; Iverson et al. 1993) and among (Lee et al. 1991) species. Weaning mass also
varies with maternal age in northern elephant seals, Mirounga angustirostris (Reiter et al.
1981). Rate of pup mass gain is related to parturition mass in pinnipeds, including grey
seals (Anderson and Fedak 1987; Iverson et al. 1993) and southern elephant seals,
Mirounga leonina (MicCann et al. 1989).

In phocid species that fast throughout lactation, there is a strong relationship
between maternal parturition mass and pup weaning mass, since maternal energy reserves
at parturition must support lactation (Arnbom et al. 1993; Iverson et al. 1993; Deutsch et

al. 1994). A weaker relationship is expected in species that feed during lactation, since
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small females can supplement their energy reserves (Iverson et al. 1993). Other sources
of variability associated with the lactational foraging cycle might include variation in
local food supply, age- and size-related differences in foraging efficiency, and activity
levels of females and pups.

The small body mass of harbour seals compared with other phocids is thought to
be critical in the evolution of their foraging cycle, due to a limited ability to store reserves
throughout lactation (Boness et al. 1994). On average, maternal body mass at parturition
is around 85 kg (Chapter 3; Bowen et al. 1994); this is slightly larger than most otariids,
and small for a phocid (Boness et al. 1994). Maternal foraging during lactation appears to
occur in two other small-bodied phocids: ringed seals, Phoca hispida, and harp seals,
Phoca groenlandica (Hammill et al. 1991; Lydersen and Kovacs 1993).

Within harbour seals, body mass may also influence maternal foraging behaviour.
Harbour seals and other pinnipeds exhibit indeterminate growth, i.e., they continue to
grow after sexual maturity. When this occurs, life-history theory predicts trade-offs
between growth and reproduction (Gadgil and Bossert 1970; Roff 1992). Female harbour
seals first give birth between 4 and 6 years of age, but continue to grow until about 10
(Boulva and McLaren 1979; Markussen et al. 1989). On average, young females (4-6
years old) weigh only 76 kg at parturition, whereas intermediate (7-10 yrs) and older (11-
14+) females weigh 84 and 90 kg, respectively (Chapter 3). Percentage of body fat is
similar among post-parturient harbour seal females (approximately 30% fat),
independently of body mass (Bowen et al. in prep.). Thus, not only will absolute energy

stores be smaller for young females, but trade-offs involving growth and reproduction
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should be greater.

Several other points suggest that small females will be more energetically limited
than large females. As maintenance metabolism scales allometrically with mass (M%),
smaller females will have a greater mass-specific metabolism (Costa 1991). Therefore,
small females will have a smaller proportion of energy to devote to offspring. Together
with the theory of trade-off between growth and reproduction, these points suggest that
older, larger females should be able to invest relatively more in offspring during lactation.

To sum up, [ predicted that relationships between maternal effects and pups traits
during lactation will differ between pinniped species relative to strategies of maternal
care. For example, effects of parturition mass and maternal mass loss on pup growth and
weaning mass should be weaker in harbour seals than among phocid species that fast
throughout lactation. After controlling for size, growth rates of harbour seal pups should
be lower than for pups of fasting phocids, since harbour seal pups are more active than
most phocid pups and experience intermittent fasting periods. Within harbour seals, [
expected relationships between maternal mass loss and pup mass gain to be stronger for
large females than small fernales part way through lactation, as small females should
begin supplementing their energy stores sooner than large females. [ expected to see
effects of maternal age on pup traits (after controlling for parturition mass), due to the
predicted trade-offs between growth and reproduction. I also expected age-related
differences in pup traits due changes in maternal physiology and increased foraging
efficiency, although I will be unable to address such physiological or behavioural aspects

directly.
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I examined the maternal life-history traits of age and parturition mass, as well as
lactation duration and pupping date. I looked at their effects on pup traits during
lactation, specifically weaning mass and rate of mass gain. [ compared patterns found in
harbour seals with other pinnipeds and related these to their intermediate strategy of
maternal care. To examine relative effects of age and mass on offspring traits within
harbour seals, I compared maternal mass classes and age classes. In addition, I examined
patterns of reproductive investment in female harbour seals as examples of large,
iteroparous mammals that continue to grow after maturity. The effects of maternal traits
on newborns were examined in Chapter 3, but here I used path analysis to model the
causal relationships among maternal traits and pup traits from birth through lactation and
weaning. Sex differences in pup traits during lactation were also examined, with respect

to theory on differential investment (Trivers and Willard 1973).

Methods
Data collection

Data on parturient female harbour seals and pups were collected in May and June from
1988 to 1996 on Sable Island, a vegetated sand bar off Nova Scotia, Canada (43°55°N,
60°00°W). The study area was a 24-km stretch of beach on the north side of the island.
Females and pups were studied at three stages in the cycle of maternal care: birth, mid
lactation, and weaning.

Newborn harbour seals were sexed, weighed and then tagged in the webbing of

the hind flipper with individually numbered Rototags (Chapter 3; Bowen et al. 1994).
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When mothers of newborns were present, they were captured, weighed, and tagged
(Chapter 3; Bowen et al. 1992a). To facilitate recognition of individuals from a distance,
mother-pup pairs were marked on their backs with identical symbols using a fast-drying
fluorescent paint (V-285, Lenmar Inc., Baltimore MD). Maternal age was known in cases
where the female was first tagged as a pup and the tag was retained until the time of
recapture. Pup tagging first began in 1978 by the Department of Fisheries and Oceans
(W. T. Stobo and W. D. Bowen, unpublished), and continued throughout this study.

To study pup mass gain and maternal mass loss during mid lactation, a subset of
mother-pup pairs was weighed around 15 days post-partum (dpp), or two-thirds of the
way through the 24-day lactation period (Muelbert and Bowen 1993). To determine mass
at weaning and mass change over the duration of lactation, another subset of females and
pups was weighed near weaning. The occurrence of weaning was usually determined by
one or more criteria: clear pup serum, no milk in the pup’s stomach, absence of the
female for more than 2 days, and loss of pup mass (Muelbert and Bowen 1993).
Although pups were captured just prior to, and after, weaning it was seldom possible to
capture females after they had weaned their pups. Pups were weighed to the nearest 0.1
kg, with a 50-kg spring-balance scale, and females to the nearest 0.5 kg using a 200-kg
spring-balance scale.

Statistical techniques

Data from all years were pooled. Pupping dates and weaning dates were
converted to day of year, taking into account the leap years 1988, 1992, and 1996. Only

birth masses and parturition masses recorded within 24 hours of birth were used. Body
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masses taken on the day after birth were extrapolated to birth and parturition masses, by
subtracting the daily mass gain of 0.5 kg for pups, and adding a daily mass loss of 1.7 kg
for females (Bowen et al. 1994; Chapter 3).

To study body mass and rate of mass change during mid lactation only data on
females and pups weighed between 14 and 17 days post-partum were analyzed. Rate of
pup mass gain and maternal mass loss rate were calculated as change in body mass,
divided by the number of days post-partum (i.e., 14 to 17 d). To make comparisons of
body mass in mid lactation meaningful, masses were extrapolated to 15-day masses using
each pup’s mid-lactation rate of mass gain, and each female’s mid-lactation rate of mass
loss. During lactation, phocids pups mainly gain mass in the form of fat (Bowen et al.
1985; Oftedal et al. 1993) rather than from growth of skeletal structure and musculature
(Oftedal et al. 1987). Thus, I refer to rates of change in pup mass simply as “rate of mass
gain” rather than “‘growth rate.”

Only pups and females weighed within 4 days of weaning, and with lactation
duration greater than 17 days, were included in analyses of mass at weaning. This
threshold for lactation duration came from a 2-year study of harbour seals on Sable
[sland, in which mean lactation duration was 24.1 £ 3.2 (S.D.) days (n = 52; Muelbert and
Bowen 1993). I defined premature weaning as any lactation duration less than this mean
minus 2 standard deviations, and thus less than 18 days. Pups “weaned” before the 50th
percentile of lactation duration, i.e., 12 days, were considered abandoned, rather than
prematurely weaned, and were excluded from all analyses.

Body mass of pups just prior to weaning was extrapolated to pup weaning mass by
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adding a daily mass gain of 0.5 kg/d. This late-lactation rate of pup mass gain was
estimated from a subsample of 40 pups weighed just before weaning and again on the day
of weaning. Pup mass just after weaning was extrapolated backward by adding 0.4
kg/day to account for post-weaning mass loss shortly after weaning (M. Muelbert, pers.
comm.). Maternal mass just before the end of lactation was corrected to the day of
weaning by subtracting 1.1 kg/d. This correction was determined from a subsample of 27
females for which there were two mass measurements in late lactation. Rates of pup
mass gain and maternal mass loss during lactation were estimated linearly by dividing the
change in body mass by lactation duration.

To meet the assumption of linearity required for regression analyses, ANOVA,
and ANCOVA, data were transformed as necessary. Age and log age were treated as
continuous variables in ANCOVASs and regressions. For categorical analyses of age,
females were grouped into three age classes (4-6, 7-10, and 11-14+ yr) representing
increasing levels of reproductive experience (Chapter 3). For categorical analyses of
maternal mass, females were grouped into large and small mass classes, based on the
median parturition mass of 85.0 kg (Chapter 3).

Path analyses were conducted to explore possible causal pathways between
maternal effects and pup traits, and to determine the relative strengths of relationships.
Path models were constructed a priori, based on hypothesized causal order, and multiple
regressions were run on each endogenous variable to test the models and estimate
parameters. Paths were considered uni directional to allow unique estimation of parameters

(Klem 1995). Standardized partial-regression coefficients were used as path coefficients to
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allow direct comparison of path coefficients and effect strength (Wilkinson et al. 1996). If
a path coefficient was not significantly different from zero, the model was trimmed by
removing the path, and the multiple regression was run again to re-estimate the parameters
(Klem 1995). For each model, a subset of data was used, such that each case was complete
for all variables examined. This assured equal sample size along each path, making
comparisons between paths meaningful. Significant positive relationships are represented
in path diagrams by solid arrows, and negative relationships by dashed arrows (Mitchell
1992; Dobson and Michener 1995). The amount of unexplained variation for each
endogenous variable was estimated as 1 - R’ for each regression within the model (Sokal
and Rohlf 1995), and is shown as a percentage at the end of a thick arrow (Klem 1995).
Statistical analyses were performed using SPSS statistical software. Means are
reported plus or minus one standard error (SE), and correlation coefficients are Pearson’s r.
The significance level for all tests was alpha = 0.05. One outlier was removed from
statistical analyses since maternal mass loss rate was greater than the mean by more than 3

standard deviations.

Results

Lactation duration and weaning date

Duration of lactation ranged from 13 to 31 days (n = 196). Twenty-three pups were
weaned prematurely (i.e., between 12 and 18 days). The mean weaning mass of
prematurely weaned pups was significantly lower than for successfully weaned pups

(19.9 £ 0.7, n =20 versus 24.8 kg + 0.3, n = 154; t-test, p <0.001; Figure 5.1). Females



101

that weaned pups prematurely weighed significantly less at parturition than successful
females (78.2 £ 2.6, n = 10 versus 83.8 + 0.1 kg, n=100; p = 0.03, d.f = 108). There
was no significant difference between the two groups in mean maternal age (p = 0.42, d.f
= 78), mean pupping date (p = 0.45, d.f. = 196), or mean birth mass (p = 0.52, d.f = 129).
Because of the strong differences in weaning masses of prematurely weaned pups, these
pups were removed from the data set for all other analyses.

Among successfully weaned pups, lactation ranged from 18 to 31 days, with a mean
of 23.9 + 0.2 days (n = 175). Weaning dates ranged over 29 days, from June 3 to July 1
(mean, June 18 + 0.4 d). Weaning date was correlated with pupping date (Figure 5.2).
The standard deviations of pupping and weaning date were 4.8 and 5.4 days, respectively.

Lactation duration was positively correlated with weaning mass (r = 0.29, n = 154,
p <0.001) and weaning date (r = 0.487, n = 116, p < 0.001). Duration was negatively
correlated with maternal age and rate of pup mass gain (Figure 5.3). In each case, however,
these correlations explained relatively little of the variation in duration. There was no
significant correlation between pupping date and lactation duration (r=-0.14,n = 175,p =
0.06). Lactation duration was not significantly correlated with parturition mass (» = -0.07,
n = 101, p = 0.48), nor was it correlated with log birth mass, after controlling for the effects
of log maternal age on lactation duration (partial » = -0.05, n = 49, p = 0.74). Lactation
duration tended to decrease by age class, but did not differ significantly (Table 5.1); young
females had a mean lactation duration of 25.3 days, whereas intermediate and older females

averaged 24.5 and 23.1 days, respectively.
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Figure 5.1. Weaning mass of prematurely weaned (open circles; n = 21) and

successfully weaned (closed circles; n = 154) harbour seal pups on
Sable Island, 1988-1996.
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Figure 5.2. Weaning dates and pupping dates of harbour seal pups on Sable Island, 1988-

1996 (n=175).
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(n = 74) and b) the rate of mass gain in pups (n = 116).
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Pup mass at mid lactation and weaning

At 15 days post-partum, pups weighed between 13.3 and 29.1 kg, with an
average mass of 21.9 + 0.2 kg (n = 191). These pups had doubled their mean birth mass
of 10.9 £ 0.1 kg in 15 days.

Eighty-eight pups were weighed on the day of weaning. Weaning masses were
extrapolated for 20 pups weighed prior to weaning, and for 46 pups weighed after
weaning. There was no difference in mean weaning mass among these three groups
(ANOVA, Fz 1517 = 0.88, p = 0.42), thus masses were pooled. Weaning mass ranged
from 15.7 to 34.5 kg, with a mean of 24.8 (Table 5.1). On average, pups gained 14.2 kg,
and weaning mass was 2.3 times birth mass (Table 5.1).

By 15 days post-partum, pups had reached 84.7% of their mass at weaning (n =
83). Age affected this percentage significantly; pups of young females (n = 6) had
reached a significantly lower proportion of weaning mass (75.5 £+ 3.7%) than had pups of
intermediate-aged (n = 16) and older females (n = 15) (86.3 + 1.6% and 89.8 + 1.6%,
respectively) (ANOVA on arcsine-transformed data, F; 33 = 7.2, p = 0.003). The two
older age classes did not differ significantly from one another.

Weaning mass was significantly correlated with parturition mass, but not with
maternal age (Figure 5.4). As a maternal effect, parturition mass explained only a small
amount of the variation in weaning mass (R° = 26.3%). Weaning mass was positively
correlated with log birth mass, even after controlling for the effect of log parturition mass
on log birth mass (partial » = 0.36, n =97, p <0.001). Weaning mass was weakly

correlated with lactation duration (Figure 5.5a).
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Table 5.2. Rate of mass gain of harbour seal pups at mid lactation and over the entire lactation
period, in relation to maternal age class and maternal mass class (sample size in
parentheses; degrees of freedom in square brackets).

Mid lactation Overall )/
rate of mass rate of mass gain paired
Maternal class gain (kg/d) (kg/d) t-test
Age
Young (4 -6 yr) 0.56 +0.030 0.54 £ 0.023 0.735
(14) (13) {51
Intermediate (7 - 10 0.74 £ 0.023 0.57 + 0.026 <0.001
yr) (39) 22) [15]
Older (11-14+yr) 0.78 £0.019 0.59 + 0.029 <0.001
(25) (17 (14]
ANCOVA p 0.001" 0.957"
by age class [d.f] [2, 70] [2.47] -
Mass
Small (< 85.0 kg) 0.66 +0.015 0.57 £0.015 <0.001
(85) (64) [44]
Large (>85.0 kg) 0.74 £0.016 0.66 +0.017 <0.001
(68) (36) [25]
p independent -test 0.001 <0.001
by mass class [d.f] [151] [98] -
All females 0.69 +£0.011 0.60 £0.011 <0.001
(191) (116) [82]

! Controlling for parturition mass.
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Rate of pup mass gain

At mid lactation the rate of mass gain of pups ranged from 0.25 to 1.07 kg/d, with
a mean of 0.69 + 0.011 kg/d (n=191). The rate of mass gain was correlated with mass of
females at parturition (r = 0.32, n= 153, p <0.001). Pups of small females (i.e., below
the median mass of 85.0 kg) gained mass at a slower rate than pups of large females
(Table 5.2). Rate of mass gain in mid lactation was correlated with maternal age, even
after controlling for parturition mass (partial »=0.37, n = 71, p = 0.001). Rate of mass
gain in mid lactation was significantly lower for pups of the youngest females than for
pups of intermediate and older females (Table 5.2).

The sample size of mass gain over the entire lactation period was smaller than at
mid lactation (n = 116 vs. 191). Over the entire lactation period, pups gained mass at a
mean rate of 0.60 + 0.011 kg/d, with a range from 0.26 to 0.89 kg/d. This overall rate of
mass gain was strongly correlated with the mid-lactation rate of mass gain (r =0.72,n =
83, p <0.001). The overall rate of mass gain was, however, lower on average than mid-
lactation rate of mass gain (0.60 versus 0.69 kg/d), suggesting that mass gain decelerated
in late lactation (i.e., between 15 days post-partum and weaning). Maternal age appeared
to influence this deceleration, since overall rates were equal to mid-lactation rates for
pups of young females, but lower for pups of intermediate and older females (Table 5.2).

The overall rate of pup mass gain was strongly correlated with weaning mass
(Figure 5.5b). This rate of mass gain was correlated significantly with maternal mass at
parturition (Figure 5.6b). As seen in mid lactation, pups of small females gained mass at

a significantly lower rate than pups of large females (Table 5.2). In contrast with mid
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lactation, however, at weaning there was no significant correlation between maternal age
and rate of pup mass gain (Figure 5.6a). The overall rate of mass gain during lactation
did not differ significantly by maternal age class (Table 5.2).

Maternal body mass and rate of mass loss

At 15 days post-partum, mean maternal mass was 62.2 + 0.6 kg, and ranged from
47.1 to 77.7 kg (n =131). The mean rate of female mass loss at mid lactation was 1.55 +
0.02 kg/d (n = 120), and ranged from 0.73 to 2.00 kg/d. On average, at mid lactation
females weighed 73% of parturition mass.

Maternal mass was measured on the day of weaning in only 4 cases. In another
28, females weighed less than 4 days prior to weaning, maternal mass at weaning was
estimated by linear extrapolation. Maternal mass at weaning ranged from 42.4 to 68.0 kg,
with a mean of 54.9 + 1.03 (n = 33). Over the entire lactation period, females lost an
average of 30.8 £ 0.94 kg (n = 28). Overall, females lost mass at a mean rate of 1.42 +
0.038 kg/d (n = 28), ranging from 0.91 to 1.8 kg/d. (One female that lost 2.6 kg/d was an
extreme outlier and was removed from all statistical analyses.) At weaning females
averaged 64% of parturition mass.

Large females lost mass more quickly than small females (Table 5.1). Overall
loss rate was strongly correlated with 15-day loss rate (r = 0.84, n = 22, p < 0.001).
However, as with pup rate of mass gain, rates of maternal mass loss must have
decelerated in late lactation since the mean overall loss rate (1.42 kg/d) was lower than
the mean loss rate in mid lactation (1.55 kg/d) (paired -test, p = 0.001, d.f. = 21). The

overall rate of maternal mass loss accounted for 44.6% of the variation in the rate of pup
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mass gain (n = 28, p =<0.001).

Initial maternal mass affected mass loss. By weaning, large females had lost more
absolute mass than small females (33.8 versus 27.7 kg; Table 5.1). Relative to parturition
mass, however, there was no significant difference in mass loss between the two mass
classes (36.6% versus 34.8% for small and large females, p = 0.26). A similar pattern
was seen in the larger sample size of female mass loss in mid lactation (n = 120). Large
females lost significantly more mass by 15 days post-partum than small females (25.4
versus 21.9 kg; Table 5.1), but each group lost similar proportions of initial mass (27.6%
versus 27.8% for small and large females; p = 0.97). At mid lactation, maternal mass loss
was correlated with pup mass gain in larger females (r = 0.32, n = 56, p = 0.017), but not
in small females (r = 0.20, n = 64, p = 0.097). At weaning, the correlation was stronger,
and was significant for large and small mass classes (r = 0.64, n = 14, p=0.01, and
r=0.61, n= 14, p = 0.02, respectively).

Maternal age affected maternal mass loss, even after controlling for parturition
mass (Table 5.1). At weaning, young females had lost significantly more absolute and
relative mass than females of intermediate or older ages (Table 5.1).

Mass transfer and energy investment during lactation

Maternal mass loss was positively correlated with pup mass gain by weaning
(Figure 5.7). On average, females lost 30.8 + 0.94 kg, and their pups gained 13.7 = 0.53
kg (n = 28). The ratic of mass gain to mass loss (44.6%) can be considered as an index of
mass transfer (Bowen et al. 1992a). Since most harbour seal females forage during

lactation, the actual transfer efficiency must be less than this index. The mean index of
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mass transfer did not differ significantly between large and small females (Table 5.3).
Differences in the index of mass transfer were more pronounced by age class, however
they did not differ significantly (Table 5.3). At mid lactation, the mean index of mass
transfer was similar to that at weaning (46.9 = 0.9%, n = 119), and did not differ by mass
class (t-test p = 0.10), or age class (ANOVA F; s5= 1.41, p=0.25).

Relative weaning mass (the ratio of pup weaning mass to female parturition mass)
is an energetic measure of reproductive investment and is usually presented as a
percentage (Bowen 1991). Relative weaning mass in harbour seals was 29.8%, and was

greater for small than large females, but did not differ by age class (Table 5.3).
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Path analysis of maternal effects on pup traits

I formulated 2 path models to elucidate the inter-relationships between life-history
traits of pups and females from birth through weaning. The first model included traits up
to weaning, whereas the second concerned traits only to mid lactation . The weaning
model is of most interest, since it encompasses the entire period of maternal investment.
I developed the mid lactation model to explore the changes during lactation that were
suggested in earlier analyses, and to take advantage of the larger sample size at mid
lactation . For simplicity, I used the term “growth rate” instead of “rate of mass gain” in
these models.

Weaning mass is related to birth mass, growth rate and lactation duration by the
following equation.

birth mass + (growth rate X lactation duration) = weaning mass
I constructed the path model such that each of these variables could have a direct effect
on weaning mass (Figure 5.82). Growth rate during lactation was hypothesized to affect
lactation length, since a rapidly growing pup would be likely to be weaned in a shorter
time. The maternal effects of age, parturition mass, and pupping date were hypothesized
not to act directly on weaning mass, but indirectly through their effects on birth mass,
growth rate, and lactation duration.

When the model was tested with the data (n = 51), seven paths were not significant,
resulting in a simpler model containing 10 paths (Figure 5.8b). Pupping date had no
significant effect on birth mass, lactation duration, or growth rate, and was dropped entirely

from the model. Maternal age had no direct effect on growth rate, and parturition mass had



118

WEANING

a)
pu::t:g - lactation
duration
o / \
maternal » log birth /4 o Weaning
age mass mass
log pup
parturition - growth
mass rate
b)
/ 67%
S 036 . p lactation
Pt 61% _ duration &59\
log -~ . 4
.- 0.27 log birth /
maternal «= > 9 L) 0.45 = weaning
age N mass
!
0.40 0.46 045 ¢ \
2%
log pup
parturition & growth

mass rate \
W o

88%

Figure 5.8. Path model linking traits of harbour seal mothers and pups during birth,
lactation, and weaning: a) hypothesized full model, b) trimmed model. Solid
lines represent positive paths, and dashed lines represent negative paths.
Percentage of unexplained variance is linked to each dependent (endogenous)
variable by a thick arrow (n = 51).
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Table 5.4a. Correlation matrix for data used in path model on traits from birth through

weaning (Figure 5.8b) (n = 51).

Log Log Logbirth Growth  Lactation Weaning
Variable maternal  parturition mass rate duration mass

age mass

Log maternal age -

Log part’n mass 0.40** -

Log birth mass 0.46** 0.57** -

Growth rate 0.16 0.34* -0.23 -

Lactation duration -0.32* -0.01 -0.19 -0.41%* -

Weaning mass 0.17 0.54** 0.54** 0.74** 0.15 -

*p<0.05,**p<001

Table 5.4b. Effect strength' of variables in the path model on traits of harbour seal pups
and females from birth to weaning (Figure 5.8b). (NS = not significantly different

from zero.)
Independent variable
Log Log Logbirth  Growth Lactation = Weaning

Dependent maternal  parturition mass rate duration mass
variable age mass

Log maternal age -

Log part’n mass 0.40 -

Log birth mass 0.45 0.46 -

Growth rate 0.14 0.34 NS -

Lactation duration -0.31 0.12 NS -045 -

Weaning mass 0.14 0.58 0.45 0.60 0.59 -

! Effect strength of one variable on another is the sum of the direct path coefficient (if any) and the product
of path coefficients of each compound path. (For calculations see Appendix 5.1)



120

no direct effect on pupping date. Birth mass had no direct effects on lactation duration or
growth rate. Birth mass and lactation duration had only direct effects on weaning mass,
whereas growth rate had both a direct effect as well as an indirect effect through lactation
duration. The strongest path in the model was between growth rate and weaning mass
(0.87).

[ calculated effect strengths based on all paths between each variable (Table 5.4b,
Appendix 5.1). The effect strengths of growth rate, lactation duration, and parturition mass
on weaning mass (0.60, 0.59, and 0.58, respectively) were similar, and were the strongest
effects in the model. The effect strength of birth mass on weaning mass (0.45) was two-
thirds that of the latter variables, whereas that of age (0.14) was less than one-quarter as
strong. As expected, rate of pup mass gain was negatively related to lactation duration
(-0.45). Age was also negatively related to lactation duration (-0.31), whereas parturition
mass had a small but positive relationship with lactation duration (0.12). Both age and
parturition mass had positive effect strengths on growth rate, but that of parturition mass
(0.34) was more than twice that of age (0.14). Each had similar effects on birth mass (age,
0.45; parturition mass, 0.46).

In the mid lactation model (n = 69), the traits I considered were rate of maternal
mass loss, offspring growth rate, and pup mass at 15 days post-partum. Again, [
hypothesized that the effects of age and parturition mass would act on pup mass indirectly
through intermediary traits (Figure 5.9a). [ also hypothesized that the rate of maternal

mass loss could be affected directly by birth mass, and by maternal age and mass.
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Figure 5.9. Path model linking traits of harbour seal mothers and pups from birth to mid
lactation : a) hypothesized full model, and b) trimmed model. Percentage of
unexplained variance is linked to each dependent (endogenous) variable by a thick
arrow (n = 69).
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Table 5.5a. Correlation matrix for data used in path model on traits from birth through
mid lactation (Figure 5.8b) (n = 69)

Independent variable
Log Log Log birth Maternal Pup Day-15
Dependent maternal  parturition mass mass loss  growth  pup mass
variable age mass rate rate
Log maternal age -
Log part’n mass 0.44** -
Log birth mass 0.51** 0.43** -
Maternal mass 0.30* 0.61** 0.34** -
loss rate
Pup growth rate 0.53%* 0.41** 0.45** 0.41** -
Day-15 pup mass 0.58** 0.48** 0.72%* 0.43** 0.87** -
*p<0.05, **p <0.01

Table 5.5b. Effect strength' of variables in path model on traits of harbour seal pups and
females from birth to mid lactation (Figure 5.9b). (NS = not significantly
different from zero.)

Independent variable
Log Log Logbirth Rateof  Growth Day-15

Dependent maternal  parturition  mass maternal rate pup mass
variable age mass mass loss

Log maternal age -

Log part’n mass 0.44 -

Log birth mass 0.50 0.26 -

Rate of mass loss 0.27 0.61 NS -

Growth rate 0.52 0.16 NS 0.27 -

Day-15 pup mass 0.57 0.22 0.42 0.18 0.68 -

! Effect strength of one variable on another is the sum of the direct path coefficient (if any) and
the product of path coefficients of each compound path. (For calculations see Appendix 5.2)
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Eight paths were significant (Figure 5.9b). As in the weaning model, the strongest
path coefficient was between growth rate and pup mass (0.68), and this was the greatest
effect strength as well (Table 5.5b). The second and third strongest effects (Table 5.5b)
were those of maternal age on pup mass (0.57) and on growth rate (0.52). This result was
very different from the weaning model, in which age had no direct path to growth rate
(Figure 5.8b), and had only weak effects on weaning mass and growth rate (Table 5.4b).
In the mid lactation model, parturition mass had weaker effects than maternal age on pup
mass (0.22) and growth rate (0.16) (Table 5.5b). On the other hand, parturition mass had
a much stronger effect on the rate of maternai mass loss (0.61) than did maternal age
(0.27) (Table 5.5b).

Effects of pup sex

My final analyses compared life-history traits by pup sex (Table 5.6). At weaning,
male pups weighed more on average than females (25.8 versus 24.1 kg), however this was
not significantly different after controlling for birth mass (Table 5.6). Other traits, such as
rate of mass gain, lactation duration, weaning date, and mass transfer index did not differ
before or after controlling for covariates (Table 5.6). Mass-specific mass gain (mass gain
divided by birth mass) and mass-specific rate of mass gain (rate of mass gain divided by birth
mass) also did not differ by pup sex (Table 5.6).

Sex ratio at weaning did not differ from unity, overall or within any maternal age

class or mass class (Table 5.7).



Table 5.6. Life-history traits of harbour seals on Sable Island, 1988-1996, by pup sex.

Male pups Female pups P p
. mean + SE mean + SE r-test ANCOVA
Trait (n) (n) [df] [df]
Birth mass' (kg) 1.1 £0.1 10.7 £ 0.1 0.009  0.0012
(175) (200) {373] [L, 241]
Weaning mass (kg) 258 +0.38 24.1 +0.34 0.001  0.106°
(70) (84) [152] [1, 113]
Mass gain (kg) 14.8 £ 0.42 13.8 +0.32 0.059  0.056%
(50) (66) [114] [1,97]
Mass specific mass gain 1.35£0.042 1.33 £0.036 0.790 -
(kg/kg) (50) (66) (114]
Rate of mass gain (kg/d) 0.63 £0.018(50) 0.58 +0.014 0.052 0.191°
(66) [114] [1, 113]
Mass specific rate of 0.057 £0.00215 0.056 £0.0014 0.740 -
mass gain (kg/d/kg) (50) (66) [114]
Lactation duration (d) 23.8 £0.37 24.0 £ 0.37 0.658 0.530°
(78) 97 (1731 [1,113]
Weaning date June 18 £0.6  June 19+0.5  0.103  0.504°
(78) 7 [173] (1, 172]
Mass transfer index (%) 46.5 + 1.68 43.1 £ 1.69 0.169 -
(pup mass gain to (13) (15) {26]
maternal mass loss)
Relative weaning mass 30.8 £0.46 29.0+041 0.004 -
(%) (42) (58) [98]

(weaning mass to
parturition mass)

LY T N P N

From Chapter 3. Includes data from 1987.
ANCOVA of log birth mass on pup sex, controlling for log parturition mass
ANCOVA controlling for birth mass
ANCOVA controlling for parturition mass
ANCOVA controlling for pupping date
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Table 5.7. Sex ratio at weaning by maternal age class and mass class.

Male Female Sex ratio 4

Maternal class (n) (n) (% males) chi-square
Age class

Young (4 - 6 yr) 9 9 50.0 1.00

Intermediate (7 - 10 yr) 16 20 444 0.51

Older (11 - 14+ yr) 6 14 30.0 0.07
Mass class

Small (< 85.0 kg) 25 39 39.1 0.08

Large (> 85.0 kg) 17 19 47.2 0.74

All females 78 97 44.6 0.15
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Discussion

The two main goals of this study were: i) to examine how life-history traits of harbour
seal females and pups relate to maternal care strategies in pinnipeds, and ii) to compare
relative influences of maternal effects on offspring traits during lactation within harbour
seals. In addition, I looked at sex differences in pup traits during lactation.

Relationships of lactation traits to strategies of maternal care

The mean rate of pup mass gain of 0.6 kg/d during lactation was very similar to
estimates by Markussen et al. (1989; 0.5 kg/d) and Boulva and McLaren (1979; 0.6 kg/d).
All estimates are lower than the estimate of 0.08 kg/d by Bowen et al. (1992), which was
based on a sample of 13 large females (range 84 - 91 kg). Given the positive correlation
between maternal mass and pup growth pups of larger females are expected to have a
greater than average growth rate. The current study was more representative of the
population due to its large sample size (n = 116) and wide range of maternal masses
studied (65.5 - 105.3 kg). Previous studies used cross-sectional data on different
individuals during lactation, whereas in this study, individual pups were followed
longitudinally from birth to weaning, adding to the reliability of the estimate.

The rate of pup mass gain of other phocid species ranges from 0.76 kg/d in ringed
seals to 7.1 kg/d in hooded seals, Cystophora cristata (Bowen 1991). Rate of mass gain
in harbour seals is thus the lowest known rate for phocid pups. This may be partly due to
the high activity levels of pups. This hypothesis is supported by the fact that the phocid
species with the next lowest rates of pup mass gain (ringed seals and Hawaiian monk

seals, Monachus schauinslandi) also begin to swim early in lactation (Bowen 1991).



127

Harbour seal pups also deposit less fat, and are considerably leaner at weaning (33% fat)
than other phocids (> 40% fat; Bowen et al. 1992a; Muelbert and Bowen 1993). This
occurs even though females deplete fat reserves by 79%, the greatest proportion reported
for phocids (Bowen et al. 1992a). Harbour seal pups enter the water within hours of birth
(Lawson and Renouf 1985; Oftedal et al. 1991), whereas most phocid pups do not begin
to swim until after weaning (Bonner 1984). The highly aquatic nature of harbour seal
pups may be responsible for the low rate of energy deposition (Bowen et al. 1992a). This
hypothesis is supported by the fact that pups of Weddell seals, Leptonychotes weddelli,
have comparably low body fat at weaning (37%, Tedman and Green 1987), and these
pups also swim during lactation. An additional factor that may lead to low fat deposition
in harbour seal pups may be the intermittent fasting that pups undergo while females are
on foraging trips.

Otariid rates of pup mass gain are considerably lower than in phocids, ranging
from 0.05 to 0.15 kg/d (Bowen 1991). Otariid pups undergo more true growth during
lactation, reflected by lower fat deposition and more development of the skeleton and
musculature (Oftedal et al. 1987). True growth in otariids contrasts with the fattening of
most phocid pups (Bowen et al. 1985; Oftedal et al. 1993). The slow rate of mass gain of
harbour seals, combined with low fat deposition, places their growth patterns
intermediate between typical phocid and otariid growth patterns.

The rate of mass gain of harbour seal pups was weakly correlated with parturition
mass (R’ = 19.9%). As predicted, this relationship was lower than in fasting phocids,

such as grey seals (R’ = 48.8%, Iverson et al. 1993), and northemn elephant seals (R =
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42.3%, Deutsch et al. 1994). There was a stronger relationship between the rate of pup
mass gain and the rate of maternal mass loss in harbour seals (R2 =44.6%). However, as
predicted, the rate of maternal mass loss explained more of the variability in rate of pup
mass gain in fasting phocid species. For example, loss rate explained 58% of pup mass
gain in grey seals (Iverson et al. 1993), and 53% in northern elephant seals (Deutsch et al.
1994).

Parturition mass accounted for a small proportion of the variation in weaning
mass of harbour seals (R’ = 26.3%). In contrast, parturition mass accounted for 55% of
the variation in weaning mass in southern elephant seals (Armbom et al. 1993) and 44% in
northern elephant seals (Deutsch et al. 1994). At the other extreme, the Antarctic fur seal,
Arctocephalus gazella, is an otariid that forages for about 117 days. Maternal body
condition (measured as the ratio of mass to length) had no significant influence on pup
mass near weaning (n = 63) (Doidge and Croxall 1989).

In phocids, weaning mass of pups is usually between 25% and 33% of parturition
mass of females, with an average of 28.3 + 6.4% for 10 species (Bowen 1991). Relative
weaning mass of harbour seals (29.6%) fall within the typical phocid range. Most
phocids, including harbour seals, weigh relatively less at weaning than most otariids
(mean = 37.8% for 5 otariid species; Bowen 1991). Although otariids grow at slower
rates, they are able to reach greater relative weaning mass than phocids due to their
comparatively long period of lactation.

Among phocid species, weaning mass ranges from 2 to 5 times that at birth

(Bowen 1991). Mean weaning mass of harbour seals was 2.3 times birth mass on Sable
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Island, and was 2.4 times birth mass in British Columbia (Bigg 1969). Harbour seals are
thus at the low end of the range for phocids, and this is probably related to the
comparatively high activity levels of both females and pups, combined with intermittent
fasting by pups. In otariids, the ratio of weaning mass to birth mass ranges from 2.3 to
4.4 (Bowen 1991). The low ratio of weaning mass to birth mass in harbour seals
compared with otariids may be explained by the much briefer lactation period of harbour
seals.

It is interesting to note that, compared with other phocids, harbour seal pups are
unusually large at birth relative to maternal mass (Chapter 3; Bowen et al. 1985), but this
relative difference disappears by weaning. This supports the hypothesis that relatively
large mass at birth in harbour seals is an adaptation for entry into the cold marine
environment shortly after birth (Oftedal et al. 1951).

Limitations of maternal body mass

The percentage of body mass lost by harbour seals during lactation (35%) is
similar to relative mass loss within both fasting and foraging phocid species. During
lactation, female northern elephant seals lose 39% of body mass (Costa et al. 1986),
whereas female grey seals lose 40% (Iverson et al. 1993), and female Weddell seals lose
39% (Tedman and Green 1987).

Harbour seals differ from other phocids in that they deplete a greater proportion of
fat reserves, even though they feed during lactation. Within the first 19 days of lactation,
harbour seal females deplete 79% of their initial fat stores (Bowen et al. 1992a), the

greatest level reported for phocids. Large phocid species such as hooded and northern
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elephant seals use from 33% to 58% of stored energy (Bowen et al. 1987; Fedak and
Anderson 1987). Since female harbour seals deplete such high proportions of energy
stores, it seems unlikely that they could fast throughout lactation and still meet the
increasing demands of a growing pup (Boness and Bowen 1996).

As predicted, at mid lactation maternal mass loss and pup mass gain were
correlated for large females (i.e., those above the median mass of 85 kg at parturition),
but not for small females. Thus, significantly more of the mass gain of pups could be
attributed to maternal mass loss (i.e., energy stores) in larger than in smaller females. The
relationship between maternal mass loss and pup mass gain may be weaker in small
females because of foraging in early lactation. Thus, small females appear to begin
foraging first. Studies using radio transmitters (Thompson et al. 1994) and time-depth
recorders (TDRs) (Bowen et al. in prep.) support this interpretation.

The rate of pup mass gain appeared to decrease in late lactation. This deceleration
of mass gain could result from behavioural or physiological changes associated with
weaning, such as reduced suckling, reduced milk production (Martin 1984), or longer
absences of the females. Decelerating mass gain could also be related to increased
activity by females or pups. As lactation progresses, females spend significantly more
time at sea, diving more often, and to deeper depths for longer periods (Boness et al.
1994; Bowen et al. in prep.). Since suckling occur only on land, increased foraging time
would decrease the time that females are available for suckling. It would also increase
energy costs for pups, if they accompany females. Both factors could lead to reduced rate

of mass gain. In the Antarctic fur seal (an otariid species), pups whose mothers spent
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more time onshore had greater weaning mass (Doidge and Croxall 1989).

There was a marked influence of maternal age class on whether the rate of pup
mass gain changed during lactation. This may reflect different patterns of energy
expenditure by small and large females. Pups of young females maintained their
originally low rate of mass gain throughout lactation, whereas rate of mass gain of pups
of intermediate-aged and older females appears to have dropped in late lactation. At mid
lactation, rate of mass gain and pup mass were significantly lower for pups of young
females, than for pups of intermediate-aged or older females. However, at weaning there
was no significant effect of maternal age class on rate of mass gain , or on weaning mass.
It is worth noting that, although not statistically different, lactation lasted 2 days longer
for young females than old females. Late lactation (i.e., the period between mid lactation
and weaning) may therefore be considered a “catch-up phase” for pups of young females,
during which mass gain continues at lower rates for slightly longer. As a result, pups
from each maternal age class had similar absolute mass gain during lactation, despite a
slower start for pups of young females (Figure 5.10). Since young females were smallest,
the slower initial rate of mass gain could result from smaller females producing less milk
(Iverson et al. 1993), or depleting energy reserves sooner.

Index of mass transfer

In phocids, the efficiency of mass transfer of species that fast throughout lactation
varies from 40% for grey seals (Iverson et al. 1993) to 63% in hooded seals (Kovacs and
Lavigne 1992). In this study, the index of mass transfer (45%) fell within that range. Yet
in other species that forage during lactation, the measure of mass transfer can be

considerably greater, e.g., 76% in ringed seals (Hammill et al. 1991) and 86% in harp
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seals (Lydersen and Kovacs 1993). These greater “transfer efficiencies” are explained by
supplemental energy intake during lactation. It was thus surprising, on first inspection, to
find that the index of mass transfer was so low in harbour seals. That it was so low may
suggest that, overall, the additional activity associated with foraging is only sufficient to
keep lactating harbour seals energetically on par with fasting phocids. Thus, harbour
seals appear to forage out of necessity. Foraging may allow them to deliver essentially
the same energy investment as the larger-bodied, fasting species. It does not appear to
confer any energetic advantage, as would be implied by a comparatively greater index of
mass transfer. The Weddell seal, another phocid species that forages during lactation, has
a similar index of mass transfer (44%; Tedman and Green 1987).

Relative influence of maternal effects

In addition to exploring interspecific differences in strategies of maternal care, |
set out to compare relative influences of maternal effects on offspring traits during
lactation within harbour seals. Twelve percent of pups with known lactation duration
were weaned prematurely. The only birth trait that differed between prematurely weaned
pups and successfully weaned pups was parturition mass. This suggests that poor
condition, rather than age (i.c., reproductive inexperience), is a cause of premature
weaning.

Pupping date had no significant effects on any pup traits throughout lactation, just
as it had no effects on pup traits at birth (Chapter 3). The only variable that was strongly
correlated with pupping date was weaning date, and this was simply a reflection of the

fact that lactation duration did not vary significantly with pupping date. In Antarctic fur
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seals, the timing of weaning was more synchronous than the timing of pupping (Doidge
and Croxall 1989). This however, was not the case for harbour seals, as evidenced by the
similar standard deviations of pupping date and weaning date.

Weaning mass of harbour seal pups was positively correlated with parturition
mass, but not with maternal age. The lack of an age effect on weaning mass appears to
contradict my predictions of improvements in maternal physiology or behaviour with age
would lead to improved pup traits. Path analyses (see below) however, suggest that age
affects intermediary pup traits that ultimately affect weaning mass.

In harbour seals, relative weaning mass was slightly greater in small than large
females (30.3% versus 28.8%). This may indicate a greater dependence on supplemental
energy by small females.. Contrary to my prediction of that maternal investment would
increase with age, relative weaning mass did not differ by age class. It is important to
note, however, that this measure of maternal energy investment is not entirely appropriate
for species that forage during lactation, since it does not take into account energy intake
or differences in activity.

It has been suggested that rate of pup mass gain may be a better measure of
maternal investment in pinnipeds than relative weaning mass (Costa 1991). In harbour
seals, maternal effects on the rate of mass gain followed the same patterns as relative
weaning mass. Rate of mass gain was significantly greater for pups of large females, but
did not vary by maternal age class (Table 5.1). Because of variable activity levels of
pups, even rate of mass gain is not a satisfactory measure of maternal energy investment

in harbour seals. The only way to obtain a true measure of maternal energy investment
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throughout lactation would be through dedicated studies on energetics (e.g., Costa 1991;
Bowen et al. in prep.). Using the two best measures available to me in this study, I must
conclude that maternal energy investment does not appear to increase with age, contrary
to my prediction. Maternal energy investment does, however, appear to increase with
initial maternal mass, supporting the hypothesis that small size is a limiting factor within
harbour seals.

Path analysis of maternal effects

Most results discussed to this point have dealt with relationships between two
variables at a time. This is a common practice in many biological studies, particularly of
pinnipeds, and is therefore useful for making interspecific comparisons. However, to
obtain an overall picture of how variables interact, multivariate analyses are much more
appropriate. | formulated two path models, one linking traits at birth to weaning, and the
other from birth to mid lactation . The models are clearly simplistic, and do not contain
all measured variables. This was partially due to limitations of sample size. Some
variables were also excluded to avoid using correlated variables that measured very much
the same thing, such as pup mass gain and rate of mass gain.

The parameter estimates in the path diagrams presented here must be considered
tentative since sample size is just above the lowest allowable limit of 5 cases per path
(Petraitis et al. 1996). It is also noteworthy that growth rate had a high amount of
unexplained variation (88%), thus there are clearly variables not included in the diagram
that affect growth. Such variables may include pup sex (a categorical variable unsuited to

path analysis) and, perhaps quite importantly, maternal foraging. I will however assume
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the relative ranks of the path coefficients that were included in the diagram are correct.

As predicted, both maternal age and parturition mass played significant roles in
determining pup traits from birth through to weaning. Their effects on birth mass were
similar. They differed however, in their effects on pup traits during lactation. Parturition
mass affected pup growth rate and weaning mass more strongly than did age. As shown
in the path diagram, the effect of parturition mass on weaning mass begins at birth, with
heavier pups being born to larger females, and continues through lactation by its positive
effect on growth rate and lactation duration.

Age had a stronger, and negative, effect on lactation duration, suggesting that as a
females ages, she takes less time to raise a pup to weaning. As indicated in the path
diagram, part of this is due to the positive effect of age on parturition mass and thus on
growth rate, as well as its positive effect on birth mass. There was, however, an
additional direct negative link between age and lactation, that explained variation in
lactation duration unaccounted for by parturition mass or birth mass. This may reflect
behavioural or physiological differences in younger females that increase lactation time.
For example, as seen in the analyses of pup mass gain, pups of young females continued
to gain mass at the same intermediate rates of mass gain in late lactation as in mid
lactation, whereas growth rates decreased in pups of older maternal age classes. Lactation
lasted 2 days longer for young females than old females on average. This ‘““catch-up
phase” in late lactation led to similar overall growth rates for all age classes and, in fact,
similar weaning masses. It also explains the lack of a significant path between age and

growth rate, even though there is evidence for differential effects of age on growth rate
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earlier in lactation.

There was good agreement between most raw correlation coefficients of the data
used in the path model (Table 5.4a) and the effect strengths suggested by the path
diagram (Table 5.4b). Two values however differed considerably. Lactation duration
was not significantly correlated with parturition mass (r = -0.01), but the effect strength
of parturition mass on lactation duration was 0.12. In bivariate correlation, the positive
effect of parturition mass on lactation duration was masked by its positive correlation
with pup growth rate and birth mass, and their negative effects on lactation duration.
Similarly, the bivariate correlation coefficient between lactation duration and weaning
mass was only 0.15, as compared with the effect strength of 0.59. Again the strong
positive effect of lactation duration on weaning mass was masked by the positive effects
of pup growth rate and birth mass on weaning mass, and their negative effects on
lactation duration. In path analysis, the standardized partial regression coefficients
represent the expected change in a dependent variable, with other variables held
statistically invariant (Dobson and Michener 1995). This makes path analysis suitable for
finding relationships that might not show up using simple bivariate correlations.

In the weaning model it was not possible to include maternal mass loss as a
variable, since the sample size of maternal mass loss at weaning (n = 28) would have
invalidated the model (Petraitis et al. 1996). Including maternal mass loss to 15 dpp in
the mid lactation model showed that parturition mass has a strong effect on maternal loss
rate, which in turn affects pup growth rate. Some of the strongest effects in the mid

lactation model were those of maternal age on pup mass and on growth rate. This result
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was very different from the weaning model, in which age had no direct path to growth
rate, and had only weak effects on weaning mass and growth rate. This reflects the
slower early growth and mass gain of pups and young females. That these age effects
were weak in the weaning model, but not the mid lactation model, reflects the “catch-up
phase” of pups of young females in late lactation suggested earlier.

These models illustrate the effectiveness of path modelling to study causal
mechanisms in multivariable systems. The main conclusions to be drawn from these
models are that both maternal age and mass affect pup traits throughout birth, lactation,
and weaning, and that relationships between traits can change over the course of lactation.

Equal investment during lactation

On average, male pups weighed significantly more (1.7 kg) than female pups at
weaning. This result contrasts with earlier studies of harbour seals on Sable Island.
Muelbert and Bowen (1993) did not find a significant difference in weaning mass by pup
sex. [n a reanalysis of their original data (n = 52), means of weaning mass were similar to
those found here, with males 1.5 kg heavier than females. The apparent disagreement
between these two studies is undoubtedly due to the greater sample size and thus greater
power in this study.

After controlling statistically for birth mass, the difference in weaning mass
between males and females was not significant. This suggests that greater male mass at
weaning results from greater initial mass, rather than differential maternal energy
investment during lactation, based on pup sex. This is supported by the lack of sex-

related differences in other traits during lactation such as lactation duration, mass gain,
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rate of mass gain, and index of mass transfer (Table 5.6). Therefore, the hypothesis that
females will invest more in offspring during lactation because they are male (Trivers and
Willard 1973; Maynard Smith 1980) is not supported by data on harbour seals. Similar
results and conclusions were found for California sea lions, Zalophus californianus (Ono
and Boness 1996).

Regardless of the proximal cause, mass at birth weaning of males were greater in
harbour seals, as were relative birth mass and relative weaning mass. This implies greater
overall energy investment in male pups, but does this translate into a greater reproductive
cost (sensu Trivers 1972) of raising a male pup? It is not possible to resolve this question for
harbour seals using this data set, as it does not include data on subsequent survival or
fecundity of females. In other mammals, greater mass of males at birth or weaning does not
necessarily lead to increased maternal reproductive costs. For example, although male bison,
Bison bison, were heavier at birth, subsequent fecundity, mass loss, and interbirth intervals
did not vary with offspring sex (Green and Rothstein 1991). Similarly, although male
northern elephant seal pups weighed approximately 8% more at birth and weaning, pup sex
had no significant effect on a female’s reproductive performance the following year, or on her
subsequent survival (LeBouef et al. 1989).

In species in which sons cost significantly more to rear than daughters, sex ratio
theory predicts a female-biased sex ratio at the end of parental investment (Fisher 1930;
Leigh 1970). In harbour seals, sex ratio at weaning did not differ from parity overall, or
by maternal age class or mass class. In a much larger sample of more than 11,000

northern elephant seals, sex ratio at weaning also did not differ from parity (Le Boeuf et
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al. 1989). Similar results were found in southern elephant seals (Campagna et al. 1992).
These data suggest that additional energetic costs of raising male pups may not be

biologically significant among phocid seals (Le Boeuf et al. 1989).

Summary

The strategy of maternal care in harbour seals strategy influences life-history traits of
females and pups throughout lactation. Interspecific comparisons of these traits support
predictions that maternal effects of parturition mass and maternal mass loss on offspring
traits are weaker in harbour seals than in fasting phocids, and stronger than in otariids.

Compared with other phocids, harbour seal pups are unusually large at birth
relative to maternal mass, but this relative difference disappears by weaning. This
supports hypotheses that relatively large mass at birth is an adaptation for entry into the
cold marine environment shortly after birth.

This study supports behavioural and physiological work that suggests small
harbour seal females begin to forage sooner after parturition. In addition, measures of
maternal energy investment—although not ideal for harbour seals—suggest that investment
is greater on average for larger females. Thus, maternal body mass can affect maternal
behaviour during lactation, and limit relative maternal investment.

Maternal age and parturition mass affected pup traits during lactation, but their
relative influence varied over the course of lactation. During late lactation, pups of young
females were able to “catch-up” with other pups, eliminating differences in weaning mass

and growth rate that were apparent at mid lactation . Studies in which measurements are
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taken only in mid lactation, as a substitute for measurements at weaning, may lead to
misleading conclusions about effects of maternal age or mass.

At weaning, there were no ultimate effects of maternal age class on weaning mass
or rate of mass gain of pups, after controlling for maternal mass. The lack of an ultimate
age effect appeared contrary to predictions based on age-related maternal improvements
and on trade-offs between growth and reproduction. Path analysis showed, however, that
age acted on weaning mass through intermediary traits. The effects of parturiticr: mass
on weaning mass and rate of mass gain were stronger than those of maternal age, and
maternal mass class significantly affected weaning mass, mass gain, rate of mass gain,
and relative weaning mass. Thus, in harbour seals, maternal mass—an indicator of
maternal condition—affects offspring during lactation more than does maternal age.

Male harbour seal pups weighed more at weaning than female pups. This resulted
from differences in birth mass, rather than differential maternal energy investment during
lactation. Sex ratio at weaning did not differ from unity. Several other studies suggest
that additional costs of raising male pups are not biologically significant in phocid seals.
In harbour seals, it is not known whether greater mass of males at weaning has biological

significance, since the relationship between weaning mass and adult mass is not known.
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Appendix 5.1. Calculation of the effect strength of variables in the weaning path model
(Figure 5.8b; n = 51). The effect strength of one variable on another is the sum of
the direct path (if any) and the products of any compound paths (Klem 1995).
Effect strength of log age:

on log parturition mass = 0.40

on log birth mass = 0.27 + (0.40 X 0.46) = 0.45

on lactation duration = - 0.36 + (0.40 X 0.29) + (0.40 X 0.34 X - 0.45) = - 0.31

on growth rate = 0.40 X 0.34 = 0.14

on weaning mass = (- 0.36 X 0.59) + (0.27 X 0.45) + (0.40 X 0.46 X 0.45)
+(0.40 X 0.29 X 0.59) + (0.40 X 0.34 X - 0.45 X 0.59) + (0.40 X 0.34 X 0.87) = 0.14

Effect strength of log parturition mass:
on log birth mass = 0.46
on lactation duration = 0.29 + (0.34 X - 0.45) = 0.12

on growth rate = 0.34

on weaning mass = (0.46 X 0.45) + (0.29 X 0.59) + (0.34 X - 0.45 X 0.59) + (0.34 X 0.87)
=0.207 + 0.171 - 0.090 + 0.296 = 0.58

Effect strength of log birth mass:
on weaning mass = 0.45
Effect strength of growth rate:
on lactation duration = - 0.45
on weaning mass = 0.87 + ( - 0.45 X 0.59) = 0.60
Effect strength of lactation duration:

on weaning mass = 0.59
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Appendix 5.2. Calculation of the effect strength of variables in the mid lactation path
model (Figure 5.9b; n = 69). The effect strength of one variable on another is the
sum of the direct path (if any) and the products of any compound paths (Klem
1995).
Effect strength of log age:

on log parturition mass = 0.44

on log birth mass = 0.39 + (0.44 X 0.26) = 0.50

on rate of maternal mass loss = 0.44 X 0.61 = 0.27

on mid lactation growth rate = 0.45 + (0.44 X 0.61 X 0.27) = 0.52

on day-15 pup mass = (0.39 X 0.42) +(0.45 X 0.68) + (0.44 X 0.26 X 0.42)
+(0.44 X0.61 X0.27 X 0.68) = 0.57

Effect strength of log parturition mass:

on log birth mass = 0.26

on rate of maternal mass loss = 0.61

on mid lactation growth rate = 0.61 X 0.27 = 0.16

on day-15 pup mass = (0.26 X 0.42) + (0.61 X 0.27 X 0.68) = 0.22
Effect strength of log birth mass:

on day-15 pup mass = 0.42

Effect strength of maternal rate of mass loss:

on mid lactation growth rate = 0.27

on day-15 pup mass = (0.27 X 0.68) =0.18
Effect strength of mid lactation growth rate:

on day-15 pup mass = 0.68



CHAPTER 6

GENERAL CONCLUSIONS

Offspring phenotype can be affected by maternal features in ways that are not
directly related to genotype. For example, maternal age and maternal condition change
over the lifetime of a female, and can directly influence life-history traits of offspring.
Often, however, effects of maternal age and body size are studied independently of one
another. I studied selected life-history traits of harbour seal females and pups throughout
the period of maternal investment, over a wide range of maternal age and mass, to
examine the relative influence of maternal effects.

Maternal effects from birth through weaning

The main maternal effects I examined were maternal age, parturition mass, and
pupping date. Over a 10- year period on Sable Island, pupping date of harbour seals
increased, and maternal age structure changed. Despite these changes, there was no
significant interannual variation in pup traits from birth through weaning. The lack of
interannual variation in birth mass and weaning mass may reflect strong selective
pressure on these traits. The lack of interannual variation in pup traits also suggests that
female harbour seals are capable of buffering their young from environmental variation.

Pupping date was not a significant maternal effect on any pup traits that I
measured. Contrary to studies on other mammals in which birth date was related to

offspring survival, there was no tendency for older or larger harbour seals to give birth
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early in the pupping season. I hypothesized that selective forces acting on pupping date
on Sable Island affect females similarly, regardless of maternal age or mass.

Maternal age and mass were significant maternal effects on pup traits at birth, but
their influence changed with age. Path analysis was well suited to exploring the causal
relationships of maternal effects. At birth, effects of age were stronger than those of
parturition mass. In fact, parturition mass had no significant effect on birth mass, but
simply covaried with age. Age effects were significant among young females, but not
among intermediate-aged females or older females. Limited evidence suggested that in
young females, age itself was not as important a determinant of offspring birth mass as
was reproductive experience. Experience could lead to behavioural improvements, such
as increased foraging ability during pregnancy, or physiological improvements, such as
improved intrauterine transfer of nutrients to the fetus. Such effects of reproductive
experience on birth mass may apply to mammals in general.

In mid lactation, maternal age and parturition mass affected rate of pup mass gain
and lactation duration, such that pups of young and small females weighed less and
gained mass at lower rates. During late lactation pups of young females were able to
“catch-up” with other pups in terms of body mass and overall growth rate, by maintaining
similar rates of pup growth while those of older females declined.

At weaning, there were no direct effects of maternal age class on weaning mass or
rate of mass gain, after controlling for maternal mass. The lack of an direct age effect
appeared contrary to predictions based on age-related maternal improvements, and on

trade-offs between growth and reproduction. Path analysis showed, however, that age
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acted on weaning mass through intermediary traits. The effects of parturition mass on
weaning mass and rate of mass gain were stronger than those of maternal age, and
maternal mass class significantly affected weaning mass, mass gain, rate of mass gain, and
relative weaning mass. Thus, in harbour seals, maternal mass—an indicator of maternal
condition—had a stronger effect on pup traits during lactation than did maternal age.

The relative importance of the maternal effects of age and parturition mass varied
over the stages of maternal care in harbour seals. During gestation, maternal age had a
significant effect on pup birth mass, while parturition mass did not. In mid lactation, both
maternal age and parturition mass affected pup growth rate and mass, but the effects of
age were stronger. And at weaning, parturition mass had stronger effects on growth rate
and weaning mass than did maternal age. This study illustrates the importance of
collecting data on both maternal parameters.

Maternal effects in relation to strategies of maternal care

The strategy of maternal care in harbour seals strategy influences life-history traits
of females and pups throughout lactation. Interspecific comparisons of these traits
support predictions that maternal effects of parturition mass and maternal mass loss on
offspring traits are weaker in harbour seals than in fasting phocids, and stronger than in
otariids.

This study supported behavioural and physiological work that suggests small
harbour seal females begin to forage earlier. In addition, measures of maternal energy

investment-although not ideal for harbour seals-suggested that investment was lower
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average among small females. Thus maternal body mass of species that forage during
lactation can affect maternal behaviour, and limit maternal investment.

Differential maternal investment?

Sexual-selection theory predicts that in polygynous species in which males are
larger than females, mothers in good condition should invest more in male offspring. One
way this can be accomplished is for older or larger females to vary the sex ratio towards
males at birth. In harbour seals, sex ratio at birth did not vary with maternal age or
parturition mass. This was in agreement with most evidence on phocid and otariid seals.

Differential investment theory predicts that female harbour seals will invest more
energy in male pups than female pups during the period of maternal care. There was
evidence for differential energy investment during gestation, as male newborns weighed
more on average than females. Weaning mass was also greater for male pups, but this
resulted from differences in birth mass, rather than differential maternal energy
investment during lactation. In harbour seals, it is uncertain whether greater male mass at
birth and weaning is biologically significant, as the relationship between pup mass and

adult mass is unknown.



REFERENCES

Alexander, R. D., Hoogland, J. L., Howard, R. D., Noonan, K. M., and Sherman, P. D.
1979. Sexual dimorphism and breeding systems in pinnipeds, ungulates,
primates, and humans. In: Evolutionary Biology and Human Social Behavior.
An Anthropological Perspective. Edited by N.A Chagnon and W Irons. Duxbury
Press, North Scituate, MA. pp. 402-435.

Anderson, S. S., and Fedak, M. A. 1987. Grey seal, Halichoerus grypus, energetics:
females invest more in male offspring. J. Zool. Lond. 211: 667-679.

Arnbom, T., Fedak, M. A., and Rothery, P. 1994. Offspring sex ratio in relation to
female size in southern elephant seals, Mirounga leonina. Behav. Ecol. Sociol.
35: 373-375.

Armbom, T., Fedak, M. A., Boyd, . L., and McConnell, B. J. 1993. Variation in weaning
mass of pups in relation to maternal mass, postweaning fast duration, and weaned
pup behaviour in southern elephant seals (Mirounga leonina) at South Georgia.
Can. J. Zool. 71: 1772-1781.

Amold, S. J. 1994. Multivariate inheritance and evolution: A review of concepts. In:
Quantitative Genetic Studies of Behavioral Evolution. Edited by Boake, C. R. B.
Univ. Chicago Press, Chicago, IL. pp. 17-48.

Baker, J. D., and Fowler, C. W. 1992. Pup weight and survival of northern fur seals
Callorhinus ursinus. J. Zool., Lond. 227: 231-238.

Bartholomew, G. A. 1970. A model for the evolution of pinniped polygyny. Evolution
24: 546-559.

Bernardo, J. 1996. Maternal effects in animal ecology. Amer. Zool. 36: 83-105.

Bigg, M. A. 1969a. The harbour seal in British Columbia. Fish. Res. Bd. Can. Bull.
172: 1-33.

Bigg, M. A. 1969b. Clines in the pupping season of the harbor seal, Phoca vitulina. J.
Fish. Res. Bd. Can. 26: 449-455.

Blueweiss, L., Fox, H., Kudzma, V., Nakashima, D., Peters, R., and Sams, S. 1978.
Relationships between body size and some life history parameters. Oecologia 37:
257-272.

Boness, D. J., and Bowen, W. D. 1996. The evolution of maternal care in pinnipeds.
BioScience 46: 645-654.

148



149

Boness, D. J., Bowen, W. D., and Francis, J. M. 1993. Implications of DNA
fingerprinting for mating systems and reproductive strategies of pinnipeds. Symp.
Zool. Soc. Lond. 66: 61-93.

Boness, D. J., Bowen, W. D., and Oftedal, O. T. 1994. Evidence ofa maternal foraging
cycle resembling that of otariid seals in a small phocid, the harbor seal. Behav.
Ecol. Sociobiol. 34: 95-104.

Bonner, W. N. 1984. Lactation strategies in pinnipeds: problems for a marine
mammalian group. Symp. Zool. Soc. Lond. 51: 253-272.

Boulva, J. 1975. Temporal variations in birth period and characteristics of newborn
harbor seals. Rapp. P.-v. Reun. Cons. int. Explor. Mer. 169: 405-408.

Boulva, J., and McLaren, I. A. 1979. Biology of the harbour seal, Phoca vitulina, in
eastern Canada. Bull. Fish. Res. Brd., Can. 200: 1-24.

Bowen, W.D. 1991. Behavioural ecology of pinniped neonates. In: Behaviour of
Pinnipeds. Edited by Renouf, D. Chapman and Hall and Cambridge University
Press, Cambridge, England. pp. 66-127.

Bowen, W. D., and Harrison, G. D. 1994. Offshore diet of grey seals Halichoerus
grypus near Sable Island, Canada. Mar. Ecol. Prog. Ser. 112: 1-11.

Bowen, W. D., and Harrison, G. D. 1996. Comparison of harbour seal diets in two
inshore habitats of Atlantic Canada. Can.J. Zool. 74: 125-135.

Bowen, W. D., Boness, D. J, and Iverson, S. J., and Oftedal, O. T. in prep. Lactation in
harbour seals: large females have more choices.

Bowen, W. D., Boness, D. J., and Oftedal, O. T. 1987. Mass transfer from mother to pup
and subsequent mass loss by the weaned pup in the hooded seal, Cystophora
cristata. Can. J. Zool. 65: 1-8.

Bowen, W. D., Oftedai, O. T., and Boness, D. J. 1985. Birth to weaning in 4 days:
remarkable growth in the hooded seal, Cystophora cristata. Can. J. Zool. 63:
2841-2846.

Bowen, W. D, Oftedal, O. T., and Boness, D. J. 1992a. Mass and energy transfer during
lactation in a small phocid, the harbor seal (Phoca vitulina). Physiol. Zool. 65:
844-866.

Bowen, W. D, Oftedal, O. T., Boness, D. ], and Iverson, S. J. 1994. The effect of age
and other maternal factors on birth mass in the harbour seal. Can. J. Zool. 72: 8-

14.



150

Bowen, W. D., Stobe, W. T., and Smith, S. J. 1992b. Mass changes of grey seal
(Halichoerus grypus) pups on Sable Island: differential maternal investment
reconsidered. J. Zool., Lond. 227: 607-622.

Boyce, M. S. 1988. Evolution of Life Histories of Mammals: Theory and Pattern. Yale
University Press, New Haven, CT.

Boyd, . L. 1982. Reproduction of grey seals with reference to factors influencing
fertility. Ph.D. dissertation, Cambridge University, Cambridge.

Boyd, L. L. 1991. Environmental and physiological factors controlling the reproductive
cycles of pinnipeds. Can. J. Zool. 69: 1135-1148.

Boyd, I. L. 1996. Individual variation in the duration of pregnancy and birth date in
Antarctic fur seals: the role of environment, age, and sex of fetus. J. Mammal.
77: 124-133.

Boyd, I. L., and Duck, C. D. 1991. Mass changes and metabolism in territorial male
Antarctic fur seals (Arctocephalus gazella). Phys. Zool. 64: 375-392.

Boyd, I. L., and McCann, T. S. 1989. Pre-natal investment in reproduction by female
Antarctic fur seals. Behav. Ecol. Sociobiol. 24: 377-385.

Brodie, P., and Beck, B. 1983. Predation by sharks on the grey seal (Halichoerus
grypus) in eastern Canada. Can. J. Fish. Aquat. Sci. 40: 267-271.

Bryden, M. M. 1972. Growth and development of marine mammals. In: Functional
Anatomy of Marine Animals. Edited by R. J. Harrison. Academic Press, New
York. pp. 1-79.

Byers, J.A., and Moodie, J. D. 1990. Sex-specific maternal investment in pronghom,
and the question of a limit on differential provisioning in ungulates. Behav. Ecol.
Sociobiol. 26: 157-164.

Calambokidis, J., and Gentry, R. L. 1985. Mortality of northern fur seal pups in relation
to growth and birth weights. J. Wildl. Dis. 21: 327-330.

Calow, P. 1973. The relationship between fecundity, phenology and longevity: a systems
approach. Am. Nat. 107: 559-574.

Campagna, C., Le Boeuf, B. J., Lewis, M, and Bisioli, C. 1992. Equal investment in
male and female offspring in southern elephant seals. J. Zool., Lond. 226: 551-

561.

Charnov, E L. 1982. The Theory of Sex Allocation. Princeton University Press,
Princeton, NJ.



Clutton-Brock, T. H. 1984. Reproductive effort and terminal investment in iteroparous
animals. Am. Nat. 123: 212-229.

Clutton-Brock, T. H. 1988. Reproductive Success: Studies of Individual Variation in
Contrasting Breeding Systems. University of Chicago Press, Chicago IL

Clutton-Brock, T. H. 1991. The Evolution of Parental Care. Princeton University Press,
Princeton NJ.

Clutton-Brock, T. H., Albon, S. D., and Guinness, F. E. 1981. Parental investment in
male and female offspring in polygynous mammals. Nature 289: 487-489.

Clutton-Brock, T. H., Albon, S. D., and Guinness, F. E. 1988. Reproductive success in
male and female red deer. In: Reproductive Success: Studies of Individual
Variation in Contrasting Breeding Systems. Edited by Clutton-Brock, T. H.
University of Chicago Press, Chicago IL. pp. 325-343.

Clutton-Brock, T. H., Guinness, F. E,, Albon, S. D. 1982. Red Deer: Behaviour and
Ecology of Two Sexes. Chicago University Press, Chicago IL.

Clutton-Brock, T. H., Harvey, P. H., and Rudder, B. 1977. Sexual dimorphism,
socionomic sex ratio and body weight in primates. Nature 269: 797-800.

Clutton-Brock, T. H., and Iason, G. R. 1986. Sex ratio variation in mammals. Q. Rev.
Biol. 61: 339-374.

Clutton-Brock, T. H., Stevenson, 1. R., Marrow, P., MacColl, A. D., Houston, A. L, and
McNamara, J. M. 1996. Population fluctuations, reproductive costs and life-
history tactics in female Soay sheep. J. Anim. Ecol. 65: 675-689.

Coltman, D. W., Bowen, W. D., Boness, D. J., and Iverson, S. J. 1997. Balancing
foraging and reproduction in male harbour seals: an aquatically mating pinniped.
Anim. Behav. 54: 663-678.

Coltman, D. W, Bowen, W. D., Wright, J. M. In press (a) A multivariate analysis of
phenctype and paternity in male harbour seals, Phoca vitulina, at Sable Island,
Nova Scotia. Behav. Ecol. Sociobiol.

Coltman, D. W, Bowen, W. D., Wright, J. M. In press (b) Male mating success in an
aquatically mating pinniped, the harbour seal (Phoca vitulina) determined by
microsatellite DNA markers. Mol. Ecol.

Coltman, D. W., Bowen, W. D, Iverson, S. J., and Boness, D. J. In press (c). The
energetics of male reproduction in an aquatically mating pinniped: the harbour
seal. Physiol. Zool



152

Cooch, E. G., Lank, D. B., Rockwell, R. F., and Cooke, F. 1991. Long-term decline in
body size in a snow goose population: evidence of environmental degradation? J.
Anim. Ecol. 60: 483-496.

Costa, D. P. 1991. Reproductive and foraging energetics of high latitude penguins,
albatrosses and pinnipeds: Implications for life history patterns. Amer. Zool. 31:
111-130.

Costa, D. P., Croxall, J. P., and Duck, C. D. 1989. Foraging energetics of Antarctic fur
seals in relation to changes in prey availability. Ecology 70: 596-606.

Costa, D. P., Le Boeuf, B. J., Huntley, A. C., and Ortiz, C. L. 1986. The energetics of
lactation in the Northern elephant seal, Mirounga angustirostris. J. Zool., Lond.
209: 21-33.

Costa, D. P., Trillmich, F., and Croxall, J. P. 1988. Intraspecific allometry of neonatal
size in the Antarctic fur seal (4rctocephalus gazella). Behav. Ecol. Sociobiol. 22:
361-364.

Coulson, J. C., and Hickling, G. 1964. The breeding biology of the grey seal,
Halichoerus grypus (Fab.), on the Farne Islands, Northumberland. J. Anim. Ecol.
33: 485-512.

Curio, E. 1983. Why do young birds do less well? Ibis 121: 400-401.

Desjardins, C., Bronson, F., and Blank, J. L. 1986. Genetic selection for photoperiodic
responsiveness in deer mice. Nature 322: 172-173.

Desrochers, A. 1992. Age and foraging success in European blackbirds: variation
between and within individuals. Anim. Behav. 43: 885-894.

Deutsch, C. J,, Crocker, D. E., Costa, D. P., and Le Boeuf, B. J. 1994. Sex- and age-
related variation in reproductive effort of northern elephant seals. In: Elephant
Seals: Population Ecology, Behavior, and Physiology. Edited by Le Boeuf, B. J..
and Laws, R. M. Univ. Calif. Press, Berkeley, CA. pp. 169-210.

Dobson, F. S., and Michener, G. R. 1995. Maternal traits in Richardson's ground
squirrels. Ecology 76: 851-862.

Doidge, D. W., and Croxall, J. P. 1989. Factors affecting weaning weight in Antarctic
fur seals Arctocephalus gazella at South Georgia. Polar Biol. 9: 155-160.

Drinkwater, K. F. 1996. Atmospheric and oceanic variability in the northwest Atlantic
during the 1980s and early 1990s. J. Northw. Atl. Fish. Sci. 18: 77-97.



153

Fay, F. H. 1982. Ecology and biology of the Pacific walrus, Odobenus rosmarus
divergens Illiger. U. S. Fish. Wildl. Ser. North Amer. Fauna. 74: 1-279.

Festa-Bianchet, M. 1988. Birthdate and survival in bighorn lambs (Ovis canadensis). .
Zool (Lond) 214: 653-661.

Follett, B. K. 1982. Physiology of photoperiodic time-measurement. In: Vertebrate
Circadian Systems. Springer-Verlag, Berlin. pp. 268-275.

Forslund, P., and Larsson, K. 1992. Age-related reproductive success in the barnacle
goose. J. Anim. Ecol. 61: 195-204.

Forslund, P., and Part, T. 1995. Age and reproduction in birds - hypotheses and tests.
Trends Ecol. Evol. 10: 374-378.

Gadgil, M., and Bossert, W. H. 1970. Life historical consequences of natural selection.
Am. Nat. 104: 1-24.

Garnett, M. C. 1979. Body size, its heritability and influence on juvenile survival among
great tits, Parus major. Ibis 123: 31-41.

Gentry, R. L. 1981. Northern fur seal. In: Handbook of Marine Mammals. Academic
Press Inc., London. pp. 143-160.

Guinness, F. E., Clutton-Brock, T. H., and Albon, S. D. 1978. Factors affecting calf
mortality in red deer (Cervus elaphus). J. Anim. Ecol. 47: 817-832.

Hammill, M. O., Lydersen, C., Ryg, M., and Smith, T. G. 1991. Lactation in the ringed
seal (Phoca hispida). Can. J. Fish. Aquat. Sci. 48: 2471-2476.

Harwood, J., and Hall, A. 1990. Mass mortality in marine mammals: its implications for
population dynamics and genetics. Trends Ecol. Evol. §: 254-257.

Huber, H. R. 1987. Natality and weaning success in relation to age at first reproduction
in northern elephant seals. Can. J. Zool. 65: 1311-1316.

Hutchings, J. A. 1991. Fitness consequences of variation in egg size and food abundance
in brook trout Salvelinus fontinalis. Evolution 45: 1162-1168.

Iason, G. R. 1989. Growth and mortality in mountain hares: The effect of sex at birth.
Oecologia 81: 540-546.

Iverson, S. J., Bowen, W. D., Boness, D. J., and Oftedal, O. T. 1993. The effect of
maternal size and milk output on pup growth in grey seals (Halichoerus grypus).
Physiol. Zool. 66: 61-88.



154

Klem, L. 1995. Path analysis. In: Reading and Understanding Multivariate Statistics.
Edited by Grimm, L. G., and Yarnold, P. R. Amer. Psych. Assoc., Washington,
DC. pp. 65-98.

Kovacs, K. M., and Lavigne, D. 1986. Growth of grey seal (Halichoerus grypus)
neonates: differential maternal investment in the sexes. Can. J. Zool. 64: 1937-
1943.

Kovacs, K. M., and Lavigne, D. M. 1986. Maternal investment and neonatal growth of
phocid seals. J. Anim. Ecol. 55: 1035-1051.

Kovacs, K. M., and Lavigne, D. M. 1992. Mass-transfer efficiency between hooded seal
(Cystophora cristata) mothers and their pups in the Gulf of St. Lawrence. Can. J.
Zool. 70: 1315-1320.

Laird, N. M., and Ware, J. H. 1982. Random-effects models for longitudinal data.
Biometrics 38: 963-974.

Lawson, J. W., and Renouf, D. 1985. Parturition in the Atlantic harbor seal, Phoca
vitulina concolor. J. Mammal. 66: 395-398.

Le Boeuf, B. J. 1974. Male-male competition and reproductive success in elephant seals.
Amer. Zool. 14: 163-176.

Le Boeuf, B. J. 1991. Pinniped mating systems on land, ice, and in the water: emphasis
on the Phocidae In: Behaviour of Pinnipeds. Edited by D. Renouf. Chapman
and Hall, London, pp. 45-65.

Le Boeuf, B. J,, and Reiter, J. 1988. Lifetime reproductive success in northern elephant
seals. In: Reproductive Success: Studies of Individual Variation in Contrasting
Breeding Systems. Univ. Chicago Press, Chicago [L. pp. 344-362.

Le Boeuf, B. J,, Condit, R., and Reiter, J. 1989. Parental investment and the secondary
sex ratio in northern elephant seals. Behav. Ecol. Sociobiol. 25: 109-117.

Le Boeuf, B. J., Morris, P., and Reiter, J. 1994. Juvenile survivorship of northern
elephant seals. In: Elephant Seals: Population Ecology, Behavior, and
Physiology. Edited by Le Boeuf, B. J., and Laws, R. M. Univ. Calif. Press,
Berkeley, CA. pp 121-136.

Lee, P. C., Majluf, P, and Gordon, I. J. 1991. Growth, weaning and maternal investment
from a comparative perspective. J. Zool., Lond. 225: 99-114.

Leitch, L., Hytten, F. E., and Billewicz, W. Z. 1959. The maternal and neonatal weights
of some Mammalia. Proc. Zool. Soc. Lond. 133: 11-28.



155

Ling, J. K., and Button, C. E. 1975. The skin and pelage of grey seal pups (Halichoerus
grypus Fabricius): with comparative study of foetal and neonatal moulting in the
pinnipedia. Rapp. P.-v. Reun. Cons. int. Explor. Mer 169: 112-132.

Linstedt, S. L., and Boyce, M. S. 1985. Seasonality, fasting endurance, and body size in
mammals. Am. Nat. 125: 873-878.

Loughlin, T. R., Perlov, A. S., and Vladimirov, V. V. 1992. Range-wide survey and
estimation of Steller sea lions in 1989. Mar. Mamm. Sci. 8: 220-239.

Lunn, N. J., and Boyd, I. L. 1993. Effects of maternal age and condition on parturition
and the perinatal period of Antarctic fur seals. J. Zool. (Lond.) 229: 55-67.

Lunn, N. J., Boyd, . L., and Croxall, J. P. 1994. Reproductive performance of female
Antarctic fur seals: the influence of age, breeding experience, environmental
variation and individual quality. J. Anim. Ecol. 63: 827-840.

Lydersen, C., and Kovacs, K. M. 1993. Diving behaviour of lactating harp seai, Phoca
groenlandica, females from the Gulf Of St. Lawrence, Canada. Anim. Behav.
46: 1212-1221.

Macy, S. K. 1982. Mother-pup interactions in the northern fur seal. Ph.D. dissertation,
University of Washington, Seattle.

Markussen, N. H., Bjorge, A., and Oritsland, N. A. 1989. Growth in harbour seals
(Phoca vitulina) on the Norwegian coast. J. Zool., Lond. 219: 433-440.

Martin, P. 1984. The meaning of weaning. Anim. Behav. 32: 1257-1259.
Mather, K., and Jinks, J. L. 1971. Biometrical genetics. Chapman and Hall, New York.

Maynard-Smith, J. 1980. A new theory of sexual investment. Behav. Ecol. Sociobiol.
7: 247-251.

McCann, T. S. 1981. Aggression and sexual activity of male southern elephant seals,
Mirounga leonina. J. Zool. Lond. 195:

McCann, T. S., Fedak, M. A., and Harwood, J. 1989. Parental investment in southern
elephant seals, Mirounga leonina. Behav. Ecol. Sociobiol. 25: 81-87.

McKeown, T., Marshall, T., and Record, R. G. 1976. Influences on fetal growth. J.
Reprod. Fert. 47: 167-181.

McLaren, I. A. 1993. Growth in pinnipeds. Biol. Rev. 68: 1-79.



156

McNamara, J. M., and Houston, A. I. 1996. State-dependent life histories. Nature 380:
215-221.

Millar, J. S. 1977. Adaptive features of mammalian reproduction. Evolution 31: 370-
386.

Mitchell, R. J. 1992. Testing evolutionary and ecological hypotheses using path analysis
and structural equation modelling. Funct. Ecol. 6: 123-129.

Modig, A. O. 1996. Effects of body size and harem size on male reproductive behaviour
in the southern elephant seal. Anim. Behav. 51: 1295-1306.

Mohn, R., and Bowen, W. D. 1996. Grey seal predation on the Eastern Scotian Shelf:
effects on the dynamics and potential yield of Atlantic cod. Can. J. Fish. Aquat.
Sci. 53: 2722-2738.

Muelbert, M. M. C., and Bowen, W. D. 1993. Duration of lactation and postweaning
changes in mass and body composition of harbour seal, Phoca vitulina, pups.
Can. J. Zool. 71: 1405-1414.

Newton, I. 1989. Lifetime Reproduction in Birds. Academic Press, San Diego CA.

Oftedal, O. T. 1984. Milk composition, milk yield and energy output at peak lactation: a
comparative review. Symp. Zool. Soc. Lond. 51: 33-85.

Oftedal, O. T. 1985. Pregnancy and lactation. In: Bioenergetics of Wild Herbivores.
Edited by Hudson, R. J., and White, R. G. CRC Press, Inc., Boca Raton, Florida.
pp.- 215-238.

Oftedal, O. T., and Iverson, S. J. 1987. Hydrogen isotope methodology for measurement
of milk intake and energetics of growth in suckling seals. In: Approaches to
marine mammal energetics. Edited by A.D. Huntley, D.P. Costa, G.A.J. Worthy,
and M.A. Castellini. Allen Press, Lawrence KS. pp. 67-96.

Oftedal, O. T., Bowen, W. D., Widdowson, E. M., and Boness, D. J. 1991. The prenatal
molt and its ecological significance in hooded and harbour seals. Can. J. Zool.
69: 2489-2493.

Oftedal, O. T., Boness, D. J., and Tedman, R. A. 1987. The behavior, physiology, and
anatomy of lactation in the pinnipedia. Current Mammal. 1: 175-245.

Ono, K. 1997. Sea lions, life history, and reproduction. In: The Evolving Female.
Edited by Morbeck, M. E., Galloway, A., and Zihlman, A. L. Princeton Univ.
Press, Princeton, NJ. pp. 34-45.



157

Ono, K. A., and Boness, D. J. 1991. The influence of El Nifio on mother-pup behavior,
pup ontogeny, and sex ratios in the California sea lion. In: Pinnipeds and El
Nirio: Responses to Environmental Stress. Edited by Trillmich, F., and Ono, K.
A. Springer, New York NY. pp. 185-192.

Ono, K. A,, and Boness, D. J. 1996. Sexual dimorphism in sea lion pups: differential
maternal investment, or sex-specific differences in energy allocation? Behav.
Ecol. and Sociobiol. 38: 31-41.

Ono, K. A., D.J. Boness, and O.T. Oftedal. 1987. The effect of a natural environmental
disturbance on maternal investment and pup behavior in the California sea lion.
Behav. Ecol. Sociobiol. 21: 109-118.

Petraitis, P. S., Dunham, A. E., and Niewiarowski, P. H. 1996. Inferring multiple
causality: the limitations of path analysis. Funct. Ecol. 10: 421-431.

Pianka, E. R. 1976. Competition and niche theory. In: Theoretical Ecology. Edited by
May, R. M. W. B. Saunders Co., Philadelphia PA. pp. 114-141.

Promislow, D. E. L., and Harvey, P. H. 1990. Living fast and dying young: a
comparative analysis of life-history variation among mammals. J. Zool. Lond.
220: 417-437.

Reimers, E., and Lenvik, D. 1997. Fetal sex ratio in relation to maternal mass and age in
reindeer. Can. J. Zool. 75: 648-650

Reiss, M. J. 1989. The Allometry of Growth and Reproduction. Cambridge Univ. Press,
Cambridge.

Reiter, J., and Le Boeuf, B. J. 1991. Life history consequences of variation in age at
primiparity in northern elephant seals. Behav. Ecol. Sociobiol. 28: 153-160.

Reiter, J., Panken, K. J., and Le Boeuf, B. J. 1981. Female competition and reproductive
success in northern elephant seals. Anim. Behav. 29: 670-687.

Riedman, M., and Ortiz, C. L. 1979. Changes in milk composition during lactation in
the northern elephant seal. Physiol. Zool. 52: 240-249.

Robbins, C. T., and Robbins, B. L. 1979. Foetal and neonatal growth patterns and
maternal reproductive effort in ungulates and subungulates. Am. Nat. 114: 101-
116.

Robinson, J. J. 1977. The influence of maternal nutrition on ovine foetal growth. Proc.
nutr. Soc. 36: 9-16.



158

Rockwell, R. F., Cooch, E. G., Thompson, C. B., and Cooke, F. 1993. Age and
reproductive success in female lesser snow geese: experience, senescence and the
cost of philopatry. J. Anim. Ecol. 62: 323-333.

Roff, D. A. 1992. The Evolution of Life Histories: Theory and Analysis. Chapman and
Hall, New York.

Rosen, D. A. S., and Renouf, D. 1993. Sex differences in the nursing relationship
between mothers and pups in the Atlantic harbour seal, Phoca vitulina concolor.
J. Zool., Lond.

Sadleir, R. M. F. S. 1969. The Ecology of Reproduction in Wild and Domestic Animals.
Methuen, London.

Sinervo, B. 1990. The evolution of maternal investment in lizards: an experimental and
comparative analysis of egg size and its effects on offspring performance.
Evolution 44: 279-294.

Sinervo, B. D. ,. P., Huey, R. B., and Zamudio, K. 1992. Allometric engineering: a
causal analysis of natural selection on offspring size. Science 258: 1927-1930.

Sokal, R. R., Rohif, F. J. 1995. Biometry: The Principles and Practice of Statistics in
Biological Research. Third edition. W. H. Freeman, San Francisco.

Stearns, J., and Koella, J. C. 1986. The evolution of phenotypic plasticity in life-history
traits; predictions of reaction norms for age and size at maturity. Evolution 40:
893-913.

Stearns, S. C. 1992. The Evolution of Life Histories. Oxford University Press, New
York. 248 pp.

Steidl, R. J., Hayes, J. P., and Schauber, E. 1997. Statistical power analysis in wildlife
research. J. Wildl. Manage. 61: 270-279.

Stewart, R. E. A, and Lavigne, D. M. 1984. Energy transfer and female condition in
nursing harp seals Phoca groenlandica. Holarctic Ecol. 7: 182-194.

Sullivan, R. M. 1981. Aquatic displays and interactions in harbor seals (Phoca vitulina),
with comments on mating systems. J. Mammal. 62: 825-831.

Sydeman, W. J., Huber, H. R., Emslie, S. D., Ribic, C. A., and Nur, N. 1991. Age-
specific weaning success of northern elephant seals in relation to previous
breeding experience. Ecology 72(6): 2204-2217.



159

Tedman, R., and Green, B. 1987. Water and sodium fluxes and lactational energetics in
suckling pups of Weddell seals (Leptonychotes weddelli). J. Zool., Lond. 212:
29-42.

Temte, J. L. 1994. Photoperiod control of birth timing in the harbour seal (Phoca
vitulina). J. Zool., Lond. 233: 369-384.

Temte, J. L., Bigg, M. A., and Wiig, O. 1991. Clines revisited: The timing of pupping
in the harbour seal (Phoca vitulina). J. Zool. Lond 224: 617-632.

Thompson, P. M., Miller, D., Cooper, R , and Hammond, P. S. 1994. Changes in the
distribution and activity of female harbour seals during the breeding season:
implications for their lactation strategy and mating patterns. J. Anim. Ecol. 63:
24-30.

Trillmich, F. 1986. Maternal investment and sex-allocation in the Galapagos fur seal,
Arctocephalus galapagoensis. Behav. Ecol. Sociobiol. 19: 157-164.

Trillmich, F. 1996. Parental investment in pinnipeds. In: Parental Care: Evolution,
mechanisms, and adaptive significance. J. S. Roesnblatt and C. T Snowdon, eds.
Adv. Study. Behav. 25: 533-577.

Trillmich, F., Ono, K. A. 1991. Pinnipeds and El Nifio: Responses to Environmental
Stress. Springer-Verlag, Berlin Heidelberg.

Trites, A. W. 1990. Thermal budgets and climates spaces: the impact of weather on the
survival of Galapagos (4rctocephalus galapagoensis Heller) and northern fur seal
pups (Callorhinus ursinus L.). Funct. Ecol. 4: 753-768.

Trites, A. W. 1991. Fetal growth of northern fur seals: life-history strategy and sources
of variation. Can. J. Zool. 69: 2608-2617

Trivers, R. L. 1972. Parental investment and sexual selection. In: Sexual Selection and
the Descent of Man 1871-1971. Edited by Campbell, B. Aldine Publ. Co.,
Chicago IL, pp. 136-179.

Trivers, R. L., and Willard, D. E. 1973. Natural selection of parental ability to vary the
sex ratio of offspring. Science 179: 90-91.

Walker, B. G., and Bowen, W. D. 1993. Behavioural differences among male harbour
seals during the breeding season may provide evidence of reproductive strategies.
Can.J. Zool. 71: 1585-1591.

Wilkinson, L., Black, G., and Gruber, C. 1996. Regression modeling. In: Desktop
analysis with SYSTAT. Prentice Hall, NJ. 295-333.



160

Willis, M. B., and Wilson, A. 1974. Factors affecting birth weight of Santa Gertrudis
calves. Anim. Prod. 18: 231-236.

Worthy, G. A. J., and Lavigne, D. M. 1987. Mass loss, metabolic rate, and energy
utilization by harp and gray seal pups during the postweaning fast. Physiol. Zool.
60: 352-364.

Wright, R. E. 1995. Logistic regression. In: Reading and Understanding Multivariate
Statistics. EditedbyL. G. Grimm, and P. R. Yarnold. Amer. Psych. Assoc.,
Washington, DC. pp. 217-244.

Young, T. 1993. Natural die-offs of large mammals: implications for conservation.
Conserv. Biol. 8: 410-418.



IMAGE EVALUATION
TEST TARGET (QA-3)

I

ng N o
3 <l =l
3

—Couw §

[ )

[ ELS

w

w

[ &3

-3

=
1.4

150mm

6

Il
125






