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Prolonged life span among endemic Gasterosteus
populations
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Abstract: Throughout their circumboreal coastal distribution, the threespine stickleback (Gasterosteus aculeatus L., 1758)
typically reproduce at 1 or 2 years of age (second or third summer) and die during the year of the reproductive cycle. Ex-
tending from a previous study on the Haida Gwaii archipelago, western Canada, that identified an exceptionally long life
span (8 years) in a population of large-bodied threespine stickleback, we use pelvic spine annuli to examine age of the five
largest adult stickleback of 12 additional populations comprising five populations with average-sized adults (45-60 mm
standard length (SL)) and seven populations with large-bodied adult stickleback (>75 mm SL). Each of the small-bodied
populations had a maximum age of 1 or 2 years typical for the taxon. Among the large-bodied populations, which also
reached adult size in the 2nd year, adult stickleback in the populations ranged from 3 to 6 years, indicating extended longev-
ity. Low productivity habitats and refuge against gape-limited piscivores, each of which theoretically predicts reduced rate
of senescence, are associated with the greatest longevity among these populations. These data combined with the recent full
genome sequence for stickleback provide opportunities for locating genetic markers for extended longevity.

Résumé : Dans I’ensemble de leur répartition cotiere circumboréale, les épinoches a trois épines (Gasterosteus aculeatus
L., 1758) se reproduisent typiquement a 1’dge de 1 ou 2 ans (deuxieme ou troisieme été) et meurent durant I’année de leur
cycle reproductif. En prolongement d’une étude antérieure sur 1’archipel Haida Gwaii, dans I’Ouest canadien, qui a décou-
vert des durées de vie exceptionnellement longues (8 ans) chez une population de grande taille d’épinoche a trois épines,
nous utilisons les annulus de 1’épine pelvienne pour déterminer 1’dge des cinq épinoches adultes les plus grandes de 12 po-
pulations additionnelles, dont cinq populations avec des adultes de taille moyenne (longueur standard (SL) 45-60 mm) et
sept populations a adultes de grande taille (SL >75 mm). Chacune des populations de petite taille a I’Age maximal de 1 ou
2 ans typique du taxon. Parmi les populations de grande taille, qui atteignent aussi leur taille adulte la seconde année, 1’age
des épinoches adultes dans la population varie de 3 a 6 ans, ce qui représente une extension de la longévité. Il y a une asso-
ciation entre les habitats de faible productivité et les refuges contre les prédateurs a ouverture de bouche limitée, des facteurs
qui tous deux peuvent théoriquement prédire un taux réduit de sénescence, et les longévités maximales dans ces populations.
Ces données combinées au séquencgage complet récent de 1’épinoche fournissent des occasions pour identifier les marqueurs
génétiques de la longévité prolongée.

[Traduit par la Rédaction]
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Introduction

Across a diversity of taxonomic levels, maximum life span
and body size are generally correlated (Roff 1991; Mangel
and Abrahams 2001), but occasional instances emerge with
exceptional longevity relative to body mass. Major research
attention has focused towards the mechanisms responsible
for such extended life span and for identifying useful model
taxa for such research. One of the mechanisms is the “fly
now, die later” hypothesis, which can emerge in life histories
where morphological or behavioural attributes that result in
reduced predation risk can lead to selection for reduced rate
of senescence (Austad and Fischer 1991; Ridgway et al.

2011). This can account for the exceptional life span of song
birds relative to mammals of equivalent mass and of spiny
rodents such as porcupine relative to other rodents of similar
mass (ibid). It also appears to explain some of the intra-
specific variation in maximum longevity among different
populations of Virginia opossum (Didelphis virginiana Kerr,
1792) varying in the exposure to predation on adults (Austad
1993). Although the assumption of genetic factors influenc-
ing this variation is reasonable, both theoretical and empirical
evidence indicate that intraspecific variation in life-history
parameters such as life span appear to have low heritability
and originate from environmental plasticity (Price and
Schluter 1991).
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The threespine stickleback (Gasterosteus aculeatus L.,
1758) is a short-lived species and well known for variability
in body size. Throughout most of their circumboreal distribu-
tion, the stickleback reach reproductive age in their second or
third summer, at approximately 12 or 24 months and at body
sizes ranging from 30 to 80 mm standard length (SL) (re-
views in Wootton 1976). Under optimal growth conditions,
the larger adult body sizes can be reached within 12 months
(Mori and Takamura 2004). Adults typically die shortly after
one or two breeding cycles with maximum life spans of 2 or
3 years but occasionally reaching 4 years (Pennycuick 1971;
Moodie 1984; Baker 1994). During studies of an endemic
population of threespine stickleback at Drizzle Lake, on the
Haida Gwaii archipelago, western Canada, Reimchen (1992)
observed that reproductive age was reached in their third
summer (age = 2 years) at a body size from 75 to 90 mm
SL. However, rather than senescent mortality at this stage,
these fish had a life span up to 8 years. Despite numerous
life-history studies of stickleback over the last 7 decades
throughout Europe, Asia, and North America (Wootton 1984
for review), such great longevity had not been previously re-
ported. Part of this may be methodological, as otoliths or pel-
vic spine annuli are rarely used in aging stickleback and
consequently other instances of extended longevity may be
present but not reported. Conversely, there may be unique
biophysical attributes in Drizzle Lake that facilitate the re-
markable longevity in this population. Drizzle Lake is excep-
tionally tannin stained, has low productivity with cool
summer temperatures, and has average area (100 ha) and
depth (20 m) (Reimchen 1989). Perhaps of more importance,
the extended life span is consistent with the predator-refuge
hypothesis of Austad, as these stickleback have a very robust
defense morphology and are largely outside the swallowing
ability of the multiple gape-limited piscivores observed in
the lake (Reimchen 1988, 1994).

In this paper, we test for extended longevity among other
large-bodied endemic lake stickleback populations from the
Haida Gwaii archipelago. Emerging from geographical sur-
veys and collections of stickleback from 140 allopatric popu-
lations in the archipelago, mean adult body size of
stickleback was 58 mm SL with a range from 30 to 90 mm
SL (Moodie and Reimchen 1976a; Reimchen 1994; Spoljaric
and Reimchen 2011). Based on adult size and length frequen-
cies, most of these probably have a 2-year life span, which is
representative across the broad geographical distribution of
the taxon (Baker 1994). Using 75 mm SL as an arbitrary
break between “typical” and “large-bodied” stickleback, as
this exceeds the maximum size observed in the majority of
lake populations in Europe, Asia, and North America (Bell
1984; Baker 1994), there are eight lakes on Haida Gwaii,
each in a different watershed, that exhibit gigantism in
stickleback. One of these, Mayer Lake, has the largest stickle-
back currently known in the circumboreal distribution of the
species, reaching 100 mm SL and these sizes appear to be
achieved within their third summer (Moodie 1984; Moodie
and Reimchen 1976a). Mayer Lake is deeply stained and
dystrophic, with major abundance of predatory trout that
have influenced the evolution of major morphological de-
fenses in the stickleback (Moodie 1972). These attributes are
very similar to those observed at Drizzle Lake where the ini-
tial instance of extended longevity was reported (Reimchen
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1992). The six remaining giant populations occur in a diver-
sity of lake habitats including large, clear oligotrophic moun-
tain lakes through to a shallow dystrophic pond. We also
include representatives from five populations with “typical”
adult sizes (45-60 mm SL) from geographically diverse hab-
itats in the archipelago including a marine population. Verte-
brates including diving birds that prey on stickleback occur in
all of the localities on Haida Gwaii, but it is primarily the
giant adult stickleback that are outside the swallowing ability
of most the piscivores (Reimchen 1994). We use pelvic spine
annuli for quantifying age of the largest bodied individuals
from each locality. Because the large sizes in the giant popu-
lations are reached in their third summer (2 years of age), we
refer to any fish >3 years of age as having extended longev-
ity. Extending from the “fly now due later” hypothesis, we
predict that extended longevity should occur in each of the
giant populations and will be greatest in Mayer Lake, which
has the largest adults.

Materials and methods

Stickleback were initially collected between May and Au-
gust 1966 to 2003, fixed in a 10% formaldehyde solution fol-
lowed by a 95% ethanol solution for long-term preservation.
To increase the likelihood of detecting the oldest fish in the
samples, we chose the five largest adults, most of which were
females, from each sample for the 13 localities (Fig. 1). In no
cases were the largest fish outliers but rather were part of a
continuous distribution of adult sizes, Nine of the 13 popula-
tions were sampled on two separate years, while two of the
giant populations (Drizzle, Mayer) were sampled on multiple
years (>10) between 1967 and 2010, and in all cases, the
mean adult sizes of the samples were conserved and varied
<5%. Maximum SL (mm) and approximate total sample size
of adult fish from which the largest fish were extracted are
respectively: Inskip Lagoon (SL = 49, total = 150), Solstice
(SL = 56, total = 200), Silver (SL = 57, total = 200), Me-
nyanthes (SL = 58, total = 200), Lutea (SL = 62, total =
400), Spence (SL = 77, total = 50), Coates (SL = 81, total =
200), Escarpment (SL = 87, total = 150), Eden (SL = 90,
total = 30), Laurel (SL = 90, total = 180), Skidegate (SL =
94, total = 150), Drizzle (SL = 96, total = 100), Mayer
(SL = 106, total = 300). Inskip is a marine full-plated popu-
lation, whereas all remaining samples are freshwater low-
plated populations.

Stickleback ages were determined through counts of pelvic
spine annuli (methodology in Reimchen 1992). In summary,
the left pelvic spine was removed and decalcified for 3—4 h
(RDO rapid bone decalcifier), dehydrated with ethanol, and
infused with 2 mL of 1:1 ratio of 100% ethanol and plastic
polymer for 2 h. This was replaced with more concentrated
plastic polymer, left for 12 h, and then exchanged with addi-
tional plastic monomer and hardener II and left to polymer-
ize. The embedded spines were cut immediately above the
basal lateral flanges of the spines ~15% along the length of
the spine. From this initial cut, about five successive 4-5 um
sections were made towards the distal part of the spine. The
sections were floated onto a glass slide, dried, and then in-
fused with Richardson’s stain. Annuli were counted on all
stickleback. We used Pearson’s correlation to examine the re-
lationship between adult body size and longevity.
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Fig. 1. Collection sites of threespine stickleback (Gasterosteus aculeatus) on Haida Gwaii, British Columbia, Canada.
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Results

Of the 65 largest fish from 13 localities (range 47-106 mm
SL), the mean age was from 1 to 5 years (Fig. 2). Maximum
age is 1-2 years for each of the small-bodied populations
(SL < 60 mm) including the marine population (Inskip La-
goon). Three or 4-year-old stickleback occurred in each of
the giant populations and three of these (Coates, Laurel, and
Drizzle) also have stickleback that are 5 or 6 years.

Among the largest five fish from each of the 13 localities,
there was a positive correlation between body size and life
span (rgs; = 0.75, P < 0.001), but among the giant popula-
tions, there was only marginal association between size and
age (1o = 0.29, P = 0.07). Coates Lake, with stickleback
at the lower size range (75—-80 mm SL) have some of the old-
est fish (6 years), whereas Mayer Lake, with the largest
stickleback (100-106 mm SL), have no fish above 4 years of
age.

There are large differences in age-specific body size
among populations but only marginal differences within pop-
ulations (Fig. 3). Both 1-year and 2-year adults can range
from 45 mm SL (Inskip Lagoon) to 85 mm SL (Escarpment).
Three-year-old stickleback from Spence Lake averaged
75 mm SL, whereas those from Mayer Lake were about
100 mm SL. Among the populations with multiple adult
year classes, yearly increments of body growth were small
(<5 mm/year) beyond 2 years.
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Discussion

Life-history characteristics including age of first reproduc-
tion exhibit considerable variation among populations of
threespine stickleback, even within small geographical areas,
and typically indicate a life span ranging from 1 to 2 years
(Wootton 1976; Baker 1994). Based on a previous result for
a greatly extended maximum life span of large-bodied
stickleback at Drizzle Lake, in coastal British Columbia
(Reimchen 1992), we confirm the presence of extended life
histories in seven additional giant populations of stickleback
from the region. Four-year-old fish occurred in six of the
seven localities, with 6-year-old fish in three localities. As
these fish were generally drawn from small samples (~100
adults), the maximum potential life span in the population
will probably be older. For the Drizzle Lake stickleback, we
used a random subsample of 100 adults to obtain the largest
adults from which a maximum age of 6 years was identified,
whereas earlier analyses of 492 adults from this locality indi-
cate ages up to 8 years (Reimchen 1992). We also compared
the giant populations to five populations from the same geo-
graphical region that had mean adult sizes (45-60 mm SL)
predicting that extended longevity would only occur in the
large-bodied populations. This was the case as all of the
small-bodied stickleback populations were either 1 or 2 years
of age, which is typical for stickleback populations elsewhere
in the distribution of the taxon including the adjacent Alas-
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Fig. 2. Mean age of the largest adult threespine stickleback (Gasterosteus aculeatus) from localities in Haida Gwaii, British Columbia, Ca-
nada, with giant stickleback (>75 mm SL) and typical body sizes (4560 mm SL). Populations are ranked from smallest (Inskip) to largest
(Mayer) mean adult body size. All populations are from lakes except Inskip, which is a marine lagoon.
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Fig. 3. Relationship between age and body size of the five largest
adults observed in each of eight lake populations of giant threespine
stickleback (Gasterosteus aculeatus) and five populations of typical
adult body sizes. Inskip is a marine lagoon.
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kan populations (Baker 1994; Baker et al. 2008). Each of the
large-bodied populations is thought to have a separate evolu-
tionary origin from the smaller bodied marine (Moodie and
Reimchen 1976b; Deagle et al. 2011) and indicates parallel
development of extended longevity.

We predicted that the maximum life spans of the giant
stickleback would be greater in populations with the largest
size, but this had limited support with our sample sizes. The
largest fish (100-106 mm SL) from Mayer Lake did not ex-
ceed 4 years of age, whereas much smaller adults (~80 mm
SL) from Laurel and Coates lakes were 6 years. Size differ-
ences among the populations were present even in 3-year-old
fish indicating large differences in growth rate, possibly re-
flecting trophic competition in the habitat, as has been re-
cently identified for large-bodied stickleback populations in
Japan (Mori and Takamura 2004).

What factors might contribute to the occurrence of the ex-
ceptional lifespan? There is clear evidence that these fish
with extended longevity are reproductive. We cannot ascer-
tain that individuals are breeding each year, but our samples
include gravid females that are 5 and 6 years of age, whereas
those investigated previously from Drizzle Lake can be
gravid at 8 years of age (Reimchen 1992; T.E. Reimchen, un-
published observations). Delayed reproduction or iteroparity
can be favoured by “habitat uncertainty” during reproduction
(Mann and Mills 1979). The majority (7 out of 8) of the
giant populations in our study are found in large lakes that
are subject to major winds and turbulence (T.E. Reimchen,
unpublished data) and this would impact littoral nesting suc-
cess of the stickleback. Drizzle Lake and Coates Lake, which
contain stickleback with the greatest longevity, have the most
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exposed shorelines and minimal protection from prevailing
winds compared with other lakes, consistent with an “uncer-
tainty” factor. This could not account for the extended lon-
gevity at Laurel Pond, which is small and is highly protected
from the winds. An additional factor in longevity could be
sources of mortality. Herczeg et al. (2009) suggest that the
occasional presence of gigantism and extended longevity in
ninespine stickleback (Pungitius pungitius (L., 1758)) is fav-
oured where predation and interspecific competition are re-
duced. The majority of the large-bodied adult sticklebacks in
our study have very robust defense morphology and are gen-
erally outside the swallowing ability of the multiple gape-
limited piscivores observed in the majority of these lakes
(Moodie 1972; Moodie and Reimchen 1976a; Reimchen
1988, 1991, 1994). Such a predator refuge could produce a
selection regime favouring development of intracellular anti-
oxidative mechanisms that reduce rate of senescence and fa-
cilitate extended longevity (Austad and Fischer 1991;
Ridgway et al. 2011; Ungvari et al. 2011).

Although “habitat uncertainty” and “predator-refuge” hy-
potheses implicate heritable components to delayed senes-
cence, both empirical and theoretical evidence suggest that
population differences in longevity generally have low herit-
ability (Price and Schluter 1991). Consequently, environmen-
tally induced plasticity may contribute to variability in
maximum life span of these stickleback populations. From
yeast to mammals, experimental and prolonged calorie re-
striction is one of the major correlates of prolonged life span
and appears to result from multiple physiological and neuro-
endocrine mechanisms that delay aging (Smith et al. 2004;
Innes and Metcalfe 2008; Terzibasi et al. 2009). Specifically,
in fishes, low feeding rates and lower water temperatures can
lead to slower growth and greater longevity (Craig 1985;
Jonsson et al. 1991; Valenzano et al. 2006). All of the lakes
in the current study with giant stickleback are either oligo-
trophic or dystrophic and would be expected to have slow
growth rate yet the same conditions also occur in the local-
ities with small-bodied stickleback. Longevity in aquatic taxa
can be accentuated by dissolved organic compounds such as
humic substances that are prevalent in dystrophic waters
(Steinberg et al. 2006, 2010). Some of the benefits of humic
substances in fishes are the strengthening of the mucosa bar-
rier including ion regulation and defence against pathogens
and this appears to facilitate extension of life span (Meinelt
et al. 2004; Steinberg et al. 2006, 2007). In this context, the
most extended longevity, which occurred in stickleback from
Drizzle Lake, was correlated with relatively slow growth rate,
low summer temperatures (<15 °C) (Reimchen 1990), and
high levels of dissolved organic compounds (Reimchen
1989), suggestive of a nonheritable influence to longevity in
this lake. Although reasonable, the same conditions are also
present in small-bodied populations such as Silver Lake,
which have the typical 1- or 2-year life span.

Carotenoids, derived from primary producers, have impor-
tant antioxidative and immunosuppressant roles in animals and
can influence longevity (Olson and Owens 1998). In stickle-
back, female preference for enhanced carotenoid expression
among courting males has been proposed as both a correlate
and causal mechanism for extended life span in this species
(Pike et al. 2007). If applicable to the stickleback from Haida
Gwaii, such a proposal predicts accentuated carotenoid displays
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in these populations with extended longevity. Relative nuptial
color expression is known for 60 populations from the Haida
Gwaii area and is greatest in clear oligotrophic mountain lakes
and least in stained dystrophic lakes (Reimchen 1989). Among
the 13 populations in the current study, nuptial colour is avail-
able from eight lakes and suggests limited association with lon-
gevity. Accentuated carotenoid displays were observed in one
of the giant populations (Escarpment Lake) and two of the
small-bodied populations (Inskip, Lutea), but the remainder
had either average (Coates), weak (Mayer), or an absence of
carotenoid expression (Drizzle Lake), of which the latter has
the greatest longevity.

Small-bodied fish offer a useful vertebrate model for re-
search on rates of aging (Herrera and Jagadeeswaran 2004).
Our study indicates that endemic populations of threespine
stickleback from Haida Gwaii, coastal British Columbia, ex-
hibit exceptional variability in relative longevity among
closely situated lakes, including several instances of greatly
extended life span relative to body size. Recent investigations
of Alaskan populations show rapid decadal shifts in stickle-
back life histories, including age of reproduction, some of
which comprise heritable effects (Baker et al. 2011). The re-
cent advances in genetic mapping in the threespine stickle-
back (Kingsley et al. 2004; Hohenlohe et al. 2010), as well
as the current sequencing of the Drizzle Lake stickleback,
may allow identification of genetic markers that influence
rate of senescence and longevity.

Acknowledgements

We thank S.D. Douglas for assistance in the field, G.E.E.
Moodie for discussion, B.E. Deagle and J.A. Baker for com-
ments on the manuscript, D.W. Roberts (University of Al-
berta, Edmonton) for museum samples of Mayer Lake
stickleback, B. Gowen and T. Oravec for assistance with his-
tological protocols, and H. Down for photographic assistance.
This work was supported from a Natural Sciences and Engi-
neering Research Council of Canada (NSERC) operating
grant to T.E.R. (NRC 2354) and a NSERC undergraduate
award to S.J.G.

References

Austad, S.N. 1993. Retarded senescence in an insular population of
Virginia opossums (Didelphis virginiana). J. Zool. (Lond.),
229(4): 695-708. doi:10.1111/j.1469-7998.1993.tb02665 .x.

Austad, S.N. 1996. The uses of intraspecific variation in aging
research. Exp. Gerontol. 31(4): 453-463. doi:10.1016/0531-5565
(95)02068-3. PMID:9415103.

Austad, S.N., and Fischer, K.E. 1991. Mammalian aging, metabo-
lism, and ecology: evidence from the bats and marsupials. J.
Gerontol. 46(2): B47-B53. PMID:1997563.

Baker, J.A. 1994. Life history variation in female threespine
stickleback. In The evolutionary biology of the threespine
stickleback. Edited by M.A. Bell and S.A. Foster. Oxford
University Press, New York. pp. 144-187.

Baker, J.A., Heins, D.C., Foster, S.A., and King, R.W. 2008. An
overview of life-history variation in female threespine stickleback.
Behaviour, 145(4-5): 579-602. doi:10.1163/156853908792451539.

Baker, J.A., Heins, D.C., King, R.W., and Foster, S.A. 2011. Rapid
shifts in multiple life history traits in a population of threespine
stickleback. J. Evol. Biol. 24(4): 863-870. doi:10.1111/j.1420-
9101.2010.02217.x. PMID:21276108.

Published by NRC Research Press



Can. J. Zool. Downloaded from www.nrcresearchpress.com by UNIV VICTORIA on 02/10/12
For personal use only.

Gambling and Reimchen

Bell, M.A. 1984. Gigantism in threespine sticklebacks: implications
for causation of body size evolution. Copeia, 1984(2): 530-534.
doi:10.2307/1445211.

Craig, C.F. 1985. Aging in fish. Can. J. Zool. 63(1): 1-8. doi:10.
1139/285-001.

Deagle, B., Jones, F.C., Chan, Y.F., Absher, M., Kingsley, D.M., and
Reimchen, T.E. 2011. Population genomics of parallel phenotypic
evolution in stickleback across stream—lake ecological transitions.
Proc. R. Soc. Lond. B Biol. Sci. 2011: 1552-1562.

Herczeg, G., Gonda, A., and Merila, J. 2009. Evolution of gigantism
in nine-spined stickleback. Evolution, 63(12): 3190-3200. doi:10.
1111/j.1558-5646.2009.00781.x. PMID:19624722.

Herrera, M., and Jagadeeswaran, P. 2004. Annual fish as a genetic
model for aging. J. Gerontol. A Biol. Sci. Med. Sci. 59(2): B101-
B107. doi:10.1093/gerona/59.2.B101. PMID:14999022.

Hohenlohe, P.A., Bassham, S., Etter, P.D., Stiffler, N., Johnson, E.A.,
and Cresko, W.A. 2010. Population genomics of parallel
adaptation in threespine stickleback using sequenced RAD tags.
PLoS Genet. 6(2): €1000862. doi:10.1371/journal.pgen.1000862.
PMID:20195501.

Inness, C.L.W., and Metcalfe, N.B. 2008. The impact of dietary
restriction, intermittent feeding and compensatory growth on
reproductive investment and lifespan in a short-lived fish. Proc. R.
Soc. Lond. B Biol. Sci. 275(1644): 1703—-1708. doi:10.1098/rspb.
2008.0357. PMID:18445563.

Jonsson, B., L’Abée-Lund, J.H., Heggberget, T.G., Jensen, A.l.,
Johnsen, B.O., Nasje, T.F., and Sattem, L.M. 1991. Longevity,
body size, and growth in anadromous brown trout (Salmo trutta).
Can. J. Fish. Aquat. Sci. 48(10): 1838-1845. doi:10.1139/f91-217.

Kingsley, D.M., Zhu, B., Osoegawa, K., De Jong, PJ., Schein, J.,
Marra, M., Peichel, C., Amemiya, C., Schluter, D., Balabhadra, S.,
Friedlander, B., Cha, Y.M., Dickson, M., Grimwood, J., Schmutz,
J., Talbot, W.S., and Myers, R. 2004. New genomic tools for
molecular studies of evolutionary change in threespine stickle-
backs. Behaviour, 141(11-12): 1331-1344. doi:10.1163/
1568539042948150.

Mangel, M., and Abrahams, M.V. 2001. Age and longevity in fish,
with consideration of the ferox trout. Exp. Gerontol. 36(4-6): 765—
790. doi:10.1016/S0531-5565(00)00240-0. PMID:11295513.

Mann, R.H.K., and Mills, C.A. 1979. Demographic aspects of fish
fecundity. /n Fish phenology: anabolic adaptiveness in teleosts.
Edited by PJ. Miller. Symp. Zool. Soc. Lond. No. 44. pp. 161-
177.

Meinelt, T., Schreckenbach, K., Knopf, K., Wienke, A., Stiiber, A.,
and Steinberg, C.E.W. 2004. Humic substances affect physiologi-
cal condition and sex ratio of swordtail (Xiphophorus helleri
Heckel). Aquat. Sci. 66(2): 239-245. doi:10.1007/s00027-004-
0706-9.

Moodie, G.E.E. 1972. Morphology, life history, and ecology of an
unusual stickleback (Gasterosteus aculeatus) in the Queen
Charlotte Islands, Canada. Can. J. Zool. 50(6): 721-732. doi:10.
1139/272-099.

Moodie, G.E.E. 1984. Status of the giant (Mayer Lake) stickleback
Gasterosteus sp., on the Queen Charlotte Islands, British
Columbia. Can. Field-Nat. 98(1): 115-119.

Moodie, G.E.E., and Reimchen, T.E. 1976a. Phenetic variation and
habitat differences in Gasterosteus populations of the Queen
Charlotte Islands. Syst. Biol. 25(1): 49-61.

Moodie, G.E.E., and Reimchen, T.E. 1976b. Glacial refugia,
endemism and stickleback populations of the Queen Charlotte
Islands. Can. Field-Nat. 90: 471-474.

Mori, S., and Takamura, N. 2004. Changes in morphological
characteristics of an introduced population of the threespine
stickleback Gasterosteus aculeatus in Lake Towada, northern

RIGHTSE LI MN iy

289

Japan. Ichthyol. Res. 51(4): 295-300. doi:10.1007/s10228-004-
0232-8.

Olson, V.A., and Owens, LLP.F. 1998. Costly sexual signals: are
carotenoids rare, risky or required? Trends Ecol. Evol. 13(12):
510-514. doi:10.1016/S0169-5347(98)01484-0.

Pennycuick, L. 1971. Differences in the parasite infections in three-
spined sticklebacks (Gasterosteus aculeatus L.) of different sex,
age and size. Parasitology, 63(3): 407-418. doi:10.1017/
S0031182000079932. PMID:5139024.

Pike, T.W., Blount, J.D., Bjerkeng, B., Lindstrom, J., and Metcalfe,
N.B. 2007. Carotenoids, oxidative stress and female mating
preference for longer lived males. Proc. R. Soc. Lond. B Biol. Sci.
274(1618): 1591-1596. doi:10.1098/rspb.2007.0317. PMID:
17439854.

Price, T., and Schluter, D. 1991. On the low heritability of life-history
traits. Evolution, 45(4): 853-861. doi:10.2307/2409693.

Reimchen, T.E. 1988. Inefficient predators and prey injuries in a
population of giant stickleback. Can. J. Zool. 66(9): 2036-2044.
doi:10.1139/288-299.

Reimchen, T.E. 1989. Loss of nuptial color in threespine sticklebacks
(Gasterosteus aculeatus). Evolution, 43(2): 450-460. doi:10.2307/
2409219.

Reimchen, T.E. 1990. Size-structured mortality in a threespine
stickleback (Gasterosteus aculeatus) — cutthroat trout (Oncor-
hynchus clarki) community. Can. J. Fish. Aquat. Sci. 47(6): 1194—
1205. doi:10.1139/f90-139.

Reimchen, T.E. 1991. Trout foraging failures and the evolution of
body size in stickleback. Copeia, 1991(4): 1098-1104. doi:10.
2307/1446106.

Reimchen, T.E. 1992. Extended longevity in a large-bodied stickle-
back, Gasterosteus, population. Can. Field-Nat. 106(1): 122-125.

Reimchen, T.E. 1994. Predators and morphological evolution in
threespine stickleback. /n The evolutionary biology of the
threespine stickleback. Edited by M.A. Bell and S.A. Foster.
Oxford University Press, New York. pp. 240-273.

Ridgway, 1.D., Richardson, C.A., Enos, E., Ungvari, Z., Austad, S.N.,
Philipp, E.E.R., and Csiszar, A. 2011. New species longevity
record for the northern quahog (= hard clam), Mercenaria
mercenaria. J. Shellfish Res. 30(1): 35-38. doi:10.2983/035.030.
0106.

Roff, D.A. 1991. The evolution of life-history variation in fishes, with
particular reference to flatfishes. Neth. J. Sea Res. 27(3—4): 197-
207. doi:10.1016/0077-7579(91)90024-U.

Smith, J.V., Heilbronn, L.K., and Ravussin, E. 2004. Energy
restriction and aging. Curr. Opin. Clin. Nutr. Metab. Care, 7(6):
615-622. doi:10.1097/00075197-200411000-00005. PMID:
15534428.

Spoljaric, M.A., and Reimchen, T.E. 2011. Habitat-specific trends in
ontogeny of body shape in stickleback from coastal Archipelago:
potential for rapid shifts in colonizing populations. J. Morphol.
272(5): 590-597. doi:10.1002/jmor.10939. PMID:21374702.

Steinberg, C.E.W., Kamara, S., Prokhotskaya, V.Y., ManusadZianas,
L., Karasyova, T.A., Timofeyev, M.A., Zhang, J., Paul, A.,
Meinelt, T., Farjalla, V.F., Matsuo, A.Y.O., Burnison, B.K., and
Menzel, R. 2006. Dissolved humic substances — ecological
driving forces from the individual to the ecosystem level? Freshw.
Biol. 51(7): 1189-1210. doi:10.1111/j.1365-2427.2006.01571.x.

Steinberg, C.E.W., Saul, N., Pietsch, K., Meinelt, T., Rienau, S., and
Menzel, R. 2007. Dissolved humic substances facilitate fish life in
extreme aquatic environments and have the potential to extend
lifespan of Caenorhabditis elegans. Ann. Environ. Sci. 1: 81-90.

Steinberg, C.E.W., Vicentié, L., Rauch, R., Bouchnak, R., Suhett,
A.L., and Menzel, R. 2010. Exposure to humic material modulates
life history traits of the cladocerans, Moina macrocopa and Moina

Published by NRC Research Press



Can. J. Zool. Downloaded from www.nrcresearchpress.com by UNIV VICTORIA on 02/10/12
For personal use only.

290

micrura. Chem. Ecol. 26(sup2 Suppl. 2): 135-143. doi:10.1080/
02757540.2010.494156.

Terzibasi, E., Lefrancois, C., Domenici, P., Hartmann, N., Graf, M.,
and Cellerino, A. 2009. Effects of dietary restriction on mortality
and age-related phenotypes in the short-lived fish Nothobranchius
Surzeri. Aging Cell, 8(2): 88-99. doi:10.1111/§.1474-9726.2009.
00455.x. PMID:19302373.

Ungvari, Z., Ridgway, 1., Philipp, E.E., Campbell, C.M., McQuary,
P., Chow, T., Coelho, M., Didier, E.S., Gelino, S., Holmbeck,
M.A., Kim, I, Levy, E., Sosnowska, D., Sonntag, W.E., Austad,
S.N., and Csiszar, A. 2011. Extreme longevity is associated with
increased resistance to oxidative stress in Arctica islandica, the

RIGHTSE LI MN iy

Can. J. Zool. Vol. 90, 2012

longest-living non-colonial animal. J. Gerontol. A Biol. Sci. Med.
Sci. 66A(7): 741-750. PMID:21486920.

Valenzano, D.R., Terzibasi, E., Cattaneo, A., Domenici, L., and
Cellerino, A. 2006. Temperature affects longevity and age-related
locomotor and cognitive decay in the short-lived fish Nothobran-
chius furzeri. Aging Cell, 5(3): 275-278. doi:10.1111/j.1474-
9726.2006.00212.x. PMID:16842500.

Wootton, R.J. 1976. The biology of the sticklebacks. Academic Press,
London.

Wootton, R.J. 1984. A functional biology of sticklebacks. University
of California Press, Berkeley and Los Angeles, Calif.

Published by NRC Research Press




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


