Environment and Longevity:
The Demography of the
Growth Rate

MARC MANGEL

REPRODUCED FROM

Lifespan

Evolutionary, Ecological, and
Demographic Perspectives
JAMES R. CAREY

SHRIPAD TULJAPURKAR
EDITORS

A Supplement to Population and Development Review, Volume 29
© 2003 by the Population Council






Environment and Longevity:
The Demography of the
Growth Rate

MARC MANGEL

One of the cornerstones of demography is the mortality rate m(x,t) of indi-
viduals of age x at calendar time t. However, from the perspective of evolu-
tionary theory in general (Stearns and Hoekstra 2000) or biodemography
more specifically (Gavrilov and Gavrilova 1991; Carey 2001; Carey and Judge
2001) the mortality rate is an evolved quantity, the result of natural selec-
tion acting on patterns of growth, behavior, and reproduction.

Our understanding of aging has been enormously advanced by genetic
studies in the laboratory, to the point that it appears we will be able to un-
derstand all aspects of life span and aging with genetic tools. But aging takes
place outside the laboratory and is also very much a phenotypic process.
Recent studies, showing that the “public mechanisms” affecting longevity
(Martin et al. 1996) are common to a wide variety of organisms (Guarente
and Kenyon 2000; Strauss 2001; Zhang and Herman 2002), suggest that we
need to understand the role of environment to master our understanding of
aging and life span. Furthermore, it is likely that our understanding will be
advanced the most when we are able to link proximate (mechanistic) and
ultimate (fitness/selection-related) approaches to life-history questions,
thereby “dissecting” the life history (Kirkwood 1992; Thorpe et al. 1998).

In this chapter, I develop a model that links environment, growth rate,
and life span in the context of a Darwinian framework. In the model, the
mortality rate emerges as the result of adaptive processes associated with
growth and reproduction. These connections have important demographic
implications. For example, it is likely that most organisms evolved in a world
with fluctuating food supply, so that deeply embedded in the evolutionary
history of organisms lies the ability to survive periods of food shortage. Such
survival mechanisms could include adjustments to the growth rate or to
reproductive output. This may be one of the causes of the association be-
tween caloric restriction and extension of life span, as suggested by Masoro
and Austad (1996).
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58 ENVIRONMENT AND LONGEVITY

The approach that I use is based on life-history theory (Roff 1992;
Stearns 1992). This field of evolutionary biology focuses on natural selec-
tion, constraint, adaptation, and Darwinian fitness. R. A. Fisher (1958
[1930]) described life-history theory as asking how environment and age
affect the allocation of resources to reproduction. McNamara (1993) de-
scribed life-history theory through a set of interconnected questions: What
is the intrinsic rate of increase of a population that follows a given strategy
and how does one find it? What is the current reproductive value of an
organism and how does one calculate it? How does one decompose repro-
ductive value into current and future reproductive success? How much ef-
fort should an organism put into current reproduction at the expense of
future reproduction? How is individual behavior linked to population growth
rates? What should an organism maximize over its lifetime?

The work outlined here is motivated in part by the remarkable lon-
gevity of the Pacific rockfish, which I describe next.

Longevity and growth in Pacific rockfish

The rockfish (Sebastes spp.) are remarkable because of their longevity (Table 1;
also see Reznick et al. 2002 and the web site maintained by the Pacific Fish-
eries Management Council «http://www.psmfc.org/habitat/rockfish_
lifespan.html»). Many rockfish species live in the California Current of the
Pacific Ocean, which flows eastward toward North America and then south-
ward along the coast. This environment is characterized by seasonal vari-

TABLE 1 Maximum estimated ages of some
commercially important rockfish Sebastes

Maximum
Species Common name age (years)
S. aleutianus Rougheye rockfish 140
S. alutus Pacific ocean perch 920
S. borealis Shortraker rockfish 120
S. brevispinis Silvergray rockfish 80
S. crameri Darkblotched rocktish 47
S. entomelas Widow rockfish 58
S. flavidus Yellowtail rockfish 64
S. paucispinis Bocaccio 36
S. pinniger Canary rockfish 75
S. proriger Redstripe rockfish 41
S. reedi Yellowmouth rockfish 71
S. variegatus Harlequin rockfish 43
S. zacentrus Sharpchin rockfish 45

SOURCE: Leaman and Beamish (1984).
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ability (Chelton et al. 1982; Lynn and Simpson 1987) and long-term fluc-
tuations (MacCall 1996; Watanabe and Nitta 1999) in which different envi-
ronmental regimes persist at times on the order of decades before an abrupt
transition occurs in environmental characteristics (particularly a switch be-
tween warm and cold water temperature and differential levels of food).
Seasonally unpredictable environments are associated with high variation
in spawning success, with such success being often associated with long life
span. Murphy (1968) and Mann and Mills (1979) demonstrated a strong
correlation between variation in spawning success (maximum/minimum
observed reproductive success) and reproductive life span; see Figure 1. Long
reproductive life span must perforce be correlated with long life span, and
we are thus led to wonder how long life span is achieved.

In general, rockfish grow slowly. The growth and maturity of fish are
traditionally measured using the von Bertalanfty equation describing size
at age (Haldorson and Love 1991). This description involves asymptotic size
(L.), growth rate (k), and a parameter that describes initial size (t)).' The
growth rates for rockfish are low (k = 0.08 to 0.19 per year) compared to
shorter-lived fish of similar size (for example, k = 0.3 to 0.4 for cods; Leaman
and Beamish 1984). The description of the life history is completed by in-
clusion of mortality rate M.

FIGURE 1 Relationship between variation in spawning success
(fecundity)(often environmentally induced) and reproductive
life span for a variety of species of fish
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The fishery scientist R. J. H. Beverton explored the relationship be-
tween asymptotic size, growth constant, mortality rate, and life span
(Beverton and Holt 1959; Beverton 1963, 1987, 1992) and created a theory
relating growth, maturity, and longevity (or GML). Beverton’s theory is re-
viewed by Mangel and Abrahams (2001); the work reported here is an ex-
tension of the line of research started by Beverton.

The importance of facultative growth (metabolic
choice) for demography

Work with the nematode worm C. elegans (Wolkow et al. 2000; Cowen 2001;
van Voorhies 2001) suggests that metabolism and longevity are separately
regulated, but clearly connected. In common with terrestrial organisms, fish
use oxygen to fuel growth and reproduction. In the California Current, oxy-
gen concentration varies by a factor of nearly 10 (Lynn and Simpson 1987;
Boehlert and Kappenman 1980); faster growth occurs in the northern parts
of the range of the fish, where water temperatures are lower and oxygen
content is higher. Growth rate and reproductive success generally decline as
dissolved oxygen declines (Stewart 1967). Indeed, some authors (Pauly 1981;
Bakun 1996) have proposed that oxygen may be an alternative currency to
food in the ecological budget of fish and that understanding the role of oxy-
gen is crucial to understanding all aspects of fish life history (Pauly 1998).

It has long been understood from both empirical (Pettersson and Bron-
mark 1993) and theoretical (Clark and Mangel 2000; Mangel and Stamps
2001) perspectives that organisms commonly make tradeoffs between mor-
tality risk and foraging success. Ricklefs et al. (1994) hypothesized that rapid
growth may be inversely correlated with functional maturity and muscle
development, and Ricklefs and Scheuerlein (2001) have shown that in zoo
animals the best explanatory variable for the initial mortality rate and the
rate of aging in a Weibull model is postnatal growth. Here, I explore the
tradeoff between rapid growth, internal damage resulting from oxidative
processes, fitness consequences (von Schantz et al. 1999), and the demog-
raphy of life span (see Figure 2). I assume that faster growth increases the
prevalence of reactive oxygen species (ROS). There is evidence that ROS
can damage proteins, DNA, and lipids (Tolmassof 1980; Stadtman 1992;
Ames 1993; Barja et al. 1994; Pollack and Leeuwenburgh 1999; Ozawa 1995;
Shigenaga 1994; Lane et al. 1996; Brewer 2000; van Voorhies 2001; Van
Remmen and Richardson 2001). There is also evidence of direct associa-
tions between oxidative damage and life span (Sohal et al. 1993; Agarwal
and Sohal 1994; Harshman and Haberer 2000) and between longevity and
low levels of free radical production in vivo (Barja et al. 1994).

Furthermore, reproduction is associated with increased use of oxygen.
In some cases, gestating fish used about 35 percent more oxygen per mass
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FIGURE 2 Maximum longevity in 46 species of fishes in the
family Scorpaenidae by maximum depth
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SOURCE: Redrawn from Cailliet et al. (2001).

than nongestating fish (Boehlert et al. 1991). Hopkins et al. (1995) found
that metabolic rates of incubating yellowtail rockfish (Sebastes flavidus) were
82 percent higher than those of spent females and 101 percent higher than
those of nonreproductive males. Whether these differences represent oxy-
gen consumption by embryos or females’” providing resources to embryos,
they surely represent a potential source of oxidative stress.

Oxidative stress is intimately linked to reproductive fitness (von Schantz
et al. 1999); indeed, Sibly and Calow (1986) concluded that evolution pro-
ceeded toward maximization of ATP production, but not necessarily mini-
mization of heat per ATP produced. There is evidence for the anticipation
of oxidative damage (Novoseltsev et al. 2000), individual regulation of oxy-
gen consumption (Quetin and Ross 1989), and within-individual variation
in oxidative stress according to calendar time, age, and physiological or re-
productive state (Rikans and Hornbrook 1997; Zielinski and Portner 2000;
Blount et al. 2001; Filho et al. 2001; Royle et al. 2001; Salmon et al. 2001).
I define responses that vary within individuals according to state or time as
facultative (Mangel and Clark 1988; Clark and Mangel 2000). Because the
facultative response refers to growth rate, which is intimately tied to me-
tabolism, I will also refer to it as metabolic choice.

In order to understand how facultative growth and life span are re-
lated, I return to the von Bertalanfty description of growth and dissect it
into components. One assumes that:
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—Weight (W(t)) and length (L(t)) are allometrically related by W(t) =
cL(t)>.

—The increment in weight is determined by the difference between
anabolic and catabolic terms, in which the anabolic term is proportional to
surface area (hence L(t)?), food availability, and oxygen; and the catabolic
term is proportional to mass (hence L(t)*) and oxygen that the fish uses.

—Asymptotic size is determined by the weight at which anabolic and
catabolic terms balance. Larger values of the metabolic choice parameter
(a) lead to faster growth, larger size at age, and smaller age at maturity.* If
predation is size dependent (a common feature in the marine environment;
McGurk 1986, 1996), then faster growth will lead to higher survival rates
from the viewpoint of predation.

To capture the effects of ROS, I introduce another state variable that
measures damage accumulated at age’>—measured, for example, in terms
of lipid peroxidation (Matsuo and Kaneko 1999), oxidized amino acids,
or DNA (Leeuwenburgh et al. 1999). Since oxidative damage accumu-
lates as a function of metabolism, the dynamics of damage are related to
metabolism. The reason for introducing oxidative damage caused by ROS
is that survival from one age to the next depends upon both size (bigger
size and thus faster growth are better) and accumulated damage (slower
growth is better). Thus, there is an interplay between the short-term and
long-term survival processes.*

This formulation is sufficient to compute the survival to a specific
age for an individual using a fixed value of the metabolic choice param-
eter. In general, predation-related survival is an increasing function of
the metabolic choice parameter, and damage-related survival is a decreas-
ing function of the parameter. Thus, a fixed high metabolic rate allows
the fish to grow rapidly, escaping size-dependent predation and reaching
age at maturity sooner. But a fixed high metabolic rate also leads to in-
creased levels of oxidative damage, thus decreasing long-term survival.
Survival, and thus life span, depends upon the balance of these factors.
In Figure 3, I show life span (defined as the age at which survival from
birth falls to less than one in 10 million) when the metabolic parameter
is fixed throughout an individual’s life. We see, for example, that in the
base case maximum life span is about 48 years, achieved by using a fixed
metabolic parameter of 0.6; when the repair rate is doubled, the corre-
sponding values are 79 years and a = 1.2. Thus, although doubling the
repair rate allows individuals to grow at a faster rate, with concomitant
benetfits, it does not double life span.

On the other hand, whereas fast growth may be advantageous at small
size (to help the organism escape size-dependent predation), there is little
advantage to fast growth at larger sizes and a definite cost. We are thus led
to ask what pattern of growth (and thus ROS production) maximizes the
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FIGURE 3 Life span (age at which survival probability drops to less
than 1 in 10 million) among fish as a function of a fixed metabolic
parameter a. When there is a balance between predation-related
survival and damage-related survival, life span peaks for an
intermediate value of the metabolic parameter.
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long-term number of descendants (equivalent to r of the Euler-Lotka equa-
tion) and what is the effect on life span?

To characterize reproduction, I assume that a fish is capable of re-
production once its size exceeds 60 percent of asymptotic size (Beverton
1992) and that the amount of reproduction is determined allometrically
by length. Reznick et al. (2002) argued that this increasing fecundity with
age separates fish from birds or mammals and has allowed the evolution
of such remarkably long lives. The optimal pattern of growth can be de-
termined by the method of stochastic dynamic programming (Mangel and
Clark 1988; Clark and Mangel 2000; McNamara 2000). The output of such
an analysis is a “decision matrix” that gives the optimal value of the pa-
rameter of metabolic choice for each size and damage level. Age depen-
dence is an implicit rather than explicit relationship. Thus, aging, senes-
cence, and longevity are emergent properties in this approach (Waldorp
1992; Jazwinski et al. 1998; Goodwin 2001; Mangel 2001), rather than
constitutive properties of the model.

The theory leads to the prediction of age-dependent growth and dam-
age, through the parameter of metabolic choice (Figure 4a), and thus the
dynamics of length (Figure 4b), survival (Figure 4c), and mortality (Figure
4d). The theory thus provides a method for computing life span and for
deriving the mortality rate as a result of the adaptive processes of growth
and reproduction. The life span, again defined as the age at which survival
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FIGURE 4 A theory that allows facultative growth (metabolic
choice) allows prediction of the optimal age-dependent value of
the metabolic parameter (panel a) and the length (panel b),
survival (panel c), and mortality (panel d) dynamics. This theory
thus allows the prediction of the mortality rate as a result of
adaptive processes of growth and reproduction.
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probability from birth drops below one in 10 million, is 65 years; with a
doubled repair rate the life span is 88 years. The precise factors affecting life
span include size-dependent mortality, damage, and food availability. Be-
cause mortality is size dependent, small fish experience high predation rates,
but these decline as the fish grow older. In all of these cases, facultative
growth leads to longer life span than occurs with a fixed growth parameter.
It is important to recognize, however, that life span, like the mortality rate
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itself, is the outcome of natural selection maximizing expected reproduc-
tive success, rather than a direct target of natural selection per se.

Discussion

The models introduced here are conceptual ones, intended to facilitate ex-
ploration of the relationship between environment and longevity and to
illustrate how the perspective of evolutionary ecology allows us to predict
the mortality rate as a function of growth and reproduction. To convert
these models to applied, calculational tools (sensu Mangel et al. 2001) re-
quires extensions that include temperature dependence and density depen-
dence of growth (Ylikarjula, Heino, and Dieckmann 1999; Lorenzen 2000;
Mangel and Abrahams 2001).

Even so, a strong qualitative prediction of this theory is an ontoge-
netic shift with age toward slower growth (and thus to generally deeper
and oxygen-poorer water). That is, a behavioral trait is predicted on the
basis of physiological processes in a demographic context. Various species
of fish fit this pattern. Chilipepper rockfish (Sebastes goodei) and splitnose
rockfish (Sebastes diplorproa) show an ontogenetic shift toward deeper water
and lower oxygen concentrations as they get bigger (Vetter and Lynn 1997).
Shortspine thornyhead (Sebastolobus alascanus), longspine thornyhead
(Sebastolobus altivelis), and dover sole (Microstomus pacificus) have the same
pattern but move even deeper and into the oxygen-minimum zone (Vetter
etal. 1994; Vetter and Lynn 1997). Similarly, juvenile sablefish (Anoplopoma
fimbria) (Pallas) are found at the surface in oxygen- (and predator-) filled
regions of the ocean, but adult sablefish are found in the subsurface zone of
low oxygen concentration (Bakun 1996; Sogard and Olla 1998). The study
of these patterns, known as bathymetric demography (Jacobson and Hunter
1993; Jacobson and Vetter 1996), has important implications for fishery man-
agement. In this regard fish, because they live in a much-enlarged three-
dimensional world, allow exploration of demographic ideas that terrestrial
organisms do not.

It is also clear that not all long-lived marine species live in deep water
(sturgeon and yelloweye rockfish, for example, do not) and that several
short-lived species are found in deep water (the lantern fish, for example).
According to Donald Gunderson (personal communication), data on
thornyheads suggest that oxygen, temperature, and depth do little to ex-
plain differences in mortality across species or regions. These differences
may be a result of the balance of production of ROS and repair. However,
the arguments presented here could be adapted to other mechanisms that
connect rate of growth and damage.

The models show the importance of considering the organism in its
environment, the role of natural selection in shaping life span in the con-
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text of environment, and the need for broad integration of ditferent levels
of biological organization for a full understanding of longevity.

Notes

For conversations or correspondence on vari-
ous aspects of this chapter, I thank James
Childress, Donald Gunderson, Alec MacCall,
Jon Miller, Timothy Moreland, George Somero,
and Russell Vetter. For comments on the
manuscript, I thank Donald Gunderson, Kai
Lorenzen, Nicholas Royle, and Nicholas Wolf.
This work was started when I held the posi-
tion as William R. and Lenore Mote Eminent
Scholar Chair in Fisheries Ecology and En-
hancement at Florida State University and the
Mote Marine Laboratory in winter 2000.

1 If L(t) denotes the length of a fish at age
t, the von Bertalanffy description of growth is
L(t) = L, (1-exp(-Kk(t-t,)). This equation is the
solution of the differential equation

e _,
oKL - L)

and satisfies the difference equation
Lt +1) = L(t)exp(- k) + L. (1- exp(-k))

as can be verified directly from substitution into
the differential equation.

2 Inadiscrete time formulation the weight
dynamics are

W(t +1)- W(t) =aY[0:]L(t)* - ma[O,]L(t)’

where a is the parameter of metabolic choice
and can be interpreted as the fraction of am-
bient oxygen flowing across the gills (Waller
et al. 2000) or a correlate of depth; Y is food
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