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Abstract Although evidence that reptiles exhibit indeterminate growth remains equiv-
ocal and based on inadequate data, the assumption that they do is still widely accepted as a
general trait of reptiles. We examined patterns of variation in adult growth using long-term
mark-recapture data on 13 populations of 9 species representing 3 families of freshwater
turtles located in South Carolina, Michigan, and Arizona in the USA and in Ontario,
Canada. Across 13 study populations, growth rates of all adults and only those that grew
averaged 1.5 and 1.9 mm/yr respectively. Sources of variation in growth rates included
species, population, sex, age, and latitude. Most adults of both sexes with recapture
intervals greater than 10 years grew, but across all populations an average of 19 % of
individuals did not grow (some with recapture intervals up to 30 years). For known-age
adults of three species, the highest growth rates occurred during the 10 years following
sexual maturity, and the proportions of non-growing individuals increased with age.
Growth rates of adults were on average 92 % lower than those of juveniles. Based on linear
relationships of clutch size and body size of females at average juvenile and adult growth
rates it would take 0.7 (0.2-1.2) years and 8.6 (min—max = 2.3-18.5) years, respectively,
to grow enough to increase clutch size by one egg. The majority of within population
variation in adult body size in 3 species appeared to be a combination of differences in ages
at maturity and juvenile and early adult growth, rather than indeterminate growth. The
results from our study populations indicate that increases in body size (and associated
reproductive output) that results from indeterminate growth are not substantial enough to
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represent a major factor in the evolution of life histories in general or the evolution of
longevity and aging specifically.

Keywords Indeterminate growth - Turtles - Life-history evolution

Introduction

Among vertebrates, body growth is most rapid in juveniles and then either stops (deter-
minate) or continues at a reduced rate (indeterminate) after individuals reach maturity
(Lincoln et al. 1982; Karkach 2006). Although there is widespread acknowledgment of its
existence, historical perceptions of the dynamics of indeterminate growth are varied
(Table 1; Oliver 1955; Zug et al. 2001). It is surprising that there are so few detailed
empirical studies of indeterminate growth given that survivorship and reproductive traits
are positively related to body size in a variety of diverse taxa (Congdon and Gibbons 1985;
Kingsolver and Diamond 2011). Perhaps one problem is that empirically sufficient data on
adult growth (particularly for long-lived organisms) require long-term studies that are
logistically difficult to maintain (Tinkle 1979). Although the paucity of long-term studies
has resulted in incomplete documentation of potential sources of variation in indeterminate
growth, there is no compelling reason why adult growth rates should not vary (within and
among individuals, populations, and species) as do other biological traits.

Although Oliver (1955) and Zug et al. (2001) were published almost a half century
apart, both authors lament that data are lacking to categorize whether growth is determinate
or indeterminate in most species of amphibians and reptiles. Selected quotes from literature
spanning 68 years (1944-2011; Table 1) provide a brief history of the varied perceptions
of indeterminate growth that are comparable to the parable of the blind men and the
elephant. Indeterminate growth has been (and still is) generally perceived as a widespread
characteristic of reptiles (quotes 1, 3,4, 5, 6,7, 9, 10, 11, 12, 13, 14; Table 1), but data are
lacking for categorization of adult growth (quotes 2, 15; Table 1). For some species, adult
growth may be minimal or lacking altogether (quotes 1, 8, 11, 17; Table 1), and the last
quote in Table 1 (# 17) actually suggests that future research is required to document
whether determinate growth is the major pattern in extinct and extant Sauropsida
(Woodward et al. 2011).

Life history theories are primarily based on age-specific schedules of fecundity and
survival, but adult body size (and therefore indeterminate growth), can also be important in
determining life history characteristics (Kirkpatrick 1984). Selection for indeterminate
growth can occur when larger body size that results from adult growth is associated with
increased survival or increased reproductive output (clutch size, clutch frequency, or egg
size; Kingsolver and Pfennig 2004). In life history models for organisms with indetermi-
nate growth, it is usually assumed that allocation to growth is constant with age of adults
(Heino and Kaitala 1999; Lika and Kooijman 2003) and that the rate or duration of adult
growth (discounted by mortality rates) is sufficient to be a mechanism that allows older
individuals to have higher reproductive output (Charnov and Berrigan 1991; Charnov et al.
2001; Kozlowski 1996; Jokela 1997; Heino and Kaitala 1999). If body size of individuals
and reproductive output increase as a result of indeterminate growth then proportionally
more births can occur later in life and that would be an evolutionary mechanism for
extending longevity and delaying the onset or reducing the severity of senescence
(Medawar 1952; Williams 1957, 1966; Hamilton 1966; Kirkwood and Rose 1991;
Baudisch 2005; Sparkman et al. 2007).
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Table 1 Chronological list of statements regarding indeterminate growth in reptiles

1 Flower 1944 (p. 451). “...Reptiles, Amphibians and Fishes, as a rule grow rapidly when young, and
then settle down to a period of very slow growth, which in the course of years becomes negligible,
and, if the animal lives long enough, eventually ceases”

2 Oliver 1955 (p. 266). “...our knowledge of growth in amphibians and reptiles is very incomplete...in
most species we cannot yet say whether growth is determinate or indeterminate”

3 Goode 1967 (p. 112). “It is known that reptiles continue growing throughout their lives...”

4 Bellairs 1970 (p. 458). “In reptiles...growth ends less abruptly and may continue for a relatively much
longer period after maturity has been reached; a reptile may grow nearly twice as big before it dies as
it was at the time of its first successful mating”

5  Carr & Goodman 1970 (p. 783). “It now appears that some green turtles mature at small, and others at
large sizes; and that once they are mature...their growth becomes negligible...”

6 Ernst & Barbour 1972 (p. 7). “As long as environmental conditions are favorable some growth occurs;
probably the ability to grow is never lost”

7  Heatwole 1976 (p. 112). “In some species growth may occur throughout the entire life span, as
exceptionally large, presumably very old, individuals are occasionally found”

8  Bjorndal 1980 (p. 526). “Growth in marine turtles essentially stops once sexual maturity has been
reached”

9  Sebens 1987 (p. 396). “Evidence from growth studies of higher vertebrates, reptiles, birds, and
mammals suggests that growth is very determinate...”

10 Halliday & Verrell 1988 (p. 257). “...there is rapid growth up to the time of first breeding and that,
thereafter, growth is very slow...”

11 Gibbons 1990 (p. 139). “...indeterminate growth occurs in 7. scripta; growth continues in older, larger
individuals, although at a low rate and in an inconsistent manner”

12 Gibbons 1990 (p. 313). “Mud turtles apparently increase in size for a few years after maturity is
reached but then do not continue to grow”

13 Stearns, 1992. (p. 93). “Organisms with indeterminate growth allocate energy between growth and
reproduction many times throughout adult life”

14 Pough et al. 2001 (p. 10). “Estimating the maximum size of crocodilians is difficult because individuals
continue to grow slowly long after they reach maturity. Thus, the oldest crocodilians are the largest
ones...”

15 Zugetal. 2001 (p. 43). “Both indeterminate (attenuated) and determinate (asymptotic) growth exists in
amphibians and reptiles, but the evidence for one or the other is lacking for most species”

16  Karkach 2006 (p. 386). “The main difference between determinate and indeterminate growth is that the
first stops at some point in life, usually at, or soon after, reaching sexual maturity, and the second
does not stop as long as the organisms survives”

17  Woodward et al. 2011 (abstract) “... this study highlights the need for more osteohistological studies
to establish exactly how widespread determinate growth is within both extinct and extant members of
Sauropsida, because this form of growth may be the rule rather than the exception”

However, not all of the variation in body size and associated reproductive traits is
necessarily the result of indeterminate growth (Carr and Goodman 1970; Halliday and
Verrell 1988; Congdon and Gibbons 1990) but can also be due to differences in juvenile
growth rates and the length of time individuals delay maturity (Carr and Goodman 1970;
Congdon and van Loben Sels 1993). Therefore, quantification of the occurrence and
sources of variation in indeterminate growth is required to understand the importance of
adult growth in shaping the adaptive landscapes that determine the evolution of life his-
tories in general and the evolution of longevity and aging specifically (Williams 1957,
1966).

As data from long-term studies of a few species of turtles have accumulated, the idea
that indeterminate growth applies equally to adults of all species has continued to erode.
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Among the few species examined for example, indeterminate growth has been reported for
the Ornate box turtle (Terrapene ornata, Legler 1960), Wood turtle (Glyptemys insculpta,
Lovich et al. (1990, 1998), Yellow-bellied slider (Trachemys scripta; Dunham and
Gibbons, 1990), and Midland Painted turtles (Congdon et al. 2003), but lifetime growth
was questioned in Mud turtles (Kinosternon subrubrum; Gibbons, 1983). In populations of
Blanding’s turtles (Emydoidea blandingii, Congdon and van Loben Sels, 1991, 1993;
Pappas et al. 2000) and Soft shell turtles (Trionyx muticus; Plummer 1977) some adults
grew and others did not.

We combined empirically robust data sets on adult growth from four studies spanning
20-30 years to first assess the frequency of occurrence and sources of variation in inde-
terminate growth within and among 9 species (13 populations) of freshwater turtles.
Second, we explored whether increases in reproductive output that are associated with
indeterminate growth appear to be a substantial factor in the evolution and maintenance of
longevity.

To achieve the research goals, we sought to answer six basic questions about the
occurrence and sources of variation in patterns of adult growth in our study populations of
turtles. (1) Is indeterminate growth a universal characteristic of turtles? (2) Do all adults in
a population continue to grow? (3) Are the proportions of adult males and females that
grow or do not grow different within and among populations of a species? (4) What are the
growth rates of adult turtles? (5) Are differences in adult growth rates concordant with
expectations based on sexual size dimorphism (i.e., does the larger sex have higher or
lower adult growth rates)? (6) Are growth rates or proportions of adults that grow or not
grow related to ages of individuals?

Where adequate data on hatchling size, minimum size and age at maturity, and the
relationship between body size and clutch size were all available, we also answer four
additional questions about potential mechanisms influencing the adaptive value of adult
growth. (7) How much are adult growth rates reduced compared to growth rates of
juveniles? (8) How many years would adults have to grow to account for the range of body
sizes of adults in each population? (9) What proportion of the total range of body size
within a population is represented in the youngest individuals? (10) At average juvenile or
adult growth rates, how many years would it take to grow enough to add one egg to a
clutch?

Materials and methods

From north to south, growth data are from the long-term studies of: (1) R. Brooks
(1988-2006) on the Algonquin Provincial Park, Ontario, Canada; (2) O. Sexton, H. Wilbur,
D. Tinkle, and J. Congdon (1953-2007) on the E. S. George Reserve, Michigan; (3) W.
Gibbons (1964-2000) at Sherriffs’ Marsh, Michigan, and (1967-2009) at the Savannah
River Site, and (1983-2009) at Kiawah Island, South Carolina, and (4) R. van Loben Sels
and J. Congdon (1990-2005) in southeastern Arizona (Table 2).

We documented adult growth in three populations of Snapping turtles (Chelydra ser-
pentina, Linnaeus, 1758) and Painted turtles, (Chrysemys picta, Gray, 1844) and one
population each of Chicken turtles (Deirochelys reticularia, Agassiz, 1857), Blanding’s
turtles (Emydoidea blandingii, Holbrook, 1838), Wood turtles (Glyptemys insculpta,
LeConte, 1829)), Sonoran mud turtles (Kinosternon sonoriense, Gilmore, 1922), Eastern
mud turtles (Kinosternon subrubrum, Lacépede, 1788), Diamondback terrapins
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(Malaclemys terrapin, Schoepff, 1793), and Yellow-bellied sliders (Trachemys scripta,
Thunberg in Schoepff, 1792).

Because turtles are long-lived, they are particularly good models for determining patterns
of variation in adult growth over inter-capture intervals that are far longer than needed to rule
out measurement errors. Turtles were captured, individually marked, measured (either
plastron length or carapace length), released at their capture location, and recaptured at least
once. Ages were determined for individuals of three species (Chrysemys picta, E. blandingii,
and Chelydra serpentina) on the E. S. George Reserve by marking them as hatchlings or by
counting clear growth rings on the shells of young juveniles. Known age individuals of both
sexes were used to examine the relationships between age and adult growth rates. In addition,
known age primiparous females of all three species were indentified using extensive recap-
ture records and first captures with eggs to compare the ranges of body sizes of primiparous
females and young adult males to all adults in the population.

Data and analyses

Because adults grow slowly, we set minimum inter-capture intervals at 2 years for the
short-lived chicken turtle and 4 years for all other species to allow changes in adult body
sizes sufficient to minimize the effects of measurement errors. Small negative changes in
body size were assumed to be measurement errors and were set to zero, whereas large
negative changes were assumed to be errors in the identification of individuals or data
recording and were deleted from data sets.

Two analyses were used to examine aspects of adult growth. First, growth rates of
individual adult males and females in each population were determined using regression
analyses of body size of all recaptures with intervals equal to or greater than the minimums
defined above (i.e., we measured the rate of increase in body length, not the increase in
body volume or mass). Individual slope values were averaged for each population for both
sexes and for individuals with slopes that were (those that had grown) and were not (those
that had not grown) significantly different from zero. We used a one-tailed P value to
assess the significance of the slope, as our expectation was one-sided (i.e., individuals
could not shrink). Second, G-tests were used to compare the proportions of individuals of
each sex assigned to growth and no growth categories.

Three approaches were used to determine the potential adaptive value of indeterminate
growth. First, we compared the range of variation of young adults (those close to ages at
maturity) to that of all adults in each of three populations on the ESGR. Second, we
calculated how many years an average adult female would have to grow to account for the
entire range of body sizes in a population (maximum body size — minimum size at
maturity). And third, we compared the time necessary for females to add one egg to a clutch
at juvenile versus adult growth rates. Juvenile growth rates were calculated as the difference
between the average hatchling body size and minimum size at maturity/minimum age at
maturity for females of each species. We also used the linear relationships between clutch
size and body size for each population to calculate how long it would take to attain a change
in body size necessary to add one egg at mean juvenile or adult growth rates.

Results

Question 1.—We found that indeterminate growth is a common characteristic of turtles, as
some adults of both sexes in all populations grew between captures (Table 2).
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Question 2.—Among all populations 19 % of all adults did not grow, even those with
recapture intervals greater than 20 years. Although the percent of non-growing females
was similar to the other populations in the short-lived D. reticularia, no non-growing male
were detected.

Question 3.—Proportionally more males (25.5 %, min-max = 8-60 %) than females
(13.0 %, min—-max = 0-33 %) did not grow (Gadj = 50.9, P < 0.05). The proportions of
males not growing were significantly greater than females in four populations (Chrysemys.
picta at Sherriffs’ Marsh, Chelydra. serpentina at Algonquin Park, K. subrubrum at SREL,
and M. terrapin at Kiawah Island; G-adj., Ps < 0.05). Among four species with different
proportions of non-growing males and females, males were smaller (Chrysemys. picta and
M. terrapin), larger (Chelydra. serpentina), and similar in size (K subrubrum). In no case
was the proportion of non-growing females significantly greater than that of males.

Question 4.—Average growth rate of all adults was 1.5 mm/yr and of only those that
grew was 1.9 mm/yr (N = 13 populations). For adult Painted and Snapping turtles, growth
rates were higher at lower latitudes. However, although the sites are essentially at the same
latitude in Michigan, Painted turtles grew faster at Sherriffs’ Marsh (a large marsh asso-
ciated with a lake; see also Frazer et al. 1991a) than at the ESGR (a complex of small
swamps, ponds, and marshes). Growth rates of males, females, or both sexes combined
were <1.0 mm/yr in five species (Table 4); three were from the northern limit of the range
of turtles at Algonquin Park in Canada (Chrysemys. picta, Chelydra. serpentina, and
G. insculpta), one was from Michigan (E. blandingii), and one was from the coast of South
Carolina (M. terrapin). Wood turtles and Blanding’s turtles have similar life history trait
values of delayed sexual maturity, low annual fecundity, and extended longevity (Brooks
et al. 1992; Congdon and van Loben Sels 1993; Congdon et al. 2001), traits that may have
co-evolved with low adult growth rates regardless of location.

Question 5.—Growth rates of all males and females averaged 1.3 and 1.7 mm/yr,
respectively, and for just those individuals that grew averaged 1.7 and 2.2 mm/yr,
respectively (Table 2). Male snapping turtles are substantially larger than females in all
three study populations, and males grew an average of 0.40 mm/yr faster than did females.
In populations of the four species that have substantially larger adult females (C. picta,
D. reticularia, T. scripta, M. terrapin), females grew 0.8 mm/yr faster than males, but at
Algonquin Park (Canada) and the ESGR (Michigan) Painted turtle males grew 0.3 mm/yr
faster than females.

Question 6.—The highest growth rates of known age males and females of all three
species (Chrysemys. picta, E. blandingii and Chelydra. serpentina) on the ESGR occurred
during the 10 years following sexual maturity; however, a few individuals of both sexes
did not grow during that period (Fig. la—f). In a sample of 466 male and 418 female
Painted turtles of known age, the proportion of older adults that did not was greater than for
young individuals (G,qj, P < 0.05).

Question 7.—Growth rates of adult females and males averaged 7.7 % (min—
max = 3.0-12.2 %) and 8.5 % (min—-max = 1.0-11.3 %), respectively, of juvenile growth
rates (N = 11 populations; Table 4).

Question 8.—For adult growth rates to account for all of the body size variation in the
13 populations examined, growth would have to continue over an average of 68 years
(min—max = 24-117; Table 4).

Question 9.—Among all known-age adult females of three species on the ESGR, the
range of body sizes of the youngest females (those within the range of ages that individuals
reach sexual maturity) encompassed 95-98 % of the entire range of body sizes in the
population. The range of body sizes of young males of all three species (within 5 years of
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Fig. 1 Age specific growth rates of known age adult Blanding’s, Painted, and Snapping turtles on the
E. S. George Reserve in southeastern Michigan with a minimum inter-capture interval of 4 years and age at
last capture on x-axis

the best estimates of minimum age at sexual maturity) bracketed 83—100 % of body sizes
of adult males for the entire population (Table 3).

Question 10.—Based on relationships between clutch size and body size of females, it
would take individuals with the average growth rates of juveniles 0.7 (min—
max = (0.2-1.2) years versus adults 8.6 (min—-max = 2.3-18.5) years to increase clutch
size by one egg (Table 4); the benefit would be discounted by the respective mortality rates
of juveniles and adults.

Discussion
Occurrence and variation of adult growth in turtles

Our results support the general consensus that indeterminate growth is a common feature
of turtles (i.e., the majority of individuals grew in all 13 populations examined; Table 1).
However, because an average of almost 20 % of adults of both sexes ceased growing for
periods of a decade or more the simplistic expectation that all adults continue to grow was
not supported. In four populations proportionally more males than females stopped
growing; however, in no case did proportionally more females than males stop growing.
Growth rates of all adults of all species averaged 1.5 mm/year and the minimal differences
in adult growth rates of males and females does not support the hypothesis that indeter-
minate growth is a mechanism that contributes substantially to sexual size dimorphism
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within the populations examined. The increased proportion of older individuals that did not
grow coupled with a negative relationship between growth rates and ages of individuals
indicates that indeterminate growth is more prevalent in young versus older adults.

The adaptive value of adult growth rates

The 92 % reduction in adult growth rates compared to those of juveniles was presumably
due to increased direct allocation to reproduction by females and to reproductive activities
by males. We recognize that some reduction in adult growth rates associated with age is the
result of allometry associated with body size (i.e., for a given level of investment, smaller
individuals grow faster in length than do larger bodied ones). However, the proportion of
individuals that did not grow at all (even at intervals from 10 to 30 years) increased with
age, providing strong evidence that they effectively ceased allocation to growth.

If the entire range of adult body sizes in the populations examined was the result of
adult growth, rather than variation in size at maturity among individuals in a population,
growth would have to continue for an average of 68 (24-117) years. For some species, such
durations are longer than the maximum lifetimes expected based on adult survivorships. In
a particularly insightful study of adult growth in green turtles (Chelonia mydas), Carr and
Goodman (1970) found that at adult growth rates, it would take more than 80 years to
account for the range of body sizes of females. Our data on Painted turtles, Blanding’s
turtles, and Snapping turtles support the conclusions of Carr and Goodman (1970) and
indicate that the majority of variation in adult body size was due to variation in sizes at
which maturity was reached (Table 3).

Among species, juvenile females would have to postpone maturity for an average of
approximately one year to attain an increase in body size sufficient to add one egg to a
clutch; whereas adults would have to grow an average of 9 years to attain the same result
(Table 3). At the growth rates of adults of shorter-lived female D. reticularia, it would
require about 3 years and for longer-lived female E. blandingii and K. subrubrum over
15 years to increase body size enough to add one egg to a clutch. In all cases the benefits
attained by adding one egg would be discounted by mortality rates over the periods of
growth (e.g., a higher mortality rate over a short period for Chicken turtles; Buhlmann et al.
2009, and a low mortality rate over a long period for Painted turtles, Blanding’s turtles, and
Mud turtles; Samson 2003; Congdon and van Loben Sels 1993; Frazer et al. 1991b). For
adults, reproduction continues over the period of growth required to add one egg, whereas
for juveniles, death during the shorter period of delaying maturity results in no lifetime
reproductive success (i.e., a serious cost of error).

Issues related to the concept of indeterminate growth (Table 1)

We suggest that interest in indeterminate growth has been dampened because the historical
literature on either side of the issue generally presented the concept with little or no
consideration of the potential importance of variation in the trait. Even with the general
acceptance that indeterminate growth is a trait of reptiles and amphibians, two book
chapters on growth in reptiles (Andrews 1982) and turtles (Dunham and Gibbons 1990),
and recent herpetology books (Zug et al. 2001; Pough et al. 2003; Vitt and Caldwell 2009)
do not have a section heading for indeterminate growth, and only mention the trait in
relation to other topics.

The acceptance of the general concept of indeterminate growth (i.e., growth continues
throughout adult life) may be applicable in some shorter-lived lizards (Olsson and Shine
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1996). However, the lack of long-term growth data on long-lived ectotherms has allowed
unsupported perceptions of the importance of indeterminate growth to persist (Oliver 1955;
Zug et al. 2001). For example, one perception, that a bigger adult turtle is older than a
smaller one, is widely accepted in spite of a few empirical studies that have questioned the
assumption (Carr and Goodman 1970; Plummer 1977; Gibbons 1983; Congdon and
Gibbons 1990; Congdon and van Loben Sels, 1991; Pappas et al. 2000).

Since adult growth is a trait that results in an individual being larger as it becomes older,
why aren’t larger adult turtles necessarily older individuals? Variation in adult body size
apparently may often be due to differences in growth rates and ages at maturity of juveniles
(within and among hatchling cohorts) that results in substantial variation in the body sizes
of young adults. Therefore, although the assumption that larger individuals are older is
often correct in rapidly growing young juveniles, the relationship weakens with age of
juveniles and continues to decay as the ages of adults increase.

Understanding the evolution of life histories of long-lived organisms with indeterminate
growth requires information on the sources and amounts of variability in adult and juvenile
growth rates. For example, many reproductive traits of females are related to body size, so
understanding how variation in body sizes of females in a population arises will change our
perception of how body size determines the adaptive landscape of life history traits. If most
body size variation among females results from indeterminate growth, then natural
selection (through associated increases in reproductive output) can oppose senescence and
increase longevity by increasing the proportion of births late versus early in life (Williams
1957, 1966). Because growth rates diminish as adults become older, life history models
that assume an equal allocation rule at all ages of adults over estimate allocation to growth
in adults, particularly if 19 % of adult turtles (this study) cease growth altogether. How-
ever, if the variation in body size is due to a combination of differences in juvenile growth
rates, early adult growth rates, and ages at which individuals mature, selection for lon-
gevity and delaying the onset and severity of senescence will be associated with age
specific traits rather than with adult growth (Congdon et al. 2001, 2003).

In an excellent review of individual growth, Karkach (2006) pointed out that current
definitions of growth patterns are based on age (determinate if the organism reaches its
maximum size at some age that is usually around sexual maturity and indeterminate if
growth continues throughout life) may not be adequate for the questions important to life-
history studies. Two definitions that fit evolutionary concepts were proposed by Karkach
(2006) that could replace the traditional definitions of determinate and indeterminate
growth. The first is based on survival; if asymptotic size of individuals is reached while
many individuals are still alive, growth is determinate, and if few are still alive growth is
indeterminate. The second is based on reproductive value; if asymptotic size of individuals
is reached before most reproduction has occurred growth is determinate and after most
reproduction has occurred growth is indeterminate. Depending on the questions asked,
either definition more accurately describes the importance of indeterminate growth than the
classic definition. Both definitions improve the way evolutionary questions can be framed
about how tradeoffs in age-specific resource allocation patterns are shaped by survival,
reproductive tactics, and aging, because the evolutionary currency of death (or survivor-
ship) is births (Williams 1957).
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