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The effects of several environmental factors on fitness-

related life history characters of Tigriopus californicus

were investigated in field and laboratory studies. Animals
were collected from splash pools at Charleston, Oregon, La
Jolla and Pacific Grove, California. All areas are charac-

terized by extreme fluctuations in both salinity and tempera-

ture.

Population density and clutch size of field populations
were highly variable throughout the year, but were not cor-
related. Neither parameter, moreover, was correlated with
temperature, oxygen, or salinity. Mean clutch size for all
Charleston samples were 46.1 * 20.0 eggs. Sex ratio was not
correlated with either salinity or temperature. The three
regions differed with respect to mean clutch size, and fe-
male body size: the ranking of locations was La Jolla,
Pacific Grove, Charleston, for both characters. Body size
was positively correlated with clutch size.

No stages of T. californicus revived and developed

after experimental desiccation over periods from one to three

months. Colonization of pools during spring storms is prob-



oo oy 2,

ably accomplished via inshore current transport of animals
swept from pools which are essentially permanently populated.
‘ At 20°C in 100% seawater, fecundity was sensitive to
food levels below 0.022 mg per female per 2 déys. Clutch
size, but not number, was limited by food availability.
Clutch size was also reduced by increased density of animals
in vials, in léboratory studies.

Photoperiod had no effect on egg production. Fecundity,.
via both ciutch size and number, was affected by temperature-
salinity interactions. Over the ranges tested, from 15° to
25°C and 50% to 150% seawater, maximum egg production oc-
curred at 15°C, 150% seawater; minimum fecundity was ob-
served at 25°C, 150% seawater. Developmental time and mean
longevity decreased with temperature. The former charactér
varied from 18 days at 25°C to 32 days at 15°C, the latter
from 75 days at 25°C to 130 days at 15°C. Male sex ratio
increased from 54% at 15°C to 70% at 25°C; salinitylhad some
effect on sex raﬁio, but affected neither developmental time
nor longevity. Intrinsic rate of increase fanged from
0.105 per day‘at 15°C to 0.155 per day at 25°C; salinity did
not affect r. Increased environmental stability of labora-
tory cultures had no influence on fitness-related characters.

There appeared to be regional differences in growth
rates of Tigriopus populations raised in the laboratory.
Those from La Jolla and Pacific Grove increased fastest at

25°C, and slowest at 15°C; the opposite was true for



Charleston populations. When individual females selected
at random from these cultures were tested for life history
characters, no populational differences were found to ex-
plain the observed patterns in actual population growth
rates.

Selection for opportunism seemed to have reduéed vari-
ability in developmental time (coefficient of variation =
| 7.0%), egg size (8.2%), and survivorship (11.3%). Vari-
ability was greatest with respect to the number of clutches
produced (46.5%), probably because Elis insensitive to
late-produced broods.

Phenotypic plésticity was observed in the responses of

T. californicus to varied temperature and salinity, with

-respéct to sex ratio, plutch size and number, and perhaps
developmental time. Egg size was sensitive to no environ-
mental changes. |
A more empirical approaéh to the investigation and

designation of life history strategies is proposed. This
model suggests alternatives to the current usage of an r-
to K-selected continuum; species may be described as
dispersal-selected, low resource-selected, maternity

function-selected, etc.
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E¥FECTS OF THE ENVIRONMENT ON FITNESS~RELATED LIFE
HISTORY CHARACTERS IN TIGRIOPUS CALIPORNICUS

INTRODUCTION

The population dynamics of numerous species have been examined,

including those of the vole, Microtus agrestis (Leslie and Ranson,

19Lh0)s flour beetles, including Tribolium (Park, et al., 1941); the

rotifer, ¥loscularia conifera (Edmondson, 1945); the barnacle, Balanus

balanoides (Hatton, In Deevey, 19L7); the rice weevil, Calandra

oryzae (Birch, 19h8); Lucilia cuprina (Nicholson, 1950); Daphnia
obtusa (Slobodkin, 1954); passerine birds (Lack, 1956); Drosophila
serrata (Birch, et al., 1963); Parus major (Perrins, 1965); Droso-

phila pseudoobscura (Dobzhansky, et al., 196L); the copepod, Tigriopus

californicus; ahd many others. All of these investigations have

served to illustrate the pfocesses of population growth, fluctustions,
and occasionally decline, but few (Lack; Birch, et al.; Dobzhansky,
et al.; an@ some others) have offered conclusions regarding the
evolutionary processes operating on the components of these dynamics.
In order to describe the autecology of any species, one must
know how environmental variability influences the fitness-related
characters of the species. ' Fitness of an individual is measured as the
number of offspring it produces which contribute to fubure generations.
Fitrness is also, then, defined in terms of how well an individual
genotype 1is adapted to its environment. WNatural selection will favor
those genotypes which are most fit in a given environment. Therefore,

those components of a species' 1life history which contribute to its



fitness will be responsive to natural selection. Intrinsic rate

of increase, r, may be used as an estimate of maximum contribution

to future generations (assuming stable age structure, no emigration

or immigration, and no intraspecific ceompetition). This parameter

can be used to compare population growth rates under different
conditions., Complementary data on actual population growth rates

are helpful, although it is usually impossible to distinguish the
contributions to grovth of individual characters under these conditions.
In addition to measuring the components of r, one must estimate the
energetic demands of and degree of selection for, characters such as
body size, protective coloration, maintenance, dispersibility, predator
avoidance, territoriality, etc. Any of these may have measurable
effects on repreoductive and mortality functions.

The marine copepod, Tigriopus californicus, is of peculiar interest

from the standpoint of the problems cited above. Splash zone pools
along the Pacific coast contain few animals in the winter, but support
tremendous population blooms during the late spring and early summer,
For examwple, densities may be lower than 10 females per liter one week,
but over 5000 adults per liter only L weeks later. Such pools may
evaporate and be refilled as many as three times during the summer
and fall.

One would wonder, then, what kindSAof selective pressures are
eker£ed on a species encountering such highly variable conditions, and
what kinds of evolutionary responses this species has developed in

adapting to its fluctuating environment.
Selection for Reproductive Strategy

The intrinsic rate of increase of a population is determined by
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the age at first reproduction (developmental time), survivorship

and birth schedules, and sex ratio. Several workers have shown that
r is often more sensitive to changes in developmental time than
fecundity or survivorship (Cole, 195Li; Dobzhansky, et al., 196lL;
Lewontin, 1965; MacArthur and Wilson, 1967; Murphy, 1968; Gadgil and
Bossert, 1970). Lewontin, for example, showed that a doubling of
fecundity from 5000 to 10,000 offspring can increase r from 0.510

to 0.565; an equal increase in r would result from reducing devel-
opmental time from 8.6 days to 7.2 days (& one-sixth reduction).

In fluctuating habitats, resources vary greatly with respect to
availability. Selection will favor those genotypes which héve the
highest r, as long as the population incfeases in an "ecological
vacuum®(Pianka, 1971). Developmental rate should be maximized, and
as a reéult, its variance should be low (Fisher, 1929). Ultimately,
developmental Fime would become canalized, viz "developmental canali-
zation® (Waddington, 1957). Higher fecundity will also be favored,
of course, especially during the initial exploitation of a newly-
colonized habitat (Lewontin, 1965; Bagenal, 1966; Johnson and Cook,
1968; Murphy, 1968; Poulson énd White, 1969; Hairston, et al., 1970;
Pianka, 1971). According to MacArthur and Wilson (1967), it is the
ratio of births to deaths that will be maximigzed under these circum-
stances; this will be accomplished through decreased deaths rather
than increased births. They have termed this life history st;ategy
as "r-selected.”

Hairston, et al. (1970) have shown, however, that the r-selected
strategy of MacArthur and Wilson (1947) must actually be considered
as maternity function selection ("g—selection"). The intrinsic rate

of increase per se, according to its derivation from the logistic
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equation (Lotka, 192L), cannot be selected for, since it is a constant
based on constant age-specific survivorship and birth functions, as
well as stable age distributions. Therefore, one should speak only of
selection for the individual components of r.

Stable and species-saturated environments are characterized by
predictably low resource availability, due to low productivity or
high population density; inter- and intraspecific competition may be
severe in these environments, with the result that density-dependent
selection acts on reproductive functions. The concept of X as a
maximum population, given a logistic growtﬁ model, was first mentioned
by Pearl and Reed (1920) and Gause (193L); interpretations of the
evolutionary significance of a more general carrying capacity, K,
have appeared more recently.

Selection under stable conditions will favor delayed reproduction,
increased longevity, and decreased reproductive effort. Advantage may
be placed with individuals which produce a few very large offspring,
if, for example, food resource availsbility or predation pressure are
a function. of body size. "K-selected" populations should exhibit
only minor fluctuations in ﬁumbers, high standing crop of biomass,
and slow turnover.

Since the definitive paper of MacArthur (19562) on selection for
r and ¥, ecologists have become increasingly aware of the significance
cf determining how selective pressures affect components of a species'
1ife history. Of course, several years earlier, Cole (195L) had
developeé the groundwork for this area of ecology in ﬁis insightful
paper on the popnlation consequences of 1ife history phenomena. He
stated that life history characters are adaptive; that is,'they are

subject to selection, and will be changed as a species adapts to its



environment. Thereafter, and especially after MacArthur (1962)
emphasized the dichotomy between r andcK as the dimensions of life
history strategies, nearly all statements on the subject have either
assumed that selection does act on a one-dimensional continuum of
fitness~related characters, or made this assumption to facilitate
discussion of the problem. That is, once it was accepted that there
were twe extremes of reproductive strategy--r-selected and K-selected-—-
all components of a species' 1life history, including reproduction,

wers collectively defined in terms of where these characters placed

the species along the presumed r to X continﬁum.

Tncluded in all discussions of r- and K-selection has been the
assumption that it is the stability of the environment which ultimately
determines life history strategies. And, since environmental stability
can be described as a one-dimensional regime, varying from completesly
unstable to completely stable, the one-dimensional view of life histories
has been reinforced. 1In the case of cave species, however, where food
is scarce and densities are very low, it is conceivable that intense
intraspecific interactions do not occur. 1If, then, density-dependent
pressures are not present, the populational criteria upon which X-
selection is based will not apply; under these circumstances, observed
life history strategies are probably better described as "resource-
selected,™ and another dimension must be added to our concept of stable

environments. This kind of selection appears to have resulted in

- decreased metabolic rate and increased efficiency in the cave fish,

t

Ambyopsis spelaea (Poulson and White, 1969).  They associate life

history characters which result in slower rates of incrsase in
Ambyopsic {large eggs, long developmental time) with increased

metabolic efficlency in this species., Completely canalized metabolic



efficiency seems to be assumed by Ricklefs {(1968), who states that

the "food-limited hypothesis®™ is a suitable explanation for the

evolution of clutch size in passerine bifds. This hypothesis holds

that feeding capabilities of the parents limit, and have evolved

with, brood size in these birds. Thus, the envirommental constraints

on tropical passerines may be analogous to those on cave-dwelling fish.
A good example of the one-dimensional continuwum approach is

given by Cody (1966), who oriented his discussion of the evolution

of low clutch size along those lines. He stated that "maximum conbri-

bution to futurs generations will be achieved by those individuals

which utilize, to increase K, some of the energy conserved by reducing .

r." Cody also stated that in more stable environments selrction is

for X, not r, and the increased inter- and intraspecific competition

due to higher densities causes decreased clutch size, as less energy

is devoted to reproduction. Similar statements have been made by

Scott (1962) for trout; Lewontin (1965) for Drosophila melanogaster;

Bagenal (1966) for plaice; Murdoch (1956); MacArthur and Wilson (1967);
Murphy (1968); Ricklefs (1968) for passerine birds; Poulson and ¥hite
(1969) for cave species; Tinkle (1969) for tropical lizards; Cadgil
and Bossert (1970); and, most recently, Pianka (1971). Pianka
sutmarized the controversy over r- ang K-selection by stating (p. 592)
that "certainly no organism is completely 'r-selected' or 'K-selected,?
but all must reach some compromise between the two extremes.®

Although, as shown above, Cody (1966) did ascribe to the concept
of the r to K continuum, he also suggested tﬁat the "Principle of
Allocation® could be useful in describing the evolution of fitness-
related characters. Hairston, et al. (1970) have also made the

assumption that the functional relationships between birth and death



functions are such that "optimization of one necessitates a cost to
the other.® TFor example, the amount of energy required to avoid
predation must detract from energy available for reproduction. Or,
the maintenance costs of a marine invertebrate may increase with
salinity and temperature; again, this vwould make less energy available
for reproduction. Dispersibility may be the#ost important limiting
factor to certain species; energy must be devoted to the production
of wings, or spines, or digestion-resistant seed coats. 1In cases of
dispersibility and maintenance, as with some cave species perhaps,
density-dependent selective pressures do not exert the greatest
influence on life history characters; sincé the assumptions behind

the concept of r- and K-selection are not met, these terms should

not be applied. Hairston, et al. pointed out, for example,

that natural selection for life history characters will occur in three types
of ecological conditions: "(1) in a population growing exponentially

for a long period in a favorable environment; (2) in a population
saturating itslenvironment under conditions of complete density

dependence; (3) in a fluctuating population affected principally

by density;independent.factofs,“

The over-emphasis on selection for r per se has precluded the
observation that hiéh reproductive output may be the result of
selection for another life history character. For example, small
seeds and spores may be more easily dispersed than large, heavy
ones; because little energy is put into each propagule, many
offspring can be produced. Mortality of young will bé high (as shown
by Williams, 1966), but the probability of reaching new resources

increases with number of offspring, and is the character selected for.

At present, opportunistic species are by definition r-selected. They
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exhibit high fecundity, short developmental time, and reduced
longevity. As I have pointed out, however, one must distinguish
the actual selective forces which produce these traits. 1t would
be misleading to imply that all species which have these character-
istics represent examples of r-selection.

A more empirical and realistic approach toward the evolution of
life history phenomena has been developed by Strong (1971), who

studied the amphipod, Hralella azteca. He too has suggested that

1life history selection may operate along any of sever§1 gradients,

I feel that earlier and existing approaches, which attempt to explain
all 1life history strategies in terms of an r- to K-selection continuum,
are too synthetic, and result in the loss of too much information

to be useful.

Genotype and Population Homeostasis

Variation in life history characters can be both environmental
and genetic in origin. Selection may result in the presence of
genotypes which give rise to specific phenotypes, or genotypes which
are plastic in their expreséion (Lewontin, 1958; Allard and Bradshaw,
196l;; Bradshaw, 1965). For example, Johnson and Cook (1968) have
provided data showing that different butiercup pépulations have their
own characteristic ranges of fecundity. These ranges are produced
by genotypes which vary in appearance over different sets of enviroh—
mental conditions. Fach range is adapted to the particular selective
regime éncountered, including.high elevation-short growing season, and
low elevation-long growing season conditions. ZSH%n?Q?éO)

Many authors, including Lewontin (1956), Waddington (1957)?ﬂand

Levins (1968) have discussed genotype and population homeostasis.
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According to lewontin (1955), "a genotype is homeostatic if individuals
of this genctype can so adjust their physiélogy and morphogenesis as
to survive and leave offspring in a wide variety of environments.®
On the other hand, "a population or species is homeostatic if its
genotypic or phenctypic composition can be so adjusted as to assure
its survival in a variety of enviromnments." Bradshaw (1965) has
stated that plasticity is shown by a genotypé "when its expression
is able to be altered by environmental influences,” and "plasticity
is applicable to all intragenotypic variability.“ He further stated
that random variability (developmental noi;e) can be considered to
represent plasticity, since plasticity ™does not...have any implications
concerning the adaptive value of the changes occurring, although many
types of plasticity may have important adaptive effects.® According
to this definition, plasticity is not the same as Thoday's (1953)
#ohenotypic flexibility," since the latter does imply adaptive walue.
However, Bradshaw has not been cé%incing in his attempts‘to show that
the terms are not synonymous: ali of his examples of plasticity ean
be considered to have real adaptive valuve, and thus, are subject to
selection. To avoid semantic problems and still compare the three
terms, I will consider genotype homeostasis, or phenotypic flexibility,
to be based on adaptive plasticity in response fo environmental change.
On the other hand, population homeostasis involves the capacity for rapid
genetic change via polymorphisms or changes in gene freguencies in the
population.

In variable environments, even plastic genotypes.maj not be able
to respond adequately to very sudden or severe changes: The survival

of the population will depend on population homeostatic mechanisms,

as suggested above. OCenerally, when environmental changes occur more
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frequently than once a generation, plasticity will be favordd. The

former situation seems to apply to populations of Drosophila pseude=

obscura; genetic changes do occur in response to extreme siasonal
fluctuations (¥right and Dobzhansky, 1946). Both Levine (1952) and
Epling, et al. (1953) pointed out thet the frequencies of the three
inversion types considered by VWright and Dobzhansky could not be
explained on the basis of heterosis. Rather, the coadaptiveness of
pairs of these types was determined by particular selective regimes;
changes in the environment resulted in changes in the relationships
between types, and consequently, in their relative frequencies in the
population. Similar observations on color changes in the isopod,
Leving (1928) andd,

Sp@eroma, have been reported by Bishop (1969). f Ehrlich and Raven -

(1969) EEm=Erms

TERSS

oy
RS

A2 have stated that in variable habitats

[l

feo-adapted” genetic combinations which have high average fitness in
a variety of environments will be Ffavored; changes in the genetic

composition of the population will be resisted. According to this

point of view, which is equivalent to Bradshaw's phénotypic plasticity,

¢ . s . . R . .
opggtunlstlc species like Tigriopus californicus would be expected to
exhibit genolype homeostasis with respect to fitness-rélated 1life

history characters.
Phenotypic Plasticity and Evolution of Life History Phenomena

Bradshaw (1965) has stated that all phenotypic responses to the
environment are physiological in origin. Physioloéical changes may
be manifested through morphological changes. For example, leaf size
may decrease in response to temperaturs changes, or egg number may
decrease under food-poor conditions. T1f only fitness—reléted

characters are considered, we can show how the concepts of rhenotyvic
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plasticity and evolution of 1ife history phenomena are related.

Let us assume that members of two genotymes of the same animal
species are raised under identical conditions. Genotypes a and b
assimilate equal amounts of energy during their lifespans, but a
individpals exhibit a large coefficient of variation in the cost of
maintenance. Type a animals which have uced little energy for main-
tenance produce more offspring than type b individuals, which are
hot plasticg and have a low coefficient of variation in both m?intenance
cdsts and egg production. Type 2 animals g}locating much energj for
maintenance produce few eggs. Under these conditions, the average fitness
for genotypes a and b can be the same.

If environmental conditions are changed so that b individuals
require a great deal of energy to maintain themselves, their fitness
will be uniformly low compared to the average fitness of type a
apimals. In this case, the more fit & genotype will increase iﬁ the
population. As shown earlier, selection will favor phenotypic plasticity
in fluctuating enviromments, when changes occur more often than once a
generation, In such a population, morecver, one would expect to Tind
large intragenotypic variation in some 1life history characters; there
would be a reduction in the degree of variability in characters which
had increasingly high fitness values (Fisher, 1929).

In stable habitats the maintenance of either a plastic or apolymorphic
population may not be favored by natural selection; a population of
individuals with similer fitness would develop. Indeed, Poulson and
White (1969) have reéorted that cave environments select for réduced
genetic variability as well as reduced rate of increase. Here too,

p
however, one vould expect a gradient in variability between extremes

in characters related to fitness. For example, if offspring size was
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most subject to selection, variability and heritability in this
character would be low.

The description of a species or race in terms of selection for
life history phenomena must take into account the genetic mechanisms
on which selection operates. Because the selective regimes of stable
and fluctuating environments are by definition very different, it is

not unreasonable to expect that different genetic systems have evolved in them.

In surmary, then, the problem to be investigated in this study
is two-fold: first, T will describe the effects of the important environ-
mental factors on the fitness-related characters and population growth

of Tigriopus californicus. Second, I will show how these relationships

illustrate selection for 1life history phenomena of specles living in
fluctuating environments, and will give evidence for the significance
of the principles of phenotypic plasticity and allocation of energy

to this process.
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DESCRIPTIGH OF THE SPECIES AND ITS TREATMENT

Tigriopus californicus is a harpacticoid copepod found in high

tidepools in the marine intertidal from Vancouver Island to Baja Calif-
ornia. Two species of Tigriopus occur in the British Isles--T. fulvus
(¥Fraser, 1936) and T. brevicornis (comita and Comita, 1966). T.
Japonicus has heen described from Japan by several writers, including
Tgarashi (1963). Eglolf (1967) examined the effects of changes in sex

ratio on population growth in T. californicus from the Monterrey area

on the west coast.

The morphology of T. californicus has been described at length by

Monk (1941}, and will only be summarized here. There is great sexual
dimorphism in adults; males have geniculate first antennae, by which

they can gasily be identified after the copepodid V stage. These antennae
are used to grasp the female during copulation. PFemales have narrcower
éntennae; the presence of ovaries and developing eggs creates a dark body
coloration which distinguishes the female from the male. Growth is
determinate; full body size (about 1.20 mm in length) is reached upon

the molt into the copepodid VI,.or advlt, stage. 1In the field, animals
may appear bright orange, apparently due to thelr incorporation ofv
carotenoid pigments from ingested plant material.

The 1ife cycle of T. californicus females raised at 20°C in the

laboratory is summariged in Table 1. Eggs are held in the broed sac

for about L days. After hatching, Tigriopus goes through six naupliar
and six copepodid stages. JWithin 20 days, females reach the copepodid
IV stage and are seized by mature males. Copulation lasts an average of

5 days. The Tirst egg sac is produced about 3 days later; from 15 to
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Table 1. Life cycle

of female Tigriopus californicus, raised

at 20°C in 100% seawater.

Age (days)

Event in Cycle

E/day)

20
25

28

Lo to 85
o

50 to 95

Nauplii hatch
from brood sac

" Female seized

by male

Female released
by male

First brood
produced

(Female produces
up to 20 broods
after the single
copulation)

Female releases
last brood

Female dies

Female Sizg Growth Ra
(mm3 x 107™2)  (mm3 x 10~
25
12
270
290
1720
3Lo
2750
20 .

3150

a



15

20 consecutive broods may be produced by this single copﬁlation. There
is a great deal of wvariabilily in both the age of last egg production
and in age at death; the former ranses from L0 to 85 days, the latter
from 50 to 95 days.

¥l

Tigriopus is a detrital feeder. Egloff (1967) has shown that it

is not equipped with filter feeding apparatus, even though Gibor {1955),

working with an unspecified form of Tigrio-us, suggested that selective

feeding on living Dunaliella viridis does occur. Generaily food does

not seem limiting in high tidepools. During the winter, organic debris

accumulates from runoff and spray; preductivity appéars to be high in

the late spring and summer, especially among the benthonic diatoms and

macro-algae such as Enteromeorpha.

There are ne known predators on Tigriopus. Splash pools support
no fish, and virtually no other crustaceans. Shore birds have not been
reported to feed on Tigriopus. Egloff (1567) found that appreciable

cannibalism on nauplii occurs, especially under crowded conditions.
Titness-Related Characters

Life history characters which are relzated to fitness in T. californicus

include developmental time, egg size, sex ratio, number of eggs per clutch,
nunber of clutches, survivorship, and body size {since clutch size may be

a function of body size). Measurement of these characters under varied
environmental conditions were thought to reflect individual and genotype

fitness measures under those circumsiances,
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bility, temperature, salinity, pheto-

reriod, and degree of stability. The methods by which these factors

vere tested are described in a following section.



T.eld Studies

Most field observations were irade in tidepools at Cape Arago aw

Shore Acres state parks, near Charleston, Oregon (latitude 13° 204).

<

A total of 17 pools were examined at these locations, in monthly camples
during the period from Junem 19468 to October, 1970. The number of
pools sampled on each date varied depending upon whether evaporation
had occurred, or on the presence of animals. Table 2 summarizes the
locations and sizes of these pools.

Regional populations were sampled at La Jolla, Califoraia (latitude
about 33° L40O') and Pacific Grove, Californiz (latitude about 392 LO'),

17,

on March 16 and March 1hhqre8pective1y. Additional areas examined for
Tigriopus populations were Santa Barbara and Zurekaj; California, and
Seaside, Oregon. Only scattered, sparsely-populated pools were found
in the first two locations; samples taken at Seaside were not used
because of the constrainis of laboratory space. Populations there
appeared to be similar to those studied at Charleston. Only one set of
field data was collected at La Jolla and Pacific Grove. Tn August of
1970 I was unable to obtain samples fo Tigriopus populations at these
sites, because the water in every pool had evapeorated.

The following data were obtained by examining animals in two replicate
50 ml samples: population density (number per liter); sex ratic (Zmales);

aed
‘ . 3 . .
;Temale body size (mn”). Egg size was esti-

.
s
&

clutch size; egg size (mmd)
mated as /7d3/6; female size was estimated as #d?h/12. In addition,
temperature, salinity, pH and oxygen concentration were measured. The
homogeneity of Tigriopué samples wWas difficult to ensure, because-this
animal tends to seek the bottom of the pool when the water is disturbed.

The average coefficient of variation (SD x 100%/iean) for all pairs of
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Table 2. Locations and sizes of pools sampled for Tigriopus

at Shore Acres and Cape -4rago state parks.

A A RS T AN s

Pool Average Depth Approximate Area Height Above MLIW
_ (em) (m=) (m)
Shore Acres (S4) | _
1 16 105.0 6.0
2 20 30.0 .. 6.0
3 15 | 75.0 | k.0
ks 10 50.0 h.0o
5 10 1.0 3.0
Cape Arago (CA)
1 5. 0.05 2.5
2 18 0.15 2.5
3 5 0.2 3.5
h 3 0.1 _ 3.5
5 0.1 3.5
6 1k ' 0.2 3.0
7 8 1.0 2.5 8
8 5 0.02 2.5
9 6 0.02 2.5
10 8 0.25 2.0 2
11 5 0.2 : 2.0 @
12 8 0.2 - 2.5

a pools leocated on the leeward side of a large rock
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density estimates in the field was 26%.

Egg size and nuaber, and female body size, were determined for 10
females selected at random from each population. Eggs are carried in
a single brood sac, encased in a tight membrane. This sac can be
teased from the female with a fine glass needle without damaging her.

A 30% solution of Chleorox (dilute NaOCl) was used to dssolve the sac
membgrane (after Egloff, 1967), so that the eggs could be counted and measured
under a dissecting microscope.

Sex ratios were based on observation of all adults in each 50 ml
sample. The sexual dimorphisms noted earliei made it possible to sex
adults without a microscope.

Pool tempersture was measured with a laboratory'thermometef, which
was accurate to 0.1°C. Seasonal temperature ranges for the La Jolla
and Pacific CGrove areas were obtained from the United States Weather
Bureau (1970). Egloff (1967) has shown that pool and air temperatures
differ only slightly, duve to the shallowness and exposure of splash
zone pools. Therefore, the air temperatures obtained frém the Weather
Bureau were thought to reflect actual pool water temperatures.

Salinity was measured with & hand refractometer, which was accurate
to 1.0 o/oco. This device made it possible to determine salinity in the
field, and thus avoid the potential effects of evaporation.

Astimates of pH were made using narrow-range Hydrion paper. This
technique was compared with a laboratory model pH meter, and found to
be accurate to within 0.2 pH units.

Oxygen concentration was measured to within 0.1 ml/liter with a
YST portable polarographic oxygen electrode. Generally, pools were
shallow (less than 10 cm deep}, and exposed to steady winds. As a

result, dissolved oxygen levels were nearly always at saturated levels



o w r

19

for a given temperature and salinity.

Laboratory Studies

Population culture series. ILaboratory colonies of Tigriopus were

established from eight populations: four from Charleston, and two each
from La Jolla and Pacific Grove.(see Table 3 for population and re%ion
desigrations). These colonies were started with 10 females on May 1,
1970, Two replicate colonies for each of the eight sources were main-
tained at 150, 20° and 259C (temperatures were held within 1.0°C through-
out). Each culture was grown in 500 ml of 100% seawater; this volume
vas maintained by adding small amounts of dgionized distilled water
daily. Tetramin brand dried algae and animal matter fishfood was added
at least once a week so that detritus was abundant while the populations
were increasing. About two weeks after the populations reached what
apreared to be pealk densities, food was no longer added.

A second series of cultures was set up on July 1, 1970, using
females from the‘populations described above. Two replicates of eaéh
of the eight source populations were again established in SOOlml of
100% seawater, but were grown ét room temperature, which varied fronm
159 to 289C during the study. At irregular intervals, distilled water
was. added to return each beaker to about 100% seawater. Salinities were
allowed to range from 38 o/oco to 85 ofco during the study. Food was
added at irregular intervals throughout, in large guantities.

Every colony was sampled at twe-week intervals, for several months,
Each census‘was based on two replicate 50 ml samples, which were treated
as described above for field collections. Population data described
above were obtained from each pair of samnles. Salinity and pH were

monitored as in field populations.
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Table 3. Designations of populations used in laboratory

studies of Tigriopus.

20

Regional Location Designation Representative
Populations
La Jolla LJ I-A, I-H
Pacific Grove PG ITI-C, I1I-E

Charleston C IV-A, IV-E, IV-G, IV-I
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These two series were designed to provide information on actual
population growth rates, sex ratio, egg number and size, and female
size, for Tigriopus from different local and regional populations.
This data is useful in identifying ecotypic variation in these variables,
and thus, in 1life history strategies. Females from these cultures
enabled me to make comparisons between stable and fluctuvating environ-

ment effects on this variation.

Food effects. To test the influence of food availability on

reproductive functions, a series of seven food concentrations (again,
using Tetramiﬁ fishfood) was prepared'in filtered seawater. This

series ranged from 0.013 to 0.220 mg ver female per 2 days. Ona drop
(0.02 ml) of each suspension was fed to the appropriate group of replicate
females on alternate days;

A11 of the females usea in this experiment came from a laboratory
colony set up with amimals from Cape Arago. Ten replicate females were
isolated during copulation, at each food level. They were raised in
separate 30 ml glass vials of 100% filtered seawater atIZOOC.' The water
in each vial wés‘changed once a.week to prevent the accumulaiion of
metabolic wasteé. Bach female was observed daily. Whern a brood sac
developed, the female was removed to moist filter paper. The sac was
teased away from the femlae with a glass needle, and she was returned
to her vial. This technique proved to be quite satisfecatory; less than
4% mortality occurred from handling, and brood production did not seem
to be impaired. Each egg sac was treated as described earliier. All
females were observed in this fashion, until death. Total number of

clutches and age at death were recorded for each animal.

n



Photoperiod, temperature, and szlinity effects on rate of egg

; production. ¥emales were tested to determine the possiblzs effects of
light, temperature and salinity interactions on reporductive activity.
. A . . ;
The sudden onset of population jcrease in the spring sugge<ied that
these factors may trigger reproductive.and developmental processes.
Females were raised under combinations of the following conditions:
Photoperiod: 0. 8 and 1h hours per day
Temperature: 10°, 159, 20° and 25°C

Salinity: 25%, 50%, 1007 and 150% sezwater.

[RNTR

Six replicate‘females were raised under each of the Ll test conditions
(at 10°C, only the O and 8 hour photoperiods were used). Each animal
was monitored daily, until up to eight broods had been produced {(most

£

individuals raised at 10°C never produced more than two broods).

o
i

Temperature and salinity interactions. A subsequent series o

®

animals was conducted using females from each of the 2l stable cultures
(eight source populations, three temperatures). Ten replicate females
were raised in each of three salinities (50%, 100% and 1507 seawater),

! at the temperature in which they were cultured (15°, 20° and 25°C).

Excess food was present at all times. ¥gg size and number, number of

L& =

clutches, and longevity were recorded for each femilse.
Developmental time, brood sex ratio, and survivorship were estimated
¢ for broods from two females selected at random from each of the 2L
‘ stable cultures. The females were allowed to acclimate to the. test
coniitions (temperature-salinity combinations menticned above) for one
_ . . , :
week. Broods produced after this pericd of acclimation were allowed to

hatch; 25 neuplii were raiced from each brood, in 60 ml specimen jars,

nmmcer constant conditions. Tevelopmental time was measured as the time
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from the first appearance of a brood sac to the first production of
broods by the female offspring. Brood sex ratios were estimated after
the offspring had reached maturity (as a result, possible bias in the
survival to sexual maturity of males and females may have influenced
observed sex ratios). Survivorship was determined on the basis of

bi-monthly censuses of each group of offspring.

Effects of density on clutch size. Pearl (1932) and Walker(1967),

among others, have shown that interference can reduce reproduction in

dense populations. Such interactions may be a function of access to

[+

available food, as well as oviposition sites, as in Nasonia vitripennis.

The production of metabolic wastes has been shown to inhibit egg pro-
duction in other species. |

Two replicates of each of five densities--2, 10, 20, LO, and 80
animals per 25 ml--were raised in 100% seawater at 200C. Excess food
was presént in all vials; the water was changed every fourth day. Each
vial contained equal numbers of males and females. HMean cluich size
and egg volume was measured at four-day intervals, using techniques
described earlier. This procedure was followed through four consecutive

broods.

Stability effects on life history characters. To investigate

possible 1ife history responses to a change from fluctuating to stable
environmental conditions, four groups of Tigriopus were tested in the
labooratory. Table L gives the design for this series. of tests. Females
in the "Before" group were obtained from the 16 laboratory cultures

grown at 207 and 25°C, on May 20, 1970 (less than one month after these
cultures were established). ®Afiter® females %ere obtained from all 2L

stable cultures on Qctober 20, 1970, about six months after those culiures



Table li. Experimentel design for testing for the effects of
stability on life history characters in Tigriopus.
Background of Test Females
Before After Unstable - F‘iel(i
Culture Culture Culture Populations
15°¢ 15°¢c - 15°¢
200C 20°C 20°¢C 20°C
259C 25°¢C 25°¢C 259¢
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were established. Considering overlapping generations, effectively
less than 10 generations were raised in the 25°C colonies before the
"fter® series was conducted. "Unstable® females represented the
colonies grown inAfluctuating room conditions (that is, fluctuating
salinity and temperature conditions). The “Field"'group was composed
of females collected at Charleston on October 31, 1970; these animals
were allowed to acclimate to test temperatures for about two weeks,
before they were isolated.

A1l of these females were raised in 30 ml vials of 1003 seawater,
with abundant food, until death. Individual fitness—related characters
were measured as before. Estimates of develoﬁmental time, brood sex

ratio, and survivorship were ohtained as in "a previous section.

Dispersal and desiccation resistance. Egloff (1967) suggested

that Tigriopus is carried for short distances by the shore crab,

Pac@%rapsus crassipes, as well as by wave action. Inshore currents
were thought to transport animals for longer distances. These possi-
bilities were investigated briefly in this study.

Plankton fows were made in.the surf zone below Tigriopus pools on
several occasions in the spring of 1969, with a No. 20 mesh net. No
Tigriopus were ever observed in these samples, even though the net was
éragged across rocky surfaces where animals might be found. 1In the
spring of 197C, 12 large plastic containers were placed in the high
intertidal at Cape Arago and Shore Acres. Seven of these were lost to

vnusually high swells; the other five contained some seawater, but no

3

igriopus (some other unidentified crustaceans were found). Several
Pachgrapsus were collected at Cape Arago, near pools containing adult
: .

Tigriopus. No copepods were found vhen these crabs were rinsed in
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neawater and 70% methanol (Egloff, 1967, reported that dilute formalin
wus effective in removing Tigriopus from the appendages of shore crabs).
The magnitude of these efforts was insufficient, of course, to resolve
any of these three problems. Further work on dispersibility is needed.

In order to test for desiccation resistance and temperature inter-
actions, animals collected at Cape Afago were raised for one month at
room temperature in fingerbowls containing 1 cm of sand and 100 ml of
100% seawater. After a period of population increase, the water in each
bowl was allowed to evaporate. Subsequent treatment of these samples
is summarized in Table 5.

At no point during this test were larval or adult Tigriopus
observed to have survived desiccation for periods of up to three
months. Microscopic examination of the residues in each bowl revealed
the presence of no identifiable bodies or egg sacs. It may be, of
course, that the conditions necessary to successful resistance to, or
recovery from, desiceation were not provided. It would appear none-
theless that the preceding observations on dispersal are not valid in
facts dispersél fromr populations not affected by complete evaporation

may be necessary {o ensure the survival of the species.

e DA O .oy A AR 8553 e 1
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Table 5. Experimental design of test for desiccation resistance in

Tigriopus.

Salinity Conditions

Temperature Treatment

Colony After Evaporation After Evaporation
1a, b 10°C throughout
2a, b All samples rinsed with 109/l weeks; 15°/L weeks
3a, b deionized distilled 159C throughout
L a, b water; water maintained 159/l weeks; Rm. Temp./lL weeks
5a, b at 50% normal seawater Rm. Temp. throughout
6 a, b Distilled water added
to all residues; water Same series as above
through maintained at 100%
normal seawater
10 a, b
11 a, b 50% seawater added to
all residues; water Same series as above
through maintained at 150% :
normal seawgter
15 a, b

o
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RESULTS

Field Observations

Charleston, Oregon. The results of monthly field observations at

Charleston are provided in Table 13, in the Appendix. Pool temperaztures
ranged from a midday high of 27.7°C (82.L°F) in June of 1953, %o a
midday low of 6.2°C (13,2°F) in November of 1969. A low of sbout L9C
was observéd in January of that year, beforeﬁyegular sampling was begun.
Saliniﬁy fluctuvated greatly throughout the st;dy period; rainfall
resulted in salinities as low as zero o/oo, in pools exposed to
drainage. High salinities, ovef 80 o/co, were cobserved in April, 1970,
in pools least affected by both spray and freshwater runoff. All pools
examined were subjected to ranges of from 10 to L5 o/co; generally, low
salinities occurred in winter and spring, high salinities in the swmmer
and fall,

Unusually low pHts were observed at both Cape Arago and Shore Acres
(Table 13). Values ranged from 5.0 to 8.6 during the study period. High
pH is expected during the day, due to a decrease in carbeonic acid levels
from pﬁotosynthesis. Iow pH is usually attributed to the production of
carbonic acid by respiration. Doty (1957) states that tidepools may have
pH's of 7.5 during the night, while photosynthesis raises pY to 2.0 to
10.0. Emery and Stevenson (1957) pointed out, however, that bacterial
formation of organic acids may lower pH to less than S;? in estuarine
sediments. In pools inhabited by Tigriopus, detrital decomrosition may
account for low pH values. Tn addition, C02 may accumulate from
respiration.

Both population density and mean clutch sicze were highly variable,
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both between pools and between sampling dates. Densities were low
during the period from November through January; by early April, when
pool temperatures had reached 18°C, densities of about 2500 adults per
liter were observed. After a period of decline (until late July),
densities increased further, to over L500 adults per liter.

Even when developmental time lag was taken into account, there were
no sig#nificant correlations between population density and either
salinity or temperature. Nor was density correlated with clutch sige.

In fact, in the pool which had the highest density observed in the field
(over 15,000 adults per liter), high mean clutch size was also noted
(71.3 eggs per clutch). Mean clutch size for all population:samples

at Charleston was 06.1%20.0. This mean was the same as that reportzd
by BEgloff (1967) for Tigriopus populations in the Pacific Grove area.

At Charleston, population meansranged from 12.0 to 109.8 eggs per clutch;
Egloff found a somewhat higher range of 15 to 1h0°eggs per clutch at
Pacific Grove.

-Brood sizes were not correlated with temperature, salinrity, or
oxygen concentration. Correlations were found between brood size and
feriale hody size; larger femaleé produced larger broods (r =z 0.h5; p<0.001).
Body size itself was not correlated with any measures of the pool emviron-
ment, including pepulation density. It is possible that more frequent
sampling would have provided a more accurate tracking of possible
infiuences on all three of these biological variables.

No correlation was found between sex ratioc and pool temperature.
sloff (1967) had reported that higher temperatures seemed to induce
increased male sex ratio, lHean sek ratio for all pools was hLS5.0 £14.59.
™his is somewhat different than Egloff's observation of 52 £15% males

ic Grove.
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Re;ional populations. Monthly air temperature and rainfall data

for La Jolla (San Diego), Pacific Grove (Vonterrey), and Charleston
(Randon) during 1570 are summarized in Pig. 1. Air temperatures have
hnen shown by Bgloff (1967) to correspond closely to pool temperatures,
due to the general shallowness of splash pools,-as well as their exposure.
Noth La Jolla and Pagific Crove received little rain during about half
of the year, while Charleston was subjected to only a 2-month period of
drought during the summer. However, Charleston did experience tempera-
ture ranges at least as wide as those of the more southern locations.
La Jolia, githough it received the least rain,-may have had the most
oquitabie temperature regime: fluctuations were more gradual and less
pronounceé. In all three areas, it appeared that periodic evaporation
of' splash pools could be attributed to high temperatures and low rainfall.
At Charleston, however, some pools did persist despite these conditions.
Nonetheless, it seems unlikely that such pools as CA 6 (Table 13) can
be considersd stable with respect to environmental conditions.

Data collected at these thrse locations are summarized in Table 6.
Of the physical and chemical data, temperatures differed the most between
sites: La Jolla pools showed high temperatures even in March, 1970.
Salinity was most variable at Charlestén, due to differences in the
cnsceptibility of pools to runoff water. Population density and sex ratio
were highest at Pacific Grove, while La Jolla females were largest and
carried the largest broods.

No attempt was made to correlate poouilation density with other
vmriableé on the basis of this single survey of the three regions.
However, I did find that areas differed with respect to both cluteh size

i body size, as noted above. These two characters were correlated

i+

seong Lo Jolla females (r = 0.72; p<0.02), and Charleston females
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REGIONAL CLIMATOLOGICAL DATA
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Table &. Means and standard deviations for data collected

at three regional locations during the spring of

1970. Each observation is the average of 10
samples.,
Regional Population
Measurement
La Jolla Pacific Grove Charleston
Temperature 25.940.8 19.822.5 17.5+1.0
cC
Oxygen h.120.1 L.720.h 5.3t0.8
ml/1liter
Salinity L2.hz2.,3 h1.722.3 39.7£20.h
o/oo ,
pH 6¢OI0.’4 6.].1:0'8 6.0101h.
Population
Density 521xh7h 17L2£1928 366639
No/liter
Sex Ratio  LL.5%5.5 49.9510.1 40.6%13.6
% male .
Female Size 0.0387% 0.0356 % 0.0328 £
mm3 0.001k ¢.0010 0.0009
Clutch Size 84.3%5.0 38.7¢3.2 61,1£7.9

T T P e R ek e e
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(r = 0.80; p£0.01), and perhaps among Pacific Crove females (r = 0.50;
0.10>p >0.05). The hierarchial ANOVA for brood size is summarized in
Appendix Table 1. The greatest source of variance was attributed to
hetween~region differences. Analysis of body sizes showed that the

three regions differed in this respect also (Fz’zé afr = 12.&3; p<£0.01).

Laboratory Studies

Food effects on reproduction. Food abundance affects egg production,

as shown in Fig. 2. When less than 0.022 mg dry weight of Tetramin was
provided per female every other day, total egg vélume fell off sharply
(Fig. 2-A). This was reflected by the absence of linearity in these
points (F5,50 4f = 3.26; p<0.01). Egg production did not increase
with increased food, above the observed critical level. These food
effects were not attributable to changes in egg size, but were due to
clutch size as seen in Fig. 2-B. Again, these points did not fit a
linear regression (FS,SO ar = 2.96; p<0.01); however, there were
significant differences between clutch sizes at the seven food levels
(F5,50 ar = 8.03; p<0.001). The number of clutches produced was not
affected by food concentration (Fig. 2-B). That is, food paucity
reduced the number of eggs per clutch, rather than clutch number or

egg size. This would allow flexibility in reproductive effort, without
limiting either the ability to vroduce subsequent c¢lutches, or the
ability to provide eggs with adeguate nutrition for development. 1In
subsequent tests, at least 0,033 mg Tetramin were provided per adult

Tirriopus, every other day.

Photoperiod, temperature, and salinity efiects on raie of egp

production, The resulis of a three-way ANOVA for the test for the

T T o e s e e
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interaction effects of these three variables are summarized in Appendix
Table 15; the actual data are presented in Teble 7. Light had no effect
on rate of egg production, by itself or in cémbination with either
salinity or temperature. The temperature-salinity interaction, however,
was highly significant. Maximum rate of egg production occurred at 25°C,
in 100% seawater. In 150% seawater, egg production was fastest at 20°C,
suggesting that increased salinity stressed the metabolism of females

at 259C. Similarly, in 25% seawater, brood production was limited.

Low temperatures inhibited egg production alseoj; few broods were formed
at 10°C, under all other conditions. Optimal conditions for egg prod-

uction appeared to be 209C, 100% seawater.

Temperature-salinity interactions. Both lemperature and salinity

had significant effects on total egg volume, as shown in Fig, 3. 1In
order to establish a frame of reference to compare temperature effects
at‘different salinities, the origin of each line in ¥ig. 3 was set at
50% seawater. Subsequent points represent the percent deviastion from
the 50% observations. The relative positions of lines in Fig. 3-A
are consistent with the ranking of actual fecundity values. Table 8
summarizes a three-way ANOVA for fecundity.

The gross effects of salinity were not significant; the temperature-
salinity and population-salinity interactions were significant. Total
epg volume was highest in 1509 seawater, 159C conditions, and lowest
in 150% seawater, 25°C conditions. This may suggest that metabolic
stresses are lower under the férmer conditions, as has been reported
for some shrimps by Kinne (196h). Population differences with respect
to fecundity were significant, over all combinations of temperature and

salinity. La Jolla females produced a greater volume of eggs than did
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Table 7. Effects

of Photoperiod, Temperature, and Salinity on the Rate of Egg Production,
Avexa;e

Rate is expressed,as theynusber of eggs produced per day per female A ilR g{zmﬁ?bﬁ%cﬁ%yﬁg{éﬁy?,
Salinity ]
Temperature
Og 25% 50% 1004 150%
Ohrs B8 hrs 14 hrs Ohrs 8 hrs 1h hrs O hrs 8 hrs 1L hrs O hrs 8 hrs 1l hrs
10°¢ a a b 0.96 3.23 - b L4.77  3.85 b 0.6 2.36 b
£0,1h :1.11 £1.07 #1.73 +0,19 21.61
159¢ .62  1.20 1.3L 4,97 10,47 8.9L 12.35 15.53 15.47 18.57 . 8.h% 10.87
$0,69 *0.87 0,55 $1.96 #3.25 3,11 #1,49 £3.28 =£L.35 *3.Lh £3,03 *4.86
20°¢C 0.63 2.72 1.71 16,76 17.02 16.35 18,50 20,09 22.08 22.80 20,14 17.82
+0.20 21.11 £0.L1 £3.30 28,27 £5.,71 :5.55 16.13 #L.31 #£L.91 6,54 ¥5.35
2500 1.35  4.07 1.27 14.L8 12.16 1L.62 26.70 25.63 21.9h 16.31 1L.35 13.67
: .16 0.61 20.19 £3.29 +4.80 £5.99 #3.L5 3,08 £6.77 x6.70 :7.0L xL.23

2

a No egg production observed during thevest period

b No females tested under these conditions

9¢

Bd
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Table 8. Components of three-way ANOVA of temperature, salinity

and population effects on fecundity.

Source of Varishce af SS S F

Main Effects:

Temperature 2 1.1h3 0.572 L7.67 @
Salinity 2 0.059 0.030 NS
Population 7 0.75k 0.108 9.00 &

¥irst Order Effects:

Temperature~Salinity L 0.401 0.100 8.33 @
Temperature-Population 1L 0.686 0.0L9 L.08 @
Salinity~Population 1k 0.547 0.039 3.25 b

Second Order BEffects:

Temperature-Salinity- .
Population 28 C.323 0.012

a p<0,001

b p< 0.005
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other females.

Increased fecundity resulted from increased number of clutches
and increased clutch size (Fig. 3-B, 3-C). Egg size did not vary
under any cenditions. Analyses of these data are loctaed in Tables
16, 17, and 18, respectively, in the Appendix. The gross effects of
salinity on clutch size were not significant. However, significant
interactions with both temperature and population indicated that
salinity did affect clutch size, depending upon water témperature
and location. GClutch size was highest among<}a Jolla females; this
was consistent with earlier observations of field collections. The
nunber of clutches produced was affected by all salinity, temperature,
and population interactions. Generally, as salinity increased, clutch
number decreased; the same was true for temperature effects, While
La dolla females produced more clutches than either Pacific Grove or
Churleston females, they too were adversély affected by the 25°C,

150% seawater combination.

Observations of the effects of temperature and sélinity,on sex
ratio were not completely consistent with those of Egloff (1967). Male
sex ratio decfeased with temperature in 507 seawater, and increased with
temperature in 1009 seawater (¥ig. L); none of the temperature, salinity
or population interactions were sigpificant, however (analysis of these
data is summarized in Appendix Table 19 . loreover, in this test seriés,
male sex ratios were not generally higher at 25°C, as reported by
Egloff. 1In an earlier test, however, in which an;malé were ralised only
in 100% seawater, male sex ratios were 0.5, at 15°C, 0.59 at 20°C, and

~O . . . o . .
0.65 at 25°C; these means differed significantly despite larpe variances

~

F2,70 4f = 5.22; n<0,001). This inconsistency in experimental results

may have been created by differential male and female survivorship in



TEMPERATURE-SALINITY EFFECTS ON MALE SEX RATIO

SEX RATIO % *2 SE

100

60+

o

20+

e 50 % Sw
60100 % SwW
0150 % sw

Lo

20

TEMPERATURE

°C

25



Ll

response to extreme temperature-salinity conditions.

Developmental time was affected by temperature (Fig. 5), but not
by salinity (analysis provided in Appendix Table 20). Although devel-
opmental time decreased as temperature increased, the relationship was
not linear: the decrease in time from 15° to 20°C was not as great as
the decrease from 200 to 2500. The average developmental time was
about 18 days at 259C, 27 days at 20°C, and 32 days at 15°C., Individual
populations differed with respect to developﬁental time, but there was
no geographic effect on this variable in Tigriopus.

Longevity to 107 survivorship was also affected by temperature, and
not by salinity, as shown in Fig. 6. Popvlations did not differ with
respect to longevity. Longevity was 129.4%116.9 aays at 15°C, 116.8%10.2
days at 20°C, and 85.7% 13.7 days at 259C; it appeared that the 20°C,
100% seawater condition was most equitable, as reflected by the low
coefficient of variation of longevity under thatc;et of conditions
{about 9%). Survivorship of adult males was the same as tha of adult
females.

The intrinsic rate of increase, r, increased linearly ﬁith temper-
aghre (Fig. 7). Sex ratio effects on r have been déscribed elsewhere
(Egloff, 1967); Fig. 7 shows how observed sex ratios, as contrasted
with 507 sex ratios, affected the calculations of r values. The sex
ratios used here were obtained from broods raised in 100% seawater only
(temperature effects for these animals were described above). Actual
females sex. ratios were less than 507, and resulted in lower r values.
Despite decreased numerical fecundity and survivorship at 25°C, r
increased, due to shorter develormsntal time. Developmental time had
a major effect on ﬁaternity functions, and thus, on rates of increase.

Tntrinsic rate of increase was not affected by salinity (Fig. 8).
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Analysis of this series of r determinations is summarized in Appendix
é@ Table 21. Neither the gross nor the interaction effects of salinity
on r were significant, despite increased fecundity in 150% seawater,
at 15°cC.
Populations differed with respect to r in the latter series, but
not in the former. In both cases, it appeared that individual popu-

lations differed mcre from each other than did regions.

Temperature effects on colony population increase. Regional

differences may have existed in estimates of population growth rates

Q
based on bi-menthly censuses of laboratory cultures. Results ¢f these
censuses are summarized in Figs. 9, 10, and 11. Each of these lines

represents the mean rate of actual population growth during the initial

period of exponential increase. These regressions (density vs, time)

are not different from one another at any temperature. It did appear,

" w; R B, T e o A B N e

E however, that la Jolla populations did poorly at 159C, while Charleston
populations generally increased rapidly at this temperature. Pacific
Crove populations were intermediate between the cther lecations. The
populations Were very similar.at 209C. Differences were again found

at 250C: two of the Charleston populations increased more slowly at

this temperature than at 159C. The two other Charleston colonies

grew more rapidly than either than either lLa Jolla or Facific Crove
populations at 25°C. C(ne of these (IV-G), however, did not persist

at 25°C; both replicates decreased after the LCth day, and never
recovered. In addition, the other colony (IV-1) wasAgenerally more
similar to La Jolla and Pacific Grove porulations than to other Charleston

nopulations. The southern populations increased most rapidly at 25°C,

as was expected on the basis of earlier estimates of temperature effects

on r.
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The lack of correspondence between calculated r values and estimated
rates of increase in Tigriopus colonies is unaccounted for. Temperature-~
density effects on survivorship may operate differently on animals from
different locations. As a result, errors in the assumptions under-
lying the estimates of actual rates of increase are possible sources

for discrepancies.

Density effects on clutch size. Clutch size is a linearly

decreasing fﬁnction of population density (Fig. 12). At the same time,
variability increases with density. That is, the ability of individuals
to accommodate increased interference and other density effects was not
uhi?orm in the populations tested. At the highest test density {(which
was similar to densities observed in field and laboratory samnles) the
coefficient of variation was about 41%. Analysis of these data is

summarized in Table 22 in the Appendix.

Stability effects on life history characters. Generally, culturing

colonies of Tigriopus under stable laboratory conditions had no effect
on fitness-related characters (Table 9). No differences were observed
between treatments (Before, After, Unstable, Field females), with respect
to developmental time, fecundity, sex ratio, and survivorship. Slight
differences in fecundity did occur between Before and After females,
however. Volumetric fecundity was higher among Before females from
both Pacific Crove and Charleston (tgo gp = 2.56; p <0.01 for Pacific
Grove; 122 ap = 3.51; p< 0,001 for Charleston). Before and After
fecundities were similar among La Jolla females (tgg gp = 1.67; p<0.05).
Female body size differed with respect to treatment (FB,hO qr = 6.8;
p<0.001). However, most of this difference was apparently due to

original field measurements. Animals collected in field populations
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Table‘?. Summary of means, standard deviations, and significance of sources of

variation in fitness-related characters in Tigriopus californicus.

R e

'.

T s

A

R A e

<,

Life History Character

Developmental Longevity Body Size @ Male Sex Fecundity
Test Conditions Time Ratio 3
(days) (days) (rm3) (%) (mm~)
Before: .
20°¢C 28.8% 3.2 108.9+ 6,1 , 0.53% 0,06 0.070 £0.024
0,0359+ 0.0065 .
250¢ 18.6 £2,0 78,9 2 15,0 0.59% 0,09 0.06L £ 0,016
After: 15°¢ 32.4t 3.2 130.7 17.9 0,6L% 0,21 0.068 0,042
20°C¢ 27.6 1,1 107.3 2 14.7 0.0291 *0,0048 0.71 +0.23 0.061 *0,031
25°¢ 17.6 1,1 8L.2x 9.6 0.7h+ 0,12 0.0l % 0.025
Unstable; 15°C 32.0t2,1 128.4 +17.1 0.48+ 0.13 0,04l 20.017
20°C 25,2 1.7 125.6 1 4,9 0.0250 = 0.0016 0.61 t0.11 0.030 £ 0.01L
2500 18. 4t 1.2 oh.1*12,8 0.69 £0.07 0.037 0.010
Pield: 15°C 32.4% 0.9 125.0 # 20.5 0.kl 0,16 O.Q82f 0,017
200C 25.1+0.,8 119.0 2.5 6.0283 *0,0059 0.700.18 0.04L2+0.009
259C 19.94 1.9 75.0 ¥ 6.3 0.57 £0.08 0.035 #0,008

es
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Table 9. (continued)

Developmental Longevity Body Size Male Sex- Fecundity
Tine Ratio
Source of

Variation:
Between

Populations NS NS NS N3 NS
Between

Treatments N3 NS p €0,001 NS NS

a Body size estimabes obtained from combined temperature data.

134
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seemed to be more robust than laboratory animals, although females
éi cultured at 159C were larger also. Significant temperature effects
on body size were not found overall, however,

These resulis are difficult to evaluate for two reasons: (1) the
number of generations may have been insufficient for observable effects
of directional selection to have occurred; (2) density fluctuations
in stable cultures may have been great enough to simulate unstable
environmental conditions, so that selection would not have operated
differently enough on the four treatments. Further experimentation,

% under more rigidly controlled conditions, may reveal whether the

presence of stable conditions can cause shifts in fitness-related

sy O

characters in this species.

oy

Variability in life history characters. According to Wisher (1929),

strong natural selecti®n for a character will result in decreased varia-

bility in that characté#; A good measure of variebility is the coeffi-
cient of variation, or the percent of the mean represented by the
standard deviation. Coefficients for fitrness-related characters in
Tigriopus over all sets of laboratory conditions are swmrarized in
Table 10. Developmental time wés least variable, as would be predicted
for opportunistic species like Tigriopus. Egg size was also highly
canalized, but fecundity was variable, due to high variability in both
clutch size and number of clutches produced. Clutch number exhibited
the greatest variability {over h63Z). To determine whether this varia~
bility was actually a characteristic of Tigriopus females, and not of

hanrdling during laboratory tests, a hierarchial ANOVA was performed on

these data; the analysis is summ rized in Appendix Table 23. In fact,

the variance due to series effects (time of handling) was not as gresat
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Table 10. Coefficients of Variation for Fitness-related

ILife History Characters in Tigriocpus californicus,

Averaged Gver All Sets of Laboratory Conditions.

Life History Character

Coefficient of Variation

(%)

Developmental time
Egg size
Longevity

Body size

Sex ratioc

Clutch size
Number of clutﬁhes

(Volumetric fecundity)

7.0
8,2
11.3
15.6
22,7
33.2
h6.5
(37.2)

R
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as that due to populational differences in the number of clutches
produced. It appeared that experimental technique contributed the least

to total variance in this character, while individual differences

contributed the most. .

Prolonged brood production thus was not highly selected for in
this species; this is consistent with the observation that r was least

sensitive to late-produced broods, regardless of their size.

Phenotypic plasticity. The ability of genotype expression to be

altered by environmental changes was estimaté% on the basis of temperature-
saiinity'interaction'effects on females cultured under stable laboratory
canditions. These estimates were based on the assumption that genetic
variability decreases in response to environmental stability and extensive
inbreeding due to founder effects. MNo real evidence that inbreeding

was sufficient to generate population differences was obtained, however.
Table 11 contains the results of these estimates, Tigriopus females

were highly plastic over the range of temperature conditions, but
exhibited responses to varied salinity only in the number of cluiches
oroduced, and perhaps, in sex fatio. Plasticity was demonstrated in
clutch size, number of clutches, and perhaps developmental time, when
temperature~salinity interactions were considered. Egg size was not
affected by any set of environmental conditions.

It is possible that these observations were the result of poly-
morphisms in the populations studied, rather than phenotypic plastiecity,
since sophisticated culture methods designed to increase homogeneity
were not feasible in this study. Breeding tgsts and possibly the use
of electrophoresis (in spite of small animal size) would be véluable in

in identifying the degree of genebic variability in this species.
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Table 11. Phenotypic Plasticity in Tigriopus, Estimated as
the Ability of Fitness-related Characters to be

Altered by Different Environmental Conditions.

Source of Differences

Life History

Character o '
Temperature Salinity $emperature-Salinity
Developmental
time p<0.001 NS 0.05< p<0.10
Egg sige NS NS N3
Longevity p <0.001 NS NS
Body size NS a a
Sex ratio p <0,001° 0.05< p<0.10 NS
Clutch size p<0.001 NS p< 0.005
Number of
clutches p<£0.001 p <0.001 " p<0.001

a No estimate obtained

This observation was made in 100% seawater only;
in a subsequent test, temperature effects were not

found.




€ Ry e

v oy
et .
iy i

ANRT

i R R S D A N R N S

58

DISCUSSION

Fluctuating marine environmenta are characterized by temporally
variable producgtivity, exposure to wave action and desiccation, tempera-
ture, salinity, oxygen, andrbiotic interactions. Species which inhabit
such areas must not only be capable of withstanding wide extremes in
these elements, but must also be able to exploit favorable conditions
when they occur. There is strong selection forihigh rates of increase
in such species. A good example of the opportunistic 1life history

strategy among marine invertebrates is Tigriopus californicus. 3Short

géneration time (about 18 days at 25°C), together with generally high
fecundity, allows this species to wultiply rapidly in splash pools
newly formed by spring tides and rainfall. Longevity is short, ranging
from 75 days at 25°C to 130 days at 15°9C. Howevef, pools inhabited

|

by Tigriopus often persist less than 50 or 60 days during the summer
and fall. Consequently, extant populations are not characterized by

high turnover of biomass through a progression of generations.
Environmental Effects on Life History Characters

The emphasis in this study has been focused on the description of
the life history responses of T. californicus to varied environmental
conditions, in both the field and the laboratory. The effects of
food, temperature, salinity, and stability in these three variables,
are of major importancé in the ecology of popuiations of Tigriopﬁs,
and are discussed below,

There has been much discussion about veriability in productivity,

and speciation (MacArthur, 1965; Paine, 1266; Margalef, 1962). Machrthur,
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for example, stated that extreme temporal variability in resources will
select apainst specialist species, and favor generalists (like Tigrioopus,
which is a detrital feeder). Tt has been postulated that éonstancy in

the rate of production results in intense interspecific competition, and
eventually, in speciation, via partitioning of respurces. In environments
characterized by variable productivity, selection favors species which are
most capable of utilizing food resources for reproduction. When produc~-
tivity is low, most of these species escape the envircenment via diapause
or emigration. Wewer species are supported under such conditions. The
variability in both food and water guality in splash pools in the marine
intertidal can be assumed to be responsible for the paucity of species

there. T. californicus, and probably the other animal species present

in these pools, is sensitive to changes in both conditions, as reflected
by changes in 1life history characters such as developmental time, sex
ratio, longevity, clutch size and number, and body size.

| Low food levels result in smaller clutch size, but affect neither
erg size nor the number of clutches produced. This agrees with the
findings of Comita and Comita {1966), who observed that T. brevicornis

is sensitive to algal cell concentrations below 50 cells per ml. They
did not state whether clutch number is affected, but did show that net
egg production is low when food is short. They also found that survivor-

ship was influenced by food availability; corresponding data were not

cbtained in this study, for T. californicus.

Food quality and abundance are perhaps the most universal limiting
factors to natural populations of animals. The literature on this
e s . P / : : y
subject is extensive; some copegods andother invertebrates are discussed

A

below. Individual species differ gresatly in their 1ife history responses

o

to food-limited conditions. For example, -fecundity is limited by food-



R s

W F I i

LA S S o

60

poor conditions in the rotifer, Proales sordida (Lynch and Smith, 1931)

Lucilia cuprina (Nicholson, 1950); Calanus finmarchicus (Marshall and

Orr; 1952, 1961); lymnaea elodes {Eisenherg, 1966); Diaptomus gracilis

3

(Chapman, 1969); and Calanus helgolandicus (Mullin and Brooks, 1970).

Lynchk and Smith also found that longeviiy in Prosles sordida is decreased
by low food levels.
Decreased fecundity in species of Darnhnia is accompanied by
increased longevity in D. longispina (Dunham, 1938), and decreased
number of females producing eggs in D. obtusa (Slobodkln, 195h}; in
D. retrocurva and D, galeata, smaller fenzleg are less affected by a
paucity of food than large individuals (Brooks, 19L6). Unlike Tigriopus,

Pseudocalanus minutus femsles do not produce smaller clutches in response

to low food levels; rather, the rate at which broods are produced is
reduced (Corkett and Maclaren; 1969).

In all of these species, population growth will be affected by
food. Density-dependent regulation can also operate via interference
or accumulation of metabolic wastes. Either of these mechanisms could

obtain with T, californicus: clubch size decreases with population

density, eveﬁ though food levels are maintained above the limiting con-
centration per female. Since r is affected by a reduction in clutch
size, some degree:- of density~dependent regulation of population growth
may exist. However, extreme oscillations in population size suggest
that the responsiveness of females to density is inadequate to vprevent

periodic population crashes, even if poru

<

o

ation apge structure were taken
into account (see 3t. Amant, 1970, for discussion of detection of population
regulation).

B g-production is density-dependent in Drosorhila melancgaszter;

according to Pearl {1932}, crowding effects operate primarily through
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collision or interference action of flies upon one another. Tribolium

confusum, on the other hand, is sensitive to accumulation of metabolic

P wastes. Females raised in heavily conditiomed media produce fewer eggs;
sperm production by males is also affected (Park and Woollcotth, 1937).
Frank (1952} has shown that natality decreases as density increases in

the cladocerans, Daphnia pulicaria and Simocephalus vetulus. Density

may operate through reduction of oxygen and/or crowding effects on
feeding activity. Walker (1967) found that interference among female

: parasitic wasps (Nasonia vitripennis) results in the production of

fewsr fertilized eggs. 1In dense populations,. intraspecific competition
for oviposition sites is severe, resulting in decreased fecundity. Egg o
§ resorption may occur in response to host-limiting conditions. High

larval densities, moreover, result in high male sex ratios, and reduced

adult longevity.

Fecundity in T. californicus may .also be indirectly affected by

food availability. 1In many species of invertebrates, body size is deter-

mined in part by nutrition; clutch size, or reproductive effort, is

correlated with body size. These variables are correiated in Tigriopus.

s R AP N S KA IR I

Observed regional differences in body size and clutch size may be attributable

A T S

to the abundance or'quality of food during growth and development.,

Many species avoid deteriorating environmental conditions by means

o, e e 3 A

of facultative or obligatory diapause. Diaptomus stagnalis, for example,

produces eggs resistant to both high temperature and desiccation (Rrewer,

s Lo iy

196L). Hatching occurs in the spring, in response to reduced oxygen.

e e g

No such processes seem to occur in Tigriopus. ¥emales are not sensitive

RN

to changes in nphotoperiod, nor are they able to resist desiccation. Eggs

which can survive desiccation for up to three months have not been found,

but the developrent of stages which can survive different sets of adverse

0 g R
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conditions (for example, six months of desicecation, etc.) has not been
ruled out by this study. It appears that overwintering is accomplished
by the survival of a few females which continue to feed and reproduce
despite low water temperatures ranging from U© to 6°C. The ability of
of Tigriopus to cling to the substrate and avoid being swept out of
pools during winter storms seems to be essential to the survival of these
populations. Animals which do overwinter successfully reproduce rapidly
when temperatures increase in the spring. More importantly, develop-
mental time decreases, and population growth is stimulated. Despite
my observations to the contrary, it would sé;m that spring storms
carry propagules to neighboring pools via inshore currents, angd new
populations are established. In addition, Egloff (1967) reports that
Tigriopus can be carried from pool to pool on shore crabs, and thereby
increase the dispersion of propagules from what are essentially permanent
source populations.

Both temperature and salinity are important in these overwintering
and exploitative processes. Maturation is delayed by reduced temperature;

' egg-

body size, hovwever, may be increased, and thus improve the}?arrying
capacity of females. 1In fact,.clutgh sigze does appear to increase
somewhat among females raised at lSOC, as compared with those raised at
20° and 25°C. Field collections did not reflect this pattern, however.
In T. brevicornis, the copposite is true: clutch size decreases with

temperature (Comita and Comita, 1966). Female Psevdocalanus minutus

i..J »

ncrease in size with temperature; clutch size is correlated with body

0

ize (Maclaren, 1965). Although development is speegded by higher
temperatures, longevity is decreased in Tigriopus. Survivorship is

negatively correlated with temperature in Diaptomus gracilis alsc

{Chavman, 1959). Survivorship is generally inversely proportional to
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’ previous reproductive effort (Murdoch, 1966); therefore, increased
rate of egg prcduction at higher temperatures will detract from female
i longevity.

Egg size appears to be highly canalized in T. californicus, and

1t is not affected by changes in either temperature, food, or salinity.

Similarly, egg size of Pseudocalanus minutus is correlated with neither

i1 temperature nor body size (Maclaren, 1965). Barnacle egg size does not

appear to be related to environmental conditions either (Barnes and

Barnes, 1968), although selection may favor larger eggs among cold-

water species (Barnes and Barnes, 1965). Canalization of eg%!size
(1267},

occurs among plant species as well as animals. Puckeridgeﬁ for example,

has shown that seed weight is the least sensitive reproductive character

of wheat, Triticum aestivumn, to varied plant density. Harper, et al.
s s p T s

’ {1970) stated that most variation in seed size occurs between locations,
] between seasons, or in response to interspecific® competition; little
variability is attributable to intraspecific interactions.
Pitness~related characters of Tigriopus are less sensitive to
salinity than to temperature. High and low salinities generally reduce
eég production, but have little effect on developmental time, longevity,
i or sex ratio. The interaction effects of temperature and salinity on
¥ fecundity are, however, highly significant. It is interesting to note

that T. californicus females are most fecund in 150% seawater at 15°C;

egy production decreases at all other extremes (over an experimental
3 range of 159 to 259C, and 50% to 150% seawater). TFrom the studies of

Pannikar (1940) with the shrimps Leander serratus and Palaemonetes varians,

and Kinne (198L) with these species and Penaeus duorarum and Penaeus

aztecus, different marine crustaceans are stressed differently by combina-

tions of salinity and temperature. These shrimps, for example, showed
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improved survivorship in lo% salinity-high temperature, and high salinity-
low temperature situations. According toe Pannikar, when these species

are subjected to diluted media, "the minimum osmotic pressure of blood
compatible with 1life is lower, the higher the temperature, and hence the
osmotic work reguired in maintaining hypertonicity is less at higher
temperatures.® In other words, even in homoiosmotic species (those that
regulate to within a narrow range of interhal concentration), metaholic
stress is reduced because less regulation occcurs in high temperature-

low salinity conditions. The physiological basis for this relationship

c

has been revisved by Kinne, who stated that the rate of passive Na®

uptake increases with temperature, but the rate of loss does not. There-
fore, more emnergy is needed for activé secretion of excess Na in warm,
hyoversaline situations. At low temperatures, tbe_rate of uptake decreases
by itself, but the rate of loss is abouvt the same. As a result, less
energy must be used to remove or retain Ne* in cold, hypersaline waters.
In Hemigrapsus, for example, low salinity-low temperature conditions
elicit the greatest oxygen consumption; according to Kinne, increased
osmoregulation heightens the metabolic stress on Hemigrapsus under these
concditions.

Many marine crucstaceans are poikilesmotic; that is, they conform to
external seawater concentrations to a large extent. Included among such

species are the spider crsb, Maja, Pazuvrus, and the parasitic copepod,

Lernaeocera branchialis (Krogh, 1939). Presumably, osmoconformers have

reduced maintenance costs over a much wider range of temperature-salinity
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conditions than do osmoregulators, From the datza collec
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ductive output) is sensitive to changes in temperature-ralinity conditions.



T

58

)

A ety

g
b

S R

A R R R e e TR R

Jremmes e

Wi 0 s 00 B LS

65

The qu

L

estion of why Tigriopus has evolved thi s pattern of metabolic

.

responsé, considering the natural history of the species, is an inter-
esting one. Both temperature and salinity are highly'variable throveh-
out the year in the field. Reproductive activity, in terms of brood
size, is variable also, although no correlations between these factors
were found in field nopulations. In high temperature-high salinity
conditions in the laboratory, energy seems to be diverted away from
reproduction, and presumably, to osmoregulation. Succgssful»regu?ation
of internal concentrations under there conditions is reflected in the
general insensitivity of the most highly fitnes s-related characters of
Tioriopus (developmental time, epg size, longevity, sex ratioc) to these

conditions. Therefore, under corditions of metabolic siress, those

fitness value will be most affected by changes in

3

charactars with low
energy distribution in the individual. The apparent existence of an
optimum temperature-salinity regime for the fecundity of Tigriopus

probably reflects a more important, but not visible, optimum for devel-

o]

opmental time, egg size, etc. Longevity, and thus, overwintering, is

. The

{ﬂ

hot limited by salinity, but is enhanced by low temperatu
sensitivity of developmental %ime to temperature, but not salinity,
is of selective wvalue in the high intertidal: salinities may increase

or decrease with temperature, due to variability in rainfall; opnor-

[

tunists like Tigriopus must be able to track temperature and correspondin
changes in productivity, independently of salinity (which does not
necessarily correspond to seasonal fluctuations in food availability).

Tigriopus females raised under stable as opposed to fluctuating

£ s
SO0

culture conditions did not in general differ with respect to fitness-

1

lated characters. It is possible that selection for life history

\D

characters which confer advantage to lndhv duals under some conditions

<]
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of high density and environmental stability (larger body size, larger
larval size, fewer offspring, increased longevity, increased develon-
mental time) could have occurred in Tigriopus colonies had they been
cultured for more than 10 generations. On the other hand, the apparerit’
absence of genetic change in any of these characters should not be
completely unexpected. There is no reason to believe that adaptaticns

provided by metabolic and morphological flexibility (individual

= 10

e
L

buffering) should be any less fixed than those which adapt a specs
narrow ranges of environmental conditions. According to Allard and
Bradshaw (1964), "in inbrzeding species there is evidence that buffering
can be a property of specific genotynes not associated with hetero-

zygosity.® Therefore, selection will tend to canalize those genetic

combinations which best buffer an individual against its environment,

in the cases of species which inhabit fluctuating environmants
(¥addington, 1957).
i

Tigriopus! opportunistic life history sirategy, then, is well-~

adapted to the high intertidal habitat. Both overwintering and dispersal

" seem to be fortultous events, perhaps because selection has favored life

history characters which permit the most rapid pooulation growth in
colonized pools, rather than escape from deteriorBating conditions.
Egloff (1967) has reported that temperature affects r less than

fecundity, but more than sex ratio, in T. califorhicus. In view of the

observations made in the present study of this species, this conclusion

“appears unwarranted. T have shown that temperature exerts a major

influence on developmental time; the sensitivity of r to developmental
time should suggest that any factor, such as temperature, which affects
maturation will by definition affect r.

positively correlated with temperature, does not affect r to the same
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extent, or in the same direction, as developmental time. Male sex
ratio may increase with temperature, over a range of 159 to ESOC;
Egloff has postulated that high temperatures have an inductive effect
on egg sex determination, so that brood sex ratios are increased. This
suggests that sex ratio is plastic in its response to environmental
changes., I have observed, with Egloff, that sex ratio changes do affect
r. Egloff proposed that, since male sex ratio increases seasonally
(as temperatures increase. during the summer), variable sex ratio must
provide this species with an intrinsic density-dependent population
regulation mechanism (population density usually increases seasonally
also). His explanation of the adaptive value of sex ratio implies
group selection: density and male sex ratio are correlated with tempera-
ture, and as peools become more crowded in the summer, incressed sex
ratio eases the pressure of population growth. Presumably, this
enhances the probability of survival and success of existing members of
the population. At the same time, however, BEgloff gives evidence for
the»independence of sex ratio and population density under laboratory
conditions; similar cobservations were made in the present study.
Moreover, sex ratio is of only secondary importance to populaticn
increase. The effects of developmental time far outweigh those of sex
ratio changes with temperature. It appears that Williams (1966, p. 151)
is justified in stating that "there is no convincing evidence that sex
ratios ever behave as a biotic adaptation.®
Hany of the points of disagreement in observations in this study
and that of Egloff (1967) may be attributable to a number of differences
in laboratory and field techriques, as well as differences in emphssis.
Eglolf fed his animals on the green alpa, Platymonas; Tetramin dried

fishfood was used in the present study. How various food types might
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influence life history characters was tested in neither investigation.

In addition, this study considered all of these characters egually,

i i w«"r: ey RS arg s 4

while Egloff focused his efforts on the problem of sex ratio.

Iife History Characters in ¥luctuating Environmenis

AR e ekt

The evolutionary responses of Tigridpus to the environmental and

life history relationships discussed above are of great intsrest, and

paive Rt 3

serve to illustrate selection for opportunism in species inhabiting

-

fluctuating environments. The life history strategy of T. californicus

ey RIS TR

illustrates Levins' {1968, p. 19) model for species in fine-grained

R R T R

environnents, with convex fitness sets. That is, the range of changing

environmental conditions experienced is generally smaller than the

iz individual's tolerance. The strategy of Tigriopus does seem to be the

exprassion of a single phenotype, which is plastic with respect to
many characters, is adapted to an intermediate set of condiﬁions, and
vet is able to function moderately well even in environmental exiremes.
Lewontin (1965) has stated that selection for intermediate phenotypes
will not be accompanied by variability in colonizing snecies, because
a sudden change in environment could result in the loss of those

individuals that varied in the wrong direction. Similarly, close

“Mﬁﬂﬁmﬂ%?WMW%MWM%}w%MNm%ﬁS..%.

tracking of the environment would net occur. In fact, Tigriopus

fry

13 does exhibit great variability in many 1ife history characters
(especially fecundity, via bcth clutch size and number), in response

to laboratory conditions., Little variability exists in those characters

with the highest fitness values--developmental time (coefficient of.

variation = 7.07), egg size (8.2%), and longevity (11.3%). At the
same time, this latter group is least responsive to changes in environ-

mental conditions. Williams (19656) has shown that egg size, fecundity

gy
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and mortality are closely related. Species which produce many offspring

provide little resources per egg, and mortality is high as a result.
The converse is true for species which produce few offspring. Among
opoortunistic species generally, egg size will be selected for en

the basis of a minimum size balanced against mortality before maturity.
In the case of Tigriopus, selection has canalized egg size.

It is interesting to note that the greatest variability is found
in the number of ciutches produced. According to MacArthur and Wilson
(1957), rapid development and increasing the span over which repro-
duction occurs are usually more effective than ihcreasing fecundity
when selecting for increased r in co]onizing'species. Therefore,
number of clutches should be maximized more than clutch size, and
according to Fisher (1929), be less variable. Gadgil and Bossert
(1970), however, have shown that maternity function selection can
involve a semelparous reproductive strategy; they have termed such
species "big bang® reproducers. 1In Tigriopus, up to 20 broods are
produced by a single female; the value of this iteroparous strategy
mayAlie in adaptétion to periodic deterioration of splash pobl
conditions, as well as randbm dispersal of females to other pools.
Thus, the colonizing ability of Tigriopus will be enhanced by the
ability of females to produce several broods, in addition to high
intrinsic rate of increase, which is relatively insensitive to late-
produced broods. Honetheless, it would appear that selection for
multiple clutches has not been strong enough to reduce variability.

Life history strategies characterized by the traits described
above for Tigriopus (early maturation, decreased longevity, high
fecundity) have been termed maternity funcition selected by Hairston,

. / . »
et 21, (1970). In fact, selection actually operates on the components

!
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of the individual's maternity function. Some other organisms that

fit into this category include bacteria, semelparous fishes, and

perhaps Drosophila (Lewontin, 1965). COther opportunists may, however,
exhibit high r values which are the result of dispersal selection

(see Table 12 for the classification of life history strategies),

rather than maternity function selection per se. For example, Cole
(195L) pointed out that the production of 2 ¥ 1013 spores per generation
by the giant puffball, and 105 eggs per day by the parasitic tapeworm
Taenia, suggests selection for dispersibility rather than population
growth, The low probability of success in reaching favorable habitats
has greater significance in selection for these reproductive rates

than does the need ﬁo £i11 those habitats. Janzen (1969) has suggested,
too, that smaller seed size in legumes vulnerable to attack from bruchid
beetles is a dispersal mechanism designed to increase the probability

of escape from predation. The distinction between these two strategies
&ay become trivial when one considers species such as marine invertebrates
with external fertilization and pelagic larvae. In this case, disperéal
and population increase or recruitment pobably exert equélly strong

selective pressures on 1life history characters. 17 .-

The Study of Life History Phenomena

This study of the 1ife history responses of T. californicus to a
fluctuating environment has snggested a new approach to the investigation

and designation of 1ife history strategies. The definition and evolution

of fitness-related characters has been dealt with by Williams (1966),

who stated (p. 26) that "the theoretically important kind of fitness is
that which promotes uwlfitimate reprodvctive survival.” How "reproductive

survival® is accomplished is "the central biclogical problem"(p. 159).
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In Table 12 1 have suggested that selection has favored and resulted n ;
different designs for survival, or 1life history strategies. Those

designated "maternity function™ and *dispercsal' selected have evolved

in adaptation to fluctuating environments, as discussed above. These

two strategies represent the extreme cases of selection for natality:

in the former, developmental time is maximized; in the latter, selection

favers meximization of fecundity, as well as developmental time. Both

strategies are opportunistic. In stable environments, energy is devoted

to somatic survival; longevity and developmental time are increased,

and body size is generally increased. Metabolic efficiency may be

gféatly increased, as among some cave species {Poulson and Vhite, 1969).

The strategy "low resource:density-dependent® corresponds Lo the

"K_selected” strategy of MacArthur and Wilson (1967); species use their

assimilated energy for improved competitive ability rather than population

increase. Intermediate strategies include "parental caref which involves

selection for broodirg behavior (which itself may limit female fecundity,

as in the starfish Leptesterias hexactus). Protection of young may, of

course invelve increased investment in reproducticn, where energy is
allocated for structures which are lost during parturition (for example,
fleshy fruits, placentae, protective foam of.some amphibians, etc.).

The strategy of "predator avoidance® has béen alluded to earlier; a good
' example of the contrast between energy allccation for predator avoidance

dispersal has been described by Janzen (1969) for tropical legumes.

any species of legumes produce toxins which discourage predation by
bruchid beetles; these species produce few seeds on the average, although

each seed may be larger. Those species which do not produce toxins are

found to produce many small seeds, which are more easily disnersed.

IS

/D
#Tood sigze® 7iected epecies include animals which are limited in the
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Table 12. Alternative life history strategies, based on the
distribution of energy to adaptation to different
selective regimes.
Iife History Strategy
Waximization o Maximization
of Matality Intermediate of Longevity
’ Maternity Function Parental Care Lov Resource:
Type of Density-dependent
Selective .
Pressure Dispersal Predator Low Resource:
Avoidance Density-independent

Food Size

Ratio of
Reproductive
to High ; Low
Somatic ‘

Investument
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food available to them by their food capturing and/or eating apparatus.
Barnes and Barnes (1965), for example, have suggested that cold-water
barnacle species may have evolved larger size in order to filter larger
food particles. Each of these strategies is comprised of a spectrum of
fitness-related characters; there may well be more than the five
alternative strategies suggested here.

Williams (1566, p. 159) has also pointed out that one can categorize
biotic adaptations as either favoring somatic survival or promoting
reproductive effort. Sacher (1966} developed the concept of the “caloric
lifespan® to explain patterns of senescence. This idea can be extended
to form the basis for the investigation and description of 1ife history
phenomené generally, as I have done in Table 12. Cody {1566) took pre-
liminary steps in this direction with his discussion of the "principle
of allocation," and Levins (1968) has shown how allocation of energy
affects fitness in fluctuating environments. Gadgil and Bossert (1$70)
provided additional evidence for the significance and validity of this
approach to 1life history strategies with their description of cost and
profit functions in reproductive effort. Harper, et al. (1970) have
suggested that seed size and seed numnber in plants represent alternative
strategies in the disposition of erergy rescurces devoted to reproduction.

As indicated in Table 12, the ratic of reproductive investment (RI)
to scmatic investment (SI) will be related to the selective regime

encountered. In T. cezlifornicus, somatic investment can be estimated as

ST

(Ve)(te)/tm : EY or, as

(tm)(Cy)t (£a){Cy)
Ve/ty + 1 (

ST

1l

N

N
=

vy
M
4
®
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Ve = Female biomass in mm>

tp = Developmentzl time in days

Female longevity in days, including developmental time

ot
L]
1

ta = Length of adulthood in days
Cy = Maintenance costs to young

Ca = Maintenance costs to adults.

Crowth is determinate in Tigriopus; females attain maximum size upon
reacting revroductive maturity. Thersfore, the first quotient in eguation
(2) is equivalent to the amount of energy devoted to growth. A more

generzl stetement of ST would be

Maximum T omasgs

- - - -+ WMaintenance Costs .
ST = Time to Maximum Size

Maintenance costs are an expression of the caloric requirements of
osmo- or thermoregulation, predator avoidance, nest building, food

capturing, poison synthesis, etc.

1
The amount of energy allocated to reproductive functions in female
Tigriopus may be defined as

RI = Ve/te (3) where

Total egg volume in mm3

=<}
[
]

te = Duration of egg production ir;’days .

The ratio RI:ST has little value in comparing individuals in a population,

pet

¥

unless there is evidence that genetic and phenotypic changes are taking
nlace. Ecotypic varia;ion in fitness-related characters, in terms of
energy allocation to the components of RI and SI, can be identified
within a species. 1In addition, differences belween speries, and thus,

differences in the evolution of life history strategies within and
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between environments, can be described on this basis. TFor example,

species which are "narental care' selected--such as leptasterias

hexactus, which is 1limited in the number of offspring produced by its

"

ability to cover and brood its eggs (7. Niesen, personal communication)--
should exhibit a lower RI:SI ratio than the tapeworm, Taenia, but a
higher ratio than Ambystoma, which must utilize more energy to find

food, and produces- few offsnring. Species which allocate a great deal

of energy to predator avoidance can devote less to repréduction, yet
reproductive survival (as described by Williams, 1966) is best served

by this expenditure. In fact, Janzen (1962) ‘has shown that legumes
which have toxic seed constituents produce aﬁ average of 13.9 seeds per
m3 of canopy, while those which do not produce toxins carry 1020 seeds
per m3.

The extent to which species can adjust their RI:SI ratio to

changing environmental conditions will depend upon their degree of
phenotypic plasticity. That is, species which have canalized population-
stabilizing life history characters will be less flexible in their
distribution of energy resources. {This argument is circulaf at this
level, but can be demonstratedAby the collection of the appropriate
energy utilization data.) In relatively stable habitats, where
selective pressures are constant, {Tlexibility will not be favored;

shifts in energy allocation will not occur. In variable envircnments,
such as the splash pools inhabited by Tigriopus, species may evolve
physiological plasticity to allow the exploitation of available
resources. Any plastic response must be assumed to be abhi#ed tnrough
the redistribution of erergy during development. For exarvle, the
energy used to increase inflorsscence nwnber may have been diﬁerted

from some other character, such as loengevity. In Tigriopus, the need
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for increased osmoregulation in warm, hypersaline waters will be met
by diverting energy from egg vroduction. 1In other marine invertebrates,

the ratio of RI:ST may vary, depending upon the availability of food

and the costs of maintenance in different environments.
It is important to remember that in every environment, selection
will favor adaptation. Each alternative 1ife history strategy proposed

in Table 12, then, describes the major selective pressure operating

fosihtdionl. © 0L

on fitness-related characters over a continuum of environmental
variability. How each strategy illustrates adaptation to its selective
regime can be determined on the basis of how a species allocates its

energy resources to be most fit in that environment.

'
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SUMMARY

A M B T |

The effects of several environmental factors on fitness-related 1life

history characters of Tigriopus californicus were investigated in field

and laboratory studies. Animals were collected from splash pools at
1 Charleston, Oregon, La Jolla and Pacific Grove, California. All areas
are characterized by extreme fluctuaticns in btoth salinity and temperature.

Population density and clutch size of field populations were highly

—r

variable throughout the year, but were not correlated. Neither parameter,
j% . moreover, was correlated with temperature, oxygen, or salinity. Mean

clutch size for all Charleston samples was L6.1£20.0 eggs. Sex ratio

Py
TR

e . .. 3 .
was not correlated with either salinity or terperature. The three regions

:; differed with respect to mean clutch size, and female body size: the

ranking of locations was La Jolla, Pacific Grove, Charleston, for both

characters. Body size was positively correlated with clutch size.

No stages of T. californicus revived and devloped after experimental

desiccation over periods of from-one to three months. Colonization of

pools is probably accomplished via inshore current transport of animals

1
%
¥
it
4

swept from péols which are essentially permarently populated.
i? At 200C in 100% seawater, fecundity was sensitive to food levels
0.022 mg per female per 2 days. Clutch size, but not number, was limited
by food availability. Clutch size was 2lso reduced by increased density
of animals in vials, in laboratory studies.,

Photoperiod had no effect on egg production. ¥ecundity, via both

clutch size and number, was affected by temperature-salinity interactions.

Over the ranges tested, from 159 to 25°C and 507 to 1507 seawater, maximum

RN e, Y34

?’ egg production occurred at 15°C in 1507 seawater; minimum fecundity was

: .

i observed at 25°C in 1507 seawater. Develormental time and mean longevity
¥ .

i
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decreased with temperature. The forrmer charaeter varied from 18 days at
259C to 32 days at 159C, the latter from 85 days at 25°C to 130 days at
159C. Male sex ratio increased from Sh% at 15°C to 667 at 25°C; salinity
had some effect on sex ratio, but affected neither developmental time nor
longevity. Intrinsic rate of increase, r, ranged from 0.105 per day at
15°C to 0.155 per day at 25°C; salinity did not affect r. Iﬁcreased

environmental stability of laboratory cultures had no effect on fitness-

related characters.

There appeared to be regional differences in growth rates of Tigriopus

populations raised in the laboratory. Those from La Jolla and Pacific
Grove increased fastest at 25YC, and slowest at 15°C; the opposite was
true for Charleston populations. When individual females selected at
random from those cultures were tested for life history characters, no
populational differences were found to explain the observed patierns
in actual peopulation growth rates.

Selection for opportunism seemed to have reduced variability in
developmental time (ccefficient of variabtion = 7.0%), egg size {8.2%),
and survivorship (11.3%). Variability was greatest with respect to the
number of clutches produced (L6.5%), probably because r is insensitive
t6 late-produced broods.

Phenotypic plasticity was observed in the responses of T. californicus

by h

to varied temperature and salinity, with respect to sex ratio, clutch size

and number, and perhaps developmental time. Egg size was insensitive to

environmental changes.,

Fad

A more empirical approach to the investigation and designati.n of 1ife.

history strategies is proposdéd. This model suggests aliernatives to the

Tl
[}

current usage of an r- to X-selected continuum; species may be described

a8 dispersal selected, low rescurce selected, maternity function selacted,

£

o

te.
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~enTahle = 134% Physicali,* chemical;"and biological data”collected in "monthly samples

of splash zone pools at Charleston, Oregon,

Date Temperature Oxygen Salinity ’pH Population Male Sex  Female Body Clutch Size
Density Ratio Size
Population® (°c) (ml/1liter) (o/o00) (no./liter) (%) (mm?) (no. eggs)

Jure 26, 1969b

SA 1 25,3 5.9 3.0 6.4 No Tigriopus observed

SA 2 26,2 5.7 £.0 6.5 No Tigriopus observed

SA 3 27-8 596 3.0 6oby 1708 LlOB

SE S 27.0 5.6 1O 6.5 71.3 30.8
July 6, 1969

SA 2 2.1 6.0 10.0 6.8 No Tigriopus observed

Sk 3 26.0 5.8 10.0 7.0 30.3 10.9

SA 5 26.2 L.6 38.0 8.2 ' 60.8 12.7
August 2, 1969

‘SA 1, 2,5 Evaporated Evaporated

SA 3 25.2 .6 33.0 7.3 i ‘ 17.8  h.2

SA L 2L.0 3.9 58.0 8.0 2.0 3.2

CA 1 21.0 .9 0.0 8.0 L6 9.2

CIFX 2 20‘0 h.8 JJB.O 8.0 32.6 8,3
August 2h, 1969 :

SA1l, 2, 3, L, 5 Bvaporated ~ Evaporated

cA 1 22.0 1.9 36,0 7.9 30,2 5.8




"I‘abfg”l?;lm(“c e Ve a e T B T e = R e
Samp]:e Temperature Oxygen Salinity pH Density §ex Ratio  Body Size Clutch Size
CARE 2. 18.5 5.h 34,0 °8.2 5. £13.5
Sept. 27, 1969
CA% | 18.3 S.h 35.0 8.2 No Tigriopus observed
CAIR 2. 18.3 5.k 35.0 8.2 No Tigriopus observed
CARSES 21.2 5.1 39.0 8.5 65,3 +14.0
oAy 20.9 5.0 42.0 8.3 72.8 £11.5
Crm & 20.9 5.1 37.0 8.3 38,2 + 7.9
Oct. 25, 1969
cagr ! 12.6 bl 32.0 8.0 780 68 0.016140.00L9 28.3 + 9.k
CATE 2 12.4 6.k 32,0 8.1 180 50 0.0302%0.0045 L3.0* 8.0
CABER 3 11,8 7.0 20.0 8. No Tigriopus observed
CATT 4 11,8 6.7 26,0 8.5 780 Il 0.02774£0,0035 2L.B% 3.4
CAR B 12.0 7.0 18,0 8.1 1o 10 0.0186 0,00L9  L9.7 ¥12.3
CAEEL 12.1 6.8 30,0 8.5 1100 31 0.027L ¥0.0061 23.8% 5.5
Nov. 29, 1969 )
SAR | 745 8.1 740 7.6 No Tigriopus observed
SAEER 2 7.5 7.2 25.0 8.0 No Tigriopus observed
SATH ¢ 7.6 7.0 26.0 8.0 No Tigriopus observed
Cag | 7.8 6.6 33.0 8.2 620 60 0.0278 £0.0047  L9.L: 6.3
Cagh . 7.3 6.6 33.0 8.2 0.0295 £0,0037 L7.Lt12.9

200 50
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Sanple Temperature Oxygen Salinity pH Density .._,.fi’.‘,. Rat_loﬁ Boﬁd)ifﬁSlze Clutch Si-fz?
CATER < 6.2 8.5 5.0 8.2 Few animals present
CA®E & 762 6.6 33.0 8,4 Lo 50 0.0314+0,0061 28,7+ 8.9
Nec. 20, 1969
CA¥ | 12,0 6.0 58.0 8.0 60 36 0,0272+0,0028 Ll it L,3
CATR 2 12.3 7.6 3.0 8.2 20 31 0,0297 £0.00L9  L2.9% 7.8
CABY 4 12.8 7ol 2,5 8.0 120 3k 0.0320+0.0052 51,6 +15,6
CARR & 11.5 7.7 2.0 8.6 200 16 0.0265 +0.0031 28.2% 8.6
Jan. 17, 1970
CAR ) 12.5 6.8 20.0 6.3 20 0.0316 t0,00h9  L1,7% 10,8
CAER.2 12,0 7.0 15.0 6.5 80 50 0.0308% 0,0028 L7.1+15.5
CATR 4 13.1 7.5 1.0 5.3 20 0.0387+0.,0069 52.3 £10.5
A 12,5 7.5 6.5 5.3 180 L 0.0310 £0.0043 31.0% 6.9
CalmR'7 12.9 7.4 3,0 7.1 300 13 0.0301 £0,0051  L6.L +12.2
Mareh 7, 1970 |
CAR | 12,1 6.0 28.0 6.2 No Tigriopus observed
CABI 2 12,0 6.0 28.0 6.4 Few animals present
CAEB 4 12,3 5,9 30.0 6.3 ko 50 0.0325+0.0056 LL.3%15.3
CAFE & 12.0 7.1 11.0 5.4 760 37 0.03331t0.,0043 31.8% 7.4
CA¥EL 7 11.8 6.0 31.0 6.2 2180 67 0.03L0 £0.0056 Lb6.1t 6.2
April 5, 1370 .
: SAE | 16.3 5.6 33.0 6.4 50 52 0.0357+£0.0056 75,2 £16.0
SARZE S 18.0 5.2 Lb.o 5.8 10 0.0338+0,0027 10L4.1 £15.h
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T able  13.(continned)

Sample

SAYT 4
cAm
CAER2
CABY 4
CAWE &
CAWER 7
CAVEES 8
CAFR 9
CAR /O

April 28, 1970

SAH )
SABEY 3
CAR |
CATR
CAER 4
CAR {
CAVET 7
CAVEET &
CAES
CAR 40

Temperature Oxygen Sdinity pH

18.0

15.3

17.0
20,0
23.5
16.0
18.0
19.0
9.4
20.5
20.0

18.0

e

1.8
5.5
5.5
6.9
5.3
5.5
3.8
bk
6.2

6.2

- 5.8

L.9

5.6

6.1
6.7
5.2
5.1

5.2
6.1

40.0
38.0
L1.0

OQO

hh.0

39-0
82.0
57.0

19.0

21.0
20.0
30.0
30.0
11.0

2.0
27.0
38,0
37.0

20.0

6.5
6.0
5.7
5.3
6.0
6.6
6.0
5.8
5.8

6.0
5.k
5.8
5.9
5.7
5.0
6.0
5.8
6.0
5.9

Density Sex Ratio

SR AR

Body Size

i J
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Clutch Size

30

160
30
1870
50
220
1200
40

100

80

90

1700
130
900
900

70

Lo

0.0365 * 0.00L8

No Tigriopus observed

63
Lo
L3
30
L5
51
25

10

50

0.0330% 0,0059
0.033L £0,0050
0.,0330 +0.0058
0.0269 * 0.00L49
0.0312 + 0,0070
0.0305 £0.0025

0.03L5 0.0069

0.0337 ¥0.0099

0.0330 10,0034

Few animals present

55

0.0377 + 0.0066

Few animals present

30
31
L7

L9

—

1

0.0311 £ 0.00LY

0.0302 £ 0,004k

0.0353% 0.0021
0.0345 + 0.0019

0.0331%0.0076

oL L r18.1

65.0 £17.5
62.6% 11.6
2L,0 * 5.2
36,2 + 3.3
51,2 +15.6
b9.7 > 8.6
L8.5+ 7.L

71.6 126.7

88.01 30.3

26.2% 7.1
59.9% 20,7
57.6x11.1
57.6% 5.l

52955';. 13:9
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Sample

R R d

13. {continued)

Temperature Oxygen Salinity pH

May 30, 1970
SAR|

SA¥ER S
cAm |
CAZ A
CAEE 4~
CAYR &
CABEL 7
Crupd ]
CAEA 9

July 10, 1970
SAE )

SAEE 3
SARE
chg /

. CATR 2.
CAER &
CAPESTE
cans 4

caxa

22.0 6.3 1.0
22.0 6.2‘ 5.0
23.2 bl 52.0
18,5 - L.bo 11.0
20.0 6.6 0.0
18.0 6.3 13.0
20,5 5.8 17.0
19.0 - L.5 5L.0
22.4 h.7 L7.0
23.3 5.5 17.0
26.0 L.6 29,0
18.5 6,0 18.0
21.0 S IS 64.0
16.2 5.4 L3.0
17.0 5.1 14,0
16.8 L.3 70.0
20.2 L.l 63.0
20,5 b5 50.0

N S S BN, AP AL A,

6.5
6.3
6.0
5.9
5.7
6.9

6.9

6.6
6.2

6.1
6,1
6.2
6.0
6.1
6.2
6.1
6.5
5.9

ST R T L

Density Sex Ratio

230
150
180

900

11h0
1090

2590

730

810
260
1420
2060
3120
530
2560
1690

2020

T YA B S PR, ¥ AT AR P R )
& R S e L T

Body Size

Clutch Size

52
27
33
bl

0.0200 * 0,0028
0.03hL51 0.0072
0,0372 1 0.0092

0.0302 +0.0071

No Tigriopus observed

61
L8
63
L7

L6
L6
62

b3

L1
55
56
L9
L9

0.0360 10,0056
0,03L6+0,0056
0.0301% 0,0037

0.0330 + 0.00L9

0.0186+ 0,003L
0.0231 *0,0047
0.0373 £0.0077

0.,0350 ¥0.00LL

. 0.0250 +0.00L1

0.0216 +0,0038
0,0306 10,0053
0.0316 +0.,0063

0.0396% 0.0070

39,9% 11.3
30.1 t10.5
108.6 129.7
77.9 t1b.6

25,7+ L.8
30.4 % 12,1
Lo.2 & 6.7
26,6 7.7

15.7 ¢ 6.6
35,0t 9.0
56.2 +18.8
27.3% 6.0

21-2 bt 2.2

2L.5 + 8,7
30.6 * 8,0
2.7 % 5.5

53.1% 13.3

DRSS




Sample

Temperature Oxygen Salinity

August 9, 1970

SAE |
CAR|
cAmR 2
CAXD >
CAwESE &
CAZX 9
caxE N

Sept. 6, 1970

SAYZH 3
CA® )
CAEAZ
CATE &f-
CARR £
CAVEER £

CAER 9

Oct. 31, 1970

SAER 2
cAg |

CARE 2

CAEY &

22.1
20,3
16.0
15,0
15.4
19.8

21.0

21.2
19,2
17.0
18,2
18.3
17.6
17.9

17.9
1L.5
13.0

18,5

R RR e o e opiat et e i ot
Table 13. (continued)

-~

pH  Density Sex Ratio  Body Size Clutch Size
5.8 14.0 6.6 Few animals present
L.5 62.0 6,5 2010 5k 0.0285 £ 0.0026 2Lh.2% 5.2
5.0 53.0 6.3 3700 L9 0.0219%0,0062 L1.ht 4.0
5.6 b2.0 6.6 3850 b7 0.0289 £0.0059  3L.9116.3
L.6 6L.0 6.3 1,080 58 0,027L £0.0059  27.9% bL.L
L.h 5L.0 6.3 L5%0 7k 0.0309 + 0.00L47 26.24 b.1
b.3 57.0 6.5  6Lo L8 0.,0L31 *0.0059 L6.9:12.1
6.2 7.0 5.6 No Tigriopus observed
b2 41,0 6,1 1930 Lé 0.0301+0.00h9 2L.0 =% 7,2
5.0 L0.0 6.2 260 62 0.0288 ¥0.0073 25,0 * 6.1
5.7 3.0 5.0 No Tigriopus observed
6.5 8.0 5.5 30 56 0.033L+0.0058 58,9+ 20.8
5.8 30.0 6.0 2090 59 0.0250+£0.0018 2L.0x 6.1
L.8 40.0 6.4 1370 57 0.024710.,0029 23.L% 5.1
5.8 | 30.0 6.6 10 0.0272 £0.0035 108.9% 1l.2
5.6 L3.0 6.6 80 52 0.02L0%0.,0019 5h.2% 14.6
5.8 L1.0 6.0 240 75 0.0268 +0.00L1  L1.8% 6.3
6.3 16.0 5.6 Few animals present )

t

i
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Table 13. (continued)
Sample Temperature Oxygen  Salinity pH Density Sex Ratio  Body Size  Clutch Size
oA 6 1.5 6.5  20.0 5. 570 b 0.02hl 0.0037 3h.6 8.5
Ca 7 15,0 5.6 Lo.0o 6.5 20 b5 0.0370 0.0018 109.8 11.2
CA 8 W.8 . 5.7 k2.0 5.8 5L 53 0.0253 0.005, 38.3 6.8
CA 9 35,2 16.3

15,0 5,6 L1.0 5.9 280 32 0.02L7  0.0051

a SA populations located at Shore Acres; CA pools located at Cape Arago

b During the period June 28, 1969 through Sept. 27, 1969, animals were
observed for only clutch size.




T W R ]

R

e

SN

O e L

_v_,_
T e Ay
S LA T Y "

R e B

g e ey

P

g

===

S S A DA T

Ei3
A
i3
¥
3
P
&
&
v
#
z
f
L5
T
3
e

Table 1li. Components of hierarchial ANOVA of field brood size

estimates made at three regional locations,

Source of Variance

55

=
A
'

Retween regions

Between pools
within regions

Retween broods
within pools

Total

27

270

300

10k, 049

87,566

63,0L1

25h,676

52,03k 16.0k 2

3,243 13.92 @

300

D <0.001




Table 15. Components of three-way ANCV: of photoperiod, temperature

and salinity effects on rate of eggz production.

et s e—r
T T S e T g

" X . - -
f Source of Variance 4ar ss

Main “ffetts:

Photoperiod 2 1.38 0.69 NS

Temperature 2 250.54 129.78 37.73 @

Salinity 3 1585.12 528,37 153.60 &

%
il
g,‘
E
3
i
b
%
i
v
i
i
H
)

H
3

Tirst QOrder Effects:

Photoperiod~ :
Temperature Y 9.7h 2.hh NS

Photoperiod-

Salinity 6 25.60 .27 NS

Temperature- )
Salinity - 6 155.42  25.90 7.53.0
Second Ordér Effects:

Photoperiod-3alinity-
Temperature 12 h1.28% 3.4k

T,

T N R e T O T T L O 13 P AP B P T

i

a p<0.071

A D R LR A e

b p<0.005
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Table 16. Components of three-way ANOVA of temperature, salinity and

population effects on the number of clutches produced.

]
ﬂw B T T g

R D T X oty

Source of Variance af ' 8s M5 F
Main Effects:
Temperature 2 6.722 3.261 112:45 @
Salinity 2 13.hk8  6.72h  231.86 @
Population 7 37.133  5.305  182.93 2
First Order Effects:
Temperature-Salinity b 26,289 6.572 226.62 &
Temperature-Population 1  42.829  3.059¢  105.L8 2
Salinity-Population 1L  28.290  2.021 69.69 2
Second Order Effects:
Temperature-Salinity-
Population 28 0.800 0.029
a p<0.00L
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Table 17. C.omponents of three-way ANOVA of temperature, salinity

and population effects on clutch size.

Source of Variance af 35 MS F
Main Effectis:
Temperature 2 1987,20 2h93,60 82.113
Salinity 2 107.94  53.97  ®S
Population 7 2465, 7h 352.32 11.65
First Crder Effectis:
Temperature-Salini ty l 651.62 162.90 5.39
- Temperature-
Population 1 2028.71 ch 91 h.79
Salinity-Population 1l 1209.15 86.37 2.86
Second Order Effects:
Temperature-Salinity- _
Population 28 - 8&'{’.12 30.2
a p<0.,001
b p<£0.005
c p<L0.0%
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Table 18. Components of three-way ANOVA of temperature, salinity and

population effects on ggg size.

Source of Variance ar 53 MS F
Main Effects: .
Temperature 2 0.07x10~8 0.035x10-8 NS
Salinity 2 0.02x10"% o0.01x1078 NS
Population 7 0. 32x10"8 _d.ohéxlo‘S NS
First Order Effecis:
Temperature-Salinity l 0.08x10~8  0.02x10-8 NS
Temperature- .
Population 1 0.10x10°8 0.007x10-8 NS
Salinity-Population 14 0.18x10“8 O..O].BxlO"8 NS
Second Order Effects:
Temperature—éalinity—
Population 28 5.55x10"8 0.198X10—8
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Table 19. Components of three-way ANOVA of temperature, salinity

and population effects on sex ratio.

Source of Variance

af

35

5=
=
#2]

'3

HMain Effects:

Temperature

Salinity

Population

Tirst Ordér Effects:

Temperature«3alinity

0.0152
0.1118

0.0487

0.1230

0,0076
0.0559

0.0070

0.0308

NS
2.79 @

N3

R A

Temperature-
Population 1h 0.1592 0.011k NS
Salinity»Popnlation 1k 0.1912 0.0137 NS
Second Order Effects:
Temperature-Salinity-
Peopulation 28 0.5608 0.0200
a p<0.10
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and population effects on developmental time.

Table 20. Componenits of three-way ANOVA of temperature, salinity

Source &f Variance ag 85 M3 ¥
¥ain Effects:
Temperature 2 1937.5 968.8 968.8 2
Salinity. 2 5.0 2.5 NS
Population 7 20.5 2.9 2:9 ©
First Order Effects:
Temperature-Salinity L 9.8 2. 2.4
" Temperatura—~
i1 Population i 22.2 1.6 NS
1 - .
' Salinity-Population 1l 19.8 1.l NS
:% Second Order Effects:
3 )
A Temperature-Salinity-
3 Population 28 28.2 1.0
{
a p<0.001
il b p<0.025
iy ¢ 0.05<p<0.10
i
i
i
;



o

e e ¥ Aol Pt Al AL et L T

.

2R R A A

Table 21.. Components of three-way ANOVA of temperature, salinity

and population effects on r.

Source of Variance gaf SN MS F
Hain Effects:
Temperature 2 0.0331 0.01655 ho.32 2
Salinity 2 0.0001 . 0.00005 NS
Population 7 0.0128 ~ 0.00183 L6 P
Pirst Order Effects:
Temperature-Salinity I 0.0023 0.00058 NS
Temperature- _
Population 1k 0.017h  0.00124 3.02 b
Salinity-Population ik 0;0020 0.0001L NS
Second Order Effects:
Temperature~5alinity-
Population 28 0.0115 0.00041
a p<0.001
b p<£0.005




Table 22. Components of completely randomized ANOVA of density

effects on clutch size.

Source of Variance ar 38 MS F
Between densities N 6143 1536 12.19 @
Within densities 348 hly,266 -~ 127
Total 352 50,409
; a p<0.001

e e O T N ey /e T




Table 23. Components of hierarchial ANQVA of number of clutches
produced per female, with respect to treatment,

population and individual.

Source of Variance ar 53 MS w
Between series 2 126 “63.0 3.20 @
Retween populations : b

within series 21 hik 19.7 2.h3
Retween females

within popvlations 336 2728 8.1
Total 353 3268 g.1

a 0.05¢p<0.10

b p <0.001
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