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characteristic territorial bulldozing behavior (Stimson, 1970, 1973) on

Nuttallina as a result of homing of the latter to high relief areas.
Lottia might even be excluded completely from large areas due to a lack
of suitable attachment sites for this large limpet among the closely-
spaced deep oblong depressions formed particularly by homing Nuttallina
kata, where these depressions extend up into the mid-intertidal range of

Lottia. Lottia was observed in head-to-head contact (confrontation?)

with Nuttallina in mid-intertidal areas (above the low intertidal,
densely-populated chiton zone) on two low tide occasions during this
study (see Table V-26), which might reflect significant interaction
between the two species at high tide when both are active. However,
Lottia probably has limited impact on the behavior of Nuttallina at the
La Jolla study site because it occurs only in relatively small numbers
there, probably as a result of sporadic collections by fishermen for

bait (personal observations and confrontations). Thus, if the homing

behavior of Nuttallina is a response primarily to the agonistic behavior

of Lottia, it is likely a holdover of a behavior evolved in another area
’

or another time in which Lottia was abundant.

Efficient Allocation of Resources?

Although coming to rest in appropriate sites probably does

nfer on Nuttallina a combination of advantages in relation to desicca-
co

wind and wave-—borne sand and dislodgement

tion, the scouring action of

by waves 'Y

have to home to 2 unique spot to gain these advantages
t

1lina does no
N Both the low and the high

ite.
but rather could move from site to s ;
have an excess of suitable positions for the

intertidal areas appear to
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chitons. For example, in the nearest neighbors analyses performed in

Spring, 1980 at the La Jolla study site (Chapter II), from 3 to 42%,
(%x=207%) of suitable chiton depressions in nine small low intertidal qua-
drats were unoccupied. Higher 1intertidal areas also possessed many
seemingly-suitable unoccupied spots near mussel beds, in pools and near
barnacles. Even in the absence of extra depressions, the chitons might
be expected to play '"musical chairs" at the end of high tide feeding
episodes, safely occupying any of several appropriate depressions, par-
ticularly in the 1low intertidal area where there is a fairly uniform

distribution of closely-packed chiton-sized depressions.

The disadvantage of such a "musical chair" scheme, even with
extra depressions available, was observed occasionally during this
study. Nineteen times, pairs of chitons were observed in contact (see

Table V-26); often contact occurred at a defined low tide resting spot,

and since the spot was only large enough for one specimen, at least one

of the chitons was in a vulnerable position, half in and half out of the

depression. Such instances clearly resulted when one OT both of the

chitons involved had not homed to its usual spot on the rock.

It can be argued, then, that the ultimate function of the homing

behavior is to ensure that Nuttallina specimens do not overload particu-

lar resting sites. Certainly, nearest neighbors analysis (Chapter 11)

tends to be overdispersed

has shown that Nuttallina, primarily N. kata,

't R EEhe
in densely-populated low intertidal areas, as might be expecte
i r, similar
imals were regulating their spacing on the rock. However,
an

i by N. fluxa
analyses in high intertidal areas, inhabited primarily by Z i
V as might be

lrld Cat W r on atte!lls
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TAALE. V-26,

Consplcuons Nuttallina-Nuttallina and Nuttalllina-Luttia contacts ohserved at low tide

tn the Ly lolla, CA site near Seal Rack, Aurine the study from 10 Sept 1979 to 11 Nov 1999

Nate Contact
Ohserved at
Low Tide

Tagged Nuttallina

')uudutA Nabltat (Total Vlve lennth)

ol lusk
Contacted

fody Parts In
Contact

Locatlons of
Tapped Nuttallina
lust Previous to
Contact Obhservation
NDate

1. TAGGED NITTALLINA SPECUIENS AS PARTICIPANTS

1Y Febh 1980 1 igh Pool Nuttallina fluxa
W2,
12 flareh 1980 1 igh Pool Nuttallina kata
2w
15 Mav 1980 2 Wiigh Pool Uinidentifiable,
probahly N. fluxa
(27.2 mm)
12 June 1980 3 Nigh Sparse Nuttallina fluxa
2w
16 June 1980 S Nigh Sparse Nuttallina fluxa
17 June 1980 ol WN
& June 1980 n Hgh Nuttallina kata
sparse/dense o¥ W

Nuttalllina ap.

(similar size)

Nuttallina ap.
sl{ghtTy larger)

Nuttallina ap.
arper one)

Nuttallina ap.
=30-25 mm)

Nuttallina "p.

Teinilar size)

Lottta (30 me)

Nead-to-head

Nlead-to-tall
fead-to-head

Nead-to-head

Necupled homesite 5 cm from
contact site for ) ohs, 17 Nec
1979 to 2R lan 19R0

Necupled homenite, soame  as
contact site, for A ohs, 20
Nov 1979 to 25 Feh 1980

flad homed to a site 20 cm from
contact site from 20 Nov 1979
to 24 ‘larch 1980; moved to an
area nhout 10 cm from contact
site and vandered In » 4 cm
diameter area for 1 ohs, 16
April to 14 May 1980; moved 10
cm to point of contact

Nad homed to en area 41 cm
from point of contact for 2
ohs, 31 Nay and & June 19A0;
moved 41 em to point of con-
tact

Occupled homesite 1 em froa
contact site for 1 ohs, 1%
April to & June 19A0

nly in study from ‘hy to

July, 1989 15 tay, at point
27 em from contact site; 2
June, at point 2 em from con-
tact site

Locations of
Tagged Nuttallina
Subsequent to Contact

Observed J cm back toward home-
site on 25 Feb, 13 March; back
to homesite on 26 March 1980

Still at homesite for all obs
from 26 March to 9 Nov 1980

N sappeared

Moved 46 cm to point 16 cm from
4 June eite as of 25 .lune;
wmoved 16 cm back to & June site
by 14 July 1980 obs; moved 7 cm
farther from contact site by 15
July 1980; only found In same
site twice again, from 27 Aug
to 9 Sept 1980, until end of
study 9 Nov 1980

17 June, in head-to-head contact

with large Nuttallina (same one
as the previous day?) at origi-

nal homesite; 14 July to 13 Aug
1980, 3 obs at 3 different sites
about 2 to 3 em from original
homesite

11 July 1980, 37 cm from contact

site and 18 cm from 15 May 1980
site; Nuttallina disappeared

after 11 July 1980
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Tahle V-26 (cont.)

Nate Contact
Nhserved at
Low Tide

f?nmlrltA

Hahitat

Body Parts

Participants in Contact

TT. NON-TAGGED NUTTALLINA SPECIMENS AS PARTICIPANTS

13 Feb 1980 1 tigh pool 2  Nuttallina (med{um- -
sized; W) mm long?)
25 Feb 1980 3 High sparse 2 Nuttallina (larpe and Tail-to-tail
medium; 15-40 and 30 mm
long?)
25 Feb 1980 3 High sparse 2 Nuttallina (28 mm long) Nlead-to-side
13 "arch 1980 3 High sparse 2 Nuttallina (25 mm long) llead-to-tail
16 April 1980 4 High sparse near 2 Nuttallina -
sparse/dense boundary
16 April 1980 2 "Iigh sparse 2 Nuttallina (both large; -
35-40 mm1)
15 May 1980 3 High sparse 2 Nuttallina =
15 May 1980 3 fiigh sparse 2 Nuttallina -
15 'tay 1980 3 ligh sparse 3 Nuttallina -
15 May 1980 8 igh sparse near 2 Nuttallina "
sparse/dense boundary
31 'tay 1980 7 High sparse 2 Nuttallina (hoth large; Side-to-tail
3540 mm?
2 June 1980 8 Nigh sparse Lottia and Nuttallina llead-to-head
(Nuttallina large; 35-40
mm long
12 June 1980 3 Nigh sparse 2 Nuttallina (=15 mm, 25 flead-to-tall
mm long
17 June 1980 7 High sparse 2 Nuttallina (both large; Illead-to-undergirdle
15-40 mm long?)
11 July 19R0 L} igh sparse near 2 Nuttallina (medtum= -
sparse/dense houndary sized; 30 mm long?)
NOTES.

A. See Table V-1 for quadrat characteristics
R. Nuttallina or Lottia:

contacts with other limpet species were not specifically noted.
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e
Xpected if animals were aggregating in areas more suitable than others.

Thus, for the high intertidal chitons, homing probably functions to keep
specimens in general suitable areas, such as on the damp edges of mussel

beds, as well as preventing them from overloading any of the several

sites within these suitable areas.

Homing, coupled with territorial behavior, has been shown to
serve in the efficient allocation of resources, primarily food rather

than space, in the intertidal limpet Lottia gigantea (Stimson, 1970,

1973) and in several South African limpets (Branch, 1975). Thus, for
example, Lottia bulldozes intruders off of its intertidal grazing terri-
tory, maintaining an algal film "garden" on the order of 1000 cm2 in
surface area. Such behavior has not been documented in detail for any
chitons, although scattered observations for the homing chiton Mopalia
muscosa are suggestive. Smith (1975) found that in only two qf fifty-
three M. muscosa feeding forays, generally to distances of 25 to 40 cen-

timeters from home, did a chiton enter into another’s home range (deter-

mined from previous feeding paths in the study). Most interestingly, on

one of these two intrusive forays, the resident M. muscosa left its

home, approached the intruder’s girdle and remained there for a half an

hour, before returning home in a wide semicircular path through its home
’

range. The intruder moved off to a new site after about an hour.

In another study, Connor (1975) observed Mopalia muscosa to push

the limpet Collisella pelta,

away actively a potential food competitor,

the
in 5 of 10 trials in which the limpet was placed 1 cm from
ed twice in unstaged encounters in

placed 1 cm from Mopalia

girdle of

the chiton. This behavior was observ

In addition, Collisella pelta

the field.
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muscosa tended to move further during the ensuing hour than did speci-

mens placed 20 (or 30?) cm away. Thus, M. muscosa, a homing chiton that

occurs in habitats similar to those of Nuttallina, is quite likely ter-

ritorial. The intertidal chiton Ratharina tunicata, also found along

the Pacific Coast of North America, might also be territorial. In work

on interactions between K. tunicata and limpets, R. G. Creese (personal

communication to Branch, 1981) observed the chiton to push away Col-

lisella pelta in encounters, and noted that the limpet Notoacmea scutum

moves away from Katharina.

Of particular interest in regard to my field observations on
Nuttallina, Branch (1975, p. 584) provides evidence that aggressive ter-

ritorial encounters of the limpet Patella longicosta are postponed if

the animals are left exposed by the receding tide, and are resumed with

the incoming tide. 1In three cases, pairs of P. longicosta were found

touching one another while exposed at low tide, apparently contesting

algae gardens, and, in one case, after the pair had been observed

motionless and touching for 3.5 hours at low tide, one limpet started

pushing the other away and forced it off the intertidal garden when the

incoming tide covered them again. Further study is required to deter-

mine whether the nineteen cases I noted of exposed pairs

touching at low tide (Table V-26), all in areas above the low densely-

populated zone and a majority of which involved the head of at least one

specimen touching the other chiton, are instances of suspended aggres-—

sive territorial behavior.

on Patella cochlear, is

Another of Branch’s (1975) observations,

uttallina kata and might

N
of interest in relation to my observations on

of Nuttallina
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help explain why pairs of Nuttallina were never noted to be touching in
the 1low intertidal densely-populated zone during the present study, as
might be expected (Table V-26). (It is important to point out though
that chitons occurring here are quite closely spaced, and instances of
touching would not be as notable as they are in the more sparsely-
populated wupper intertidal area). Populations of the territorial lim-
pet, P. cochlear, are quite dense, home scars are clearly defined, and

homing behavior is very rigid, just as for Nuttallina kata in the low

area of the La Jolla study site. As a result of high densities,
encounters in P. cochlear are expected quite frequently. Branch (1975,
p. 585) noted that intraspecific encounters are quite mild and, despite
this mildness, intruders respond quite readily and move away, leaving

"one with the impression that the process [of territorial defense] has

been ritualized.'" Further, older specimens of P. cochlear do not leave

their scars at all, but rotate around on the scar to feed or algae in

the immediate vicinity, thereby reducing the number of intraspecific

encounters. Wright (1982) has described similar ritualization of

behavior in the territorial intertidal limpet Lottia. Similarly, "mild"

in Nuttallina kata. In addition,

territorial behavior might occur

although some N. kata clearly move away from the homesite at high tide

as indicated by observed displacements and the immediate occupation of

many experimentally-vacated depressions (Tables V-4, v-5), it is possi-
ble that the chitoms often just rotate in their depressions while feed-

Such a behavior would contribute to the great

ing on bordering algae.
and

specimens do not alwa
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If the primary function of the homing behavior were the effi-
cient partitioning of space among the chitons, this behavior would be
expected to be most highly developed in areas where chitons occur most
densely, such as the low intertidal zone at the study site, and less
well-developed where the animals occur most sparsely, such as in high
intertidal areas either submerged in tidepools or in more exposed areas,
On the other hand, if food allocation were the primary function of the
homing behavior, homing might be expected to be most pronounced in the
high intertidal where standing algal biomass is clearly quite low, and
less obvious in the low intertidal zone, where algal biomass, though in
large part consisting of coralline algae which is probably of low
caloric content (Paine and Vadas, 1969), is likely to be always substan-
tial enough to meet the generalist feeding requirements (Kues, 1969) of,
or at least fill the guts of Nuttallina there. A general trend in hom-

ing frequencies lending support for a space-partitioning function is

seen for Nuttallina kata in low versus high damp and high pool areas

(but not statistically different, Table V-20) and is seen in a com

parison of Nuttallina kata, which occurs primarily in the low densely-

populated zone, and N. fluxa, primarily in high sparse areas (statisti-

cally significant,

lina fluxa had only 1 representative in the low zone and valid comparis-

ons for this species between high and low areas cannot be made.

0f course, there are a number of differences between high and
’

as that probably contribute to greater frequencies of,

low intertidal are
and that might

s
and longer distances covered in, feeding excursion

cations of high intertidal Nuttallina. Such

effect more frequent relo

Figures V-7, V-14, Tables V-6, V-8, V-13). Nuttal-
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proposed differences in movement characteristics between high and low

chitons could also explain the observed trends in homing frequencies
between chitons in these areas. This possibility will be explored in

detail in the next section.

BASIS OF HOMING BEHAVIOR IN NUTTALLINA FLUXA AND N. KATA

The frequency of "homing" in Nuttallina fluxa and N. kata is

significantly different (Figures V-7, V-14; Tables v-6, V-8, V-13). 1Is

there an intrinsic behavioral difference between Nuttallina fluxa and N.

kata with regard to the tendency to home? An examination of the homing

proportions of Nuttallina fluxa and N. kata co-occurring in any habitat

should help to resolve what part of the differences in homing tendencies
of these two species is merely dictated by differences in the habitats

in which they occur. However, the power of any such comparisons is

minimal because so few specimens of the two species co-occur in any

habitat (Table V-18 and Chapter III). Of course, the fact that the two

species occur primarily in different habitats might itself be a conse-

quence of a behavioral difference at some life stage of these species,

although it also could result from other factors, such as differential

recruitment or mortality; this will be discussed later. Nevertheless,

"homing" proportion of Nuttallina fluxa with that of

comparison of the

N. kata using specimens unequivocally-assignable to any particular habi-

t for all habitats. Nuttallina kata tends to

tat gives the same resul

" " more than N. fluxa in all habitats, although the difference in
ome Ne: LU

ally significant. Thus, in the low

homing proportions is never statistic

f N.
intertidal densely—populated habitat, data for only one specimen of N
nter

r one of six 30 day intervals, of 17%) is available for

fluxa (homing fo
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comparison with that for fifty-two specimens of N. kata (homing an aver-
age of 727% of intervals). 1In high intertidal pools, only 3 specimens of
N. kata (homing 35%) are available for comparison with fourteen speci-
mens of N. fluxa (homing 34%). Finally, if N. fluxa and N. kata occur-
ring in high intertidal sparsely-populated non-tidepool areas are com-
pared, even though N. flggg generally occupies more exposed areas there
than does N. kata (as indicated by results in Chapter II1), N. kata is
again seen to show a greater tendency to "home" (60%, N=10,) than N.
fluxa (38%, N=36), although the difference again is not significant

(Table V-18). It would appear that there is a small intrinsic tendency

for N. kata to "home" more than N. fluxa in any given habitat.

How might differences in the habitats magnify differences in
intrinsic homing tendencies of the two Nuttallina species? There are

several obvious differences between the high intertidal area, where Nut-

tallina fluxa primarily occurs, and the low intertidal zone, where N.

kata is primarily found. The upper intertidal area consists of large

areas of almost bare rock, that support thin algal films and encrusting

Form-fitting chiton depressions are occasionally found in the

algae.

high zone but high intertidal chiton homesites at the La Jolla study
bl

gite more often are less well-defined chiton hollows or spaces near

mussels, barnacles and other areas of geologic relief. In contrast, the
’

low intertidal zone always supported a large biomass of both encrusting

d foliose algal species and almost all chitons were found in clearly-
an

delimited, relatively deep, oblong depressions.

could contribute to the observed

These habitat differences
and N. kata in several ways. It has

differences in "homing" of N. fluxa
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been observed in studies of intertidal chitons and limpets that the
animals tend to traverse greater distances during feeding excursions
where the standing algal biomass is lower (e.g., Thorne, 1967; Stimson,
1973), presumably to ingest quantities of food equal to those ingested
in areas of greater algal biomass. In addition, the lush algal growth
in the low intertidal area may have a purely mechanical effect, hamper-
ing movements of chitons. The foliose coralline algae that make up a
large part of the low intertidal algal turf surround most of the chiton
depressions in the low intertidal area. Chitons inhabiting the area
must usually move on top of this algal assemblage in order to travel
anywhere. It is quite probable that chitons are not able to attach as
firmly on such an algal mat as they can on solid substrates such as the
barer high intertidal rocks. Since the animals move only at high tide,
when the rocks are subject to wave shock or surge, it is also probable
that chitons move less effectively over the low intertidal algal turf.

Thus they might not move as far over low intertidal turf as they might
’

over high intertidal substrates. If feeding excursion distances are

shorter in areas of great algal biomass for the foregoing reasons, chi-
tons in the low intertidal area at the La Jolla study site might be
expected to home more frequently than chitons in the higher intertidal

ith
since shorter feeding excursions are expected to be associated w

higher probabilities of homing successSe.

eding excursions of Nuttallina fluxa have

Only a few high tide fe

have
di tly observed in their entirety, and no such excursions
been rec
ons of the
b bserved for N. kata (Table V-4); thus, direct comparis
een o N.
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However, observations of locations of specimens of both N. fluxa and N.
kata made at 24 hour intervals can be used as indirect indications of
the distances normally involved in feeding excursions (Tables V-4 and
vV-5). The maximum displacement observed for a specimen of Nuttallina
fluxa in the high intertidal zone at La Jolla was 27 cm, from one low
tide position to the next, 24 hours later (for N=20 N. fluxa, 39 24-hour
intervals), with another 5 N. fluxa (7 24-hr. intervals) exhibiting dis-
placements of 5 cm or more. The maximum displacement observed for N.
kata in the low intertidal area was 5 cm (for N=12 N. kata, 23 24-hr.
intervals), with only two other N. kata showing any displacement at all
(2 and 3 cm, for 2 intervals only). If maximum twenty-four hour dis-
placements reflect the relative magnitudes of intervening high tide
feeding excursions, it would appear that N. fluxa in high intertidal

areas travel further during high tide feeding excursions than do N. kata

in low intertidal areas. A difference in distances covered in feeding

excursions resulting from habitat differences might then contribute to

the difference in "homing" fidelity observed for N. fluxa and N. kata in

this study.

Differences in frequencies of leaving the homesite could help

erences in homing fidelity observed for Nuttallina fluxa

account for diff

d N. kata. During this study, chitons were not routinely observed at
an . .

high tid the period when feeding excursions take place, but direct and
g e,

indirect evidence presented earlier (Tables V-4, Vv-5) suggested that
substantial numbers of Nuttallina specimens do leave their homesitei on
each high tide. Chitons found at the same location for observations
everal days have been classified as "homers" since it was

separated by s

487




considered likely that they left and returned to their homesites on at
least one intervening high tide. For example, it is probable that dif-
ferent chitons, that have been found to home over a fifteen day observa-
tion interval, have left and returned to their homesites different
numbers of times. Thus, in lieu of or in addition to making shorter
feeding excursions, low intertidal chitons, in the presence of an abun-
dant algal food supply, might simply venture away from the homesite to

feed less often than high intertidal chitons.

Variations in the number of feeding excursions undertaken per
time period by different individuals have been noted for at least one

intertidal homing chiton species (Mopalia muscosa, 4 to 14 times in 14

nights; Smith, 1975) and in one homing limpet genus (e.g., Patella, 0 to
8 times in 14 days; Cook et al., 1969). Certainly, Kues (1969) has

found that the guts of high intertidal Nuttallina at the La Jolla study

site contain about 90% sand grains, by volume, presumably ingested in

the process of rasping thin algal films, crusts and diatoms off of the

soft sandstone substrate, whereas gut contents of the lower intertidal

Nuttallina consist of more organic material, up to 50% or more by volume

in some cases (but see Vesco, 1980 for Whites Point Nuttallina).

Although the caloric value of Corallina, the plant Kues (1969) found

t abundantly in the guts of low intertidal Nuttallina, is relatively
mos

(o]

tallina is probably of even lower c
Thus, if N. fluxa ingests the

large percentages of inorganic material.

eding excur-
r a lesser, amount of material as N. kata on each fe g
Same ’ (o] ’ —
ents of the two are similar, Nuttallina

sion, and if the caloric requirem
b
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in the lower intertidal zone, primarilylﬁ. kata, might be expected to

undertake feeding excursions less frequently than Nuttallina in the high

intertidal area, primarily N. fluxa.

Another factor that may contribute significantly to the greater

observed homing fidelity of the low intertidal Nuttallina kata is the

fact that the homesites in the low intertidal are generally much more
well-defined than those in the upper intertidal areas. Homesites in the
low intertidal zone at the La Jolla site are almost all deep depressions
and a chiton coming to rest a centimeter or two away from the depression
at the end of a feeding excursion would usually be resting in a vulner-
able position, on top of the algal turf. In the high intertidal zone,
on the other hand, homesites often are not delimited precisely; a chiton
coming to rest a few centimeters from its homesite, e.g., along the base

of a mussel bed, often would be in a comparably suitable spot, e.g.,

still at the base of the mussel bed. Interestingly, there may be a

feedback mechanism working between homing reliability and the delimita-

tion of homesites; it is possible that the depressions inhabited by low

intertidal N. kata are generally much more well-defined and deeper than

most of those of high intertidal N. fluxa as a result of more time spent

on homesites in the lower intertidal (the chitons themselves contribute

to the production of the depressions, see Chapter II), because of fewer

eeding excursions and high homing fidelity. However,

and/or shorter £

i-
ther factors such as differential erosion or long-term (histor
many o
y Chapter
1) panc might: be responsible for this phenomenon (see P
ca occCu

11).
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OBSERVED DISPLACEMENTS OF NUTTALLINA
—_—tul N

Although homing (or staying in place) is a conspicuous element
in the behavior of Nuttallina, this chiton is not locked into an unvary-
ing homing pattern as evidenced by the substantial number of displace-
ments observed during this study. The majority of specimens in both
Nuttallina species exhibited one or more displacements during the study,
homing for varying periods of time (Table V-6; Figure V-3). Although
some individuals of both species never showed any displacement and a few
others were never found in the same location for any two successive
observations during the study (Table V-6; Figure V-3), discrete
categories of homers and nonhomers, or movers, were not evident for
either N. fluxa or N. kata. Individuals of both species exhibited the
full range of homing percentages, from no homing to 1007 homing, with no

obvious indication of a bimodality in behavior (Figure V-3).

The primary goal of this study was to provide an idea of the

magnitude of displacement from low tide resting location to location

that could be expected for Nuttallina. In particular, the displacement

to be expected over a period of two weeks to about one month, a reason-

able estimate of the amount of time required for acclimatization of

nimals (e.g Hochachka and Somero, 1973), was of interest in relation
a o5
to an ongoing study of the physiology of Nuttallina in different inter-

dal microhabitats It was reasoned that, although Nuttallina might
tida .

to feed
averse relatively great distances over the intertidal zone

| o of
reas are bathed in seawater at this

during high tide, the fact that all a

s, espe-
ns that the chitons will experience the same conditions, P

time mea
"humidity", regardless of microhabitat.

cially of temperature and
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However, different intertidal microhabitats are subject to different

conditions during exposure at low tide (see Chapters I and I1), and it

is of interest whether Nuttallina can be expected to remain in the same
microhabitat on successive low tides long enough to fully acclimatize to

conditions at the spots in which they are finally collected.

Results from this study indicate quite clearly that a specimen
of Nuttallina can generally be expected to be acclimatized to the
microhabitat in which it is collected, although this microhabitat can be

much more closely-defined for Nuttallina kata than for Nuttallina fluxa.

Over intervals of fifteen days, 95% of the Nuttallina fluxa in this

study exhibited greatest point-to-point displacements of 30 cm or less,

while 95% of Nuttallina kata stayed within a 5 cm radius (Table V-14).

During intervals of thirty days, 95% of specimens of Nuttallina fluxa

stayed within a 38 cm radius of the starting location, while 95% of N.

kata took up low tide positions no farther than 7.8 cm from starting

positions. Unidentifiable Nuttallina specimens showed displacements

intermediate between those of N. fluxa and N. kata, as expected for a

group that likely consists of members of both of these species (see

Table V-14, but also see Tables V-13 to V-17, Figure V-14, Tables V-8 to
’

v-12, and Figures V-7 to v-13). Since displacement magnitude frequen-
- ’

i took the general form of negative exponential distributions (see
cies

Fi v-8 to V-10), median displacements were considerably smaller
gures V- ’

t n

for Nuttallina fluxa for both 15 and 3

entile displacements for these interval lengths

cm as compared toO 95 perc

and see Figure v-8). Where sample sizes

of 30 and 38 cm (Table V-14,
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permitted, separate statistical tests revealed no significant differ-
ences in point-to-point displacement distributions compared by habitat,

size or season in either species (Tables V-18 to V-21).

During this study, only two chitons, both specimens of Nuttal-
lina fluxa, exhibited displacements to new habitats (broadly defined,
e.g., tidepools, high intertidal dry sparsely-populated areas, low
intertidal densely-populated algal turf area). Interestingly, both
specimens moved from submerged positions in the same large high interti-
dal pool to exposed areas at its edge. One of these chitons had been
found consistently in a single tidepool homesite for about 6 months
(from November, 1979 to 16 May, 1980); it then made a series of moves
over the next two months, until it came to rest at the new exposed spot,
on 14 July, 1980, 45 cm from the original site, where it remained in an
area about 5 cm in diameter for the final four months of the study (14
July to 9 November, 1980). Similarly, the other specimen remained in a
tidepool area about 4 cm in diameter for four and a half months (5
November, 1979 to 26 March, 1980), and then moved to a new exposed spot
59 cm away by 31 May, 1980 to which it homed until it disappeared

finally on 14 July, 1980.

en of Nuttallina fluxa did not switch general

One other specim

e mid-intertidal boundary

habitats, but did move from a location near th

ted chiton zone and the upper intertidal

between the low densely-popula

rsely-

sparsely-populated habitat to a point well up into the spa y

lated high shore area. During the 429 day period, this chiton was
popu

s
’
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into the upper intertidal sparse area (see Figure V-4 for track of this

specimen, tagged #35). Finally, one small specimen of Nuttallina kata

(~20 mm 1long, tagged #31, see Figure V-5) moved about 11 cm (point-to-
point) up to the mid-intertidal dense/sparse boundary around 26 March
1980, after having homed to a lower densely-populated intertidal area
for more than 6 months; it returned to lower areas by 15 April and
remained in the low zone for the remainder of the study. Judging from
the small incidence of Nuttallina (2 of 160) observed to change general
habitat types during this fourteen month study, it is clear that one can
be quite confident that particular chitons (at least those 215-20 mm in
length) have acclimatized fully (over 2 to 4 weeks at least) to the par—-

ticular habitat in which they are found.

Specimens of both Nuttallina species occasionally moved to new

homesites after having homed to a site often for a considerable period

of time. The changes in homesite were seemingly unpredictable over the

short term, much like the process of radioactive decay. However, there

might be a number of reasons for the changes in homesites. These rea-

sons fall 1in three major categories: 1) the old spot might become

unsuitable or unavailable, 2) another site might become more attractive

than the old site, or 3) something might occur during a feeding excur=-

ion to interrupt normal return to the homesite. Evidence recorded in
s

field notes during this study and observations of other intertidal work-
e

n be used to explore the 1ikelihood of the various reasons for
ers ca

homesite changes.

h in topography may result in chiton displacements, either
Changes

or to sites that offer more protection.

away from sites made unsuitable
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For example, in February 1980 during this study, the topography of parts
of the wupper and middle regions of the coarse sandstone study site
changed quite noticeably over a 10 day period between searches for
tagged chitons. Several existing depressions were widened considerably,
some high relief areas were broken up, a couple of the high intertidal
pools were not as deep as before, and the roof of a small 3 inch diame-
ter "cave" in a high pool was broken, leaving the cave and the chiton
inhabiting it half-exposed. These changes probably occurred primarily
as a result of the impact of large rocks thrown up by heavy surf;

numbers of Stenoplax conspicua, a chiton species that occurs almost

exclusively on the bottoms of rocks in sandy areas, were found exposed
and injured in nearby beach pools at this time. Later, in March 1980,
several small mussel patches disappeared from a high intertidal pool and
from a mid-intertidal area. Also in March, many young Mytilus esta-

blished themselves in the low-mid-intertidal area and, in August, much

new growth of Phragmatopoma was evident in the low shore areas, likely

making new protected spots available to chitons. Direct effects of most

of these topography changes usually could not be documented, since

tagged chitons were not often in the affected areas. However, of two

such areas, one Nuttallina kata in the damaged high

tagged chitons in

tidepool cave, and one N. fluxa in a high tidepool at the base of a
’ — PE—

tch of mussels that was torn away, neither moved away immediately.
patc

pographic changes is probably not equally critical

The impact of such to
subsequently moved away from the

at all times (both tagged chitons

s undoubtedly play a role in effect-

impacted sites). Topographic change

ing chiton displacements.
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Shifting sand levels were quite obvious in areas surrounding the
study site, as mentioned earlier, and small influxes of sand into the
study site were sporadically noted at times of high surf in all seasons.
Sand 1inundation was most significant in quadrats of the lowest shore
areas, where the deep depressions held quantities of sand that occasion-
ally entirely buried chitons there. Such influxes might be expected to
induce the affected chitons to seek more suitable resting spots as has

been noted for Chiton stokesii on rocky shores of Costa Rica (Schmidt-

Effing, 1980). In fact, Louda’s (1972) censuses of Nuttallina fluxa on

a rocky Santa Barbara, CA reef suggest that some movements of this chi-
ton were tied to long-term changing levels of sand. As 1indicated by
decreasing numbers of chitons above a certain shore level in a stable
population, chitons in her study apparently moved down rock surfaces as

the sand level dropped over a 1 month period.

During the present study, four tagged

kata were of special interest. The four were found completely buried by

sand in low zone depressions. One of the specimens was found con-

sistently in the same depression for the remainder of the study, even

though there was still a considerable amount of sand there for two of

the 4 weeks The other three specimens were not found again after they
had been buried For one of these three specimens, the depression was
a -

ty on the next search and the chiton was not found anywhere, suggest-
emp

For the other two cases, it is unclear

ing that the chiton had died.

brasive
hether the chiton had died or the tag had been lost due to the a
W

sible that Nuttallina kata suspends high

action of the sand. 1t is pos

avoid the
feeding excursions during periods of sand inundation to
tide ee

specimens of Nuttallina
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increased scouring action of the sand. In any case, in the low area,
none of the depressions within several centimeters of a chiton are
likely to be more suitable than its own, due to the presence of sand in
most depressions. Sand inundation was never permanent in the study
site, but rather affected low areas for only a few days to a couple of
weeks, and a strategy of remaining in place and avoiding sand scouring

might normally be appropriate.

Temporary sand inundation probably did little to cause immediate
chiton displacements in this study and, in fact, as a result of accom—
panying scouring action, probably had the opposite effect on low inter-
tidal Nuttallina. Louda’s (1972) findings, which suggest that chiton

movements accompany shifting levels of sand, are different due possibly

to two factors. First,

kata, but N. fluxa, which in this study has been found to be more

likely to move than N. kata. Second, sand levels were dropping rather

than rising in her study, so that sand scouring was probably decreasing

and chitons might have been more likely to move.

It is quite possible that sand inundation sets the lower limit

of distribution at the La Jolla study site. The adjoining area, below

the lowest study quadrats, supports a fairly luxuriant algal turf and is

kmarked with many empty chiton depressions but, being a horizontal
pockma

shelf, is persistently affected by influxes of sand.
b

peared in the middle area of the

A specimen of Pisaster sp. ap

rtidal
ite during this studye. Nuttallina, particularly high inte
study site
as do many
fl ight move away from such a slow-moving predator
No uxa, m

Louda’s (1972) study involved not Nuttallina
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other molluscs (see Branch, 1981, pp. 323-325, for several intertidal
limpet examples), although no such eéscape response has been reported in
any of the studies of seastar predation on chitons (selected references
cited earlier). It is not clear whether the Pisaster specimen directly
caused displacements of Nuttallina in this study; one tagged chiton with
a homesite at an observed position of the seastar disappeared (was
eaten?) during the short 2 or 3 week stay of the Pisaster in the study

site.

Nuttallina specimens inhabiting form-fitting depressions, pri-
marily in the low intertidal area, might be expected to move from small
home depressions to larger ones as they grow, in the way that hermit
crabs switch shells. However, this would require that the chitons grow
faster than the depressions can be enlarged, and the animals are capable
of considerable body contraction as well as elongation, so that any dis-

placements induced directly by growth are probably rare.

At several different times during the study, new patches of

algae e.g., Ulva in September and December, 1979 and May, 1980 and
’ - .

various unidentified brown algae at other times, became established,

ubstantially increasing the standing algal biomass particularly in
s

localized mid and upper intertidal areas. Such relatively dense stands

f algae might cause Nuttallina to establish new homesites nearby. Such
of a —e

induced displacements were not specifically noted during the study, but
nduc

early 1983 indicate that such events occur. As a

observations made in
tions
1t of extremely high surf during early 1983, several large sec
resu
1 beds and substantial chunks of substrate were torn away from
of musse
1983, very
tidal areas in and near the study site. By March, ,
mid-inter
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conspicuous patches of rich green Ulva, typically an opportunistic
colonizer (Littler, 1980), had developed in the newly-exposed sites.
Close examination of these areas revealed that several Nuttallina had
moved well into these areas, presumably drawn by the luxuriant growth of
algal food and/or the new availability of unexploited space. Depletion
of food in an area, such as might be produced by abnormally harsh desic-
cating conditions during periods of prolonged exposure (e.g., Seapy and
Littler, 1982) or possibly by periodic sand scouring in the barer high
intertidal areas, might have the opposite effect, inducing Nuttallina to
move away, as was apparently observed for example by MacKay and Under-

wood (1977) for the intertidal limpet Cellana tramoserica.

The finding that experimentally-vacated depressions are taken up
by new chitons quite frequently, more often in the densely-populated low
intertidal zone than in the high shore area (Table V-5), suggests that

displacements of Nuttallina might occur in natural situations when

homesites are left empty as a result of the death of the occupants. A

chiton might move into a vacated spot because the new site is more suit-

able than its old homesite and/or because it is easier to take up the

to make the return journey to its old home. If

(which

new site than it is

natural mortality rates are anywhere near the rate of tag losses

include losses of tags from healthy chitons and deaths of tagged chi-

nclu

) observed in this study (over 50% in 6 months; see Table V-3), then
obs

tons
ements directly related to spontaneous

the number of Nuttallina displac

chiton deaths could be quite substantial.

v ions of
i bances or other e entualities during feeding excurs
Disturba
ionally in spots
111 ight cause the chitons to come to rest occasio
Nutta na m
Nutta_——— =
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other than their own homesites. Chitons probably normally use new or
old chemical trails that they lay down in leaving the homesite to return
during feeding excursions (Thorne, 1968). 1In the relatively dense Nut-
tallina populations, feeding trails of different individuals might be
expected to cross quite often, unless territorial behavior (speculated
about earlier) prevents such an occurrence. On encountering other
trails, feeding Nuttallina individuals might be expected to follow
trails of other individuals to the wrong homesite on occasion, unless
the trails are individualized in some way. However, in the only field
investigation into the mechanisms of homing in chitons, Thorne (1968)

found that when individuals of the intertidal chiton Acanthozostera gem-

mata were placed on the trails of other individuals, in four trials they
never followed the "foreign" trail, even though individuals of this

species were observed to exchange homesites spontaneously on other occa-

sions in his study.

Physical disturbances might occasionally force Nuttallina to

to rest short of their homesites, at new sites to which they start

come
homing. No direct evidence for such an event was obtained in this study
since Nuttallina could not be observed routinely during their high tide

feeding excursions. In her remarkable study, Smith (1975) observed an

ndividual of the chiton species Mopalia muscosa

instance where a homing 1

was prevented from returning home by a rock washed onto the site. The

settled a short distance away, and homed to the new site for the

Algal debris that

chiton
is often washed

next 15 days that it was observed.
ct.

f
into the La Jolla study site might have a similar effe
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Interestingly, Westersund (1975) obtained some evidence, though
not conclusive, for endogenous tidal rhythms of movement in specimens of

Mopalia muscosa held in constant darkness in laboratory aquaria. Such

rhythms might enable intertidal molluscs to "anticipate" the time of low
tide so that they can return home before being exposed as has been sug-

gested for example for the pulmonate limpet Siphonaria normalis which

moves only when awash, and moves further and for longer periods during
neap tides (long period awash) than during spring tides (shorter period
awash) (Cook and Cook, 1978). Thorne (1967) suggested that the chiton

Acanthozostera gemmata might have a "biological clock" with both a cir-

cadian and tidal periodicity that enables it to return to its homesite
before dawn or an incoming tide. Dewar (1963) concluded that Ischnochi-

ton maorianus exhibits an endogenous rhythm of activity (more active at

night and at high tide). If shifting winds and/or a rapidly increasing

barometric pressure were to cut short the "anticipated" period of sub-

mersion, Nuttallina, particularly in rapidly draining areas, might be

required to terminate feeding excursions prematurely, coming to rest at

sites short of their own homesites.

Additionally, intra- and interspecific encounters might disrupt

feeding excursions of Nuttallina. Nineteen cases in which pairs of Nut-

1lina were observed in contact (often head-to-?) and two instances in
ta

hich Nuttallina and the large territorial limpet Lottia were observed
whic 2 T

to-head contact while exposed at low tide during this study have

in head-
The possibility that these occurrences

been mentioned (see Table vV-26).

were submerged, Wwas
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Nuttallina and Nuttallina-Lottia encounters involved tagged chitons so

that the locations of one of the encounter participants before and after
the observed contacts are known. In five of the cases, the tagged Nut-
tallina was 1in contact with another mollusc at a site 3 to 41 em away
from its usual low tide resting site (see Table V-26). On observation
dates immediately after the date of contact, in two of the five cases,
the chiton worked its way back to the original homesite within four to
six weeks. In another one of the five cases, the Nuttallina disap-
peared. In the fourth of the five cases, after contact with Lottia 27

cm from an initial site, one tagged Nuttallina kata moved 37 cm back to

a point 18 cm from the intial site before it disappeared. Finally, one
large N. fluxa was observed in contact with a Nuttallina 3 cm from its
homesite one day, then at its homesite in head-to-head contact with a
large Nuttallina (the same?) the following day, after which it was

observed 2 to 3 cm from, but not at, the homesite.

In only one case of the six observed encounters of tagged Nut-

tallina, a specimen of N. kata was on its homesite, in head-to-head con-
» [ —_—

tact with a slightly larger Nuttallina specimen. The specimen of N.

kata was found at its homesite, a well-defined depression in a high

tidepool, for all observations subsequent to the observed contact.
’

The fact that 5 of the 6 observed encounters of tagged Nuttal-

1i ccurred away from the homesite, and that the tagged chiton moved
na o

back to or towards the homesite in all four cases where the chiton did
ac o

onsistent with the idea that such encounters, ini-
c

not disappear is

high tide feeding excursions, occasionally interfere with
g

tiated durin

returns of chitons to their homesitese.
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All of these encounters were observed in mid- and high interti-
dal sparsely-populated areas and might help account for the greater fre-
quency of displacements observed in these areas compared with those
observed in the densely-populated 1low tide area. Although more
encounters might be expected in the densely-populated low intertidal
area, the disruptive effect of such contacts might be ameliorated by
"ritualization" of aggressive behavior and/or the frequency of such
encounters of low shore individuals might be reduced if individuals
"rotate" in place, feeding on algae fringing the home depression, as
suggested earlier. It 1is also possible that chiton contacts are less
conspicuous in the densely-populated low intertidal area than in the
sparser higher areas, because the chitons are more closely-spaced in the

former areas, and contacts were simply taken note of.

Two other cases were noted in which the homesite of a tagged

Nuttallina was occupied by a new chiton and the tagged chiton was found

elsewhere. 1In one of the cases, in quadrat 3 (described in Table V-1),

a 24 mm long N. fluxa had homed to a single site for 5 weeks, but was

found 11 cm away from this site on a subsequent observation and a new

hiton had taken up its homesite. In the other case, a small "cave" in
c

high tidepool was occupied by a 24 mm long Nuttallina kata, which was
a

cimens on 31 May 1980, then by a
replaced by a larger Nuttallina spe

ged N. fluxa on 17 June, and finally by a 30 mm long Nuttallina on 29
tag e SIS T

Such occurrences might represent cases where an intruding
u

July 1980.

on had actively usurped another’s homesit
"jntruder" might have simply wandered

e while the latter was out
chit

on a feeding foray, although the
as wusual for
the site when the homesite occupant did not return
into
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so
me reason. If the first alternative is the explanation for the change

in homesite Occupants, such events could account for some of the disg-

Placements observed during this study.

In the next section, the possibility that displacements in this
study occur predominantly in a particular direction, i.e., that a migra-

tion occurs, is explored.
BASIS OF THE SHORE-LEVEL SIZE GRADIENT IN NUTTALLINA

Nuttallina exhibits a general shore-level size distribution such
that specimens higher on the shore, particularly in exposed areas, tend
to be larger than those lower in the intertidal zonme, at La Jolla and at
other sites (see Chapters II and III; Kues, 1969; Ituarte, 1981). This
is not always the case, for example, where the shore topography is quite
irregular and zonation is not well-developed (e.g., Dike Rock, La Jolla:
Kues, 1969) and where N. fluxa is absent (e.g., Catalina Island: see
Similar shore-level size gradients have been observed for

Chapter III).

other species of intertidal chitons, Chiton tuberculatus at Bermuda

(Arey and Crozier, 1919, but see Glynn, 1970 for C. tuberculatus in

Puerto Rico), Sypharochiton pelliserpentis (Boyle, 1970, but microhabi-
often masked shore level differences), and Mopalia

tat differences

muscosa (Fitzgerald, 1975). Interestingly, Taki (1938) reported finding

11 specimens of several Japanese intertidal/subtidal chiton species
sma

by dredging at depths and only rarely in the intertidal zone, whereas
y

only found in the intertidal area. Similarly,

larger specimens were comm
of Tonicella 1lineata in

Berry (1917) noted finding small specimens

d but not on shore where the larger specimens were found (also
dredges,
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see Demopulos, 1975).

The basis for observed shore-level size gradients has not been
studied 1in chitons in any detail. Boyle (1970) found a negative corre-

lation between rate of water loss and size in Sypharochiton pelliser-

pentis and suggested that the observed difference in chiton size distri-
butions between wet and exposed surfaces was a consequence of the physi-
cal differences between the micro-habitats, such as in degrees of expo-

sure to desiccation. He suggested that as specimens of Sypharochiton

pelliserpentis grow, they move from water-filled crevice habitats to

more exposed drained surfaces, where, as adults, most of the chitons
take up elongate depressions to which they home. However, Boyle (1970)
possessed no direct evidence to support this contention. Crozier and

Arey (1918) noted a general increase in size of Chiton tuberculatus pri-

marily from dark under-rock positions to positions fully-exposed to sun-
light, with a general trend toward larger chitons up the shore. As a

result of findings that small chitons, with uneroded, intact shell sur-

faces and light-sensing aesthetes, were negatively phototactic, while

larger, much-eroded chitons were positively phototactic, these workers
’

roposed that the observed size distribution resulted from movement of
p

individuals to more exposed areas as their valves and aesthetes were

eroded away (and the chitons grew larger). Again, no

progressively
obtained to directly substantiate this

long—term movement data were

i_.
estion, although Crozier and Arey (1918) did find that small spec
sugg ’
ded to
hibited considerable movement, whereas larger specimens tende
mens ex
ra-
in i ore restricted areas. Taki (1938) proposed that chitons g
remain in m

intertidal zone with increasing age to

dually migrated up into the
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explain the large size of specimens on the shore relative to the size of
those at depths, for several Japanese intertidal subtidal species; he
obtained no direct evidence to support this hypothesis. Finally,
Ituarte (1981) claimed without direct evidence, that small "Nuttallina
californica" (N. californica or N. kata of this study) migrated to high

shore areas (probably Nuttallina californica), to account for the

shore-level size differences he found at a site in Santa Cruz Co., CA.

A general trend of increasing specimen size with shore height
has been reported for many intertidal species of molluscs other than
chitons, particularly for those species occurring in the high intertidal
zone, although other mollusc species exhibit no shore-level size gra-
dient, while still others, particularly those with low intertidal
ranges, show a general decrease in specimen size with increasing inter-
tidal height (e.g., Vermeij, 1972; Branch, 1981, p. 240). Theoreti-
cally, shore-level size gradients can result from differential growth at
different intertidal heights, differential mortality and/or, in mobile

species, migration. Population dynamics studies, particularly on the

well-studied limpets, suggest that in different species the observed

shore-level size gradients have different primary bases (see Vermeij,

1972; Underwood, 1979; Branch, 1981 for examples).

0f particular interest with respect to the present study,

asing size with intertidal height in several limpet species has
incre
i -
b shown, with varying degrees of rigor, to result from upshore migra
een 5
ith increasing age and size. In Oregon, Frank (1965) observed a
W

net upward movement of Collisella (= Acmaea)

ions
t digitalis in Fall and

t descent
levels, and a smaller ne
urf wet higher rock
Winter as storm S
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in Spring as upper shore areas dried, such that the oldest and largest

animals were found highest in the intertidal zone. Branch (1975)
obtained weaker evidence for similar progressive upshore migrations of
several South African Patella species and suggested that these limpets
are limited in their upward excursions only by their tolerances to phy-
sical stresses such as desiccation. Since larger specimens generally
tolerate desiccation and high temperatures better than small ones (e.g.,
Davies, 1969; Boyle, 1970; Wolcott, 1973), physical restraints on upward
movements might lead to the observed differential zonation with respect

to size.

In his study, Branch (1975) proposed that the principal advan-
tage of upward migration is that a species can occupy a wider range over

which the biomass can be spread, and hence it has more availble

resources. In other words, by migrating upshore, animals in his study

avoid intense competition for food and/or space in the densely-populated

lower intertidal zone. Certainly, various workers have shown that pat-

terns of movement can be modified by increased densities of intertidal

limpets and by reduced stands of algal food (e.g., Frank, 1965; Mackay

and Underwood, 1977).

Another obvious potential advantage of upshore migrations that

h pertain in selected instances is the avoidance of aquatic preda-
might

hat can forage longer or more effectively in lower shore areas
tors tha

ime. It is quite possible
result of the tidal reg
than in high ones as 2

the same as
ral upshore migrations are
rs that drive gene
that those facto

t the lower 1imits of the intertidal populations,

those that tend to se

Connell,
tition and predation (e.ge»
idered to be compe
most often consi
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2, 1975), whereas the factors that control and retard the upward
migrations are those that also set the upper limits of the distributions

of the populations, often physical factors (e.g., Wolcott, 1973).

Examination of Movement Data for Evidence of Migration Between

Shore Levels: Prior to Electrophoretic Study of Nuttallina

At the La Jolla study site, Nuttallina exhibits a shore-level
size gradient (with larger specimens upshore), high densities in the low
intertidal areas, and low densities on the high shore. The apparent
similarity of this population structure to that of the well-studied

intertidal limpets that undertake migrations prompted a preliminary

examination of the Nuttallina movement data for indications of either

seasonal or constant migration upshore.

Subsequently, electrophoretic study revealed that the Nuttallina

populations at the La Jolla site primarily consist of two separate

species, N. fluxa (Carpenter) and N. kata sp. nov. In the present sec-—

tion results of the preliminary examination of movement data are dis-
’

cussed as if the Nuttallina populations consist of only one species, as

was originally thought. However, the new species designationms are used
for clarity. In the following section, the new two species scheme is
incorporated in the examination to take a more refined look at the popu-
This method of presentation serves to

lation dynamics of Nuttallina.

h ovement study prompted the taxonomic study of Nuttallina
the m

show how
study in turn allowed a more

and how the results of the taxonomic
esults of the movement study.

refined interpretation of the r



First, as discussed in earlier sections, Nuttallina exhibits a

relatively rigid homing behavior regardless of species or habitat

(Tables V-6, V-8, V=13, V-18; Figures V-7, V-14). This rigid homing

behavior is best-developed in chitons of the low shore, animals in which
any tendency to migrate upshore should be most evident (Tables V-18, V-
19). oOver 30 day intervals at all times of the year, 727 of the N. kata
on the low shore exhibited no displacement, and 95% moved less than 7.3
cm (Table V-18, V-19). Even over 4 month periods, nearly 60% of N. kata
from all shore positions, including the more mobile high shore speci-
mens, had not shown any displacement whatever (Table V-8). These homing

data did not exhibit any significant seasonal or size-related trends

(see Tables V-20, V-21).

Second, analysis of displacements generally revealed no signifi-

cant tendency for Nuttallina of either species, of any size or in any

habitat or season, to exhibit displacements in any particular direction

(see Figures V-11, V-12, v-13, v-15, V-16, V-17, and Tables v-12, V-17,

v-18, and V-20 through V-24 for data and tests). Analyses for direc-
’

tionality included comparisons of upward versus downward displacement

frequencies estimated vertical displacement distributions and actual
’

int-to-point displacement distributions, and statistical tests of cir-
point—-to-

(magnetic direction) frequencies (by Rayleigh and Kuiper

tatistics), and when feasible, point-to-point

cular

goodness-of—fit circular s

displacements in different compass sectors.

N 11ina specimens occurring low on the shore were of particu-
utta

ince they were the most likely to exhibit upshore move=
lar interest S

h were an upshore migration). Statistical  tests,
ments (if there
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including those comparing positions of these chitons at the beginning

and end of the study, revealed no tendency for low-shore Nuttallina to
move upshore (Tables V-7, V-19). Circular frequency distributions serve
to illustrate the random pattern of displacements of low-shore Nuttal-

lina specimens with respect to compass direction (Figures V-18, V-19,

V-20).

Rather than exhibiting any tendency to move upshore, Nuttallina
most often showed slight, though nonsignificant, tendencies toward
downshore (generally southward) movement, as indicated by
upward/downward frequencies and calculated mean compass headings (e.g.,
Tables V-12, V-17, V-22, V-23, V-24). 1In only one case was a signifi-

cant result obtained; for all specimens of Nuttallina kata combined (120

day intervals), the tendency to move south (generally downshore) was

significant by Kuiper’s circular goodness-of-fit test (p<0.05, Table V-

23). However, the significance of this result was not corroborated by

the Rayleigh statistic nor by statistical comparison of upward and down-

ward displacement frequencies (Tables v-23).

Although it is quite clear statistically that there is not a

assive movement of the low shore population to the high shore, it is
m

till quite possible that some individuals from the low shore contribute
s

the high shore population. At the La Jolla site, the density of chi-
to

tons in the low intertidal area is quite high, up to 1400 to 2000 Nut-
0

he high intertidal zone is less
tallina per square meter, while that in the hig
ta -~ =

square meter (Chapter II). Thus, upshore movement of only
per

than 200
1llina population could
he low intertidal Nutta
11 roportion of t
i p rates
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Figure V-18. Circular frequency distribution of observed displacements

of 1low shore specimens of Nuttallina fluxa at the Seal Rock study site,

La Jolla, CA for the period 9 Sept 1979 to 11 Nov 1980.
occurring below +110 cm above MLLW (in Quadrats 3, 4,
V-1) are included. Displacements were estimated by the

method for 30-day long composite observation intervals.

caption for further explanation.

Only specimens
7, 8, 9 of Table
beginning-to-end

See Figure V-15
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Figure V-19. Circular frequency distribution of observed displacements

of 1low shore specimens of Nuttallina kata at the Seal Rock study site,

La Jolla, CA for the period 9 Sept 1979 to 11 Nov 1980. Only specimens

occurring below +80 cm above MLLW are included. See Figure V-15 caption

for further explanation.
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Figure V-20. Circular frequency distribution of observed displacements
of low shore unidentifiable Nuttallina specimens at the Seal Rock study
site, La Jolla, CA for the period 9 Sept 1979 to 11 Nov 1980. Only

specimens occurring below +110 cm above MLLW are included. See Figure

V=15 caption for further explanation.
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in the high population are, at most, not much higher than those in the

low one. However, examination of movement records of individual chitons
suggests that such upshore movement is not occurring. No tagged Nuttal-
lina specimens of either species, or in the unidentifiable group, moved
from the well-defined densely-populated low shore area up into the more
sparsely-populated mid-shore area during the 14 months of this study.
In fact, only two specimens of Nuttallina out of 160 individuals moved
out of the general habitat in which they were tagged during this study.

Both specimens belonged to Nuttallina fluxa, and both moved from

continually-submerged positions in a large high intertidal pool to

nearby exposed areas in late-spring/early-summer, 1980.

Displacement tracks of the most mobile specimens of N. fluxa, N.

kata and unidentifiable Nuttallina, jllustrated in Figures V-4, V-5, and

V-6, generally support the contention that these chitons do not move

consistently upshore. Most of the mobile specimens move about in vari-

ous, and seemingly quite haphazard, directions. Specimens such as #27

in Figure V-6 move relatively unidirectionally but not far upshore.
After tagging, specimen #35 (Figure v-4) moved down to the boundary

between the dense and sparsely-populated areas, then moved upshore for a
e

lacement of only about 7 cm. Specimens #1, #3, #CHl

net vertical disp
only small net displacements

moved considerable distances, but with
positions high in the intertidal zone.

upshore; all three started at

6) moved a considerable distance almost unidirec-

Specimen #BN (Figure V
hore from April to July,

en started from a positio

AM and #DT (Figure V-lc)

1980, for a vertical displacement

s
tionally down n well up in the

of about 19 cm; this specim

imens #
high sparsely—populated habitat. Spec
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also moved substantial distances downshore from positions in the high

sparse habitat.

Evidence similar to mine, but always obtained over much shorter
time periods and usually much less convincing, has led previous students
of intertidal molluscs to conclude that migration is not an important
element in the population dynamics and that differential growth or mor-
tality must account for most of the observed shore-level size gradient

(e.g., see Branch, 1975; Creese, 1980).

Taken together, the data from the present study certainly give a
strong indication that Nuttallina populations from the low densely-
populated band and the high sparsely-populated shore areas are rela-
tively 1isolated from each other. Tagged Nuttallina did not tend to

migrate upshore, and migration could not explain the shore-level size

gradient, with large chitons occurring higher in the intertidal zone.

The chitons show strong tendencies to home to particular sites for long

periods and when they do move, movements are not in any particular

direction. On the other hand, Nuttallina probably lives at least five

years (see Chapter VI) and, since this study extended over a period of

only 14 months, it is possible that

to the high shore take place only every few years, rather than in every
year. For example, low shore jndividuals might move into high areas in
a year of relatively mild climatic conditions following a harsh year in
which the high population suffered unusually high mortality.

conspicuous movements of Nuttallina
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Examination of Movement Data for Evidence of Migration Between Shore

Levels: Subsequent to Electrophoretic Study of Nuttallina

Strong indications of isolation of high and low intertidal popu-
lations of adult Nuttallina from the present study provided additional
impetus for an electrophoretic investigation into the taxonomic status
of these chiton populations (see Chapter III introduction). These two

Nuttallina populations proved to be separate species (Chapters III, IV).

The electrophoretic, or '"genetic tag", results can be used now
to take a more refined look at the population dynamics of Nuttallina.
Electrophoretic findings clearly indicated that the population of Nut-

tallina specimens in the high intertidal zone, particularly in drier,

more exposed areas, is composed almost entirely of Nuttallina fluxa,

whereas the low shore population is almost all Nuttallina kata, a new

previously undescribed species (Chapter III, particularly Tables III-5,

III-6, and Chapter 1IV). This clearly supports the conclusion of the

present study that no general upshore migration occurs in Nuttallina at

La Jolla and, especially given the similarity of intertidal distribu-

tions of Nuttallina fluxa and N. kata at all other sites where they have

been studied (Chapter III), suggests that this lack of mass migration of

pecimens from the low to the high shore is persistent over the years.
s

In view of the low mobility of adult Nuttallina documented in
n e

bserved intertidal distribution
d appear that the o

this study, it woul ‘

e two Nuttallina species is determ

r by movement OT mortality immediately

ined primarily by pat-
pattern of th
settling and/o

terns of larval
itons reach 15 to 20 mm live tota

1 length, the
thereafter, before the ch
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minimum size that could be tagged in this study. Unfortunately, larval

settling patterns are almost impossible to determine in the field since
the chitons are extremely hard to locate before they reach a few mm in
length and, even then, cannot be easily identified without electro-
phoresis (see Chapter III for a discussion of larval settling).
Sporadic, intensive searches for small Nuttallina during this study did
not yield many individuals, certainly not close to the magnitude of sets

of small acmaeid limpets that were quite conspicuous on mid-intertidal

bare rock surfaces in Summer, 1980. Louda (1972) similarly could find

only very few small recruits in her ecological study of "Nuttallina

fluxa" in Santa Barbara, CA (probably all N. fluxa of this study; see

Chapter III remarks).

Small (=3 to 6 mm) Nuttallina found in all seasons during this

study numbered only 20 to 30. These chitons were never found on mid-

and high intertidal bare exposed rock surfaces, but rather in damper,

more protected areas, primarily in the low intertidal algal turf and in

damp low mid-intertidal areas, but also in damp high-mid areas and in a

high shore tidepool. Unfortunately, these juveniles were not collected

nd can not be assigned to the two Nuttallina species discovered subse-
a

n tly Af ter the present S CUd? ’ dut i“g the I } ’
que -
search for juveniles in November ’ 1981 again yielded very few

n 6 mm in length (Chapter III: Table

intensive

small chitons, most greater tha
these
I1I-6) Like the small Nuttallina found in 1979 and 1980,
11 living in wet areas at the La Jolla site. It might
a

juveniles were
- juveniles determined electro-

not be surprising that four of the five
"y1/DRY" morph) occurred in the

be Nuttallina fluxa (

phoretically to

519



low, wet densely-populated algal turf area, but it certainly is surpris-

ing that the twenty-three electrophoretically-identified N. kata
juveniles occurred nearly equally often in "high, wet", "high pool" and
"low, wet" habitats (Chapter III: Table III-6). These juvenile distri-

butions are nearly the reverse of the adult intertidal distributions!

Dynamics of the Intertidal Distribution of Nuttallina fluxa

It is difficult to make firm conclusions without knowledge of
relative mortality rates in high shore areas, but if these distribu-
tional findings reliably represent persistent patterns of recruitment

(i.e., 1 of 5 Nuttallina fluxa juveniles in high area), it would appear

that individuals of Nuttallina fluxa recruited in the 1low intertidal

areas must move upshore, presumably before they attain 15 to 20 mm in

length. However, small Nuttallina would be expected to home even more

reliably than adult Nuttallina, if the tendency to home holds a constant

relationship with size (this is certainly not always true in other

species); in this study, N. fluxa less than 25 mm in length, like small
’ -— ———

specimens of N. kata and small unidentifiable specimens, tended to home

more frequently than did larger specimens (Table V-20). Even so, it is
possible that those juveniles that do move, move in a more directed

manner upshore than do the adults examined in this study.

An alternative to juvenile upshore movement that could explain
alte

served intertidal distributions of juvenile and adult

the disparity in ob

£ N. fluxa is that recruitment of N. fluxa to high damp areas
of N. fluxa

specimens
’ n in these studies. Certainly, settlement

her times tha
is greater at ot

icularly heavy
jable at the Seal Rock site; I noted a particu y
seems to be varia
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set of small Nuttallina specimens (in the lower intertidal area, not

high) on 12 September 1977, but I had trouble finding any such specimens
the year of the present study. Certainly, recruitment of intertidal
gastropods varies considerably from year to year and place to place
(Underwood, 1979). Another possibility is that mortality rates of N.
fluxa in high areas are much lower than in low areas, and a relatively
small proportion of recruits to high areas maintains a substantial popu-

lation of adult N. fluxa there.

What can we say about the presence of adult Nuttallina fluxa in

high, dry areas, where juvenile N. fluxa are never found? Mortality
rates may be low enough in the high, dry exposed areas so that very few
specimens need to move there from high damp areas and pools to maintain

the low density of relatively large N. fluxa found there. Some evidence

for these proposed movements between high intertidal habitats was

obtained in the present study; the only two Nuttallina specimens

observed to change general habitats during this study were both N. fluxa

of about 35 mm in length that moved out of a high tidepool at a time

when conditions were fairly mild, i.e., in May and July when exposure at

low low tides occurs at night, and homed to nearby exposed areas on bare

k for the remainder of the study. Generally, large specimens of
roc

tertidal molluscs can withstand desiccation and high temperatures
inte

Davies, 1969; Boyle, 1970; Wol-

better than smaller conspecifics (e.g.,

imens
1973: Branch, 1981); this probably explains why larger spec
cott, 5 ’
o be found in drier, more exposed areas of the

of N. fluxa are more apt t

high shore.
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Dynamics of the Intertidal Distribution of Nuttallina kata

In Nuttallina kata, for which electrophoretically-identified

juveniles (<15 mm) were found fairly equally at all levels of the shore
in damp habitats (Tables III-5 and III-6), juveniles might move
downshore to produce the adult distribution pattern (with N. kata pri-
marily in low areas). A tendency for downshore (southward) movement,
though wusually nonsignificant, was observed in many subgroups of tagged
adult N. kata in this study (e.g., Tables V-12, V-18, V-19, V-20, V=21,
V-23), although not for small specimens (<25 mm, Table V-20). In fact,
tagged N. kata of all sizes homed extremely reliably in this study, and
a more appealing explanation for the adult/juvenile distribution dispar-

ity would seem to be that mortality rates of N. kata are greater in

upper intertidal areas than in the low area, the eventual habitat of

most adult N. kata. The maintenance of adult Nuttallina distribution

patterns is discussed in Chapter III.

Differential Growth and/or Differential Mortality

The electrophoretic study (Chapter III) has clearly revealed

that the shore-level size gradient Nuttallina results from species

differences as well as from differences within N. fluxa itself. In Nut-

from many sites as well as from La Jolla, N. fluxa was

tallina sampled

4 t
found to attain larger size, 50 to 55 mm in length, than N. kata, 40 to

In addition, at La Jolla as well as at several other

45 mm length.

N. fluxa tends to be larger in size in the high intertidal than

sites,
olla and elsewhere, N. kata tends to

In contrast, at La J

in the low.
w areas than in high ones (Chapter

III: Tables

attain larger gize in lo
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III-5 to 1II-7). Although small recruits of Nuttallina fluxa might move

into higher damp areas from low area settling sites ag suggested ear-
lier, it seems that directed movements do not account for much of the

general shore-~level size gradient in Nuttallina, with the largest speci-

mens occurring in the highest shore areas.

Thus, interspecific differences in growth rates and/or mortal-
ity, possibly superimposed on shore-level differences within species in
growth and/or mortality, must account for most of the general shore-
level size gradient in Nuttallina observed at La Jolla. Results from a
field growth study indicate that the high shore species, N. fluxa, prob-
ably does grow faster than the low shore species, N. kata, thereby con-

tributing to the observed shore-level size gradient (see Chapter VI).

Mortality rates for high and low intertidal Nuttallina are not

known reliably. '"Survival" data, presented in Table V-3, represent max-

imum estimates for mortality rates, since tag losses as well as chiton

deaths are included in the estimates. Sample sizes were limited due to

the considerable time required to relocate specimens, while ensuring

that animals that could not be found were not anywhere on the shore,

with tag still attached. Size differences between the largest sub-

high intertidal N. fluxa (N=41) and low intertidal N. kata

groups,
observed shore-level size gradient.

(N=55), contribute most to the

6%
"gurvival" times for these two subgroups were quite similar (about 6

H t
f tal possible chiton—days for individuals of both, Table V'3)p bu
o] tota
Yy hout
1it rates for the two can not be concluded to be similar withou
morta
wo ar the size-
k 1 dge of comparative tag loss rates in the t eas and
nowlie

gspecific structure of mortalities.
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To obtain reliable mortality estimates, many hundreds of tagged
chitons of all sizes and in all representative habitats would have to be
monitored; a reliable estimate of tag losses would have to be obtained
simultaneously. This would be valuable information, particularly if it
could be obtained for several years, under a variety of climatic condi-
tions. Unfortunately, this process would be extremely time-consuming in
Nuttallina; it is especially difficult to relocate chitons in the low
algal turf area and re-finding all tagged chitons in this study gen-

erally took three low-tide periods every two weeks.

No data are available for the comparative dynamics of high and
low shore populations of other chiton species; however, for the well-
studied intertidal limpets, evidence suggests that both differential
growth and differential mortality can contribute to shore-level size

gradients of nonmigrating species (Underwood, 1979; Branch, 1981). In

particular, high and low intertidal populations of Collisella scabra in

Sutherland’s (1970) study have many of the characteristics of Nuttallina

populations in La Jolla, except that the Nuttallina high and low popula-

tions have been found to be separate species. Sutherland (1970) found

that C. scabra increases in size with vertical intertidal height. Like
a .

Nuttallina populations, those of C. scabra are fairly dense and exhibit
utta c

d niform dispersion in low intertidal areas, and are more
random to u
Sutherland (1970)

sparse with clumped dispersion in high shore areas.

found
e of low limpet densities, and growth was

lower intertidal limpets becaus

y increasing and decreasing with food supply. Mor-

seasonal, presumabl

were recruitment
£ on the high shore were relati
y rates

vely low as
talit
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rates, and catastrophic mortality occasionally occurred. In low inter-

tidal C. scabra, on the other hand, growth was slower presumably as a

result of higher densities of limpets, and growth was more constant,
presumably because food was more constantly available. Mortality rates

in the low population were relatively high and the probability of catas-

trophic mortality was lower.

Sutherland (1970) did not study the movement behavior of Col-

lisella scabra, but rather assumed that "there was no mixing between

populations from different intertidal heights", primarily on evidence
contained in an unpublished student report (Brant, 1950). Brant’s
(1950) study indicated that greater than 95% of the excursions of Col-

lisella scabra away from homesites concluded in homing. Sutherland

(1970) used this evidence to account for limpets that had lost their

tags (more were lost in the low zone than the high in his study) in

determining mortality rates. Limpets that could not be found after hav-

ing homed to a site for about 4 months were recorded as documented

deaths. However, it is important to realize that Brant’s (1950) study:

1) extended only over a 23 day period in July, 1950, and no individual

was followed longer than 5 days, 2) revealed spatial heterogeneity in

movement, with the percentage of animals homing over a 3 to 5 day period
’

ing from 82 to 100%, 3) included only high intertidal areas, above
vary

at a different site (Monterey, CA) and with

3.9 ft (119 cm) above MLLW,

Sutherland’s
rently much lower limpet densities (400 vs. 1400 in Su
appa
bly included
1 one) than Sutherland’s (Bodega Bay, CA), and 4) probably
ower z
where noted, no specimen was smaller than

mm in gutherland’s (1970) study].

primarily large limpets since,

11 mm in length [vs. a minimum of 4

525



Brant (1950) recorded a much larger frequency of nonhoming events in an
area where limpet densities were experimentally increased and noted an
increasing tendency for longer foraging movements under natural condi-

tions as his study progressed. Wells (1917; Acmaea spectrum=Collisella

scabra) and Villee and Groody (1940) observed some specimens of Col-

lisella scabra to exhibit fairly substantial displacements to new

homesites, and Choat (1977) recorded a small upward migration of Col-

lisella scabra on vertical pilings in February in his study at Santa

Barbara, CA.

Given the foregoing facts, it is probable that there was more
movement of specimens than Sutherland (1970) appreciated, and that there

was considerable mixing of individuals from different heights, particu-

larly as a result of movement from lower levels that were very densely-

populated with small limpets, to higher ones. Since tag loss was a

greater problem in the lower zone in Sutherland’s (1970) study, it is

possible that deaths "documented" by assuming homing in this area were

inflated relative to those in the high area as a result of unappreciated

movement frequencies (thus partially accounting for the higher observed

mortality rate in the lower zone). Lewis and Bowman (1975) raised an

dditional question as to whether the 1lower growth rates Sutherland
a

(1970) recorded in his lower zone 2 were due to between—habitat differ-

(barnacles vs. no barnacles) similar to the ones they noted in the
ences a .

Patella vulgata even at similar tidal levels, rather than pri-
limpet a

limpet as
ily to greater limpet densities and lower food per p
mar

ested.
herland’s (1970) 1limpet density manipulation experiment sugg
Sutherlan
high zone
dditi Sutherland’s (1970) conclusion that the largest g
In a tion,
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specimens

of Collisella scabra live longer (11 versus 7 years) and grow
faster than the largest lower zone limpets is interesting in that it is
contrary to findings of the ma jority of other workers, who find longev-
ity to be inversely related to growth rate (e.g., Fischer-Piette, 1948;

Comfort, 1957; Frank, 1965; Lewis and Bowman, 1975).

An increase in intertidal height wusually corresponds with a
decrease in the growth rate of a mollusc, other factors being equal
(presumably as a result of decreasing time available for feeding; see
Branch, 1981, p. 299 for limpet examples). However, where the density
of the lower intertidal population of a species is much greater than
that of the higher intertidal population, lower growth rates and higher
mortality rates of the lower intertidal population, as documented by
Sutherland (1970), might be common. Other possible examples of this

latter situation could be the Patella study by Lewis and Bowman (1975)

and the study of Creese (1980). Creese (1980) found growth rates to be

greater and mortality rates to be lower in a sparsely-occurring, high

population of the limpet, Notoacmea petterdi, than in a more

intertidal

densely-occurring, low intertidal one. In Nuttallina in the present

study, where the low intertidal chitons similarly occur much more
’

densely than do the high ones, similar differences in growth and mortal-
e

ity rates with intertidal height might account for the observed shore-

1 1 size gradient Studies on growth of Nuttallina in the field will
eve .

be described in the next chapter.
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CHAPTER VI

FIELD GROWTH STUDIES ON NUTTALLINA
—u N

INTRODUCTION

Although Nuttallina is abundant in many rocky shore areas, very
little information is available on growth in Southern California speci-
mens of this chiton. Harvey (1963) presented data on growth of twelve

specimens of '"Nuttallina fluxa" (N. fluxa and/or N. kata) held in an

aquarium at Scripps Institution of Oceanography for 9 months and Louda

(1972) obtained growth data for twenty specimens of "Nuttallina fluxa"

(probably N. fluxa) observed over 4 1/2 months on a rocky shore near

Santa Barbara, CA. No general conclusions about growth rates or

age/size relationships in Nuttallina can be made from these studies.

The MacGinities (1949, 1968, p. 386) have guessed that Nuttallina lives

at least twenty or twenty-five years with no supporting evidence.

The present study was initiated to obtain a clearer idea of the

growth rate and age of a representative specimen of Nuttallina found on

the shore. A reliable estimate of age of typical specimens can be of

population dynamics of Nuttallina

much utility in understanding the

lations. For example, if a typical Nuttallina specimen lives for 25
popu . R

turnover rates in a particular shore area can

years rather than 5 years,

with possibly profound consequences for

be concluded to be much slower,

predicted migration and recruitment rates.
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Growth rates and ages of a variety of molluscan species have

been estimated by several different techniques, including analyses of
temporally-sequential size-frequency distributions (e.g., Glynn, 1970;
Baxter and Jones, 1978), internal or external shell growth line counts
in unmanipulated specimens or in specimens injected with tetracycline
HC1 [e.g., Crozier, 1918a,b; Nakahara, 1961; Baxter and Jones, 1978;
Kahn and Pompea, 1978 but see Nature 279(5712)], shell natural radionu~-
clide ratios (Turekian et al., 1975, 1979), 185,160 o1y profiles
(e.g., Wefer and Killingley, 1980), and mark/recapture studies (e.g.,
Boolootian, 1964; Palmer and Frank, 1974; Brousseau, 1979). Each method
has its own advantages and disadvantages, some of which have been dis-

cussed by Haskin (1954), Wilbur and Owen (1964) and Rhoads and Lutz

(1980).

Relatively few extensive growth studies have been undertaken on

chitons and growth estimates for most species comprise guesses, educated

or otherwise. A summary of sources of growth data for chitons is

presented in Table VI-5. Chiton growth studies have employed several

techniques but conclusions made in these studies have often been ques-

tionable or even contraindicated in other studies. It is clear that,
’

due to variation in biology from species to species, particular methods
u

imation that are practicable for one species are not useful

of growth est
the feasibility

for other species. Accordingly, in the present study,

f ral techniques was examined before it was determined that the
of seve

though labor-intensive, was the most practical

mark/recapture method,

for growth estimation in Nuttallina.
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At the time the present study was carried out, the Nuttallina

populations were thought to consist of one species. Specimens were sub-

sequently assigned to the two species, Nuttallina fluxa and N. kata,

using morphological criteria as in Chapter V, on discovery that the

study area contained primarily two Nuttallina sSpecies.,

MATERIALS AND METHODS

Analyses of size-frequency distributions sampled sequentially in
time seem to be unreliable for obtaining growth rate estimates for Nut-
tallina populations in La Jolla, CA. This method is not reliable unless
growth is fairly rapid and wuniform throughout the population and
recruitment is confined to a relatively short period of the year; year
class modes must be clearly indicated in a size-frequency distribution,
or the number of year classes present must be known from other evidence,

in order to obtain a reliable growth estimate by this method (e.g., see

MacDonald and Pitcher, 1979). In addition, for fairly immobile interti-

dal species for which interhabitat growth differences can be signifi-
]

cant (e.g Lewis and Bowman, 1975), size-frequency distributions
- .y

ideally should be determined nondestructively (i.e., leaving specimens
i

live in situ and the habitat unaltered) in the same site over time.
a

It is impossible to obtain size-frequency data for Nuttallina,

kata in a nondestructive manner as
for low-shore N. >
particularly

ired for effective application of the size-frequency technique.
requlre

t be reliably measured without moving them from the sub-
Chitons canno
hout partially destroy-
annot be detected wit
and some specimens cC

strate
’ of chitons from the substrate, particularly

2 1
ing the habitat; remova
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those chitons that inhabit form-fitting depressions, for measurement is

necessarily associated with increased mortality and destruction of the

habitat,

The size-frequency distribution for Nuttallina determined in
Fall, 1980 (see Chapter II) does not reveal the clearly polymodal popu-
lation structure needed to determine growth rates, without supplementary
data, in a species such as Nuttallina which undoubtedly lives for more
than two or three years. Preliminary results and problems with applying
the size-frequency analytic technique to Nuttallina populations indi-

cated that the great amount of labor required for this method was not

justifiable.

Shell growth lines were not useful for growth rate estimation in

Nuttallina. Both external and internal shell growth lines can indicate

growth rates in molluscs (e.g., Hughes, 1970; Seed, 1973; Kenny, 1977;

Jones et al., 1978). Since different time periods have been ascribed to

growth lines in various molluscs and "check" lines can be caused by dis-

turbances such as handling and wave shock (see Wilbur and Owen, 1964;

Kennish, 1980), a common problem in growth studies wutilizing shell
» bl

t of time corresponding to a sin-

growth lines is to determine the amoun

le line and to ensure that the lines are produced regularly with time.
gle

Only external shell lines have been used to estimate growth

9 ier 1 ’ ’ ’ a

1970; Palmer and Frank,

Jones, 1978, but see Glynn,

in the
occasionally occur
shell surface, grooves
1ina, on the external

1974). In Nuttal-
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te
gmentum near, and paralleling, the anterior growing edge, and, occa-

sionally, there are striations in the sutural plates, but such features

do not occur frequently enough to permit study of their temporal signi-

ficance or their regularity with time. In addition, erosion of the

external wvalve surface, probably facilitated by the blue-green alga

Entophysalis deusta (Nishi, 1975), 1limits the number of Nuttallina

specimens for which a complete growth record is present in the external

shell layer.

Microscopic examination of thin cross—sections of Nuttallina

valves, cut 1in various planes, sagittally, transversely, and radially
from the apex, with a slow speed diamond saw (Isomet 11-1180, Buehler
Ltd, Evanston, Ill.), very rarely revealed internal structures that

could be construed as periodic. For example, an 8 mm long radial sec-

tion of an intermediate valve possessed three long, dark brown wedges,

alternating with two white stripes, that passed from a ventral white

band up toward a more dorsal white band, all contained within the arti-

culamentum layer of the valve. No such alternating structure was

observed more than rarely in the articulamentum. Neither could any

internal periodic structure be discerned in the outer tegmentum shell

layer as would be expected by analogy (homology?: Beedham and Trueman,
bl

1967) with the growth lines observed in the outer layer of clam shells,

fOI‘ exam . ’
se

Cc

Even if periodic shell structures

ing internal periodic structures.
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could be found, a supplemental technique would have to be used to cali-

brate them with time.

The isotopic ratio of oxygen (180/160) incorporated biologically
into calcite or aragonite varies predictably with temperature and salin-
ity. This ratio has been used, among other things, to estimate growth
rates and age in individual animals that occur in areas subject to fluc-
tuations in ocean temperature (e.g., Wefer and Killingley, 1980). Ocean
waters at La Jolla, CA show a large and regular annual fluctuation in
temperature, without substantial complication from salinity fluctua-
tions; good records of salinity make it possible to estimate water oxy-
gen isotope composition quite accurately. Shell oxygen isotope profiles

of an intertidal mollusc, Mytilus californianus, at La Jolla reflect

seasonal ocean temperature changes with high fidelity (Killingley and

Berger, 1979) and indicate that this technique might work well for other

molluscs in the area.

The oxygen isotope technique seems ideal for investigation of

growth in individual Nuttallina specimens from La Jolla, CA, although

the method is technologically—-demanding and quite time consuming, i.e.,

20-30 minutes per sample. were on a mass spectrometer by Using a mass

trometer and methods described in Killingley and Berger (1979), Kil-

spec

lingley (Geological Research Division at Scripps Institution of Oceanog
ngle

for
from four Nuttallina specimens,
raphy) analyzed shell samples taken

which collection dates are known. Calcium carbonate in Nuttallina was
assumed to be in the form of aragonite as it is in another chiton (Bog-

ild 1930). Analyses can be performed on shell samples as small as 2
:g w;th a precision of about 0.l per mil, although most samples were
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nearer 5 mg in size.

The mark/recapture technique has been used previously with the

most success on relatively large species of chiton (Mopalia muscosa,

Boolootian, 1964; Cryptochiton stelleri, Palmer and Frank, 1974). Work-

€rs on small chiton species have noted the unfeasibility of the tech-
nique (e.g., Baxter and Jones, 1978). However, with the development of

an effective tag (see Appendix IV), this method proved practical, though

labor-intensive, for application to the relatively small Nuttallina

species. Specimens tagged for study of long-term displacements (Chapter

V) were measured carefully for growth rate determinations.

Growth measurements of the tagged chitons included those of live
chiton total length (CTL) and intact fourth valve width (FVW). Although

weight measurements have been used effectively to monitor growth in

Cryptochiton stelleri, in which the valves are covered by epidermis

(Palmer and Frank, 1974), this type of measurement was not practical for

Nuttallina because: 1) it would entail removing an occasionally substan-

tial valve algal overgrowth by vigorous scraping, with consequent dis-

turbance to the specimen and potential alteration of its long-term

behavior including feeding (sensory aesthetes are present in the

valves): 2) it would involve bringing animals into the laboratory for a

period of time to allow sufficient time for emptying of the digestive

t and 3) it would entail vigorous blotting of the chitons with
tract;
roduci-
companying increases in mortality rates, in order to obtain rep
ac
r weighing animals in water were

i o
ble measurements, unless provisions £

arranged.
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CTL measurements were made in the field as follows. The speci-
men was carefully removed from its site, was placed on a flat rock in a
shallow tidepool so that it was half-submerged (specimens relax more
rapidly when placed in water), and was left undisturbed for several
minutes. Its CTL was then measured to 0.1 mm wusing a pair of fine-
pointed dividers and transferring to a precision metric rule. CTL was
taken as the average of at least three such measurements. In some

instances, if a chiton were disturbed by a measurement, it would not

fully relax again. In such cases, only relaxed measurements were used.

Preliminary measurements revealed relatively slow growth rates,
so sampling intervals were increased to approximately six months in
length during the study. This measurement regime helped to minimize
disturbance to the chitons, but had the disadvantage that a substantial

proportion of study animals were lost between samples, thereby reducing

the amount of growth data obtained.

Part way through the study, it was discovered that the FVW could

be measured in a live chiton with precision and relative ease. Fine

oints of dividers could be inserted medially to the fleshy girdle and,
P

ith care could be made to straddle the maximum width of the fourth
wi ’

lve at its lateral edges. The FVW was then determined to 0.1 mm by
va

to a precision metric rule. The FVW was the average of at

transferring
imates were
least two such measurements for a chiton. FVW growth est
bout
ined ly for the last half of the fourteen month study, from a
obtaine on

May to November 1980.
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RESULTS
18,16
0/ "0 DETERMINATIONS
No firm conclusions concerning growth rates and longevity of
Nuttallina specimens can be made with the shell 180/160 data obtained to
date. However, this technique has been used on relatively few species
of animals and is still largely at an exploratory stage of development.
Since data obtained by this method are relatively scarce, a presentation

of findings here seems worthwhile.

180/160 measurements on twenty-three shell samples from four

Nuttallina specimens have been made to date, and data are presented in
Table VI-1 and Figure VI-l. As expected, measurements for the Bodega

Bay specimen reflect growth of the shell in much colder water than is

found in La Jolla, CA. The Nuttallina specimen collected from the south
side of Punta Banda, Baja CA, Mexico, an area of seasonal cold-water

upwelling, also seems to have grown in relatively cool water. These

data lend support

alifornica is a cold-water species, relative to N. fluxa and N. kata.
Cc

The series of twelve samples obtained along a line from the

i edge of the sutural plate toward the shell apex in the specimen
anterior

ture.
1lina kata do not reveal substantial variation in temperatu
of Nutta

ries of 18O samples taken from a shell such as this should
a se

Ideally,
rtion of the
t fluctuations of temperature spanning a large propo
reflec
n location
al wvariation in surface water at the collectio i
observed annu

represent a
mplete cycle of variation would unequivocally rep
o
such that a ¢C

year of growth.

for the conclusion (in Chapter III) that Nuttallina
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TABLE VI-1, Oxygen isotope data for samples from fourth valves of Nuttallina. Since tidepool temperatures are variable, and often wuch different from
n temperatur none of the specimens was from a tidepool. Analytic procedures are described in Killingley and Berper, 1979, Standard carbonate
was PDB (Pee Dee Belemnite). The chiton valves are assumed to consist of araponite (Boppild, 1930),

Sample location in “sutural Sample location in valve
plate” geries, {o wm from main body series, in mm Valve main body
Species (de- anterior ed (overall Sutural plate from jugal sinus edgeC (articulamentum
termined by Chiton Measurements, wm diatance from anterior edge (articulamentum) (overall distance from layer) fsotope
electro- Collection Collection A (CTL=chiton total length; of sutural plate to valve “;lon dats jugal sinus to valve apex data 13
phoresis) Locality Date Habitat FW=fourth valve width) apex in parentheses) d alic in parentheses) 518 §°c
Nuttallina Punta Banda, Baja CA 2 April 1981 High intertidal CTL: 33.0 (frozen) 0.5 0.43 0.38
californica (Chapter 111 FvW: 12.0 1.5 0.62 0.40
collection site) (8 wm)
Nuttallina Bodega Bay, CA Janvary 1981 High-mid area CTL: 39 (frozen) 0.5 1.713 -0.50
califormnica (Chapter 111 Fuv: 12.6 1.5 1.51 ~0.72
collection site) (10 mm)
Nuttallina La Jolla, CA 4 February 1981 High, exposed CTL: 31 (frozen) 0.3 ~0.35 0.78
fluxa (Seal Rock) rocks FUM: 15.8 0.8 0.06 0.17
1.5 -0.05 0.39
(8 mm)
Huttallina La Jolla, CA 15 February 1981 Low-mid, densely- CTL: 35 (live) 1.0 ~0.16 -0.99 0.3 0.09 -0.61
kata (Seal Rock) populated area, P 9.2 1.8 -0.16  -1.30 1.0 0.12 0.0
shallow depression 2.2 -0.25 -1.46 1.9 -0.19 -0.89
2.6 -0.10  -0.83 2.8 0.09  -1.00
1.0 -0.15  -1.49 6.4) ’ :
3.4 -0.10 -1.65 :
1.8 ~0.31 -1.85
4.2 -0.24 -1.67
4.5 -0.41 -2.2
5.0 -0.12 -1.81
5.3 -0.05 -2.51
5.6 0.00 ~2.74
(10 o)
NOTES

A. Habitats described in Chapters II and III.

B. The anterior edge of the sutural plate {s the growing edpe (the newest material)., Sutural plate locations were weasured from the anterior edge toward

the valve apex, For N. kata, the "sutural plate” series of samples extended into the valve main hody, and the tepwentum laver had to be removed to
sample the articulamentum layer there.

C. locations on the valve main body were measured from the jugal sinus tovard the valve apex.

LES
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Figure VI-1 180/160 analyses of fourth valve samples from Nuttallina

specimens.

Corresponding data, including appropriate overall dimensions,
are presented in Table VI-l. All samples were taken from the shell
articulamentum layer; overlying tegmentum was filed away if necessary.
Samples for N. fluxa were from the valve main body; samples for both
specimens of N. californica were from the sutural plates. N. kata sam~

ples were from both the sutural plate and the valve main body, as indi-

cated.

Temperature scale in (A) assumes that the Nuttallina valves are

aragonite and that 6180 of La Jolla seawater is -0.6 9. Aragonite is

0.6 %o heavier than calcite. The mollusc paleotemperature equation of

Epstein et al. (1953) was used for conversions. Shell sample location$

are illustrated in (B). Similar sample locations do not necessarily

coincide 1in time for different specimens or for different layers of Lo

fourth valve of a single chiton.
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The most promising shell samples came from the Nuttallina kata

valve main body (Table VI-1; Figure VI-1). In this series, considerable
180/160 fluctuation is revealed, despite the fact that the valve main
body 1is considerably shorter (i.e., the time axis is more compressed)
than the sutural plate-to-apex dimension and despite the fact that the
samples were more widely-spaced than were those in the sutural plate
sample series (in which 1little 180/160 variation was revealed).
Clearly, because the wupswing in the 180/160 "ecycle" (signifying a
downswing in temperature) is demarcated by only a single sample, the

single apparent cycle (Figure VI-1) could represent a conglomeration of

several cycles.

GROWTH OF TAGGED SPECIMENS

Results of laboratory studies presented in Appendix IV indicate
that the growth of tagged and untagged Nuttallina specimens are not dif-

ferent; thus, the tag has no obvious effect on growth of this chiton.

Growth measurements of live chiton total length (CTL) and/or
intact fourth valve width (FVW) were obtained in the field for 58 Nut-
tallina specimens, assigned by morphological criteria (Chapter 1IV) as

follows: 24 Nuttallina fluxa, 31 N. kata and three unidentifiable speci-

mens. Measurement intervals varied from 164 to 230 days in length

(mean=203), starting in September to December 1979 and terminating in

March to June 1980 ("Winter") or starting in March to June 1980 and ter-

minating in November 1980 ("Summer"). Change in CTL was measured for 39

specimens for one interval, Winter or Summer, and for 15 specimens for

two intervals while changes in FVW were determined for 32 specimens,
’
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Summer only. CTLs of specimens of Nuttallina fluxa, for which CTL

growth measurements were obtained, ranged from 22.2 to 50.0 mm, while
specimens of N. kata ranged from 18.2 to 34.7 mm, and unidentifiable
specimens ranged from 20.2 to 36.0 mm. FVWs ranged from 8.1 to 15.7 mm
for N. fluxa, 5.2 to 9.2 mm for N. kata and 9.2 to 9.9 for wunidentifi-
able Nuttallina specimens. Examination of the growth data reveals con-
siderable variability; in addition, there are a few instances of nega-

tive growth.

In previous studies, six growth curves have been wused to .

describe the growth of animals and plants: the exponential, power, Gom-—
pertz, logistic, Bertalanffy, and Kriiger curves (see Kaufmann, 1981;
Kriger, 1962). Various formulations of these curves were examined in an
attempt to describe Nuttallina growth data. The Krliger growth function
(Kriiger, 1962), which describes an asymptotic growth curve, has not been
widely-used and was not used in the present study. - Although high-order
polynomials might provide better fits to the growth data, they, unlike
the growth curve formulations, are wunsuitable for extrapolations to
unstudied sizes of animals and for comparisons between populations
(Haukioja and Hakala, 1980). Therefore, such polynomials were not

explored for use in the present study.

Variations of Ford-Walford plots, which allow plotting of growth
data in straight lines, have previously been used to determine parame-

ters of the Gompertz, logistic and Bertalanffy curves from cross-

sectional data (e.g., Walford, 1946; Gulland, 1965; Theisen, 1973;

Yamaguchi, 1975), but a disadvantage of these plots 1is that the time

interval for all of the data points must be the same, i.e., data taken
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with different elapsed time interval 1lengths cannot be pooled. Van
Devender (1978) and Kaufmann (1981) present methods that permit use of
measurement intervals of variable lengths in analyses employing various
growth curves formulated as straight lines. Both workers employ dif-
ferential equations of the growth curve formulations, Van Devender
(1978) expressing growth rate in terms of size for the Bertalanffy for-
mulation, and Kaufmann (1981) expressing size-specific growth rate esti-
mates in terms of size to investigate fits to the Gompertz, logistic,

Bertalanffy, power and exponential growth models.

The techniques of Van Devender (1978) and Kaufmann (1981) were
used in the present study to determine which growth model best described
growth data obtained for tagged Nuttallina specimens. Specifically,
data were plotted using the following axes: 1) (Sz- Sl)ﬂﬁ¢ versus size
["size" used was the initial size, Sl’ or the arithmetic mean of the
initial and final sizes, (Sl+82)/2, or the geometric mean size,
/?EIEEZ-, in different plots]; 2) G versus In JTE;?E;S; 3) G versus
fFEIEEZB, where S1 and 82 are the initial and final CTLs (or FVWs) in
mm, t is the time in days, and G is the size-specific growth rate,
ds/sdt, estimated as (ln Sz-ln Sl)Aﬁﬁ. The axes in 1) are those associ-
ated with the differential equation of the Bertalanffy formulation (Van
Devender, 1978), those in 2) are those for the differential form of the
Gompertz and exponential curves (exponential indicated by a line with a
zero slope) suggested by Kaufmann (1981), and those in 3) are associated
with the differential form of the logistic growth formula, also sug-

gested by Kaufmann (1981). Axes associated with the differential form

of the power growth curve [i.e., 1n G versus 1n J(SIXSZ)] were not
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useful, since, for cases of negative growth as obtained in the present
study, the 1In G transformation entails taking the logarithm of a nega-

tive number.

Variables on neither axis, growth rate nor size, have been meas-
ured without error. Regressions in such cases are of Model II type.
The appropriate treatment of Model 1II regressions is controversial;
where the regressions are to be used for predictive relationships, as in
this study, Sokal and Rohlf (1981, p. 549) suggest using simple linear
regression techniques (Model I) for which statistical methods are well-
studied. Such usage is fairly common in growth studies and other mor-
phological work (see Ricker, 1973; Van Devender, 1978; Kaufmann, 1981),

and will be followed in the present study.

All significant Model I regressions obtained in bivariate plots
of data for CTL and FVW on axes listed above, along with corresponding
geometric mean (or reduced major axis; Ricker, 1973) regression parame-
ters, are listed in Table VI-2. Multiple, i.e., two, growth estimates
for a single chiton were averaged on the appropriate axes to provide one
estimate per chiton. It is not surprising that several growth models
fit particular Nuttallina data subsets well since relationships between
growth rate and size are not strong in the present study (see Kaufmann,
1981). The significant regressions listed in Table VI-2 reflect the

relationship observed most often in growth studies involving adult

specimens of a wide range of sizes —= smaller specimens exhibit greater

growth rates.
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TABLE VI-2, Regression statistics for Nuttallina growth using various models.

Growth data were plotted on axes appropriate to differential equations for the Bertalanffy, Gompertz (and exponential),
power, and logistic grouth models using W®IDPAD (NDixon and Brown, 1981)", Only significant regressions are listed
(p<0.05, two-talled); although all are also significant at p=0.05, one-tailed). Reneath parameters for each ‘'fodel I
regression are listed the corresponding functional regression parameters (e.g., regression No. 1 = 'odel T regression;
No. 1A = corresponding functional or geomgtric mean regression parameters). G = (In S, - In § )AA; (i.e., estimate for
the size-specific growth rate); E-2 = x10™“ (etc.); § = live total length or fourth vn;ve vldth. in mm (appropriate sec-
tion of table); t = time, in days.

Range, llean, llean,
Repression Nuttallina Growth NDependent Independent ¥ independent  dependent independent
Number Species MHodel Variable Variable N r Slope intercept variable variable variable
TOTAL LENGT!S -- FOR CIITONS PRESENT THROUGH ONE GROWTIl INTERVAL (150-235 DAYS)

1 fluxa Bertalanffy (Sz—sl)ﬂﬁt Sl 23 -0.,43 -6.65E-4 3.42E-2 21.6-48,2 1.13E-2 34.5

1A =1.56E-3 6.51E-2

2 fluxa Gompertz G In /58, 23 -0.42  -7.728-4  3.09E-3 1.22-3.90 3.42F-4 1.56

2A -1.RA5E-3 6.93E-3

3 fluxa Logistic G SIS 23 -0.42  -2.16F-5  1.11E-)  25.2-49.7 3.42E-4 5.6

IA =-5.18E-5 2.19E-3

4 fluxa Sertalanffy G VES) 23 40041 42.66E-2  -4.26E-4  2.01E-2 to  3.42E-4 2,89F-2

3.99E-2

4A +6.41E-2  -1.51B-3

5 kata Bertalanffy (Sz—sl)hal Sl 28 -0,47 -1.50E-1 4,.8RE-2 20.3-34.6 R.8RE-3 26.7

A -1.188-3  9.36E-2
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Table VI-2 (cont.)

Range, lfean, Jdean,
Regression Nuttallina Growth Dependent Independent Y independent  dependent independent
Number Species Hodel Variable Variable N r Slope intercept variable variable variable
FOURT! VALVE UIDTHS == "SUMIER" INTERVAL ONLY (150-222 DAYS)
6 fluxa Bertalanffy  (5,-5 )/ 5, 14 =0.67  -3.90E-4  5.998-3 B.1-15.8 1.126-3 12.5
6A -5.83E-4 8.39E-3
7 fluxa Bertalanffy (sz—sl)/A; (5,45,)/2 14 -0.64  -3,84E-4 5.95E-13 8.3-15.6 1.12€-3 12.6
A -6.02E-4 B.70E-3
# fluxa Bertalanffy  (S,-5,)/Ac J5,5, 16 -0.64  =V.BUE=4  5.95E-3 8.3-15.6 1.12E-3 12.6
LR -6.02E-4 8,70E-3
9 fluxa Gompertz G In ./'.':E 16 =0.74 =4, 4BE-4 1.23E-3 2.11-2.74 1.01E=-4 2.5%
9N =6 .04E=4 1.62E-1
10 fluxa Logistic G \/—ﬁ 14 =0.77  -4,02E-5 6.07E-4 8.3-15.6 1.01E-4 12.6
10A -5.20E-5 7.56E-4
1 fluxa Bertalanffy G VTS,S) 14 4070 #4T7E=3 -2.8BE-4 0.064-0.122  1.01E-4 . 16E-2
(R EY +6,76E-3 =4.51E-4
12 kata Bertalanffy (Sz—sl)/A( S| 14 =0.69 ~6,98E-4 6. 43E-3 $:2-942 1.49E-3 7.1
124 -1.01E-3 B.61E-3
3 kata Bertalanffy (SZ-SI)/A; (\‘lf\‘»z)/2 14 -0,64 -6.,92E-4 hL4RE-T 5.3-9.1 1.49E-13 7.2
1\ -1.08E~-3 9.30E-3

%S



Table VI-2 (cont.)

Range, fean, ‘lean,
Repression Nuttallina Growth Nependent Independent ; § independent dependent independent
Number Species Hodel Variable Variable N r Slope intercept variable variable varfahle
FOURTH VALVE WIDTHS (cont.)
14 kata Bertalanffy (82-S|)Aﬁt J st‘ 14 -0,64 -6,92E-4 6.48E-3 5.3-9.1 1.49E-) 12
14A -1.08E-3 9.29e-1
15 kata Gompertz G In Slsz 14 -0.72 -8.31E-4 1.86E-3 1.67-2.21 2.29E-4 1.96
150 -1.168-3 2,50E-3
16 kata Logistic G slsl 14 -0,74 -1,21E-4 1.10E-3 5.3-9.1 2,29E-4 7.2
16A -1.63E-4 1.40E-3
17 kata Bertalanffy 4 1/ J SISZ 14 40,69  +5,54E-) -5.59€-4 0.110-0.188 2,29e-4 1.42E-1
17A +8.02E-3 ~-9.13E-4
TOTAL LEHGTIS -= FOR CHITONS PRESENT THROUGH BOTH GROWTI INTERVALS (zigfﬁli DAYS TOTAL)
18 fluxa Bertalanffy (Sz—sl)aﬁ; sl 7 =0.70  -6.92E-4 3.38E-2 22,2-40,2 1.33E-2 29.5
19 fluxa Gompertz G In / szsl 7 -0.75 -B.92E-4 3.52€-) 3.22-3.70 4,35E-4 3.46
20 fluxa Logistic [ J s|sz 7 -0.78 -2.91E-5 1.37e-) 24,8-40,5 4.35E-4 32.0
21 fluxa Bertalanffy G 1/ slsz 7 +0.7 +2.65E-2 =4, 12E-4 2,48E-2 to 4.35E-4 3.19€-2
— 4,02F-2
22 fluxa Power In G nJ slsz 7 -0.7 -4,20E0 6.58E0 3.22-3.70 =7.95E0 3.46
23 kata No (S,—Sl)ﬂﬁl SI L -0.19 - —— 18.2-28.2 1.32€8-2 23.0
significant -
fit
NOTE,
A. For chitons present through both growth intervals, the observed growth increments during the two intervals have been 1veraged

(unwelghted) on the appropriate axes to give a single growth interval,
1981) (see text). Wse of the Initial size, as the independent variable, In regression nos. 1, 5, 6, 12, and
underestimates actual Instantaneous growth

rates.,
hetween prowth cstimates (Yamaguchl, 1975). linderestimate factors are -0,92 for N. fluxa CTLs, 0.85 for N.
N. fluxa FVis, 0.92 for N. kata FVWs, and 0.R5 for N. fluxa €TI. (year-long Intervals).

Residuals were examined using BMDPIR (Dixon and Brown,

18,

systematically
Inderestimates vary with growth rate and the length of the time interval
kata CTLs, 0.95 for
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LIVE CHITON TOTAL LENGTH (CTL) GROWTH

The best linear fit for CTL growth data, for both Nuttallina
fluxa and N. kata, was obtained on the Bertalanffy axes,(Sz-Sl)Aﬁp
versus Sl' For N. kata, these axes gave the only significant regres—
sion, whereas, for N. fluxa, four pairs of axes gave similar fits (Table
VI-2). Examination of residuals (using BMDPIR computer program, Dixon
and Brown, 1981, revision date: April, 1982) revealed that residuals
were normally distributed in all cases. Tests for heteroscedasticity
(Zar, 1974, p. 223) were not significant, although variances appear to
be greater for small sizes (no transformation is available to remedy

this situation easily).

Bivariate plots for the best regressions (Figure VI-2) reveal
the great variability in growth observed among specimens of each
species. Instances of negative growth were disconcerting at first, but
a review of the literature suggested that such cases are real (see Dis-
cussion section). The great variability within each species indicates
that the regressions are of limited use in describing growth of indivi-
dual specimens, but such regressions can be used for describing growth

of the studied populations and for comparing the populations. Using the

best CTL regressions for Nuttallina fluxa and N. kata, i.e., relation-

ships of (52_51)AQF and Sl’ the growth of these two species were com-
pared using an analysis of covariance (ANCOVA; BMDP1V computer program,
revision date: April, 1982) and results are presented in Table VI-3
(Analysis No. 1). Analysis No. 1, in which the requirement for homo-

geneous slopes is satisfied (p=0.18, N.S.), clearly shows that the ini-

tial size-adjusted mean growth rate for Nuttallina fluxa is much greater
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Figure VI-2. Field total length (CTL) growth in tagged specimens of

Nuttallina fluxa and N. kata at the Seal Rock study site, La Jolla, CA.
Axes correspond to a variation of the Bertalanffy growth model. See
Table VI-2 for regression parameters. Considerable individual variabil-
ity in growth was observed. Size and species distinctions help to

explain some of the observed variability in growth. S1 and S2 are ini-

tial and final live chiton total lengths respectively; /\t is elapsed

time in days. See text for details.
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TABLE VI-3. Results of comparisons of growth rates of Nuttallina fluxa and Nuttallina kata by ANCOVAs. ANCOVAs were performed using the BMDPIV
computer program (Dixon and Brown, 1981; rveviaion date: April, 1982). The dependent variahle and covarlate corresponding to the Bertalanffy prowth
model for length and the logistic model for valve width data were used in these analyses, since these models were found to adequately describe

growth in the Nuttallina species (see Table VI-2). Sl = {nitial size (CTL or FVN); s2 = final slze; G = glze-gpecific prowth rate estirmated as
(In 82 - In §,)/8t. S in mm, t in days.

1
__Dependent Variable e Covariate Significance Levels, PA o
Equality of
Adjusted Means,
Analysis Unadjusted Adjusted Unadjusted Adjusted of Dependent Zero Equality of
No. Specles N Form Mean Mean Form Mean Mean Variable (i.e., prowth) Slope Slopes
Total Length Growth Data
1. Nuttallina 23 0.0113 0.0154 34.5 30.2
Eluxs e T | 5 0.02 0.002 0.18
Nuttallina 28 °° 0.0089 0.0055 26.7 30.2
kata
2.8 Nuttallina 30 0.0116 0.0163 1.8 29.7
fluzs 5478 s, U.UUb 0.0001 0.14
Muttallaa 36 OF 0.0097 0.0058 26.4 29.7
Kata
3 Nuttallina -
fluxa
THINTER" 1o s, -8 v.ul53 0.0127 30.2 33.8
i e | 5, 0.66 0.07 0.14
"SUMIER" 14 At 0.0074 0.0104 37.8 33.8
4, Nuttallina
kata
TWINTER" 21 S -8 0.0163 0.0137 23.9 26.4
2 1 s, 0.10 0.08 0.70
"SUMHER" L 0.0005 0.0041 29.8 26.4
Fourth Valve Width Growth Data ("SUMMER" only)
5. Nuttallina 14 oo™ 2707 12.6 9.9
fluxa - D
G -4 : -4 -/s",sz 0n.03 0,0003 0,01
Nuttallina 14 2.3x10 0.6x10 2:2 9.9
kata

1599



TABLE VI-3 (cont.)

NOTES

A. A pi0.05 indicates that means are different, slopes are not zero, or slopes are not equal

B. Analyses nos. 1 and 2 include the same N. fluxa and N. kata specimens, but the data have been analyzed differently. In no. 1, when two measurements
were made for a chiton, i.e. both a "WINTER" and a "SUMMER" growth measurement, the measurements were averaged on the appropriate axes to yield one
value for the chiton. In analaysis no. 2, when two measurements had been ohtained for a chiton, the measurements were treated as Independent data.
The two methods yield similar results.

C. "WINTER" denotes the period starting in September to December 1979 and terminating !n March to June 1980. "SIMT'ER" represented the perfod starting
in March to June 1980 and terminating in November 1980.

D.

In analysis no. 5, the test for a difference in the adjusted means of the dependent variable is Invalidated by the Inequality of slopes of data for
the two species.
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than that for N. kata (15.4 vs. 5.5 pm/day, p<0.02).

However, results of Analysis No. 1 (Table VI-3) are not entirely
convincing since the ranges of the independent variable, initial size,
for the two species are considerably different (Figure VI-2). Regres—
sions describing the growth rate-size relationship in a certain size
range do not necessarily describe this relationship in other size ranges
of a population (see Kaufmann, 1981). An alternative approach for the
species growth rate comparison is to use a simpler statistical test on
data in a size range for which there is substantial overlap between the
two species. Inspection of Figure VI-2 indicates that growth rate data
for the range of initial lengths from 26.5 to 34.5 mm, noninclusive, is
suitable for a conservative species comparison. Again, the CTL growth

rate of Nuttallina fluxa is concluded to be greater than that of N. kata

for specimens in the same initial CTL range [Mann-Whitney U test,

Siegel, 1956, p. 124, 135 12, p=0.03, two-tailed,

Neata™ ¥l uxa"

corrected for ties].

CTL growth rates of Nuttallina fluxa and N. kata during Winter

and Summer were not statistically different. However, Summer growth

rates tend to be lower, particularly in Nuttallina kata (ANCOVA Analyses

No. 3 and 4, Table VI-3).

Examination of residuals of growth rate estimates on the regres-
sions for the separate Nuttallina species in Figure VI-2 does not reveal

a conspicuous tendency for positive or negative residual valves to be

associated with particular habitats for either species. Growth esti-

mates for Nuttallina kata were primarily for specimens in the low
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intertidal densely-populated habitat (23 of 28), whereas growth rate
estimates for N. fluxa were mainly for specimens in the high shore area

(21 of 23, with 8 of the 21 from high shore tidepools).

INTACT FOURTH VALVE WIDTH (FVW) GROWTH

All growth models except the exponential one (power curve again
not used because of cases of negative growth) provided good fits to the
FVW growth data obtained for both Nuttallina species (Table VI-2). Data
plotted on axes associated with the logistic growth model (suggested by
Kaufmann, 1981) are presented in Figure VI-3. It is obvious that there
is even 1less overlap for FVW ranges of study specimens of the two
species than for CTLs, as expected from the fact that the tendency for

Nuttallina fluxa to possess wider valves per length than N. kata (see

Chapter IV) was used as the morphological criterion for assigning the

study specimens to species.

Comparison of the FVW growth rates of Nuttallina fluxa and N.

kata by ANCOVA, using dependent and covariate variables appropriate for
the differential form of the logistic growth function, indicates that
the slopes for the two species are significantly different; thus, com-
parisons of adjusted growth rates for the species by ANCOVA are invalid
(Téble VI-3: Analysis No. 5). ANCOVAs, with dependent and covariate
variables appropriate for the other growth models, yield results similar
to those of Analysis No. 5 (i.e., adjusted mean growth rates indicated
to be different), with the difference that the slopes for the two
species are not significantly different. The significant dependence of

growth rate on FVW and the lack of substantial overlap in FVWs for
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£
Figure VI-3, Field fourth valve width growth in tagged specimens o

CA
Nuttallina fluxa and N. kata at the Seal Rock study site, La Jolla, CA,

for the "Summer'" season only (see text). Axes are those suggested by
Kaufmann (1981) for the logistic growth model. See Table y1-2 for
regression parameters. Size and species distinctions help to explain
some of the observed variability in growth. S, and S, are initial and
final intact fourth valve widths respectively; /\t is elapsed time in

idal area;
days. Triangles = sparsely-populated, non-pool, high intert

- - opulated ,
circles = high intertidal pool habitat; diamonds densely-p

low intertidal area.
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specimens from the two species precludes effective comparison of the FVW

growth data by statistical techniques other than ANCOVA.

FVW growth data plotted in Figure VI-3 reveal the habitats
corresponding with specific data points. Within each species, it can be
seen that growth rate estimates in different habitats generally conform
to the regression 1line for all habitats combined. The two diverging
prongs in the figure (toward lower growth rates, greater widths) for the
two species are composed of values primarily from different habitats
(low intertidal densely-populated habitat for the N. kata prong, high
intertidal areas for the N. fluxa prong). Therefore, the apparent
difference in growth patterns of the two species may have primarily an

environmental basis rather than a genetic one. However, the single FVW

growth rate datum for a specimen of Nuttallina kata occurring in the

high intertidal non-pool habitat (Figure VI-3) contraindicates this
suggestion.
ASYMPTOTIC SIZE AND TIME/AGE ESTIMATES

The largest specimens of Nuttallina fluxa and N. kata found in

the field have been about 52 and 42 mm long, respectively (see Chapter

1V). Asymptotic length estimates obtained from the Table VI-2 regres-

ions (Table VI-4) agree, within the associated standard error intervals
S

on, with maximal sizes observed in the

calculated by inverse predicti
r Nuttallina kata

field. The fact that the asymptotic length estimate fo

growth rates, at least for

is fairly low may reflect abnormally low

large specimens during the study.
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TABLY VI-4, Elapsed times assoclated with sclected length increments, and estimated asymptotic lengths, of Nuttallina specles.
from Table VI-2 were used. Flapsed time estimates are most rellable for sizes near the observed mean of the Todependent varfable
inftial slze as the Independent varlable Introduces a asystematic hias tending to produce overestimates of elapsed tlm

were determined over finite time Intervals, Sl = nftial leogth, mm: S0 = flnal lenpth, mw; At = elapsed dave,

Pegressions
| LOTR §
S, since growth ratec

Predicted Predicted tine (yrs)
Dependent Haximum S.E. of elapsed over observed
Variable dependent variable range of initial lengths
Observed Range of ((s,-S,)/At) Independent within observed (Range associated with
Initial Lengths, at {ndependent  varfable (5,),  Fstirated Asymptotic range of Indepen- maximm S.E. of
Species " o variable mean mean Length ¢ S.E., mh dent variable dependent variable)
DATA FOR APPROXIHATE 6 LIONTI INTERVALS
o, fluxa 23 23.8 - 49.2 9.9E3 34.5 51 ¢ 15.0 2.16E°3 @ X=49.2 mm 7.0
(5.8-9.0)
25 - 30" 1.6E°2 3.5 2.07€73 @ X=25.0 mm 0.9
(0.8-1.0)
N. kata 28 20.2 - 34.7 7.6E73 26.7 33 + 8.8 2.54E°3 @ X=34.7 mm 5.2
(3.9-7.8)
25 - 30 7.5E73 26.7 2.45E73 @ X=30.0 mm 1.8
(1.4-2.7)
DATA FOR APPROXIMATE YEAR INTERVALS
N. fluxa 7 22.2 - 40.2 1.2672 29.5 49 + 7.1 1.66E"3 @ X=40.2 wm 4.0
(3.6-4.7)
25 - 30 1.5E72 29.5 1.67E73 @ X=25.0 mm 0.
(0.8-1.0)
N. kata 8 18.2 - 28.2 1,372 Regression 7.76E73 2.1
Not significant, (1.3-5.0)
p> 0.5
NOTE
A. Obtained by inverse prediction, Zar, 1974:213-214,
B.

Values estimated for 25-30 mm since growth for specimens in this size range was observed for hoth species and the values obtained allow
for more direct comparisons of elapsed times between the species.
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The asymptotic length estimate for Nuttallina fluxa, obtained

using only CTL growth data for specimens present for two growth inter-

vals (343 to 434 days total), agrees well with the estimate derived from
single growth interval data (Table VI-4; 49 mm and 51 mm, respectively).

Similar circa-year-interval growth data for Nuttallina kata did not show

a significant relationship with size, i.e., the slope was not signifi-
cantly different from zero, so that an estimate for the asymptotic

length can not be made.

Elapsed time and age estimates can be associated with Nuttallina

sizes using the regressions in Table VI-2 and Figures VI-2 and VI-3.
Such estimates are most reliable within the range of observed sizes, for
estimating time elapsed during growth from one size to another. One has

to be cautious in extrapolating to sizes out of the observed size range,

gince the relationship of growth rate to size is not necessarily con-

gtant for Nuttallina of all sizes.

Elapsed time estimates for the entire observed initial size

range for each species and for a size range of overlap (25 to 30 mm CTL)

between the two Nuttallina species are presented in Table VI-4. These

estimates were made using regressions listed in Table VI-2. Since

growth rates decrease with increasing size, elapsed time estimates made
for a size range near the asymptotic size will be greater than for a
(o]

For example, in N. kata, the

range far below the asymptotic size.

estimated elapsed time for CTL growth from 20.2 to 34.7 mm (5.2 years)
is expected to be much greater than that for the same size increment at
smaller sizes (e.ge, 3+7 tO 20.2 mm). This effect undoubtedly contri-
that the estimated elapsed time for growth of

butes to the fact
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Nuttallina

kata from 25 to 30 mm in length is greater than it is for N.

fluxa (1.8 versus 0.9 years),

Absolute ages of Nuttallina specimens are of more interest than
are elapsed times for growth between different adult sizes. Fabens
(1965) has developed a computer program for deriving an age-size Ber-
talanffy growth curve from data sets like those of the present study,
that consist of pairs of recorded sizes and the time intervals between
them. The Fabens (1965) program can be used to describe the CTL growth

data for Nuttallina fluxa and N. kata since growth data for both species

give significant fits to the Bertalanffy growth model (Table VI-2).

In order to describe the Nuttallina CTL data by Fabens’ (1965)
program, it must be assumed that the growth of chitons less than 20 mm
in length is also adequately described by the Bertalanffy growth model,

since data were not obtained for such specimens in the present study.

Such as assumption is partially justified in view of the applicability

of the Bertalanffy model for other molluscs that have been studied

(e.g., see Brousseau, 1979, but see Kaufmann, 1981, per 299), | KFabenst

(1965) program requires that the age be supplied for at least one speci-

men of known size, to permit calculation of the constant of integration

that 1is needed to generate the age/size Bertalanffy growth curve.

corresponding size within the range of

e Kaufmann, 1981), rather than a

preferably, an age and its

observed sizes should be supplied (se

. ,e at birth as is suggested by Fabens (1965). Such information is not
siz

either of the Nuttallina species.
describe a one-year-old

Therefore, a range of
available for

sizes that reasonably might be expected to

1lina were supplied to the Fabens (1965) program to set
a

specimen of Nutt
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constants of integration for different curves. By this procedure, a
’

family of curves was generated for each species. Use of different con-
stants of integration in this way has no effect on either the shape of
the growth curve or the estimated asymptotic size (Kaufmann, 1981); the
sole effect of varying the constant of integration is to translate the

growth curve along the abscissa, i.e., the age axis.

Families of Bertalanffy age-length curves for Nuttallina fluxa

and N. kata, generated with Fabens’ (1965) program, are presented in
Figure VI-4. As can be seen, use of different constants of integration
produces its largest effect on the variation in age-length relationships
at short lengths, and produces progressively smaller variations at
longer lengths, e.g., in the range of lengths observed in the present

study. The Bertalanffy curves indicate that most Nuttallina specimens

in the present study are less than 10 years old, if indeed growth of

specimens shorter than 20 mm in length can be described by the Ber-

talanffy model, as can the growth of the larger specimens.

Linear plots on axes suggested by Kaufmann (1981) and residual

analyses indicated that the logistic growth model best described the FVW

growth data of both Nuttallina species (see Table VI-2). Age-FVW growth
Nucta_ 22

rves estimated using the logistic growth model parameters of Table
cu ’

VI-2, for Nuttallina fluxa and N. kata are presented in Figure VI-5.
-2, 1 Ne RaL2

ibe the growth of Nuttallina entails

the logistic model to descr

Use of
owth of chitons smaller than those observed in

the assumption that the gr

d 5.2 mm
the present study, i.e., less than 8.1 mm FVW for N. fluxa an

like that of the observed specimens, can be described

FVW for N. kata,
Raufmann (1981) has noted that

adequately by the logistic growth model.
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Figure VI-4. Bertalanffy age/total-length curves for Nuttallina fluxa

and N. kata at La Jolla, CA.

Curves were generated from the total length data of Figure Vi-2
using the computer program developed by Fabens (1965). Since an age
cannot be supplied for Nuttallina at a particular size as required to
estimate the constant of integration, 5, 10 and 15 mm have been taken as
reasonable estimates of chiton total length at one year to estimate the
integration constant and to generate a family of three curves for each
species. The curve for which a 10 mm long specimen is taken to be 1

year old falls in the middle of each family of curves. See text for

details.
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Figure VI-5., Logistic age/fourth-valve-width curves for Nuttallina

fluxa and N. kata at La Jolla, CA.

Curves were generated from the fourth-valve-width (FVW) growth
data of Figure VI-3, using suggestions of Kaufmann (1981). The correc
tion factor explored by Kaufmann (1981) is negligible for both species.
Since an age cannot be supplied for Nuttallina at a particular size, as
required to estimate the constant of integration, a family of three rea~
sonable curves has been generated for each species. For N. f}gﬁi,FV“S
of 1.6, 3.2 and 4.8 mm at one year were used to estimate the integration
constants; for N. kata, FVWs of 1.2, 2.4 and 3.6 mm at one year veLs
used. These values approximately correspond to live rotal lengths
(CTLs) of 5, 10 and 15 mm (used in Figure VI-4), as indicated by caleu”
lations using data from Table IV-3 (with Table IV-9 conversions) OT from
the Model I regressions in Table V-2. FVW data, unlike CTL datd were

are
obtained only for the "Summer" season, during which growth rates

d
lowest. imates obtaine

This seasonal bias helps to explain why age est

for
from FVV data are higher than those from CTL data. See text

details.
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growth rate analyses utilizing axes suggested in his paper entail appli~-
cation of a factor to correct for a systematic underestimate of the
size-specific growth rate. Correction factors for the logistic growth
model vary with size and are difficult to estimate. Kaufmann (198]1) has
supplied correction factors for the Gompertz growth model, and calcula-

tion of these for Nuttallina fluxa and N. kata from parameters listed {n

Table VI-2 reveals that the corrections involved are much less than 0,52

in the worst case, i.e., for the longest time interval between FVW meas~-

urements, 222 days.

Again, since an age is not known for a specimen of any size, the
constant of integration cannot be estimated. Thus, a family of age/FVVW
logistic curves corresponding to a range of {ntegration constants are
presented for each species. For the logistic curve, as for the Ber-
talanffy curve, the effect of changing the constant of i{ntegration {s to
translate the curve along the abscissa, {.e., the age axis; the shape of
the curve and its asymptote remain unchanged. As can be seen by compar-

ing the general shapes of the logistic and the Bertalanffy families of

curves (Figure VI-4; VI-5), age/size relationships at (ntermediate sizes
are much more dramatically influenced by the choice of the constant of

integration for the logistic curve than they are for the Bertalanffy
curve. This is a consequence of the occurrence of an inflection in the
logistic curve (at half asymptotic size), and the lack of one in the
Bertalanffy curve. Translation of an inflected curve along the abscissa
substantially alters x-y relationships (translation of the Gompertz

curve has an intermediate effect, since this curve has an {nflection at

a relatively small size, 0.37 Sm)-
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Therefore, it is desirable to supply a reasonable guess for a
post-settlement FVW and a corresponding age to set the constant of
integration, and thereby to obtain a particular logistic age-FVW curve
from among the family of curves (Figure VI-5). Unfortunately, Nuttal-
lina species do not appear to have a restricted spawning period so that
year classes are not obvious. The smallest Nuttallina specimens ever
observed in the field were 3 to 6 mm long, and a 10 mm length {s prob~-
ably a reasonable estimate for a one-year-old specimen. If one uses
morphometric data and appropriate conversion factors listed in Chapter
IV (Tables IV-3 and IV-9; non-Gaviota data for N. fluxa) or the predic-
tive regression presented in Chapter V (Table V-2), FWWs for one-year-
old chitons are then estimated to be 3.2 mm for N. fluxa and 2.4 mm for
N. kata. FVW growth curves for the two species, generated with integra-
tion constants determined from these FVW-age estimates, are i(llustrated
in Figure VI-5. These curves indicate that a specimen of Nuttallina
fluxa with a FVW of 1l mm (3/4 asymptotic FVW) {s about 1l years old,

and a specimen of N. kata with a 7 mm FVN (about 3/4 asymptotic FVW) (s
about 7 years old.

Since FVW is not allometric with respect to CTL in either Nut-

tallina fluxa or N. kata (see Chapter IV, Table IV=)), age estimates

derived from FVW growth data should be similar to those obtained from

CTL growth data. However, FVW growth analyses give rise to older age

estimates than do CTL analyses (compare Figures VI-4 and VI-3). In

addition to contributions from sampling and measurement error, this

discrepancy is probably a consequence of the fact that FVW measurements,

unllk'e CTL ones, were obtained only for the "Summer"™ period, during
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which the Nuttallina species tend to exhibit slower growth rates (see

Winter-Summer growth rate comparisons, Table VI-3).

DISCUSSION

Several techniques have been used to determine growth rates of
molluscs, 1including internal and external shell growth line counts,
shell natural radionuclide ratios, size-frequency analyses, mark and
recapture, and more recently 180/160 shell profiles. The feasidility of
the different techniques varies with the biology of the specles studled.
For Nuttallina, the mark/recapture procedure and possibly l‘0/ 160 shell
profiles appear to be the only practicable techniques available for

growth rate estimation.

Background information on “’o/“’o ratios has been presented by
Rye and Sommer (1980). Although “ol"’o shell profiles have been used

with success for determining Mytilus californianus growth patterns in
the general vicinity of the present study (Killingley and Berger, 1979),
preliminary 180/160 determinations on serial samples from the valves of

La Jolla Nuttallina have not revealed the expected conspicuous annual

temperature cycles requisite for ageing specimens, nor have the tempera-

tures estimated from the 180,160 measuresents spanned a major portion of

the expected annual surface ocean temperature range of the La Jolla

area, except in samples from the main valve area of the specimen of Nut-

tallina kata (Figure VI-l).

Several factors might explain the ainimal temperature variatios

reflected in the shell samples: 1) adequate sampling resolution has not
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been achieved and each sample consists of shell deposited over a large
part of a year, i.e., annual temperature cycle, such that the sampling
has produced temperature averaging; 2) shell material deposited serially
with time has not been sampled; 3) shell i{s deposited only while a
specimen is subject to temperatures over a narrow range, e.g., l!6.5 to
18.59C; or 4) shell is not only deposited while the animal {s i{mmersed
in seawater, and therefore aerial temperatures confound the shell tem~
perature record. The most likely explanations are that sampling resolu-
tion has not been adequate and/or that shell growth occurs during tidal

emersion.

Certainly, Nuttallina shells and their annual growth (ncrements
are considerably smaller than those of molluscs and barnacles previously

aged by the 180/160 technique (see Wefer and Killingley, 1980; Xilling-

ley and Newman, 1982). The use of a 0.5 sa diameter dental drill cou-

pled with the capability for precise analyses of small samples (<0.5 mg)
permitted sampling at very close {ntervals, but the complexity of shell
growth apparently limits the amount of temporally-homogeneous shell

material available. In the sutural plate area, shell is deposited not

just at the anterior edge but presumably also ventrally and dorsally, so

that successive shell layers are juxtaposed in a dorso-ventral as well

as an anterio-posterior axis (see Baxter and Jones, 1981). It (s par-

sample series from the sutural plate of Nut-

ticularly likely that the :
1
c

tallina kata is tuponlly-nqucntulz this s {indicated Dby the

trend. with higher values (i.e., values nearer equilibrium) in newver
»

shell. as has been found in other organisas (e.g., Malcahy et al,,
’

1979).
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There are many examples of molluscs that stop or slow growth in

colder water during the winter months (e.g., Palmer and Frank, 1974;

Wefer and Killingley, 1980; and see Allen, 1963), but it is highly
improbable that the small temperature variation reflected in 180/160
determinations results from such a phenomenon in Nuttallina. Both Nut-
tallina species of the present study have extensive latitudinal ranges,
from Monterey Bay and Point Conception to southern Baja California,
which indicates a capacity to thrive in a broad range of temperatures.
In addition, mark/recapture results suggests that, if anything, growth
may slow not in the colder months, i.e., the Winter interval, but in the

warmer Summer interval (Table VI-3).

The possibility that intertidal molluscs grow when exposed to

air is untested. However, the intertidal barnacle Semibalanus (=

Balanus) balanoides apparently grows only when immersed (Bourget and

Crisp, 1975). Further, tidal growth rings in intertidal mussels and

other bivalves may result from shell dissolution caused by the build-up

of acidic anaerobic metabolites when these animals are exposed to air

(Lutz and Rhoads, 1977, 1980). If anaerobiosis is an important factor

determining whether or not shell is deposited, it might be that higher

hore species, that respire in air better than in water in some cases,
S ’

d
unlike lower shore species (see, e.g., Murdoch and Shumway, 1980), an

d-
hus might avoid the necessity of accumulating acidic anaerobic en
thus

« Cer-

ducts deposit rather than dissolve shell when exposed to air
products,
ttallina
1 land snails deposit shell while exposed to air. If Nutta

tainly,

ture
it shell while exposed to air, an uninterpretable temperatu
depos

180/160 profile, would result

N in the La Jolla

record, reflected in the
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area, The ocean surface temperatures in La Jolla follow a relatively

simple annual pattern with the lowest values in January-March and the
highest values in August—-September (Anonymous, 1980, 1981). However,
the lowest low tides, i.e., when intertidal animals are exposed to air
for long periods, occur in the afternoon in Winter (warm air, cool ocean
temperatures) and at night in Summer (cool air, warm ocean tempera-
tures). Thus, the inclusion of tides into the environmental scheme,
reflected in shell deposition during aerial exposure, would produce an
intertidal temperature record much more complex than that produced by

the surface ocean water itself.

The fact that the average temperature reflected in the sutural
plate series from N. kata falls at about the annual average surface
water temperature value for La Jolla, about 179C (Figure VI-1;

Anonymous, 1980, 1981), could reflect either poor sampling resolution,

i.e., temperature averaging, or a contribution of shell deposited during

aerial exposure. However, the series of four samples from the valve

main body of the same chiton exhibit a different pattern, with substan-

18O values (Figure VI-1; Table VI-1); this discrepancy
180/16

tial variation in

indicates that the relative lack of useful variation in 0 values

for the sutural plate is a sampling problem.

The most promising 180/160 results were obtained by sampling the

of Nuttallina kata; in samples from the valve main

valve main body

body, there is a suggestion of a cycle in the plotted points (Figure

I-1) Clearly, since the downphase of the temperature cycle is demar-
vi-1l). 3

it is not safe to assume that the

cated by only a single sample,

ion of points
i ndipitous conglomerat

ingle cycle 1is not a sere

apparent sing
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from several temperature cycles. If the apparent cycle is interpreted

as a single annual temperature cycle, these results would indicate that
this 35 mm long specimen of N. kata was 2 to 3 years old, with one
annual cycle per 2 mm of a shell with an overall dimension of 6.4 mm.
However, it is odd that the single apparent cycle involves only the
lower part of the observed La Jolla surface temperature range, and age
estimates obtained using the mark/recapture technique (discussed later)

indicate that a 35 mm long specimen of N. kata is probably much older

than 2 or 3 years. While the low age estimate suggested by 180/160

measurements is within the potential range of values indicated by the

. 8
mark/recapture method, it is probable that the single apparent 1 0/160

cycle in Figure VI-1 is made up of more cycles, i.e., that even for the

16

most promising 18o/ 0 results obtained to date, sampling resolution may

be inadequate.

180/160 studies on Nuttallina have not been exhaustive. In

future work, samples can be obtained at closer intervals in the articu-

lamentum layer of the valve main body. The outer shell tegmental layer

has been avoided in initial studies because it consists of an organic

atrix and contains much of the shell nerve tissue, i.e., aesthetes, in
m

ddition to aragonite. However, the fact that apparent growth lines
a

asionally occur in the external sculpturing of Nuttallina valves
occ _—

180/160 record and that it shoul
180/160 analyses would provide valuable

d be the object of future sam-
pretable

pling. Certainly, successful
any other
tion for Nuttallina that cannot be obtained easily by y
informa
te whether
Such analyses, which are in progress, should indica
method. uc
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poor sampling resolution or some other factor, such as subaerial shell
growth, is an insurmountable obstacle for the effective use of 180/160

determinations for the estimation of growth rates of Nuttallina indivi-

duals.

In the present study, mark/recapture growth measurements were
obtained for more chiton specimens (N=61) than in any previous study,
except in that of Palmer and Frank (1974) for the giant gumboot chiton,

Cryptochiton stelleri. Considerable individual variability in growth

was observed in the present study (Figures VI-2, VI-3). Such a
phenomenon is commonly indicated in growth studies on intertidal mol-
luscs where raw data are presented (e.g., Boolootian, 1964; Daly, 1975;
Bretos, 1978). Interestingly, different specimens of the intertidal

snail Thais lamellosa from a single population exhibited growth rates

varying by a factor of more than 2, even when food, population density,

and temperature were kept constant (A. R. Palmer, personal communication

to Vermeij, 1980). In addition, in the present study, instances of

negative growth were observed, as has been observed for other chitons

and limpets in the field (e.g., Boolootian, 1964; Palmer and Frank,

1974; Daly, 1975), as well as for Nuttallina specimens maintained in the
’ ’ e ———————

laboratory (Appendix IV).

Regression analysis indicates that some of the observed varia-

pility in growth of Nuttallina can be explained by the effect of size.
1 _‘——_-——'

. 1 and N.
Larger specimens exhibit slower growth rates in both N fluxa

fect is quite common in animals and various mathemat-
e

kata. This size ef

lae have been used to describe several such growth-size pat=
ulae

ical form
Among these formulae are the Bertalanffy

terns in individual organisms.
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(Bertalanffy, 1938, 1960), Gompertz (Winsor, 1932), and 1logistic

(Verhulst, 1838; Robertson, 1923) asymptotic growth models. Fits of
these growth models, and of the exponential and power growth models
(Kaufmann, 1981), to the Nuttallina growth data were examined by regres-
sion analysis, using dependent and independent variables from the dif-
ferential equations of the models, as suggested by Van Devender (1978)
and Kaufmann (1981). Due to the individual variability in the growth
data, none of the models described growth rates of total length (CTL)
with respect to CTL well. Several of the models described the CTL

growth data of Nuttallina fluxa about equally, probably as a result of

the variability of the data and of the fact that less than the entire
range of sizes of Nuttallina were studied (Table VI-2; see Kaufmann,
1981). Examination of residuals indicated that a variant of the Ber-
talanffy growth model provided the best fit for CTL growth of both N.

fluxa and N. kata. Fourth valve width (FVW) growth data exhibited much

less unexplained variability than did the CTL data, and though several

models provided similar fits to the data, the logistic growth model pro-

vided the best description for data for both N. fluxa and N. kata (Table

VI—Z) .

By describing the Nuttallina growth rate data in terms of the

11 r formulations of the growth models above, one can compare the
inea

rowth rates of Nuttallina fluxa and N. kata effectively, as well as
8

rates are size—dependent. ANCOVAs, with

. 9 . d S
s1lz

ferently. In particular, Analysis No.
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specimens of N. fluxa grow faster than those of N. kata, when growth

rates are adjusted to a CTL of 30 mm. This result indicates that the
intertidal size gradient observed for Nuttallina, with larger specimens
(primarily N. f!ﬁEEi) in the high intertidal and smaller specimens (pri-
marily N. kata) on the lower shore (Chapters II,II1,V), is a consequence
of differential growth rates, at least in part. Of the other potential
factors contributing to the shore-level size gradient, migration upshore
has been discounted (Chapter V) whereas differential mortality has not

been studied.

ANCOVA No. 5 (Table VI-3) for FVW growth data, with FVW as the
covariate, reveals that the slope for the growth rate versus FVW rela-

tionship is quite different for Nuttallina fluxa and N. kata. Although

CTL and particularly FVW growth rate comparisons between the two species
are compromised somewhat by limited ranges of overlap in size between

the species, a substantial portion of the variation in growth rate data

is apparently explained by species differences (Figures VI-2 and VI-3).

Because of the strong species—habitat associationms, however, it is dif-

ficult to separate habitat effects on growth rates from purely genetic

effects Discussion of Nuttallina ages, later, will reveal that detect-

bl
ing growth rate differences between N. fluxa and N. kata was probably

tially a fortuitous result of using the larger specimens of both
par

i Certainly, species growth rate comparisons of specimens of all
species. >

revealed differences, but comparisons for

gizes combined would have

th

extrapolations to small sizes, e.g., see Fig-

rates as 1is suggested by

ures VI=4 and VI-5.
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What ages are indicated for Nuttallina specimens by the

mark 18,16
/recapture data? 0/7"0 measurements reported in the present study

indicated that a 35 mm long specimen of N. kata was at least 3 years old
(Figure VI-1) and MacGinitie and MacGinitie (1949, 1968, p. 386) have

proffered a guess of "at least twenty or twenty-five years" for the age

of the oldest Nuttallina specimens. However, since both Nuttallina

fluxa and N. kata appear to approach an asymptotic size, or at least
grow so slowly as large specimens that they reach a functional size
asymptote, as do most other animals that have been studied, an age esti-

mate such as that of the MacGinities’ (1968) is of limited utility and

testability. Examination of Figure VI-4 reveals that an "ideal" Nuttal-

lina specimen of near-asymptotic size can vary greatly in age, on the

order of tens of years.

More useful and testable age estimates can be made for sizes

substantially smaller than the asymptotic value. The most reliable of

such estimates that can be obtained from the present study are those of

the average time required to grow from one size to another within the

size range actually observed, as has been done in Table VI-4.  Further,

using the assumption that the growth of small individuals, that could

not be monitored during this study due to the restraints of the marking

y by the growth model that fits the

technique, can be described adequatel

d
observed growth of the larger individuals, absolute ages can be assigne

Nuttallina

FVW data in this manner indicate that most specimens of both Nu

- -5). This estimate

ecies are less than 10 years old (Figures VI 4, VI-5)

sp

make fairly

table and can be useful because it allows one to

is testa
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refined conclusions about the biology of the animal. 1In particular,

population dynamics studies can benefit by this age estimate since it

permits population turnover rates to be estimated.

The great variability in individual growth rates observed in
this study indicates that specimens of a particular size may be of con-
siderably different ages. Thus, it is clear that the 180/160 technique,
or a similar technique that can allow one to age a particular indivi-
dual, can be indispensable where detailed knowledge of the age structure

of a group of specimens are required.

Limited data for growth of Nuttallina in Southern California

have been obtained in only two other studies. Louda (1972) obtained

sixth valve width growth measurements for twelve specimens of "Nuttal-

lina fluxa'" (probably N. fluxa of the present study) subjected to exper-
imental field conditions of reduced Nuttallina density and complete lim-

removal, i.e., conditions potentially conducive to abnormally rapid

pet
growth. Louda (1972) recorded two instances of negative growth, a
phenomenon observed also in the present study. Regression analysis of

Louda’s (1972) data revealed a poor relationship between sixth wvalve

ijdth and growth rate (r<0.2 for all axes used in the present study).
W

The specimens, ranging in initial sixth valve width from 7.9 to 11.9 mm,
’

from an average width of 9.6 to 10.4 mm in 139 days, from 30

grew

This rate of growth is much greater

November 1971 to 17 April 1972.

bserved for N. fluxa FVW in the present study (Table VI-2,
that obse e =08

than
. fluxa 1is

ion No. 10) Assuming that the sixth valve width of N u

Regression No. o !

her growth

tric with respect to the fourth valve width, the higher g

t allometric

N study can be explained by her

rate observed in Louda’s (1972)

578



experimental conditions, expected to be favorable to fast growth, and

possibly by the fact that the study was undertaken in Winter, which

findings in my study suggested may be more favorable to Nuttallina

growth than Summer, when my FVW measurements were obtained.

Harvey (1963) obtained growth data for specimens of '"Nuttallina
fluxa" (ﬂ._ﬁlgzg and/or N. kata of this study?) held in an aquarium from
3 September 1961 to 1 June 1962. Regression analyses of his data
revealed positive relationships between CTL growth rate and CTL, but
since initial CTLs only varied from 8.0 to 11.3 mm, the growth data can
be pooled. During the 271 days between measurements, the twenty chitons
in his study grew from 9.5 (S.D.=1.12) to 15.8 (S.D.=1.81) mm in average
length. Clearly, these chitons, held in an experimental aquarium, could
exhibit growth rates much different from rates they might attain in the
field. The chiton specimens observed by Harvey (1963) were much smaller
than those of the present study and comparison of their growth rates
with those of specimens of the present study requires extensive extrapo-

lation. As might be expected for chitons held in the laboratory, small

Nuttallina in Harvey’s (1963) study tended to exhibit lower growth rates

(0.023 mm/day) than predicted from the regressions for large field

specimens of the present study (0.028 and 0.034 mm/day for N. fluxa and
Age esti-

N. kata respectively, using CTL regressions in Table Vi-2).

mates obtained from a combination of Harvey’s (1963) data and that of

the present study are similar to those made from growth data of the
esent study alone For CTL growth data of either N. fluxa or N. kata
pr -
des
mbined with the Harvey (1963) data, the Gompertz growth model provide
co

a

579



indicates that most specimens of either species are less than

old.

10 vyears

How do growth rate estimates for Nuttallina compare with those
for other chitons? Examination of the literature on chiton growth
reveals that the growth estimates available for most chiton species, and
presented in popular works such as MacGinitie and MacGinitie (1968) and
Morris et al. (1980), are based on little or no direct evidence. The
growth data available for chitons, with corresponding growth rate esti-

mates, are summarized in Table VI-S.

It appears that strict growth rate comparisons between chiton
species in different studies are not presently feasible. The growth
data available for any particular chiton species are generally scanty,
making it difficult to generalize and, particularly, to predict the
effects that season and locality have on growth rates. Unfortunately,

in cases where different workers have studied a species, growth esti-

mates have been quite different, apparently as a result of the differ-

For example, in a study of Chiton tuberculatus

ence in techniques used.

in Puerto Rico, Panama, and Bermuda, Glynn (1970), using size-frequency

analyses primarily, concluded that the mean life span of the chiton is

probably near 2 years, rather than 8 years as concluded by Crozier

(19188 b) and Arey and Crozier (1919) who used external shell groove
>
ts primarily Glynn (1970) found that specimens from one of his
coun .
dy locations had a groove number t 1 gt elationship similar to
stu o ength r

hitons
f specimens from Crozier’s location, which suggests that c
that o
However, Glynn (1970) was

from both areas had similar growth rates.

unable to determ
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TABLE VI-5.

Growth Information Availahle for Chitons.
Studies are arranged according to the primary
means utilized to obtain growth estimates

Species Source Location; Sample Initial Size Growth Rate Date; Haximum size Comments
Nabitat Size Range of study duration attained (source
specimens {f another study)
1. GROWTH DATA OBTAINED BY MARK/RECAPTURE OR ISOLATION
Cryptochi-  Palmer and Oregon; 228 ~50-1300 g Mean Variable dura- 1300 g ? Estimates: 400 g chiton=5 years
ton stel- Frank,1974  intertidal (most 500-800g) growth=90- tion; 3 month old; BOO g=8 years; 1200 g=16
Tert and subti- 155g/yr for to 3 yr (Inter- years, Growth quite variable;
dal to 10 specimens vals in many Instances of negative
m 300-800g 1960"s,early growth in winter. Unable to use
1970°s external shell lines to age chi-
tons as had the I!acGinities
(1968b). Tag loss rate high and
variable.
Hopalia Barnawell, San Fran- 8 (17 - M. ciliata: Seven month M. ciliata: 7.5 cm Sample size extremely small
ciliata, 1954 cisco Bay, recap- 1-50 mm in perlod n maximum length;
H.  hind- CA; inter- tures) length per M. hindsii: 10 cm;
sii, tidal year; H. muscosa: 9 cm
M. muscosa M. hindsii: Morris et al,
20-50 1980)
mn/yr;
M. muscosa:
5-34 mm/yr
Mopalia Booloo- Santa Mon- 3 Not reported Most speci- One to thirteen 9 cm long (Morris 31 chitons recovered out of 176
muscosa tian, 1964 {ica BRay, mens lost months et al, 1980) marked and released; no growth
CA; inter- weight; a exhibited by other specimens
tidal few speci- held in lab.
mens exhi-
bited shell
growth
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Species

Location;
Habitat

Initial Size
Range of study
specimens

TABLE VI-5 (cont.)

Growth Rate

Maximum size
attained (source
{f another study)

Coaments

"Nuttal-
lina
fluxa

"Nuttal-

Tonicella

lineata

La Jolla, CA;
experimental

aquarium at
Scripps  Inst.
of Oceanogra-
phy; maintained
under fluores-
cent light, no
simulated tides
but a wave gen-
érator used

Santa Barbara,
CA;  mid-upper
rocky interti-
dal; all 1im-
pets removed

Oregon (Yaquina
Head); high
intertidal pool

Laboratory

8.0-11.3 mm
total length

7.9-11,9 mm
sixth valve

width

1.6-3.2 cm
length

Size at set-
tlement

Very poor 3

(nonsignifi- 1961
cant) nega- 1962

tive corre-
lation of
length  and
growth rate.
Mean growth

from 9.5 to
15.8 mm in
length in
271 days

Very poor 30
(nonsignifi- 1971

cant) posi- April 1972

tive corre-
lation

between size
and growth
rate; mean
growth from
9.6 to 10.4
mm sixth
valve width
in 139 days

Mean 30 April
growth=0.4 to

cm/11 months 1969
(0.1-0.9 cm) months)

To 0.75 mm 45 days

(0.65-0.83)

42 wem long (N,
kata);

52 mm long (N.
fluxa)

(present study;
see comments)

16,0 mm fourth
valve width,~52 mm
length for N.

fluxa (present
study)
50 mm length

Specimens apparently from southern
California, and probably N. kata
and/or N. fluxa. Perfect correla-
tion of 1{initial and final length
sugpests that specimens were {den-
tified only by size rank

All limpets removed so growth rate
probably greater than normal

(size-frequency studies on small

selected areas, with N<<25, under
various conditions over 4 to 6

months gave no clear evidence for
growth; may be confounded by dif-

ferential {immigration, emigration;
specimens probably N. fluxa of the

present study (see Chapter III)

Suggests that 5-6 mm long specimens
about 1 year old from these data
and from the fact that spawning
occurs in April and 2 specimens,5
and 5.7 mm long, observed in May,
Recapture rate 25%
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Species

Source

Location;
Nabitat

Sample
Size

Initial Size
Range of study

specimens

TABLE VI-5 (cont,)

Growth Rate

NDate;
duration

Haximum size

attained (source
{f another study)

Comments

Chaeto-
pleura

apiculata

Cryptochi-
ton stel-
lerd

Katharina
tunicata

Lepidochi~
tona §§gf
tiens
(=Nuttal-
1ina
thomasi)

Grave,
1932

Hleath,
1905

Neath,
1905

Heath,
1905

Neath,
1905

Has~
sachusetts,
USA; sub-
tidal,
7.6-9.1 m

Monterey
Bay,CA

Monterey

Bay, CA;
tidepools
near mean
tide level

Honterey
Bay, CA

Monterey
Bay, CA

nvou“!n

0.5 mm length
10 days after
metamorphosis;
4-5 mm length:
50 days;

10-12  mm: 1
year;

25-29 mm: 3
years

12-25 mm length
in 3-4 months;
up to 7595 mm
in 1 year;
120-175 mm in 2
years

25 mm length, 1
yr; 33-36 mm, 2
yr; 55 mm, 3 yr

To 8-10 mm
length in 1
year

To 12 mm {n
about 1.5 yrs

30 mm length ?

33 cm length
(Morris et
al,1980)

12 cm length
(Morris et
al,1980)

20 ma length

(Morris et

al,1980)

12 mm length

Unclear {n report as to how long
actually observed in laboratory;
after 50 days may be guesses.
Suggests lives to about 4 years

Hleath’s (1905) account is not
detailed but he apparently
observed specimens in isolated

situations in the !Monterey Bay
area

fleath (1905) notes that the
growth rate of K. tunicata also
appears to be characteristic of
Mopalia muscosa, Mopalia lig-
nosa, Ischnochiton regularis,

Stenoplax heathiana (=Ischnochi-
ton magdalensis), and Lepidozona
(=Ischnochiton) cooperi.

See comments above

Maximum length reported is for
"Nuttallina thomasi", not Lepi-
dochitona dentfens; thomasi is

doubtedly a Lepidochitona but
probably  not dentiens (see
Appendix III)
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TABLE VI-5 (cont,)

Species Source Location; Sample Initial Size Growth Rate Date; Maximum size Comments
Habitat Size Range of study duration attained (source
specimens {f another study)
T11. GROWTH DATA OBTAINED PRIMARILY FROM SIZE-FREQUENCY ANALYSES
Chiton Glynn, Puerto Generally Most size 30-40 mm Main study ~90 mm long, both Some direct observations supple-
tubercu~ 1970 Rico and 100-150 classes up to length/yr 14 months in  species mented size-frequency analysis.
latus and Panama; per col- 80 mm length for speci- 1967-1968 Size frequency analysis unconvinc-
Acantho- coral reef lection at mens in 0-30 ing; specimens collected from dif-
pleura intertidal two month mm range ferent areas in successive collec-
granulata intervals tions. Faster growth 1{in smaller
individuals! Suggests that most of
the specimens in the 40-60 mm
length range are about 2 years old
s (cf., Crozier, 1918a,b study). Was
unable to interpret external growth
l1ines as had Crozier.
Lepidochi-  Baxter Eastern == 3-22 mm length Uninfected Main study 19.6 mm length for Counts of external shell winter
tona and Scotland; " specimens to  October,1975 uninfected speci- growth check lines aided interpre-
cinereus Jones, intertidal maximum to mens; 28.1 mm for tation of length-frequency «ata.
1978 mean tide length (~20 October,1976 infected specimens Specimens infected with protozoan
level#0.5 mm) in 5-6 Minchinia chitonis grew faster than
m years uninfected specimens in larger size
classes
Lepido- Chris- Norway; g 1-16 mm length Lives more October 1949 16 mm length ? Data were from dredged samples
pleurus tian- 12-16 m than 1 year to September
asellus sen, subtidal . 1950
1954
"Nuttal- Ituarte, Santa Cruz Average of Primarily Mean growth June 1978- 60 mm length (70 Size-frequency histograms on which
1lina cali- 1981 Co.,CA; 141 per ~10-35 mm of about  June 1979 mm?, Putnam, 1980) analyses are based generally do not
ornica" mid- monthly length 10-15 mm show clear modes; suggests maximum
intertidal (nondes- length/yr length of 60 mm attained in about &
reef tructive) for dif- years; specimens probably N. cali-
sample ferent size fornica of the present study (see
classes

Chapter III)
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TABLE VI-5 (cont.)

Species Source Location} Sample Initial Size Growth Rate Date; Haximum size Comments
llabitat Size Range of study duration attained (source
specimens if another study)
1V. GROWTH DATA OBTAINED USING PRIMARILY COUNTS OF EXTERNAL SHELL GROWTH LINES
Chiton Crozier,191Ba,b;  Bermuda; 881+ s To ~10 cm = ~10 cm length Length-frequency {nspection
tubercu- Arey and intertidal specimens length in 12 alded interpretation of external
latus Cro- years; mean shell growth lines. Modal age in
zier,1919 longevity of population studies of about 4-6
about 8 years. Glynn (1970) suggests
years this chiton grows much faster.
Cryptochi- MacGinitie Washington L - 7-8 inch o 33 cm length Relationship of growth lines and
ton stel- and State, (~18-20 cm) (Morris et al, age not confirmed; Palmer and
Tert MacGini- USA;  low length: 20 1980) Frank (1974) suggest C. stelleri
tie, 1968b intertidal years old; from Oregon generally much
to subti- maximum age younger
dal >25 years
NOTE:

A. Maximum size attained by the population or species (parentheses: source {f from another study).
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POossess more than 20 grooves., Tt is clear that different techniques

account for the different age estimateg obtained in these two Studies,

The growth rate estimate that Heath (1905) proffered for Crzgto-

chiton stelleri, apparently on the basis of direct observations in Mon-

terey Bay, CA, is much greater than that obtained by the MacGinities
(1968b) for this species in Washington State, U.S.A. using external
shell 1line counts [175 mm length attained in 2 years, and 7 to 8 inches
(~18-20 cm) attained in 20 years, respectively), From their
mark/recapture data, Palmer and Frank (1974) concluded that a 400 g

(15-20 cm long?) Cryptochiton specimen from Oregon was about 5 years

old, which agrees better with Heath’s (1905) estimate than with that of
the MacGinities (1968b). Although these estimates may reflect real
latitudinal growth differences, with slow-growing, long-living popula-
tions occurring in colder northern waters, it is curious that Palmer and

Frank (1974) were not able to detect unambiguous growth lines in Crypto-

chiton; this problem attaches some doubt to the MacGinities’ (1968b)

indirect ageing method and the particularly high age estimate that they
obtained using it.

Despite the problems preventing strict interspecific growth com-
es

isons the results of the chiton growth studies, summarized in Table
pariso ’
1
5 erally suggest that specimens of small chiton species, ess
VIi-5, gen

i aximum length, e.g., Chaetopleura apiculata, Lepidochi-
30 mm in m

han
- and Lepidopleurus asellus,

si
tona cinereus, L. dentiens, L. thomasi,

attain i
Chiton tuberculatus, Cryptochiton stelleri,

larger species, e.g.,
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Ischnochiton spp., Katharina tunicata, Lepidozona cooperi, Mopalia spp.,

and Stenoplax heathiana, are more likely to attain maximum sizes in 5 to

10 or more years. The conclusion of the present study, that most speci-

mens of the medium-sized Nuttallina species, N. fluxa and N. kata, are

in the 5 to 10 year old range, appears to agree with the tentative age

estimates that are available for other chiton species.
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APPENDIX I

SELECTED MARINE ENVIRONMENTAL RECORDS AT LA JOLLA, CALIFORNIA

The "Seal Rock" study site, described in Chapter II, is 3.1 knm
from the end of the Scripps Institution of Oceanography Pier, La Jolla,
CA (Lat. 32952°N., Long. 117°15’W.) across La Jolla Bay. Daily readings
of environmental conditions are made at the end of the Scripps Pier by
Scripps Aquarium personnel. These data are compiled and analyzed as
part of the shore stations temperature program of the Marine Life
Research Group (MLRG) at Scripps Institution of Oceanography. Data from
the original MLRG data sheets for each of the 22 days in 1979 and 1980
on which environmental recordings were made at the "Seal Rock" study
site (Chapter 1II) are presented in Appendix Table 1. Codes used in

Appendix Table 1 are explained in Appendix Table 2.
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bate

12 June
13 June
2 Nov
3 Nov
1Y Nov
2 Feb
13 Feb
25 Feb
20 Feb
27 Feb
12 Mar
13 Mar
14 Mar
17 Mar
26 Mar
27 Mar
28 Mar
I Apr
14 Apr

1979
1979
1979
1979
1979
1980
1980
1980
19860
1950
1980
1980
1980
1980
1980
1980
1980
1980
1980

4 June 1980

17 June 1980

26 Sep
NOTE

A. Codes used are explained in Appendix Table 2.

1980

Time

0830
1000
0956
1010
1030
L1130
1000
0955
1030
1030
0900
== No
1045
1100
1030
1100
-- No
1000
0930
1048
1145
0730

APPENDIN TABLE 1.

AL Tewp °F

Max

81.0
77.0
64,0
66.0
65.0
66.0
64.0
64.0
67.0
70.0
63.0

Min

67.0
66.0
54.0
54.0
53.0
48.0
56.0
52.0
57.0
57.0
56.0

Pres.

71.0
71,0
60.0
63.0
58.0
60.0
60.0
60.0
66.0
65.0
60.0

Scripps Record --

64.0
67.0
61.0
61.0

55.0
54.0
43.0
52.0

61.0
64.0
53.0
49.0

Scripps Record --

65.0
72.0
61.5
65.0
60.0

58.0
55.0
58.0
59.0
61.0

60.0
65.0
59.5

64.0

Marine Life Research Group Shore Temperature Program in 1979 and 19807

Water Temp °C

Wind

Sling Hyprometer

Selected Environmental Records for Scripps Institution of Oceanography Pler Collected for the

__Clouds __ Swell
Pry
Spd Bulb Wet Rel Per. Ht. Rainfall
Surf. Bottom Dir  (kts) °F Bulh Hum  Weather Type Amt VIS SEA Dir (sec) (ft.) (in.)
18.8 18.8 360 2 71.0 66.0 77.0 02 - 0 0 1 270 6 1 0,00
205 18.7 320 3 71.0 68.0 86.0 02 - 0 6 2 280 6 2-3 0.00
16.3 15.8 - 0 60.0 56.0 72,0 02 0 1 7 2 260 10 2 0.00
165 16.5 243 2 63.0 60.0 84.0 03 4 4 7 1 250 12 1 0.00
153 1533 310 3 58.0 51.0 61.0 02 - 0 7 3 290 10 3 0.00
14.9 14.9 310 5 60.0 52.0 58.0 02 Y 2 1 7 1 290 12 1-2 0.00
14,7 14,7 90 4 60.0 55.0) 73.0 59 6 8 6 1 220 14 1 0.05
16.1 16.0 - 0 60.0 56.0 718.0 02 1 3 7 1 270 13 1 0.00
16.3 16.2 - 0 66.0 57.0 57.0 02 2 1 9 2 270 8 1 0.00
16.2 16.2 - 0 65.0 57.0 61.0 02 5 1 8 2 270 11 2 0.00
16.0 16.0 130 4 60.0 52,0  65.0 02 - 0 8 2 260 7 3 0.00
16.2 15.9 270 4 61.0 57.0 78.0 02 - 0 7 2 260 2 0.00
16.0 15.8 290 2 64.0 55.0 56.0 02 - 0 9 1 270 10 1 0.00
157 15.3 280 2 53.0 48.0 69.0 02 8 1 9 3 270 2 3 0.22
15.0 15.0 220 15 59.0 53.0 67.0 02 8 5 7 2 270 2 0,00
155 15.5 220 3 60.0 58.0 89.0 10 - 0 2 2 270 10 3 0.00
16.0 14.0 - 0 65.0 58.0 66.0 02 1 1 7 1 290 8 1 0.00
17.5 16.5 270 5-6 59.5 57,5 89.0 02 0 o ¢ 2 270 8 3 0.00
16.5 15.0 220 0.5 63.0 58.0 74.0 03 6 8 4 2 280 8 2-3 0.00
19.0 18.8 270 1 64,0 62,0 a0, 0 45 0 9 4 2 240 7 2 0.00
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APPENDIX TABLE 2. Weather, cloud, visibility and sea codes used
in Appendix Table 1.

WEATHER CODE

01 Clouds generally dissolving or becoming less developed

02 State of sky on the whole unchanged

03 Clouds generally forming or developing

10 Light fog (visibility 1100 yds or more)

45 Fog, sky not discernible, no appreciable change during preceding

hour

59 Drizzle and rain, moderate or heavy at time of observation

CLOUD TYPE CODE

Stratus or fractostratus
Cirrus

Cirrostratus
Cirrocumulus
Altocumulus

Altostratus
Stratocumulus
Nimbostratus

Cumulus or fractocumulus
Cumulonimbus

WEE~NOWEWNEO

CLOUD COVER (AMOUNT) CODE

0 No clouds

Less than or equal to 1/10
sky cover

2/10 and 3/10

4/10

5/10

6/10

7/10 and 8/10

9/10 and 9/10 plus

10/10

Sky obscured

—

O W~ W Wi

VISIBILITY CODE

Dense fog, 50 vds

Thick fog, 200 yds

Fog, 400 yds

Moderate fog, 1000 yds

Thin fog or mist, 1 mile

Visibility poor, 2 miles

Visibility moderate, 5 miles

Visibility good, 10 miles

Visibility very good, 30 miles

Visibility excellent, over 30
miles

CONOUVEWNKFO

CODE

wv
™
2

Flat calm

Less than 1 ft

1 to 3 ft

3 tol SREt

5 to!8RfL

8 to 1Z28fE

12: to 20REE

20 to 40 ft

40 ft and over

Very rough, confused sea

CoNOOTUVMPLUNEO |
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APPENDIX IT
BODY WATER CONTENT OF HIGH AND LOW SHORE

SPECIMENS OF NUTTALLINA

INTRODUCTION

Morphological analyses of high and 1low shore Nuttallina were
undertaken to provide background data for intended studies on the phy-
siology of these groups. Water content data for Nuttallina have been
reported previously by Kues (1969) in a general physiological-ecological
study on La Jolla, CA populations and by Simonsen (1975) in a study on

osmoregulation in high and low groups of "Nuttallina californica" at

Monterey, CA. Water content data were obtained in the present study by

procedures varying from those of the earlier studies and are presented

in a different manner. The results are of interest with respect to

desiccation.

MATERIALS AND METHODS

Nuttallina specimens were collected from high and low shore lev-

els for body water analysis on several different occasions. Collection

information is presented in Appendix Table 3. In the laboratory, algae

and attached animals were removed from the chitons; encrusting algae was

scraped from the valve surfaces. The chitons were assigned accession

no possibility of biasing measurements, and

aumbers, so that there was

g Sfor
ere kept submerged in running sea water in clean glass containe
Wi

to allow full hydration a

nd to allow gut clearance. The

24 to 48 hours,
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APPENDIX TABLE 3., Nuttallina collected for water content analysesA

Approximate
Intertidal Group
Level Reference Habitat
Collection Date LocationB (Above MLLW) Name Description

27 JULY 1977 Bird Rock, La Jolla 0.7 m JULY HIGH Horizontal planar area at base
of large outcrop; chitons in
depressions; algae sparse; some
brown algae.

27 JULY 1977 Bird Rock 0,4 m JULY LOW Horizontal area; chitons in
depressions surrounded by thick
foliose coralline algal mat.

5 AUG 1977 Bird Rock 0.7 m AUG HIGH  Same site as JULY HIGH.

5 AUG 1977 Bird Rock 0.4 m AUG LOW Same site as JULY LOW.

12 SEPT 1977 Seal Rock, La Jolla 1.6 m SEPT HIGH Bare sparsely-populated sand-
stone; northwest-facing,

12 SEPT 1977 Seal Rock 0.3 m SEPT LOW Chitons in form-fitting de-
pressions; dense coralline
algal turf,

17 oCcT 1977 Seal Rock - Labc 1.6 m OCT HIGH Same collection area as
SEPT HICH,

17 oCT 1977 Seal Rock —+ Labc 0.3 m OCT LOW Same collection area as
SEPT LOW.

27 JAN 1978 Near Seal Rock 1.2 m-1.7 m JAN HIGH

North-northwest facing
vertical face of large
solitary outcrop; relatively
bare sandstone.
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APPENDIX TABLE 3 (cont.)
NOTES
A.

JULY LOW, AUG LOW, SEPT LOW and OCT LOW are probably primarily Nuttallina kata; SEPT HIGH,
OCT HIGH and JAN HIGH are primarily N. fluxa, and JULY HIGH and AUG HIGH may have been

primarily N. fluxa but with some N. kata (see Chapters II and III for habitats of
Nuttallina spp.) '

B. Seal Rock refers to the primary La Jolla site used throughout the present studies on
Nuttallina (see Chapter II description). The Bird Rock area has been described by
Gunnill (1979).

C.

"17 OCT 1977" chitons were collected with those of "12 SEPT 1977" at Seal Rock on 12 SEPT

1977; the October specimens were a subsample of the Sept collection that was kept submerged
in running sea water in the lab until 17 OCT 1977, for an acclimation study.
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OCTOBER group of chitons was collected with the SEPT 1977 group, but,

unlike the SEPTEMBER group, was acclimated in the laboratory for over a

month to investigate the nature of body water contents. Chitons were
kept submerged in running sea water at 18 to 21°C and laboratory

fluorescent lights usually were kept on from 800 to 1800 hrs.

For all except the JULY groups of chitons which were not
dissected, individuals were removed from the sea water one at a time for
measurement and dissection. On removal from the seawater, each chiton
was immediately blotted with paper tissue. The foot was pressed firmly
with the usual result that urine(?) was released (as evidenced by the
release of a substantial amount of water after the chiton had been blot-
ted well). Blotting was continued until the outline of the pallial

groove was distinctly outlined on the paper tissue. The chiton was then
weighed to the nearest 10 mg to give total blotted weight. Valves were

then dissected away from the tissue (except for JULY groups), blotted,

and weighed to give the wet valve weight. Valves and tissues were dried

separately in an oven to constant weight (usually about 30 hours) .

Various drying temperatures were used to determine whether results were

temperature-dependent. Dried valves and dried tissues were weighed,

xcept for the AUGUST groups, for which the valves were not dried. For
e

b

hts were
h total blotted weight minus wet valve weight. Water weig
the
le, valve
d ined by subtraction of appropriate components. For exampie,
eterm
er = wet tissue - dry

- dry valves, and tissue wat

water = wet valves

tissue.
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An attempt to sex chitons by gonad contents was made for all but

the JULY and JANUARY groups. Valve erosion was quantified by determin-

ing the number of valves affected and the approximate percentage of

total surface area involved.

Data were analyzed using various computer programs in the
Biomedical Computer Program (BMDP) statistical package (Dixon and Brown,
1981) on the University of California, San Diego VAX/VMS-11/780 computer

system.

RESULTS

Water content results are summarized in Appendix Table 4.
Bivariate scatter plots generated by BMDP6D revealed generally strong
positive linear correlations between chiton body component weights and

total chiton blotted weight (r>0.97 for almost all cases, see table

Statistical tests revealed only one case of allometry (i.e., Y

notes).

intercept not equal to zero for a linear regression, see Gould, 1966),

involving the diminutive valve water component (<1% of total blotted

ight) Thus the results were conveniently, and reliably, expressed
welg . ’

a

ight explained most of the variation in the different components.
we

initially were significantly different; in

slopes for different groups
examination of residuals revealed an ext
5), that when

reme outlier,

all such cases,

(see Appendix Table

usually one and no more than two
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APPENDIX TABLE 4, Summary of data for body water content analyses, expressed as percentages of total blotted weight except where indicated othervlseA

Total WHOLF. CHITOR VALVES (WITHOUT TISSUE)
Blotted Valve
Weight
val W 60°C
Sample 5.0, Dry Chiton Water Dry Chiton Water Dry Valves w:t:: ::e;e:ce"[)
Group §1ze (Range, g.) (60°C) (60°C) (120°c) (120°c) Wet Valves (60°C) (60°C) Of Wet Valves
JULY HIGH 28 1.66:0.772 51.8%3.1 48.243,1 50.943,2 49.,1#1,2
(0.28-3.27) (44.1-57.2) (42,8-55.9) (42.9-56.3) (43.7-57.1)
JULY LOW 26 1.45%0.615 54.443.0 45.6%3.0 53.2+3.0 46.8+3,0
(0.24-2,91)  (48.1-59.5)  (40.5-51.9)  (46.4-58.5)  (41.5-53.6)
AUG HIGH 10 1.6240,732
40.8+2.8
(0.42-2,72) (37.0-44.2)
AUG LOW 10 1.30£0.602 45.443.6
(0.62-2,46) (38.7-50.2)
SEPT HIGH 10 3.06£0,948 53.8+2.1 46.242.1 41,542.,3 40.742.3 0.9:0.2 2.140.5
(1.80-5.20)  (50.1-56.3)  (43.7-49.9) (36.6-44.7)  (35.9-43.8)  (0.6-1.2)  (1.4-2.8)
SEPT LOW 10 1.2240.625 52.212.3 47.8+2.3 36.044.2 35.244.0 0.940.4 2.4+41.0
(0.07-2.08)  (49.2-54.9)  (45.1-50.8) (29.0-41.9)  (29.0-40.7)  (0.0-1.3)  (0.0-3.5)
OCT HIGH 10 1.8740.876 56.3+¢2.4 43.742.4 43,142.1 42,742.0 0.5+0.2 1.140.4
(0.98-3.46)  (53.3-60.2) (39.8-46.7) (40.6-47.3)  (40.1-46.6)  (0.2-0.7) (0.5-1.7)
OCT LOW 10 0.5240,384 55.3+3.2 44,743,2 37.645.7 37.745.2 0.0¢1.3 -0,313.8
(0.12-1.22)  (50.7-59.6) . (40.4-49.3) (28.2-48.0)  (30.5-47.2) (-2.3-1.3) (-8.1-3.5)
JAN HICH 8  1.05:0.350 53.0:2.2 47.012.2 ¢ )
% d . 4 0.1+2.4 39.542.3 0.6:0.3 1.4+0.6
(0.58-1.69)  (50.3-56.9) (43.1-49.7) (35.3-42.9) (34.9-41.8) (0.3-1.0) (0.8-2.4)
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APPENDIX TABLE & (cont.)

TISSUE (WITHOUT VALVES)

Tissue

Tissue
Dry Tissue Water (60°C) Dry Tissue Water (105°C)
Sample Wet Tissue Water As Percent Tissue Water As Percent
Grow  Bize  4igue (60°C) (60°C) _ Of Wet Tissue  (105°) (105°C)  OF Wet Tissue
JULY HIGH 28
JULY LOW 26
AUG HIGH 10 59.2,2.8 14.541.5 44,742,0 75.641.9
(55.8-63.0) (12.7-16.8)  (42.3-49.1)  (72.4-17.9)
AUG LoW 10 54.643.6 14.841.6 39.842.4 73.041.6
(49.8-61.3) (13.0-18.4)  (36.8-43.8)  (69.9-75.0)
SEPT HIGH 10 58.542.3 13.1:1.1 45.342,2 77.541.7
(55.3-63.4)  (11.2-14.6)  (42.8-49.3)  (75.2-81.5)
SEPT LOW 10 64.044.2 17.142.9 46.9+2.3 73.442.9
(58.1-71.0)  (14.2-24.6)  (43.9-50.0)  (65.3-75.5)
OCT HIGH 10 56.9+2,1 13.740.9 43.242.5 75.942.0
(52.7-59.4)  (12.0-14.9)  (39.2-46.3)  (73.2-79.4)
OCT LOW 10 62.445.7 17.643.1 44,7434 71.9+2.9
(52.0-71.8)  (12.3-22.9)  (39.7-48.9)  (67.1-76.3)
JAN HICH 8 50.942.4 13.541.7 46.542.2 77.642.6
(57.1-64.7)  (11.1-16.3)  (42.8-49.3)  (72.4-80.9)
NOTES

A. All percentages summarize relationships with r20.97 and with Y-intercept = 0, with the following exception,
Valve water wt. correlations with total blotted chiton weight and with wet valve wt. were 0.62 (statistically

(see Gould, 1966).
[total blotted wt.] - 0.007.

nonsignificant) for SEPT HIGH, and 0.83-0.94 (significant, p<0.05) for all other groups.

Y intercept statistically different from 0; thus allometric even though best described by a straight line
The functional regression (Ricker, 1973) is: [Valve water wt. in g (60°C)] = 0.013
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APPENDIX TABLE 5.

a few cases, analysis of residuals revealed that unequal slopes hetween groups were due

Analyses of Covariance on water and valve weight data for Nuttallina
ANCOVAs were performed by the MBOPIV computer program (revision date: April, 1982).

In

to a single outlier, which was removed to correct the situation (in only one case, for
SEPT BIGH value weight analyses, two outliers were removed).

Dependent variable

Covariate

Significance of test
for eauality

Groups adjusted mean, g. adjusted mean, g. of adjusted means of
Compared (unadjusted mean) (unadjusted mean) N dependent variable

Absolute water wt, (60°C) Total dry wt. (60°C) 54 0.01
JULY HIGH 0.77(0.80) 0 83(0.86)
JULY LOW 0.69(0.66) 77(0.79)

Absolute water wt. (120°C) Total dry wt. (120°C) 54 0.01
JULY HIGH 0.78(0.81) 0 81(0.84)
JULY LOW 0.71(0.68) *77(0.78)

Tissue water wt. (105°C) Dry tissue wt. (105°C) 20 0.01
AUG HIGH 0.66(0.73) 0 21(0.23)
AUG LOW 0.57(0.51) *77(0.19)

Wet valve wt. Dry tissue wt, (105°C) 20 0.26

AUG HIGH 0.60(0.66) 0 21(0.23)
AUG LOW 0.66(0.60) *77(0.19)

Tissue water wt. (60°C) Dry tissue wt. (60°C) 19 0,001
SEPT HIGH 0.98(1.26) 0 28(0.37)
SEPT LOW 0.83(0.57) “77(0.20)

Wet valve wt, Dry tissue wt. (60°C) 17 0.002

SEPT HIGH 0.97(1.25) 0 28(0.39)
SEPT LOW 0.67(0.42) *77(0.18)

Tissue water wt, (60°C) Dry tissue wt (60°C) 19 0.01
OCT HIGH 0.50(0.74) 0 16(0.24)
OCT LOW 0.44(0.23) *77(0.08)
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APPENDIX TABLE 5 (cont.)

Dependent variable

Covariate

Significance of test

for equality
Groups adjusted mean, g. adjusted mean, g. of adjusted means of
Compared (unadjusted mean) (unad justed mean) N dependent variable
Wet valve wt. Dry tissue wt. (60°C) 19 0.02
OCT HIGH 0.56(0.81) 0 17(0.26)
OCT LOW 0.46(0.18) *77(0.08)
Tissue water wt. (60°C) Dry tissue wt. (60°C) 39 0.005
SEPT HIGH 0.81(1.26) (0.37)
SEPT LOW 0.65(0.57) 0 22(0.20)
OCT HIGH 0.71(0.81) *77(0.26)
OCT LOW 0.65(0.23) (0.08)
Wet valve wt. Dry tissue wt., (60°C) 37 0.0005
SEPT HIGH 0:77(1.25) (0.39)
SEPT LOW 0.53(0.42) 0 22(0.18)
OCT HIGH 0.71(0.81) *77(0.26)
OCT LOW 0.60(0.21) (0.08)
Tissue water wt. (60°C) Dry tissue wt, (60°C) 27 0.14
SEPT HIGH 0.90(1.26) (0.37)
OCT HIGH 0.82(0.81) 0.26(0.26)
JAN HIGH 0.88(0.49) (0.14)
Wet valve wt. Dry tissue wt. (60°C) 26 0.16
SEPT HIGH 0.73(1.19) (0.37)
OCT HIGH 0.82(0.74) 0.25(0.23)
JAN HIGH 0.85(0.43) (0.14)
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r
emoved rendered slopes nonsignificantly different, as required for a

comparison of adjusted 8roup means by ANCOVA.

In every collection, high shore specimens had greater water con-
tents than 1low specimens. The same result, high specimens with more
water, is obtained, whether animals are dried at 60, 105, or 1209,
although water fractions are higher for higher temperatures as expected

(see Appendix Table 4).

In the first collection (JULY groups), chitons were not
dissected. However, the valve contribution to the total weight is sub-
stantial and variable valve erosion in different groups might substan-
tially affect results. Thus, all later groups were dissected in order
to determine the relative contributions of valve and tissue weights.

When water 1is expressed as a percentage of total blotted chiton weight

for the SEPT and OCT groups, water is higher in the low shore groups

than in the high ones (valves were not dried for AUGUST groups so com-

parable values are not available). However, in both SEPT and OCT

groups the valves of the HIGH groups comprise a significantly greater

proportion of the total weight (see ANCOVAs, Appendix Table 5, and see

Appendix Table 4). Thus, when water is expressed in terms of only tis-

e weight, a more functional relationship, again it is found that water
su ’

er in both SEPT and OCT as well as in

content of the HIGH group is great

the AUGUST collection (see Appendix Tables 4, 5).

ult to obtain reliable valve thicknesses, but it is

It is diffic

fluxa) tend to have wider valves

clear that higher shore Nuttallina (N.
in valve

( Chapter IV) which helps to explain the difference

see %
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contributions between SEPT and OCT HIGH and LOW groups. However, valves

contribute about equally to AUG HIGH and LOW chiton weights (see Appen-
dix Table 5) and this may be explained in part by differential erosion.
Valve erosion is difficult to quantify, but for the AUGUST collection,
the valves of AUG HIGH chitons apparently were eroded more than were
those of AUG Low specimens. AUG HIGH chitons were eroded on from 4 to 8
valves (%=6.5), over nearly 507 of the valve surface (X=47%), whereas
the AUG LOW chitons were eroded on from 0 to 8 valves (X=4.0) over a
quarter of the total valve surface area (%=23%) (HIGH vs. LOW erosion,
p<0.025 for both measures, two-tailed t test). Subjectively, valve ero-
sion of low intertidal chitons at Seal Rock appears to be more extensive

than that recorded in the AUGUST Bird Rock collection.

Observed differences in body water content do not appear to stem
from differences in sex or reproductive state of the chitons (Appendix
Table 6). Not only are the male, female and unsexable categories fairly

equally represented between HIGH and LOW groups for any collection date,

but examination of scatter plots reveal no tendency for any category to

occur consistently above or below the regression line for tissue water

weight versus dry tissue weight for a group as a whole (but sample sizes

not large enough for a G test among the categories by position relative

to regression line).

The OCT groups, which were kept submerged in a laboratory water

ntended
ble for over a month, represent an experiment in acclimation, int
ta

interti-
investigate the basis for water differences in high and low
to

hitons If the body water differences were not found between
dal chitons.

to identical conditions,

OCTOBER high and low shore groups acclimated
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APPENDIX TABLE 6. Summary of sex and reproductive state of Nuttallina collected for
water content study. No attempt was made to sexually-identify JULY or JAN groups.
"Unsexable" generally includes chitons with no substantial amount of gonad products.

Collection

__Group Hale Female  Unsexable
AUG HIGH 4 4 2
AUG LOW 3 5 2
SEPT HIGH 2 1 7
SEPT LOW 0 1 9
OCT HIGH 2 1 7
OCT LOW 0 0 10
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this might reflect a physiological rather than a genetic basis for the

differences. An ANCOVA of tissue water weight (on covariate dry tissue
weight, Appendix Table 5) reveals that the two groups have significantly
different mean adjusted tissue water weights, thus suggesting that the
water differences might be genetically-fixed. An ANCOVA including all
SEPT and OCT HIGH and LOW groups also reveals a significant water
difference among the groups, but pairwise ¢t tests, provided by the
BMDP1V program for exploratory purposes, suggest that the difference is
primarily attributable to the SEPT HIGH group. The SEPT HIGH group is
different from the other three groups which are fairly similar. The
conclusiveness of this experiment is diminished by the fact that speci-
mens in the HIGH and LOW groups for SEPT and for OCT were of consider-
ably different sizes; size differences among individuals at different

shore levels at Seal Rock have been documented (Chapter II), and thus

are not merely an artifact of collection. An additional problem with

the experiment was that the specimens in the OCT groups were smaller

than their SEPT counterparts, possibly as a result of weight loss due to

starvation in the laboratory.

Finally, no body water content differences were found among the
b

h comparable groups analyzed in different months, SEPT HIGH, OCT
three

specimens in

HIGH, and JAN HIGH, although again size differences among
b

the different groups were 2 problem.
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DISCUSSION

High shore Nuttallina tend to have higher tissue water contents
than do low shore specimens. Simonsen (1975) reports the opposite rela-
tionship in her study (61% low versus 56% high) but she reported her
values in terms of whole chiton weights and, as shown in the previous
section, inclusion of the substantial and variable shell fraction to the
weight can yield misleading results. Water percentages reported by
Simonsen (1975) are higher than those presented in this study (43.7 to
48,27 when calculated in the same manner), presumably as a result of

less vigorous blotting prior to initial weighing, and possibly as a

result of the fact that her study involved a different Nuttallina

species, Nuttallina californica. Rues (1969) does not provide data for

comparison of high and low populations, but calculations from his data
for "extreme high intertidal" populations of Nuttallina occurring on
hard sandstone (which dries rapidly and may simulate "high") versus

those on coarse sandstone (which dries slowly and may simulate "low")

reveal a slighter higher percentage of water in the former than the

latter group (43.9 and 42.7% for N = 84, 93 respectively, significantly

different, t test, two-tailed, p=0.025). Thus, his results are similar

to those of the present study, although valves are included in his

reported weights.

Differences in body water content of full

t high and
1t of this discovery, I have been able to demonstrate tha g
resu
rs III,IV).
hore Nuttallina are different species (Chapte A
low sho

y-hydrated Nuttallina
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Therefore, the body water differences may be explained on a genetic

basis. It appears that, although interpretation of the September-
October '"acclimation" experiment results was not straightforward as a
result of different specimen sizes in the various groups, the correct
conclusion may have been obtained; that is, water content differences
are probably not due to acclimation phenomena related to differences in
shore height or substrate. The HIGH and LOW groups, in September and
October, probably represent highly segregated collections of the two

different species, Nuttallina fluxa (high) and N. kata (low), since the

animals were collected in the characteristic habitats of these species,

high/dry and low dense, respectively (see Chapter TES

For the JULY and AUGUST groups, it is less clear whether two
species are involved. The HIGH groups were collected at 70 cm above
MLLW, within the normal range of N. kata and the HIGH and LOW groups

were of similar sizes, a gituation unlikely to occur where N. kata and

N. fluxa are collected at any site (Chapter III). However, the Bird

Rock HIGH collection site looks like the high, sparsely-populated habi-

tat where N. fluxa characteristically occurs at the geal Rock site (see

Chapter I1) but at a low intertidal level; therefore, the Bird Rock
’

ollected in the present study might comprise

high intertidal groups ¢

substantial proportions of N. fluxa.

Might differences in the high and low sh

lated to the species differences still help to explain the
lina unre
t differ-
bserved disparity in water contents? Could the water conten

obse

kdown of

1t from differences in reproductive state? A brea

ences resu
species and reproductive state (gravid,

water content results by

ore specimens of Nuttal-
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nongravid
gravid) indicates that the differences do not arise from differences

in reproductive state.

Although Giese and Hart (1967) have reported

higher water percentages in testes than in ovaries of specimens of the

chiton Katharina tunicata in all seasons (average difference = 5.3% of

gonad wet weight), the gonad represented a maximum of only 15%, and a

minimum of 1%, of the total body weight, so that this sex difference
amounted to a maximum of only about a 1 to 1.5% difference in water con-
tent when expressed in terms of shell-free chiton wet weight. Giese and
Hart (1967) indicate that the water contents of all other body com-

ponents of Katharina are similar between the sexes.

The observed water difference in Nuttallina may result from a
difference in nutritional state of high shore and low shore chitons.
The low total wet weights of the OCTOBER groups relative to the SEP-

TEMBER groups collected from the field at the same time may have

resulted in part from starvation of the former while they were held in

the laboratory. Both of the OCTOBER groups have lower water contents

(as tissue water relative to wet tissue) than their SEPTEMBER counter-

parts (Appendix Table 4). In early stages of starvation glycogen stores

are often reduced; glycogen is associated with relatively great amounts

Low shore Nuttallina specimens that occur in

of water (Prosser, 1973).

e
high d jties at the Seal Rock site occasionally might experienc
very gh dens
in their
1 d jods of relative starvation that could help expla
prolonged per . ;
ative to high shore specimens (n.b.: Suther

1
low body water content T€
. her shore limpets by this same

land 1970 explained faster growth in hig e
| ite g
ing; however, algal standing biomass is qu
e gestion of starvation

weighing against the sug

present collection sites,
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in the low zone). However, Giese and Araki (1962) report that two

species of chitons,

Katharina tunicata angd Mopalia hindsii, have high

amounts of lipids, and relatively low amounts of 8lycogen, and they sug-

gest that water contents of at least the foot, gut, radular muscle and
gonads of twelve-week starved Katharina are essentially the same (or
even higher in the mantle) as in unstarved chitons. Their method of
water determination consisted of draining rather than blotting the

organs, and these workers note that their water determinations are sub-

ject to error.

Another explanation for the observed water content differences
in high and low intertidal Nuttallina presented itself during detailed

morphological studies of the two species involved, Nuttallina fluxa and

N. kata (Chapter 1IV). Nuttallina fluxa tends to have more gills per

body length than does N. kata (see Chapter IV). Since wet weights were

determined by blotting the entire chiton including the gill area, more

gills in Nuttallina fluxa (the high shore species) may have trapped more

s of
water, contributing to the higher observed water content of specimen
»

i-
thi cies If so, this phenomenon might also be of functional sign
S Sspe . ’

£ i the field allowing high shore specimens to retain needed
icance n ’
of water in the
ter for longer periods by trapping greater amounts
wa

i sses.
roof of the gill chamber as desiccation progre

suggested that the ability of various

ral workers have
- for extended periods is

desiccation
to withstand
iRkartiaul, Snimels called extravisceral,

"extra" water, variously
enhanced by stores of

avity water, 1
1931; Shotwell, 1950; Segal, 1956; Sega
-

body tissues (gastropods: Abe,



and Dehnel, 1962; Klekowski, 1963;

Seapy and Hoppe, 1973; Dehnel, 1978;

but see Wolcott, 1973,

and see Von Brand et al., 1957 for relative

losses of mantle cavity and tissue water; bivalves: €.g., Coleman, 1973;

barnacles: e.g., Suzuki and Mori, 1963; Newman, 1967). Nuttallina, par-

ticularly 1low shore specimens of Nuttallina kata, often occurs in deep,

form-fitting depressions that can trap a large "extravisceral" store of
water (Chapter II). However, those specimens expected to experience the
most desiccation are those in high shore positions on 1less contoured
rock that does not hold much moisture, and it is for these high shore

specimens, presumably Nuttallina fluxa, for which the greatest internal

(tissue) '"stores" of water were found in this study, as expected if a

high body water content has functional significance for desiccation.

Horn (1982) recently reported results for high and low shore

groups of the chiton Sypharochiton pelliserpentis similar to those of

the present study. Although his statistical methods were not optimal,
Horn (1982) found that high shore groups of the chiton had higher body

water contents (expressed as percentages of shell-free wet weights) than

did 1low ones. In addition, although he found no significant relation-

ship between gill number and dry body weight [my studies (Chapter IV)

suggest that gill number might give a significant relationship with the

cube root of dry body weight], his results indicate slightly greater

(but nonsignificant) dry gill weights in high shore thangSuRw e D)

chitons, a situation roughly similar to that observed in Nuttallina.
b

In addition, Horn (1982) found high shore chitons to be able to
’

ithstand desiccation better than low shore specimens; high shore chi-
w sta
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percentage of total body water) than did low shore chitons. Horn (1982)

found lethal water losses (as a percentage of body water) for Sypharo-

chiton pelliserpentis on the order of 50 to 65% (for 1 g chitons) and
Bovle (1970) found levels of 75% for the same chiton species using dif-
ferent methods. Similarly, Kues (1969) concluded that lethal water loss

levels for high shore Nuttallina fluxa were about 50 to 55% of total

body water [for ~2 g animals, roughly equivalent to Horn’s (1982)

shell-free 1 g chitons].

Horn (1982) found that Sypharochiton pelliserpentis is tolerant

of a 1level of desiccation stress generally greater than the stress
experienced in the field, a phenomenon reported in previous studies of
several intertidal molluscs (see Underwood, 1979; Branch, 1981 for exam—

ples). However, it is likely that there is often an interplay of physi-

cal factors in the field, and that particular factors, such as desicca-

tion, are lethal at lower levels in combination with other factors than

when tested individually, as emphasized by Alderdice (1972), Vernberg

(1975) and Kennedy (1976), for example. In addition, the rate at which

In any case, higher water content,

desiccation occurs may be critical.

greater desiccation tolerance and greater desiccation resistance prob-
ably function as a hedge against periods of abnormally low humidity
and/or of high winds, such as occasionally occur in Southern California
when winter afternoon low low tides coincide with warm, dry east winds.

609



APPENDIX ITI
DISPOSITION OF SPECIES ASSIGNED TO THE
CHITON GENUS NUTTALLINA

SPECIES CURRENTLY ASSIGNED TO NUTTALLINA

Nuttallina crossota Berry, 1956

Type 1locality: Puerto Penasco, Sonora, Mexico (31020° N.,
1139337 W.). Largely restricted to the northern end of the Gulf of Cal-
ifornia, from San Felipe to Bahia de Los Angeles, and Puerto Penasco to
Guaymas, Mexico (Keen, 1971). Specimens in this geographic range that

are attributed to N. crossota (= N. mexicana) in the SDNH collection are

all preserved dry: SDNH No. 63076; No. 64026; No. 23618a (N=10); No.

45770 (N=2); No. 63071; No. 23673 ("Nuttallina mexicana"); and No.

68720 (N=2). Three specimens at SDNH were collected outside of the

above-mentioned range and are all preserved dry: SDNH No. 23576, La

Paz Baja CA, February 1939, N=1 ("Nuttallina cf. crossota"); SDNH No.
- b s

23677, Magdalena Bay, Baja CA, specimen missing ('"Nuttallina cf. cros-
2 5 1 Bt Pt CRoS=

1" "
sota"); SDNH No. 68702, Acapulco, Mexico, N=1 ("Nuttallina crossota").

In addition, Smith (1961) reports taking a single specimen at 'Puerto
’

north of La Paz" and notes that Lowe collected a single

nd in 1932 (SDNH No. 23685; not found at

Ballandra Bay,

specimen on West San Benito Isla

SDNH, July 1982).

) notes that this species is distinguishable by its

Berry (1956

18 mm, Keen, 1971; Ferreira, 1982

small size (maximum length about
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mentions a specimen 23 mm in length), short sutural laminae, generally

narrow eaves, stubby teeth of valve viii, minuteness of the prevailing
girdle spines, and the presence of sutural spines in tufts. Pilsbry

(unpublished notes presented in Smith, 1961), commenting on the species

relationships of Nuttallina crossota (= N. mexicana), states that it is:

A much smaller species than N. fluxa Cpr., more elevated, with
smaller girdle spines than in young fluxa of the same size. The
mucro of valve viii is more posterior; in young fluxa equal in
length to N. mexicana the mucro is before the posterior margin
of the valve. 1In N. thomasi Pils. the posterior valve is wider
with the mucro situated much less posteriorly and the girdle
spines are far smaller.

Ferreira (1982) recently concluded that Nuttallina crossota was

indeed distinct from the northeast Pacific coast Nuttallina species.
For the former species, he noted the following characteristics: 1)
smaller size; 2) lighter coloration; 3) girdle spines white to tanj 4)
bolder radial ribs in the anterior valve and lateral areas of intermedi-

ate valves, although ribs subdued in some specimens; 5) tegmentum more

coarsely granose; /) white articulamentum; and 7) habitat, favoring the

undersides of rocks in quiet water.

Personal examination of type material stored at SDNH, i.e., the

atype of N. crossota Berry, 1956 at SDNH (SDNH No. 11398; labelled
par .

of bight, west of Puerto

"1251" on foot; locality: reef at west end

11
’ b4

ried condition and small size of the speci-

ited usefulness due tO the d
ghtly curled). Likewise,
23673; locality: Guaymas, Mexico; col-

1i a dried specimen of "Nut-
men (9 mm length; S

tallina mexicana pils." (SDNH No.

1930; ~9 mm length curled; =N. crossota, see
’

lector H.N. Lowe, January,
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next section) was of 1little utility. However, examination of an

ethanol-preserved 1lot of Nuttallina crossota from 2 miles (~3.2 km)

north of San Felipe (SIO No. M1744) leads me to the conclusion that N.

crossota is more closely related to N. fluxa and N. kata than to N. cal-

ifornica. The specimens, unlike N. californica, all have valves of
light pink, white or brown, and girdles with alternating white and
light-brown stripes. Girdle spines are long and most often white or
light brown, unlike the stubbier, dark-brown spines seen in typical N.
californica. Unlike in N. fluxa or N. kata, however, the spines are

fairly sparse and are often produced in tufts of 2 to 5. Scales on the

underside of the girdle are pure white, unlike in West Coast Nuttallina

in which these scales are distinctly orange/brown, even in ethanol-
preserved specimens. The constancy of this feature in N. crossota was
largely confirmed by an examination of specimens at SDNH, where all the

specimens are dry, although in some cases drying seemed to have caused

some darkening of the undergirdle scales. Ferreira (1982) described

" he examined.
these scales as ''transparent" in the specimens

Valve shape of the specimens (SIO No. M1744) tends toward the

rectangular short, wide condition commonly observed in N. fluxa; like-
’ —

wise, the hypotype from Bahia de los Angeles, figured in Smith (1961),
’

h the rectanguloid condition, but with prominent jugal ridges that
shows

n in any Nuttallina from the Pacific Coast. Om the other
e __’—-

are not se
hand, the specimen figured in Keen (1971), and Berry s (1956) note that
and, e

dry specimens at SDNH, listed in the opening

that of N. katae. Most

a few had more angular valves;

paragraph, had squarish valves although
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specimens exhibited a range of valve widths from narrow to fairly wide.

Gills were counted in the two largest specimens of the San

Felipe collection (SIO No. M1744; 12 and 14 mm preserved total length)

and the averages for the left and right sides were 15.5 and 18.5,
respectively (both gave asymmetrical gill counts). Reference to on Fig-
ure IV-5 reveals that these specimens have fewer gills than the three
northeast Pacific coast species but are closest in number to N. kata.
It is difficult to evaluate the genetic implications of this finding in
view of the allopatry of the compared species and the possible effect of
environmental factors, such as temperature, on the process of addition
of new gills during growth. It is interesting that Johnson’s (1969)
finding of a positive correlation between number of gills and maximum

adult length is followed in the four Nuttallina species.

The radular teeth of Nuttallina crossota are indistinguishable

from those examined from specimens of northeast Pacific Nuttallina

(Chapter IV), as judged from Figure 90 in Ferreira (1982) for a specimen

of N crossota from Puerto Penasco (LACM No. 63-56). Radular charac-—

teristics are generally conservative within chiton genera (see Chapter

V).

Nuttallina crossota seems tO warrant species status separate
Nu

£ th three northeast Pacific Nuttallina species, particularly in
rom e —

; £ the tufty arrangement of its girdle spines, its small size, and,
view o

i{sionally the white color of the scales of its undergirdle. The
provision 5

dominance of white girdle spines, and rectangularity and large rela-
predomina

v i i d Sugge ; & ly 1
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1(
relationship with N. fluxa, while the angularity of valves in some

specimens and the 1low gill counts suggest an affinity to N. kata. If

the white color of undergirdle scales 1is confirmed as a distinctive

specific character for N. crossota, four specimens from Guadalupe
Island, Baja CA (CASIZ No. 032164), three from Bahia Tortugas, Baja CA
(SI0O No. ™M952), from Turtle Bay (SIO No. M570 and SIO No. M1745) might

be N. crossota, although at present they have been tentatively identi-

fied as N. fluxa or N. kata primarily on the basis of gill numbers

(Chapter II1: Table III-8). An electrophoretic study of Nuttallina

crossota would help resolve the nature of the interrelationship of this

species with those studied in Chapters III and IV.

Nuttallina mexicana Pilsbry, Pilsbry and Lowe, 1932 (nomen nudum;

synonymized with N. crossota)

From Guaymas, Mexico. The manuscript describing this species

was lost and never published. Later, N. mexicana was listed in Pilsbry

and Lowe (1932) without descriptionm, and thus is to be considered a

nomen nudum. Smith (1961) determined that N. mexicana was later named

S. Berry as Nuttallina crossota Berry, 1956.  Thus,

and described by S.

% ynonymized N. mexicana under N. crossota. Ferreira (1982) includes
e S Ne WE A —_ —

crossota. See earlier discussion of
Cr0529~2

mexicana in his synonymy for N.

| =

N. crossota for more information.
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Nuttallina alternata (Sowerby, 1840)

From Japan. This species was described as Chiton alternatus by

Sowerby, and was provisionally assigned to Nuttallina by Pilsbry (1893).

The type specimen(s) were listed as stored in the H. Cuming col-
lection by Sowerby (1840). Much of the Cuming collection is now stored
in the British Museum of Natural History (BMNH), but no type, possible

type or even nontype material referable to Nuttallina, or Chiton, alter-

natus can be located at BMNH (Ms S. Morris, BMNH, in 1litt., 28 Sep-
tember 1982). R. C. Bullock (University of Rhode Island, in 1itt.; 5
November 1982) examined the entire chiton collection at BMNH in recent
vears, making extensive photographic records, and found no record of any
of Sowerby’s species; he remarked that some Cuming material, including
type material, has shown up in Australia, and some in Denmark. An

inquiry sent to W. Ponder (Australian Museum, Sydney) on 22 November

1982 has not been answered; no workers in Denmark have been contacted.

W. K. Emerson (in litt., 22 October 1982) remarked that the National

Museum of Wales (Cathays Park, cardiff) stores the Melville-Tomlin col-

lection. which contains some of the Cuming material, although he notes
’

that many of the specimens described in the Conchological Illustrations

by Sowerby (1847) went to private collections and have been lost to sci-
An inquiry sent to P. G. oliver at the National Museum of Wales
ence.

on 28 October 1982 has not been answered.

y examined a dried specimen of Chiton

Pilsbry (1893) apparentl
llina, but no

- i
specimen referable to Nuttallina, or Chiton,
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at the Academy of Natural Sciences in Philadelphia (R. Robertson and M.

A. Garback of ANSP,.LE litt., 9 December 1982).

Nuttallina alternata has been listed most recently from '"Japan;

Hachi jo-jima(?); Kotosho (=Botel Tobago), Formosa(?)" by Is. Taki
(1962), and Iw. Taki (1964), although relevant specimens were apparently
all confiscated when Is. Taki was taken as a prisoner of war, were all
left in Shanghai, China at the end of World War IT and are lost (1B
Taki, 1962; P. Kaas, in litt., 15 November 1982). 1Is. Taki has passed
away, but an inquiry to Iw. Taki (Kyoto, reply 14 August 1982) turned up
no specimens nor any new information about the species. Similarly,
correspondence with other workers in Japan (T. Okutani, National Science
Museum, Tokyo, reply 29 July 1982; J. T. Moyer, Tatsuo Tanaka Mem. Biol.

Station, Miyake-jima, 30 July 1982) and Taiwan (K. Y. Lai, Taiwan

Museum, Taipei, 20 January 1983; XK. Y. Soong, Inst. of Zoology,

Academia Sinica, Taipei, 18 December 1982) turned up no specimens or new

reports of such specimens. cardin (1976) reported four species of chi-

tons taken in a shelling expedition to Hachijo-jima, none of which

belonged to Nuttallina.

Finally, correspondence with other mollusc and chiton special-
b

are Museum of Natural History, 17
ists, including R. H. Jensen (Delaw

N ber 1982), J. Rosewater (U.S. National Museum of Natural History,
Novembe g Jw

22 ber 1982), W. K. Emerson (American Museum of Natural History, 22
2 October , We Ko

. . ber

United States and P. Kaas (Ri jksmuseum van Natuurli jke
1982) in the Unite ’

5 November 1982), R. A. Van Belle (Belgium, 6
1 o

Historie, Nederland,
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February 1983) and P. Bouchet (Mus. Nat. Hist. Naturelle, Paris, 30

N
ovember 1982) 1in Europe, turned up no specimens nor any information

about specimens, type or nontype, referable to Nuttallina, or Chiton,

alternata.

inquirendum.

Pilsbry (1893) noted that N. alternata seems to agree with the
other Nuttallina species 1in the dorsal and lateral ribs of the inter-
mediate valves and the ribs of the anterior valve, but that the interior

of N. alternata is unknown. Available figures of Nuttallina alternata

Therefore, Nuttallina alternata must be regarded as a nomen

(pilsbry, 1893, plts. 54, figs. 25-27; Sowerby, 1840, Conch. Ill., fig.
141), showing a narrowish girdle with alternating light and dark brown
stripes, and showing fairly rectangular, wide, short valves are highly
reminiscent of N. fluxa. The description provided by Pilsbry (1893,

taken from Sowerby) does little to elucidate the relationship of N.

alternata with the northeast Pacific Nuttallina species, although the

"minute spines' on the girdle and the general dark olive-green color are

more suggestive of N. californica than N. fluxa or N. kata. The alter-

nately black and white banded girdle spines mentioned in the description

have only been observed in N. kata.

On the basis of what is known for other mollusc and fish genera
n

h sides of the Pacific (Keen, 1941; Yakovleva, 1965; Briggs,
on the two

hat N. alternata has a warm temperate distribution sug-
that Ne 2 -7 ———

derate probability that this chiton is

1974), the fact

gests that there is only a mo

1974
ith any of the North American species. Thus, Briggs ( )
synonymous W
h the fish fauna south of the Aleutian Province of the
has noted that

gon Province and south of the FEastern

Ore
southeastern Bering Sea in the
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Ke
amchatka Province of the southwestern Bering Sea in the Orient are very

different, and that aside from the wide-ranging, arctic-boreal species,

probably less than 1% of the species are shared. Of course, at the gen-

eric level, the two sides of the North Pacific are very closely-related.
Although Keen (1941) gives no estimate of the total number of closely-
related, or analogous, species occurring in California and Japan, she
estimates that one half to two-thirds of the molluscan generic units are
shared by the two sides of the north Pacific; however, Keen (1941) found

very few pelecypod or gastropod molluscs to be identical in California

and Japan.

1f specimens should become available that are referable to Nut-

tallina alternata, electrophoretic study (of fresh or frozen specimens)

or morphological examination (of well-preserved specimens) would help

clarify the relationship of this species to the other Nuttallina

species.

"Nuttallina scabra' (Reeve, 1847) or (Carpenter, 1864)

The name Nuttallina scabra has been used in reference to both

the southern and northern California Nuttallina species, as well as to a
e sou e

(?)Chilean specimen; workers apparently recognizing only one Californian
(49 A& e ’

; have also wused this name. See the synonymies for N. kata, N.
species

d N alifornica, and the Assignment of Names section in Chapter
fluxa and N. calilfor’-—=

IV‘

ies name is most commonly suggested to derive from Chi-
The spec
gh there is some question as to whether it

ton scaber Reeve, 1847, althou



might
2 derive instead from Acanthopleura scabra Carpenter, 1864 (see

Smith, 1977).
) In either case, the name Nuttallina scabra is invalid.

Chiton

scaber Reeve, 1847 is a junior homonym of Chiton scaber Blain-

ville, 1825, a different species from the "Seas of New Holland" that is

now in the family Acanthochitonidae. In 1864, Carpenter presented

Acanthopleura scabra, without adequate description, as a synonym of Chi-

ton californicus Nuttall, in Reeve, 1847; the species name was attri-

buted by Carpenter (1864) himself to Reeve (see Smith, 1977).

"Nuttallina scabra'" from Chile (also see preceding discussion for N.

scabra)

Nierstrasz (1905a) reports one specimen of "Nuttallina scabra"

from Chile in the collection of the Leyden Museum of Natural History.

No specific location is mentioned. Listings of Nuttallina scabra from

Chile in Nierstrasz (1905b), Leloup (1940, 1956) and Stuardo B. (1959)

are all based on the single specimen in the Leyden  Moseun Epprisfy By

Nierstrasz (1905a).

A request for Nierstrasz s Chilean specimen of Nuttallina from

the Leyden Museum of Natural History produced the following reply from

Dr. Piet Kaas, a chiton expert associated with the museum (in litt., 12
- ’

May 1982):



the specimen under disc
ussion is a badly
preserved
$§§§1zisgiizr?ézgla§ed N. californica (Reeve), val;esd;¥1 :gg
8 1s unaware of the distinctions
amon th
g:;eea N:ttallina species, so his identification can be regardeg
it i ? uttallina sp.]. The original label reads ’‘Chiton bar-
1a:e1 ,;ig; b?. 3; Preston, 1902. Chile.’ Another (typewritten)
5 ably erstrasz’s reads ‘Nuttallin

Chili. H. B. Preston, 1905.° ’ L Bt

Kaas believes that since Preston was a recognized dealer of natural his-
tory specimens, whose identifications and 1localities are generally
correct, there must have been a labelling mix—up before the specimen was
registered in the Leyden Museum collection, i.e., either the label or

the specimen was mislaid.

On reception of the specimen for examination, it was found to be

accompanied by five labels (including two newer ones apparently written

by Kaas). Of the three older labels, only the "Radsia barmesii" (=Chi-

ton barnesi) label mentioned above stated "Chile" unequivocally (and

"Nuttallina scabra" 1labels

"oNuttallina" on the reverse), whereas two

noted "?Chili'", indicating that the location was questionable.

Personal examination of the dry specimen reveals it to be ident-

related to Nuttallina fluxa. The valves are

ical or at least closely-

short. wide and light brown in color, and sutural flesh encroachment is

typical in N. fluxa; however, the valves are more

negligible, as is

angular than in most N. fluxa. Valve i has 11 slits, and viii has 10

slits as is often seen in N. fluxa. The girdle is fairly narrow and has

short white spines through out.

The critical question remains whether the specimen, 4a Nuttal-

ith the
1 i actually from Chile or whether the label presently w
ina, s
of Chiton
imen was originally with another specimen, possibly one
specim



b .
arnesi from Chile, while the Nuttallina specimen was actually from

North America. Certainly, workers on the Lund University Chile Expedi-

tion (L.U.C.E.) of 1948-1949 (Leloup, 1956) did not turn up any new

specimens of Nuttallina in Chile, and Stuardo B. (1959), who formulated
a key for Chilean chitons based on his experience with the fauna around

Valparaiso and based on examination of the L.U.C.E. collection at Ber-

gen, Norway, did not report any new specimens of Nuttallina. Nuttallina

is not included in the checklists of Boudet R. (1945) or of Carcelles
and Williams (1951), which include Chilean chitons and other molluscs,
nor did any specimens of Nuttallina turn up in the Royal Society Expedi-

tion to southern Chile (42 to 5595, Dell, 1971).

Information obtained from Chilean workers supports the conclu-
sion that the report of Nuttallina from Chile is erroneous. P. Sanchez

R. (Pontificia Universidad Catolica de Chile, Santiago; in 1litt., 14

Necember 1982) reports that members of his marine biological group have

had much experience in the intertidal and shallow subtidal along most of

h Chilean coast and have never encountered Nuttallina. He also
the C —_—

ts that N. Bahamonde (long-time curator of marine invertebrates at
reports .

he National Museum) does not know of any Nuttallina specimens from
the Natio ‘ LS

Similarly, J Stuardo B. (Universidad de Concepcion, Concepcion,
Chile. Similarly, Je

27 December 1982) notes that he has never seen the Nierstrasz
11ttes

nor has he seen any Nuttallina specimens either

in

”
specimen of "N. scabra',

reasonable to
X iso or in southern Chile. Therefore, it seems
near Valpara

in the Southern Hemisphere.

i ccur
conclude that Nuttallina does not o



CHITON SPECIES PRESENTLY ASSIGNED TO GENERA
OTHER THAN NUTTALLINA, BUT PREVIOUSLY

ASSIGNED TO NUTTALLINA
—_—a A

Nuttallina thomasi Pilsbry, 1898

This species is properly assigned to the genus Lepidochitona.

Distribution: from Monterey, CA in small tidepools four to eight feet
(1.2 to 2.4 m) above mean tide mark (Pilsbry, 1898). In describing
this species, Pilsbry (1898) comments as follows: "This species differs
markedly from N. californica (’Nutt.’ Rve.) and N. fluxa (Cpr.) in the
shorter valves, lack of radial ribs on the anterior and intermediate
valves, and more anterior mucro of the posterior valve, and the single
slitting of the wvalves ii to vii...". Pilsbry [Pilsbry’s unpublished
notes reported in Smith (1961)] noted that in comparison to Nuttallina

and Nuttallina crossota (= N. mexicana), "In N. thomasi Pils. the

fluxa

posterior valve is wider with the mucro situated much less posteriorly

'
and the girdle spines are far smaller.'

Ferreira (1982, and in litt., 3 April 1982) has synonymized N.
dentiens (Gould, 1846). D. Eernisse

n e ”

be a Lepidochitona. Eernisse is

1983) also believes N. thomasi to

on: 1) the
tly working on the problem. He bases his conclusion
presen

S]'m]‘l v ves of ]q. 1h("|[asl a!ld L. dentiens tevealed irl Studies
— B — —

M-visualized egg
i discriminant analysis; 2) the similarity of SEM-v
i and 3) the dissimi-

f N. thomasi and that of Lepidochitona;
o .

morphology "Nuttallina californica"

i £
larity of eggs of N. thomasi and those o



(i.e., N
—utfallina  from Santa Cruz, CA; Eernisse, in litt., 27 October

1981).

However, Eernisse and Pearse (1980) and Eernisse (in 1EEEL, - 27

October 1981) have found L. thomasi to be a gonochoric brooder and, at
present, unlike Ferreira (1982), consider it to be a different species

from the larger, gomnochoric, free-spawning species, Lepidochitona den-

tiens. D. Eernisse (personal communication, 7 January 1983) presently

bases the dentiens/thomasi distinction on: 1) egg morphology; 2) repro-

ductive mode: dentiens a free spawner, thomasi a brooder of eggs and
young; 3) valve morphology; 4) girdle morphology: thomasi with girdle
spines, dentiens never with true spines; 5) electrophoresis: fixed
allelic differences at a few of the 17 loci surveyed; and 6) ecology:

thomasi occurs higher in the intertidal, with rare but locally-abundant

populations.

Nuttallina allantophora Dall, 1919

Las Animas Bay, Baja california. This species has been placed

species Liolophura japonica

in synonymy with the western Pacific

N. allantophora is based on a single

(Lischke, 1873) by smith (1977).

: 1971,p. 908) states that
i Bay, Baja and Keen ( X
specimen from Las Animas
| Both H. A. Pilsbry and. ‘Bs 85

the type locality is probably in error.

s specimen in the wrong genus

Berrv suspected that pall had placed thi

1977) Pilsbry [unpublished notes recorded in Smith (1961)]
(s Smith, .
N [is quite unlike Nuttallina

wsNuttallina’ allantophora ...

noted that
from
:cana)] and those [Nuttallina] previously known
crossota (= N. mexica
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Californi
a 1in Sculpture, and indeed [its] reference to Nuttallina

a & B
ppears doubtful .., The presence of ‘partly ocular’ pustules in [Nut-

tallina allantophora])

eee [is] certainly [a] strange feature for Nuttal-
lina!"™ Smith (1977) made the reassignment to Liolophura, noting the
presence of short, blunt spines and a tail valve with an unslit, shelf-
like insertion plate characteristic of the genus Liolophura Pilsbry

1893, See Smith (1977) for a complete synonymy.

Nuttallina magdalena Dall, 1919

From Magdalena Bay, Baja California. H. A. Pilsbry expressed
doubt as to the generic assignment of this species. Pilsbry [unpub-

lished notes recorded in Smith (1961)] stated that "eeo N’ magdalena

Dall [is] quite unlike [Nuttallina crossota (= N. mexicana)] and [Nut-

tallina] previously known from California in sculpture, and indeed [its]

reference to Nuttallina appears doubtful ... [The] beaded, Pallochiton-

like sculpture of N. magdalena [is] certainly [a] strange feature for

Nuttallina!"

Smith (1977) placed this species in synonymy with Chaetopleura

(Pallochiton) lanuginosa (Carpenter in Dall, 1879). This action fol-

a to Chaetopleura by Keen (1958) on the

lowed the transfer of N. magdalen
See Smith (1977) for a com-

advice of S. S. Berry (see Smith, 1977).

plete synonymy.
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Nuttallina pi
an Piceola or Nuttallina (Middendorffia) Piceolus (Shuttleworth,
1853)

r
il Canary Islands and the Azores (Kaas and Van Belle,

981). 2
1981) Reassigned to the genus Middendorffia by Bergenhayn (1931) and

finally to Lepidochitona (Lepidochitona) piceola (Shuttleworth, 1853) by

Kaas and Van Belle (1981). See Kaas and Van Belle (1981) for a complete

synonymy.

Nuttallina (Middendorffia) cinerea (Poli, 1791)

From the Mediterranean Sea, southern coast of Portugal and

Spain. Assigned to Lepidochitona (Lepidochitona) corrugata (Reeve,

1848) by Kaas and Van Belle (1981), although many authors prefer to use

the older name Middendorffia caprearum (Scacchi, 1836). See Kaas and

Van Belle (1981) for a complete synonymy.

Nuttallina (Middendorffia) simrothi (Thiele, 1902)

Assigned to Lepidochitona (Lepidochitona)

From the Azores only.

simrothi (Thiele, 1902) by Kaas and Van Belle (1981), which see for full
’

synonymy.
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APPENDIX 1V
DEVELOPMENT OF A CHITON TAG AND ASSESSMENT
OF ITS EFFECT ON THE BEHAVIOR, GROWTH,

AND MORTALITY RATE OF NUTTALLINA

AN EFFECTIVE TAGGING SYSTEM

The primary requirement for a tag for Nuttallina was that it
last for long periods of time, preferably more than a year. Mutilation
methods commonly used to mark animals, i.e., cutting notches in the

flesh in different places (e.g., in Chiton tuberculatus, Crozier and

Arey, 1918), bleaching the flesh, "branding" the flesh by freezing, or
tattooing the flesh by scratching and applying India ink (c.f., South-

wood, 1978), were avoided because they do not allow easy individual

identification of hundreds of small animals, they can change or become

overgrown during a long—-term study, and/or they are susceptible to con-

fusion with natural markings, cuts, gouges, or colors often seen on Nut-

tallina specimens in the field.

A number of intertidal tagging studies have been carried out

1 or
essfully with chitons and limpets by using numbers drawn on glue
succ

. L n,
i t.fication disks glued to the Shell (e g., Suthetland, 1970, yﬂla
lden 1

s were investigated for their feasibility

1975). Therefore, various glue

d dr
Nuttallina In the laboratory, specimens were blotte y
in tagging Nu .

re applied to the valves. The glues were either
we

different glues
N ch small plastic jdentification disks to

a
used alone or were used to att .
testing revealed that epoxy glues (Se

the wvalves. Preliminary
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Poxy Putty, Permalite Plastics Corp
*

Newport Beach, CA; Pettit Polypoxy

Und
nderwater Patching Compound) stuck to the chiton valves and plastic

identification disks more reliably than did cyanoacrylate-based glues

7 -
(Zip=Grip 10, Devcon Corp., Danvers, MA; Crazy Glue 3, Duro Corp.).

Apparently, the cyanoacrylate glues failed because the chiton valves are
slightly porous and/or rough and, even though valves were blotted dry,
sufficient moisture remained to prevent the cyanoacrylate glues from
working. Demopulos (1975), Fulton (1975), and Lyman (1975) have previ-
ously used Zip-Grip 10 with apparent success in tagging various species
of chitons for short-term studies. However, Vesco (1980) reports losing
about 637 of the tags she had placed on Nuttallina in the field with
this glue within a 24 hour interval! Pettit Polypoxy attached disks to
valves very well and had the advantage of being an inconspicuous gray

color, but it cured only to a soft rubbery condition and therefore was

easily deformed and easily removed. Sea Goin’ Poxy Putty, on the other

hand cured to rock hardness and was expected to resist sand abrasion
»

well; however, it was difficult to apply to small localized areas, such

1s chiton valves, because of its putty-like consistency. S 7 i 3

Putty is bright white when applied, but changes in a day or two to a
less conspicuous dull yellow color. It was considered a good choice for
s

tagging.

£ Sea Goin’ Poxy Putty in the field gave poor results.
Tests O

11
111 were tagged by blotting the valves dry and applying a sma
Nutta na

v v : 9 y tagged

ther than in the laboratory soO that they could be
in the field ra
jentation as that in which they had

on and or
replaced in the same locati
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been f .
ound Tagging in the field also eliminated the unnecessary dis-

turba
ince to the chitons that can result from transporting them to and

from the laboratory and leaving them in the laboratory for at least one

tidal cycle. Of 128 Nuttallina specimens tagged in this way on 21 and
22 June 1978, only 28 were relocated less than a week later, from 25 to
27 June 1978. Less than 2 months later, on 18 August 1978, only 2 chi-
tons could be found with plastic disks and glue still intact; another
three animals had what appeared to be the remains of small amounts of
glue on their valves. The fact that several of the glued tags were in
various stages of falling off on 25 to 27 June 1978 suggested that most

of the glue tag losses that occurred over the two month trial period

were due to detachment of the tags rather than to deaths of the chitons.

In a concurrent study, eighteen chitons were tagged on 23 June

1978 with annealed Monel wire, 0.020 in. (70.5 mm) in diameter, forming

a loop, with the wire entering and exiting the flesh of the dorsal sur-

face of the girdle, and with the ends twisted together. Only ten wire-

tagged chitons could be located on 25 June 1978, and only two of these

were relocated on 18 August 1978. Loss of wire-tagged Nuttallina might

have resulted from death due to injury to the chitons as well as from

tag pull-outs.
reliminary field tagging trials provided some valuable
poxy glue sets a lower limit to the

These p

First, tagging with e

information.
be tagged. Unlike in limpets, where the

size of the chitons that can

’ (e}

a
that can move with respect to each other. Whereas in
s

separate plate
mum shell surface dimension migh

t be 10 mm,

10 mm long limpet, the mini

628



in a chiton 10 mm long, the minimum dimension of exposed surface pro-

vided by even the largest valve, its length, is at most 1 mm. Tn addi~

tion, in chitons, the fact that valves move over each other when the

chiton flexes 1its anterior or posterior end upward. Therefore, it is
obvious that a glue tag on a valve of a chiton is at high risk of
failure. Further, it is exceedingly difficult to apply Sea Goin’ Poxy
Putty to the valves without having it overlap at least 2 ad jacent
valves. Thus, when the chiton moves, the tendency for separate valves
to move relative to each other increases the probability that a glue tag
will be dislodged. Finally, the fact that many Nuttallina specimens

have valves that are eroded and crumbly to some extent, riddled with

filaments of the (?)blue-green alga Entophysalis deusta (Nishi, 1975;

and see Appendix II), means that tags attached to the valve surface will

often be lost unless a large amount of the valve surface is sanded away

prior to the application of the tag. When glue tags do stay in place,

they probably hamper free movement of at least the smaller chitons to

some extent via restrictions on independent movements of the valves.

Another important finding from the initial tag trial indicates
n

h 11 tag attached to a valve surface will have limited utility
that any sma

£ with Nuttallina for another reason in addition to those
or use Nuttallina

During the two months that elapsed from tagging to the
u

described above. :
new
d 1 tion of glue-tagged chitons, a considerable amount o
second reloca

ven where
b stablished on the valves of the chitons. Thus, e
algae became e
ible to
i1l attached, they were difficult, or even imposs
tags were st

w algal growth. Clearing the algae away from the
ne

detect, wunder the
attempt is not an acceptable solution to

valves during each relocation

629



the roblen
problem since sguch a4 process would entail subjecting many tagged

chitons to considerable chronic disturbance, in addition to taking up

considerable amounts of time unnecessarily checking untagged chitons for

tags.

An additional potential problem with the epoxy glue tags on chi-
ton valve surfaces is suggested by findings of studies on valve struc-
ture and chiton behavior. Chitons possess sensory organs in the dorsal
valve surface called aesthetes that have been suggested to function in
light reception (Boyle, 1977) and alterations of the valve surface might
elicit abnormal chiton behavior. For example, interference with the

integrity of the shell surface of Ischnochiton maorianus by abrasion or

masking affects the rate at which this chiton orients to light stimuli,

although it does not eliminate the light response (Boyle, 1972). In

Crozier (1919) have suggested that Chiton tubercu-

addition, Arey and

latus migrates to more exposed habitats on the shore as it ages and gra-

dually becomes positively phototactic, which they suggest is a result of

progressive erosion of the valve surface with a consequent loss of

intact aesthetes and an alteration of the negative phototactic response
ntac

hibited by the young specimens. Thus, although the importance of the
ex

h to the behavior of Nuttallina has not been assessed (and is
aesthetes B
babl inimal?), the application of any tag to the valve surface has
probably m 7)»
including long-term movement

ior
potential for altering the normal behavior,

patterns, of this chiton.

efficiency probably could have been

Although epoxy glue tag ; g
in exposure to air, glue
lue to cure longer
allowing the g

increased by
rther because of the problems

of 1limited valve

rags were not tested fu
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space, crumbliness of valves, and particularly of algal overgrowth.

Similarly, consideration of other tagging methods involving the valve

surface, particularly that of drilling small pits in the valves in a

coded arrangement and filling them with epoxy, was abandoned, primarily

because of the problem of algal overgrowths.

Attaching a tag to the girdle rather than to the valve surface
of a chiton eliminates all of the problems discussed above. Applying
such a tag so that it extends away from the chiton surface almost
entirely eliminates the problem of algal overgrowth. The annealed Monel
wire tags used in the preliminary field tests met several of the
requirements for an effective chiton tag. However, wire tag returns
were low; only two of the eighteen Monel tags could be relocated after
the two month trial in the field. As judged from wire-tagging trials in
the laboratory, a substantial percentage of the losses were probably due

to chiton deaths caused by injury sustained while the tags were being

applied. The fact that eight of the eighteen wire tags disappeared in

nclusion. Corrosion or
only two days 1in the field supports this co

£
pull-outs of the firmly-embedded wire tags probably accounted for few o

the tag losses in the field trial.

Th ire tags had obvious disadvantages that could be
e w

f the chiton
liorated First, they were rigid. Any movement O
amelio 5
is
jrdle is resisted by the tag. The wire tag

involving flexing of the g

ton. In
of considerable disturbance to a moving chi

babl a source
" bly increases the probability

ba
addition, the rigidity of the tag pPro
r out or cut through flesh.

and probably worked

Second, even

that it will eventually tea

i on— Monel
on—-resistant
were of corrosil
though the tags
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well for gj
short periods, they were apt to corrode and fall out eventually

over
er periods of several months. 1In addition, Monel wire may be toxic

and irritating to chitons.

Monofilament fishing line lacks many of the drawbacks of wire

for wuse 1in tagging. It is available in a wide range of flexibilities

and strengths (diameters) and it is biologically-inert. In addition,
monofilament 1s unaltered by long periods of submersion in seawater (H.
Fahrner, Customer Service, Maxima Fishing Line Manufacturing Co. KG,
Geretsried, West Germany, in litt., 1979). Threading of the monofila-
ment through the tough girdle can be achieved by piercing the girdle
with a stainless steel syringe needle of appropriate size bent into an
arc and threading the monofilament through the needle, after which the

needle can be removed, leaving the monofilament in place. By threading

the needle in and out the dorsal surface of the girdle, damage to the

gills and unnecessary damage to the girdle itself can be avoided. This

method leaves unaffected the ventral surface of the girdle that is used

in movement and clamping to the substrate.

The size of monofilament line used represented a compromise
e siz

flexibility and minimum damage to the girdle (small

between maximum
th) and resistance to parting by abrasion and

diameter, low test streng

through flesh (large diameter, high

low probability of cutting

lines
of many available monofilament fishing
. A survey
E Geretsried, West Ger-

(Maxima Manufacturing Co.,

revealed that Maxima
Pont de Nemours and Co.,Inc, Wilmington,
(E.I. DuPon

many) and Stren per pound test

v um diameter
1 ) fishing lines have the minim
Delaware

est line (052 mm) diameter] was found
F i
our pound t

[0.008 in.
strength.
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to be the bhe
€S8t compromise for diameter, flexibility, and strength.,

1 - p
Lines of smaller diameter were too flexible to thread easily through

svringe needles; w

Re stainless gteel syringe needles were the smallest needles that
would allow four pound monofilament to be easily threaded. Needles
could be bent after inserting 0.010 in. (~0.25 mm) diameter music wire

to prevent collapse of the needle wall.

Titanium was the material used for the identification disk to be
threaded on the monofilament. Plastic was not used because it is more
vulnerable to sand abrasion, and usually becomes brittle and crumbles
after several months in the field. Titanium is superior to stainless
steel for intertidal use because it has an outstanding resistance to

corrosion by seawater and is lighter in weight. Although aluminum is

even lighter than titanium, it is less resistant to both sand abrasion

and corrosion. Fouling organisms can adhere to titanium but they cause

s, undated). For chiton
no pitting or corrosion of the metal (Anonymous,

tags three-sixteenths in. (~4.8 mm) diameter disks of 0,005 4ns (50313

h
mm) thick titanium shim stock made with a metal hole punch) were eac

N ters and
stamped with two one-sixteenth in. (~1.6 mm) high numbers or letters

ted with a high speed drill [0.016 in. (~0.4 mm) bit]. The
ora

were perf
leaving only the stamped characters.

disks were then ground down,

hed less than 5 mg. Disks

N were attached

weig
Disks made in this manner
3 . Some slack was
ith monofilament using a surgeon S knot
ns w
T owth of the chiton, and to

ofilament loop to allow for gr

left in the mon
e om the surface of the chiton.

way fr
ensure that the tag stood away
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ASSESSMENT oF THE EFFECT OF THE TAG ON THE

ACTIVITY AND WELL-BEING OF NUTTALLINA
— VA

S
ince the monofilament tagging system involves inflicting a

small wound on each chiton, the effect of the tag on the activity and

health of Nuttallina was assessed. Ten Nuttallina specimens were tagged

and were placed near the center of a water table; ten untagged Nuttal-

lina were also placed in the center of the same water table. The
behavior of chitons in the two groups was similar. All specimens
clamped well to the table in a short time and moved to the base of the
walls of the table within three hours. Subsequently, both tagged and

untagged chitons moved considerable distances around the table from time

to time, coming to rest in new locations. Two tagged chitons died

within a week of tagging, probably from injuries sustained during tag-

ging, but all other specimens were alive and in good condition after one

month.

A more rigorous investigation of the effect of the tag on growth
d tality of Nuttallina, as indicators of the general well-being of
and mor Nutta__-T=

h hi was performed. A total of more than 200 Nuttallina were
the cC tons,

of the La Jolla (Seal
d high intertidal areas
collected from the low an

Each specimen was treated as follows

2ock) study site during the study.
ae and attached animals such as barna-

tely after collection. Alg

immedia
ntact fourth valve width (FVW;

see description

he 1
e were removed. T
- d three times. The chiton

n Chapter IV) was measure

character 1
of this and was weighed to the nearest

drv with paper tissue

. ted
was then blot Animals were then ranked according to

I11).
, in Appendix
0.01 g (as 1 I chitons separate, and were

i d high
weight, keeplnsz low an
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Palred ,cc

‘ o ‘ccording o weight, One of €ach chitop Pair wag selected rap-
domly for tagging using weights gag identifying indices, go that the
tagged animal

was randomly lighter Or heavier than the untagged animal,

1f not the Same weipght, Eighty-two healthy pairs of Nuttallina, one
———=--1na
tagged and the other untagged in each pair, were 8enerated during the

Study,

Chiton Cages were made by drilling many small holeg in clear
plastic freezer containers 0,57 liter in capacity (12x8x6.5 cm; "Super-
seal Clears", #6512, Eagle Affiliates, Brooklyn, Ny) and, after the
Cages had been allowed to age in seawater and algae had established

itself on the cages, each chiton pair was placed in a cage. Cages were
placed in 3, laboratory seawater table and in an outside tank with run-

ning seawater. In the laboratory, a diurnal tidal cycle was generated

by emptying water from the water table for 3 to 6 hours per day

throughout most of the study. Laboratory fluorescent lights were gen-

11 from about 800 to 1800 hrs. Cages in the outside tank were
era y on

t cle.
left tinually submerged and were subject to the natural light cy
ft con

ted on 14 to 16 July 1980,
f chitons were star
Thirty-five pairs o

stem
flavum fouled the seawater sy

f Gymnodinium

an intense bloom o

chitons, 30 new

Since ey
j o e

t the end of that month and killed a majority

a e

d 9 August 1980 and another 17 pairs were
an

pairs were started on 8

Thirty-two of the total 164 chitons

ber 19800
4 and 5 Septem

5 e he experiment was terminated on 1 April 1981,
the e

were still alive when

e possible 241 days
rvived for about 95 of an average p

n su

N hitons killed by the Gymnodinium bloom and
c

luding
e "mortality'" date of chitons

in this study,

te as the
taking the study termination da



alive at the end of the Study,

Since earlier eéXperimentation revealed that 4 number of chitons

{e wee
die within 4 week after tagging, Presumably due to injury Sustained dur-

{ng tagging, no chiton pairg involving chitons that had died in fewer

than 7 davys were included in Comparisons of survival characteristics of

Specimens {n thig study. Using the number of days survived as the
relevant score for each chiton of a pair, the survival times of untagged
chitons were only slightly, but significantly, longer than those of
tagged chitons (Sign Test: longer, N=29; shorter, N=23; equal, N=15;
p=0,.24, one-~tailed; Wilcoxon Matched-Pairs Signed Ranks Test, z==].85,

P=0.03, one-tailed).

In the same chitons, successive measurements of fourth valve

widths (FVW) and blotted wet weights allowed assessment of comparative

growth of tagged and untagged chitons in pairs. Both types of measure-

ments were made at intervals of 80 to 128 days during the 261 day study.

2D > Chi-
Initial FVWs of chitons in the study ranged from 4.0 to 1 mm

i both tagged and untagged categories showed positive FVW growth
tons n o

: d chi-
h tudy [Sign Test (positive vs. negative growth): tagge
during the stu '

hitons, N=25, p=0.002, two-
—tailed; untagged c
tons, N=28, p<0.001, two

rowth in
s Matched-Pair Signed Ranks Tgst on absolute g
tailed; Wilcoxon’s !

0.006 two—tailed; wuntagged, p=0.0006, two-
p=Ue. ’

: d
mm per day: tagged, g
1 chitons combined, the average initial FVW
For all c

Eatled]. o s 8.4 mm, after an average period of 109
FVW wa .

final
and the average g (5 9
f tagged versus untagged chitons in pa
Comparison o

days. F i 9 0y
ence in absolute growth of FVW mm pe

I 19 one—tailed; Wilcoxon’s Matched-Pair

p=0.19,

Test: N=25 with 4 ties,
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Signed Ranks Test: p=0.24, one-tailed).

Surprisingly, whereas FVW measurements revealed positive growth
during the study period, blotted wet weight measurements revealed nega-
tive growth, a significant loss in weight of the chitons. Growth of
valves and tissue in these animals are apparently independent processes.
Results obtained in a growth study by Baxter and Jonmes (1978) similarly

indicated an independence in growth of these two body components in the

chiton Lepidochitona cinereus. Initial blotted wet weights of the chi-

tons in the present study ranged from 0.32 to 4.54 g. Chitons within
both tagged and untagged groups lost weight during the study [Sign Test

(positive wvs. negative weight change): tagged, N=25, p<£0.001, two-

tailed; untagged, N=25, p<<£0.001, two—-tailed; Wilcoxon’s Matched-Pair

Signed Ranks Test on absolute growth in grams per day: tagged, p<<0.001,

two-tailed; untagged, p<<0.001, two-tailed]. For all chitons combined,

the average initial blotted weight was 1.73 g and the final blotted

weight was 1.44 g for an average 1loss of about 17% of weight over an
. ’

average period of 113 dayse.

1t is possible that algal food was 1limiting during the study
t is

in the laboratory were harsher, by virtue of

and/or that conditions
ose normally experienc

r and Frank (1974) noted that large

ed by the chitons in the

being abnormal, than th
in Oregon, Palme

; ver
field. Howevats Cryptochiton stelleri

ght changes of tagged

of 31 marked specimens of the

t
(1964) reported tha e, Ewearyti

iod
red after per
nuscosa  recapts 0of course these weight losses may be
$ { o ’
% in body weighte.
lost up toO 367% in
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tied to Spawning, Weight losses may be common in the field

Comparison of tagged and untagged chitons in pairs in the

present study revealed no significant difference in absolute growth in

grams of blotted weight per day (Sign Test: N=25 with 2 ties, p=0.50,

one-tailed; Wilcoxon’s Matched-Pair Signed Ranks Test: p=0.48, one-

tailed).

In conclusion, tagging appears to have only a minor effect on
the health of Nuttallina as indicated by a small increase in the mortal-
ity rate and no detectable change in the growth rate of tagged specimens
in comparison with untagged specimens in the laboratory. 1In addition,
it should be emphasized that the weight of the tag is negligible and the

small drag that the tag produces during submergence undoubtedly falls

well within the range normally experienced by Nuttallina specimens in

the field since they are subject to fouling by algae and barnacles.
»

Injury associated with the tag also falls within the natural range of

rience of Nuttallina. Specimens in the field have been observed
expe

ith mutilated girdles, presumably resulting from grazing by other her-
w r

boratory, and possibly
bservations in the la
bivores, as judged from o

and sand. One chiton observed in the field had a

imens of the stalked barnacle Pollicipes grow-
spec

from wave-borne rocks

group of three small

Since findings of the present study reveal that
n

ing from the girdle.
n growth in the
bvious effect on short—term behavior or on g
i has no obv
. ht effect on the longevity of Nuttallina,
-

laboratory, and has only a sli

is expected in
f tags on long—term movement behavior P
no dramatic effect ©

the field.
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