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‘ Abstract
The population dynamics of pelagic larvae of benthic lrw@rtebutes of San Juan
Channel. Washington. are described. and results of four experimental studies which “
examine patterns of loss from larval popuiations by predation are presented. Studies
documenting field rates of fertilization of echinoid eggs and depth-regulation by an

echinopiuteus are included as appendices.

. o All common and and readily-identifiable types of larvae of benthic invertebrates

vtSr‘e enumerated from bimonthly: plankton samples taken over two years. Cirripede and
Jamellibranch larvae were the most abundant larval types. while lecuthotrophvc Iarvae were
the rarest. Apparent losses from larval stocks were generally 2-3% per day and arer
ascribed in part to advection and larval depth-regulation. Relatively few larvae occurred v
fall and early winter; most larval types could be categorized as either late winter / spring
‘taxa or summer taxa. Late winter / spring species spawned as water temperatures and
plankton biomass (phyloplankton) levels were still low but had begun to rise from

wintertime minima. Summer spawning species reproduced as terhperature and plankton

. biomass teached maximum levels. interannual variations in periods%f peak larval

ab'undance‘s were correlated with warmer wintertime temperatures during one year.
Evolutionary causes and ecological consequences of the above phenomena are duscussed.
The experimental studies document laboratory rates of predation by common

plankt?ppw&ors on a number of species and staggs of planktonic embryos and larvae.

In the ¥irst-study embryonic and larval stages of the echinoid Dendraster excentricus were

presented as prey to eleven planktivore species. invertebrate predators were found to eat

primarily embryonic or early larval stages while fish preferentially consumed late larvae.
"mdicating that rates of predation are not constant through larval development and that
particular patterns of predation may be éxpectéd from particular predator taxa. The
second study examineqs the utility ofatrochophore‘setae as defenses against planktivores,
with the finding that' setae deterred predators in all cases. in the third experimental study
Garstang"s hypothesis regarding the defensive \)alue of torsion for gastropod \leligers
was tested. The results indicate torsion does not serve as a defense for gastropod larvae.
The final predatién study docqments potential patterns of conspecific and heterospecific
‘predation between medusae and their embryos and larvae in an examination of aggression

¢



between planktonic life-history stages of hydrozoans. No conspecific predation was

observed, but heterospecific predaton of adults upon embryos and ltrvu:o;curred in the

»

opposije direction to that found between adults of these species. r g;
in a final chapter rasults of the experimental studies are related so far as is

possibie to the descriptive chapter the strengths and weaknesses of all of the studies are

evaluated and directions for futu(® research are suggested. ~
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I INTRbDUCTION
'
HISTORY AND JUS#ICATION OF THE RESEARCH
~Thae basic processes of sexual reproduction are extremely conservative
throughout the Metazoa: almost ali anmais produc‘e gametes which undergo syngamy and
then develop through embryonic and often larval stages before a juvenile and thence
another adult is pr&duced. Against this conservative backdrop. benthic marine
invertebrates exhibit great divgrsity in seiual‘ reproduction {summarized by Chia 1974)
Eggs can be spawned freely; into the segwater to be fertiized. or various ‘forms of
copulation can occur. Embryos can develop within or on a parent. or within capsules or
envelopés either attached to objects or free in the plankton. The embryos of most
unvert:brates hatch as larvae which spend variable periods of time (mmutes' to months)
developing In the'glanktén. Larvae can feed or they may‘be fueled by yolk. they may
resemble adults of the species or not. The termination of the pelagic larval period is
marked by a metamorphosis where larval structures are lost and juvenile or adult
structuré;M_Qunred. All of these variations on a common developmental theme are
presumably found iﬁ\;{a?me\i_gyertebrates because of theirr phyletic diversity. and reflect
adaptive interplay between phyletic history and eﬁvurénment {see Strathmann, 1977).
Because rates of mortality of planktonic larvae are probably very high (Thorson. 1946.
1950), adaptations which improve larval survivorship should be quickly spread throughout )
invertebrate populations. This thesis I1s an attempt to understand how natural selection has
molded some aspsects of the pelagic larval phases of invertebrate life cycles.

Embryos and larvae of benthic invertebrates became the subjects of
embryologists during the 1800 s (reviewed by Hyman, 1840). Both before and following
the debates surroundu:g Haekel's formulation of the "Biogenic Law’, detanl}edand now
classic morphological descriptions of embryonic and larval types were produced (for
farrly recent examples see Mortensen, 1931, 1937, 1938), partially in an effort to
construct invertebrate phylogenies. It was not until the late 1800's that the biology 6?
larvae was studied directly, when Mcintosh (1889) and Garstang (1833-95) first

. A

documented seasonal patterns of larval occurrence in the plankton. Many such “plankton

calendars” have since been produced and all are valuable in their respective localities. but
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' the most extensive study of this sort remains that conducted in Danish waters by Thorson

(1946). In that paper and a number of subsequent and wide-ranging reviews (1950, 19?3,

1957, 1958, 1961, 1964), Thorson speculated about the fates and functions of

planktonic larvae in invertebrate life cycles, formulating what might now be regarded as

the d.ogmas of+larval ecology. Thorson's generalizations have persisted largely intact to

the present (see Strathmann, 1985, for a recent evaluation), in part because he was

" extraordinarily nsightful. but also because of changing emphases in the study of

L4

Invertebrate reproductuve bioclogy. Though some workers have continued to construct
plenkton calendars (Chapter Il), and others have extensively describéd mvertebrate ‘
roproductuve (gonadal) cycles (e.g., Giese. 1959; Boolootian, 1966. Giese and Pearse.
}974':19), emphasis in larval ecology per se shiftedin the 1850's to experimental '
analyses of settiement behavior following Wilson's (1948, 1952) finding that polychaete '
trochophores show substratum selection prior to metamorphosis (see Crisp, 1974,
1985). Howéver, even with experimental science as a powerful influence, the enormity
and dilute nature of planktonic habitats has-apparéntly convinced most researchers that
ecologically-oriented experiments with truly pelagic larval stages are nearly irﬁpossiblé
{Young and Chia, in press). Two notable exceptions, however. are work with larval feeding

(e.g.. Strathmann, 197 1) and study of depth-regulation in some larval types (reviewed in

Appendix B). Nevertheless. Crisp (1985) has recently concluded.

. our understanding of evBrything that happens between the releasg of the
@
egg or larva by the parent and its return to the vicinity of its preferred habitat,

is neglhgible.”

This thesis is then an attempt to e}av‘ine aspects of the planktorc life history of
larvae of benthic invertebrates. | have first (Chapter |} constructed a plankton calendar for
larvae in the San Juan Channel, Washington State. This chapter is intended to-provide a
descriptive and comparative base from which more particular questiohs emerge. The
chapters which follow are experimental and are written as a series of papers which
address particulér questions regarding patt.erns of predation on planktonic larvae. As

described in Chapter Il and mentioned above, rates of loss from pelagic larval stocks are

¢



high. quever to date, it has proven very difficult to partition the presumed sources of
loss; ihough predation is aimost universally thought to be the singie largest source of larval
mortality (Thorson, 1946, 1950), evidence to support this idea has been entirely
anecdotal. The first paper (Chapter lll) examines rates of predation by eleven common
planktivorous species on echinoid embryos and larvae, and provides evidence that rates of
predation upon-embryos and larvae are not constant throughout their development. but are
stage-specific and otten lower on later larval stages. The second paper (Chapter IV)
examines the defensive value of motility and the larval setae of trochophore larvae against
four plani(tivorous species’ with the findmg that setae deter predators in all cases. The
third paper (Chapter V) tests the utility of gastropod torsion as a larval defense aganst
seven‘predator species, with ihe result that, for the'predabfs exgmined. torsion does not )
appear to function defénsively. The final paper (Chapter VIl examines patterns of .{
interspecific &uim(aspecific predation by two hydromedusa species on their embryos
and planulae in an examination of leveis of control of'nematocvsit function and the
specificity with which predator / prey interactions in the plankton might evolve. Included as
appendices are two additional papefs, the first of which (Appendix A) doéumgnté fieid
rates of fertilization for eggs of a free-spawning h;ertebrate. Appendix B presents the
results of a study to examine both diel a}d omtogendtic verticet mugration of an
echinopluteus. All of the experimental sectibnsadc;%s;;robﬁms suggested, implncmy or
exphcitly, by the descriptive chapter (and soe Chapter VIl for an evaluation of their
success); in addition they center on topics of historic or current interest to invertebrate

zoologists. ' A
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-$EASONAL POPULATION DYNAMICS OF THE INVERTEBRATE MEROPLANKTON OF
SAN JUAN CHANNEL, WASHINGTON ’

The -annual cycles of occurrence and abundance of pelagic larvae of benthic

i *s provide the descriptive basis for the field of larval ecology. Maximum

' “ A larvae sre imited by the popsﬁ\ion sizes and fecundities of aduit
mverterats, and larva! stocks are depleted by mortaluty and diution or advection away

from suitable benthic habitat. Sources of mortaiity are predation. lethal physical conditions

and starvation (Thorson. 1950). and the numbers of larvae surviving planktonic

development to metamorphosis determine rates of recruitment to béhthic juvenile and
adult popuiations. In some places or years larval supply greatly exceeds the capacities of
benthic habitats to absorb recruits. and in other places or y(ears recruitment fails due to
lack of tarval supply (Thorson 1946. 1950 1966 Connell. 1961 1975 Oshurkov et al.
1982). In nearly all situations rates of larval mortality are thought to be extraordinarily high
often 90-99% of a populat'non s spawn. but this mortality 1s of fset by the high fecundities
common among marme’invértebrates reviewed by Thorson 1950).

These general conclusions have largely arisen from studies documenting seasonal
patterns of larval abundance in ghe piankton. During the early and middle 1900 s such
descriptive studies were the primary approach to larval ecology. and a fair number of
meroplankton “calendars” have been constructed for various. primarily European. locaitties
(Mcintosh, 1889. Garstang. 1893-95. Flattely. 1923, Johnstone et al. 1924 Johnson
1932, Lebour. 1933. 1947 Battle, 1933, Korringa. 1940. Henderson and Mar shall
1942 Smidt. 1944, 1951, Suhivan, 1948, Jorgensen. 1946. Thorson. 1946. Pyefinch
1947 Quayle, 1952. Bousfield. 1955, Hannerz. 1956. Graﬁwger, 1959 Carriker. 1961
Shetty et al.. 1961, Lonning. 1963. Car!i and 'Sertouro, 1964 Sentz-Braconnot 1964
Raymont and Carrie. 1964 Stubbings and Houghton, 1964, Fernaux. 1965. San-Feiu and
Munoz, 1965. Vives. 1966. Lie. 1967, Thiriot-Quievreux. 1967, 1968 Bhaud 1968.
Schram, 1968, Serid). 1968. Mileikovsky. 1870, Cazaux, 1973, DewWolf 1973 Guerin,
1973. Curtis, 1977, Lough. 1975, LaCalli. 1980, Falk-Petersen. 1982 Oshurkov et al .

1982, Yokouchi. 1984). These studies vary in quality and extent. many concern only '
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particulsr lar“ taxa. snd results of sl sre strongly reflective of local cimate, hyd/ography
and fauna. To date only Johnsen (1932) has conducted a comparative study of seasonal '
occurrences of lsrvae of benthic invertebrates in the nBrtheast Pacific, and his treatment .
of larvae was necessarily cursory as part of a lsrger study. Because | believe a more
detaled survey of larval occurrences will be of value. | have repeated snd cons;doflbly
eniarged upon Johnson's {1932Lwork. Both itudies waere conducted near Fridsy Harbor,
Washington. snd the emphasis in both cases is brosd and comparative. My purpose has
been to describe. In rat\hor broad outline. seasonal patterns of occurrence, maximum
abundances. and raies éf decline of larval populations at one inland but fully marine site in
the northeast Pacific.
STUDY SITE ’
The study was conducted in San Jusn Channel near Friday Harbor Laboratories.
Friday Harbor. Washington (Fig. 1, 48" 33'N. 123" W). S@n Juan Channel runs through a
group of isiands known as the San Juan Archipelago which separate the Streit of Georgia
to the north from the Strait of Juan de Fuca to the south. The channel was produced by
glaciation of the British Columbia coastiine (Thompson, 1981) and has steep walls and a
relatively flat bottom. It runs in a northwest-southeast durectngn.' 1s about 20 km long, 3 km
wide. and 140 m deep.
Tidal exchange between the Straits of Georgia and Juan de Fuca result in strong

currents around and through the San Juan Archipeiago. commonly reaching speeds of 2.5
‘m/s in the channels between islands. Most of the exchange passes around the San Juan
Ar?)opobgq through Rosario and Haro Straits. bu!‘ﬁbout 5% of the tidal flow between the
Stﬁauts of QL,orgua and Juan de Fuca passes through San Juan Channel (Thompson, 198 1).

\\«\Tndal fiow around and through the 1siands largely destroys any vertical stratification
ot the \ivater column (Thompson, 1981). However. runoff from the Fraser and other rivers
produces an estuarine circulation, particularly during summer, characterized by a net
seaward flow of surface water (<100 m} from the southern Strait of Georgia out through
the Strait of Juan de Fuca. This residua! fiow typically moves 10-20 cm /'s in the middle of
}he Strait of Juan de Fuca (Thompson, 198 1) and presumably flows more quickly through

the channels surrounding the San Juan Archipelago. However in spite of this net



southward flow of surface water through the San Jusn Archipelage. marine conditions are
. maintaned by ‘advcctuon of coastal water sastward through the Strait of Jusn de Fucas.
Relatively littie water passes south through Johnstone Straits into the northern Strait of
Georgia (Thompson, 1981).
Because of scour by tidal currents. the bottom of San Juan Channel consists
largely of gravel. cobble and shell debris (Sheiford gt al.. 1935) whie the bottom of the
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Strait of Gegrgia 1s mostly $ilt and clay (Luternauer ¢t al.. 1983).
MATERIALS AND METHODS

SAMPLING STAT/ON

Samples were taken at one station near the center of San Juan Channel!. 20-500 m
northwest of Reid Rock Buoy (Fig. 1). This station was chosen rather than one nearer the
laboratory to avoid the low salinity surface layer of water which forms in Friasy®™arbor
during wintertime (pers. obs. ). and any local hydrographic effects such as tidsi eddys in \_\
the harbor. Additionally, Reid Rock rises from the bottom of San Juan Channei ica. 140 m)
to within 3 m of the surface. creating intense local turbulence during tidal exchange. it was
felt that the turbulence created by Reid Rock would ensure homogeneous Adnstrubutcon of

- larvae throughout the water column at the sampling station.

SAMPLING SCHEDULE AND PROCEDURES ' )
Two replicate surface plankton tows were taken weekly during 1983 and 19¢ 4
usually during slack tide during daylight hours (standing waves and rapids made boat
handiing difficult during flood and ebb tide). However on several occasidns additional tows
were taken in an effort to assess potential sources of variability in the data (Table ) (1} in
March, 1983, six replicate surface tows wére taken. and in April. 1983. two rephicate
surface tows were taken during each of ebb and low slack. and one tow was taken dufmg
flood tide. (2) on three dates during 1984 two replicate vertical hauls (0-80 m) were taken
in addition to the normai weekly surface tows for those dates. in sum aimost 250 plankton

tows were taken over 2 years.
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All samples were taken with the same blankton net equipped with 125 um nylon
mesh. The net was 1.4 m long, conical, and its mouth was held open by 8 25 cm Sameter
stes! ring. A TSK (Tsurumi-Seiki-Kosskusho Co.) flowmeter was mounted off-center n the
mouth of the net and served both as » weight snd to measure volume of water sampled.
The voiume of water filtered per ro;olutnon of the flowmeter mpelier was assessed by
towing the steel ring and flowmeter, both with and without the netting sttached. known
chstances between two docks in Fridey Merbor.

Surface tows were taken by towfr'\;tho net 1-2 m deep sbout 15 m behind a skiff

v

.~ atdie speed ica. 1 m/s). During winter the net was towed for 10 min, but boca;:so of
clogging by phytoplonktén, tows had to be reduced to 5 or 3.5 min durmg spring and
summer. Vertical hauls were taken by hand, or occa'suonally with an electric winch, both of
which retrieved the net at sbout 0.5 m/s. Upon retrieval of the net. the plankton was
washed into jars ;o make ssmples of about 500 mi. 25 ml of 2.5% pr0pylcné phenoxstol
was then added as sn ansesthetic (McKay and Wartzband. 1972). Tempersture and salinity
of .urﬁco water were measured (Youow 'Sprmgs instruments conductivity meter. and later
an American Optics temperm:re-compensated refractometer. the YSI met,r became
unreiiable in the latter part of 1983 and 9:\/0 low readings in a non- systomatlc way). and
genersl notes were taken regarding tidal conditions and weather. Smpl,é were then
returned to the laboratory ar;}.ﬁied in 10% formalin (sodium boraw-bﬁffared) after about

30 min in ansesthetic. \

SAMPLE ANALYS!S Y

Many more pl_anktoin samples were collected than were intended for analysis
because of the relative-ease of coliection and storage of sampies for any possible future
use. Thus. only samples from biv_vo;w intervals were examfnc’d (Table I). in addition,
because sorting of the samples (see below) proved very time-consuming. only 1 of the 2
repiicate sampies for each date was usuasily sorted (Table ).

Plankton ssmples were stored in formalin 1-14 maqnths prior to sorting.
Preparstory to sorting, sampies were subsampled with a Foilsom plankton sphitter
{McEwen _5_3 al.. 1954) so that during winter, 1/4 o.r 1/8 of an entire ssmple was sorted,
but during spring and summer when larval (and phytoplankton) abundances were high, only



1/16to V/84thof s ie was generally sorted (Table I. If legs then 100 of the most
sbundant larval type were found in 8 subsample. snother egual subsampie was sorted. The
wet weight of the unsorted portion 3f a sample was obtaned after fiud was dremed of f
through 41 um Nitex mesh for 5-15 min. After weighing samples were resyspended n
filtered seawater and formalin. The sphitting procedure ind the necessary practice of
towing the net for shorter periods during spring and summer pfob,bly resulfed in
under-tepresentation of rare lervee during these periods (see aiso Reerd’ 1954s 1954b
tor a similar. probiem). In part for this reason. emphasis throughout has been placed on the
occurrence of commqn larval typgs. -

' Thin layers (1-2 mm deep) of the subsamples were carefully exammed in Bogorov
irlys under a dﬁsso{;»‘ng microscope at 25K. N;lssos of phytoplankton snd z0o0plenkton
were teased apart with needlies. and it w;ls found that addition of a d#op of detergent
fisttened tho( sur face meniscus so that all sreas of the tray could be viewed clearly Tv\{/
first 100 indrviduals of each readily-identifiabie larvsl type'(Table i) was individually
p.pen;d into 5 mi vials for reference and possible detaied sxamination at 3 (ater date
Larval types were usually identified v\wth the aid of general raferences suc: as the Fiches
d'identification du Zoo\plan/ctpn“ (1957-83). Newell and Newel! (1963) and S 1th (1977)
but additional references were used duringythe identification of some specific isvae isee
Results). All larvae o* each type within the subsampies were counted with a ‘blood céll
celtulator (a multipie-register hand tally. Marbel! Cg_,) snd reconfslof the counts. rough
sketches of many of+wthe larvae. and general notes were compaledf‘ It was found that 6-12
actual sortng hours were required to enumerate laryae within the subsamplel(s) A
representing éach tow. . ’ .

The numbers of larvae of particulsr types observed per subsampie were -
standardized to number of individuals par cubic meter of plankton by dividing direct
counts of larvae by the portion of a sampie actually sorted. and dviding these hgqos.by
the volume of water sampled during that tow as ted by the flowmeter. As a-
consequence of this standardization mar{y more lsrvae in wintertime samples (when the
duration of plankton tows was long and a larger split of uc:tow was jenerally sorted

were required to produce a given number Of ‘arvae per cubic meter than in summertime

samples (when tows were short and a smaller splits were sorted). The conversion factors
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responsible %r tnis artifact are listed in Table |; these figures represent the estimated

' ngmber of individuals per cubic meter for each larva directly observed in the subsamples.
This charactéristic could produce misleading results during staiisticai'anaiysis of the |
standardized data. In part for this reason all statistioal tests used were nonparametric (see
Sokal and Rohlf 1969). Statistical analyses were conducted by correlating biweekly
measurements between years (1983 and 1984) using Kenda'l s Coefficient of Rank
Correlation (KCRC) This statistic provnded a measure of association or correlation (tau)
between variables analogous {o the correlatnon coefficient of regress1on analysis, and also
tested whether or not the observed patterns of larval abundance were significantly
correlated (similar) between years (Sokal and Rohtf, 1969). The Wilcoxon Signed Rank
Test (WSRT), a nonparametric analogue of.the parred-sample t-test. was also used to
determine if dif ferences in mean larval abundances were statistically significant between

: y‘ears. Because samples were not taken on exactly the same date each year (Table I, these
pared-sample statistics were calculated with mean bimonthly larval abundances.

~

RESULTS ...

ENVIRONMENTAL CORRELATES

Temperature
Surface seawater temper - ture did nol undergo great seasonal fluctuanon‘s in San

* Juan Channel. During both 1983 and 1984 seawater temperature varied about 6" C. with a
minimum temperature of 6.5 occurring n Deg¢ember or January and maximum
temperatures of about 13" occurring during late summer (Fig. 2). Additionally, the general‘
pattern of temperature change. with siowly increasing temperature between January and |
August and a relatively rapid decrease in temperature after September, was similar both
years and resulted in a significant correlation of tqmperafures cycles between years
(K_Cin‘-?C, tau=0.9, P<0.001). How‘ever, e mean surface temperature during 1883 was

0.7" warmer than during 1984, primarily due to warmer wintertime temperatures (ca. 2°)in

1883. This difference is statistically sigmfnoant (WSRT,‘E<O§’.'OO 1).
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Salinity

Surface salinities did not véry greatly and showed no clear seasonal patterns
exce;t for some reductions during spring and summer which were probably du_e to
increased flow of the Fra‘ser River resulting frO}n snowmelt (Fqgf 3). This spring-summer
depression does r(ot result in significant correlations in bimonthly salinities between years
(KCRC. tau=0.0, P=0.4). Mean salinity was significantly lower during 1983 (25.9 ppt! than
during 1984 (27.5 ppt) (WSRT, P=0.046), but as noted previously. the first salinometer
be: »».= unreliable and generally gave low readings during late 1983 before it was

emha:o Because general trends were not strong or clearly cyclical. salinity changes are

e 1=+ . sregarded in the following discussion.

Plankton biomass

Drained wet weight of the plankton samples was measured to provide an index of
general piankton biomass. During winter and early spring, samples wére small and
consisted largely of zooplankton. From May through‘September, however . plankton
biomass underwent striking increases and consisted mostly of phytoplankton. Biomass
cycles for both years were similar (an 4) and highty correlated (KCRC. tau=0.5. P<0.001)
with the exception of two low values during summer of 1984 Wet weights were
significantly higher during 1983 (0.7 g/m’) thar in 1984 (l0.6 g/m’ (WSRT, P=0.046). n
part because of the 2 summertime low valuec in 1984. but also because springtime
increases in plankton biomass began about a month earlier in 1S83. These trends In
piankton wet weight are taken as indicative of general seasonal cycies in phytoplankton
abundance with some minor contribution by zooplankton biomass. Unfortunately. most of
the phytoplankton retained by the net consisted of large cells that are probably not fed
upon by most larval types (Thorson, 1846. 1950). Itis not known to what extent the
seasonal dynamics of smaller algal species (more likely to be eaten by larvae) may differ
from the observed trends, though there |s. some indication that small flagellates may be
proportionally more abundant than diatoms during winter (reviewed by Harrusén et al.

'1983).



LARVAL OCCURRENCE .

The bentﬁlc invertebrate fauna of the San Juan Ar;hi[;elago is diverse *‘Kozloff,
1974) and partly as a ;:onsequence most of the local meroplankton cannot be identified
below phylum or class level. Many published descriptions of larval develbpment are not
useful to a study of this kind (see Chanley and Andrews, 197 1) either because (1) little
comparative information s given v(thin the taxon of interest, or (2) because of the labor
involved in i1dentification {for ex’am;I:, exarﬁynation of lamellibrghc;h veliger hinges; Rees,
1950). In addition (see Discussion). most of the larvae observed were relatively young
stages. prior to the formation of many features that might be useq in spec\ies
identification. As a result most of the larvae examined in this study were incoTpletely
identified. Under each of the following headingé, however, | havdnnéluded .Vbrnef . \
discussion of which invertebrate species were likely to have proc\iﬁced large fractions of
the larvae observed. A A

The following groups of _Iarvae were found in the plar{kt\on in) farrly farge numbers.
Larvae not included in the types auscussed below were not f0und in the plankton samples
at all, or with such low frequency that their occurrence was considered incidental (e.g..
<>10 larvae obser‘ved throughout). For a discussion of the\-ehability of the follown}wg

- AN
estimates, see “Serces of Variability".

\
-
Polychdeta

Kozloff (1974) provides keys to over 200 species representing 40 families of

common polychaetes fom PiJget Sound and the San Juan Archipelago. Many if not most of

theése species produce pelagic lérvae for which descriptions are lacking. Identifications of
some common, late trochophore larvae might have been attempted. but because it was not
feasible to routinely examine live larvae (as did Thorson. 1946, LaCalli, 1980) such
identifications would have been based on examination of the setal types of each
trochophgre le.g., _Blake, 1975a, 1975b). An alternate approach might be to identify
numerically ddminant and fecund local species which produce pelagic larvae, and to infer
their contribution to larval populations. Although this approach a.ppears to have sog’e
utility for other taxa (see below), one or a few polychaete species have not been

dascribed as dominant community members during local faunistic surveys (see Shelford

i



and Towler, 1925; Shelford et al.. 1935). The results presented Below thus represent -
abundances of all trochophore larvae encountered. it is also possible that a very few
non-polychaete (e‘.g., sipunculan, etc.) trochophores were also included under this
heading. L

Polychaete trochophores occurred in the plankton from February through October
of 1983 and September of 1984 (Fig 5). The broad patterns of abundance were
significantly correlated between years (KCRC, tau=0.05. P<0.001). Mean trochophore
abundance was substantially lower in 1883 (70.9 ind./ m’) than in 1984 (95 ind. ' m")
though the WSRT indicated these differences in bgtween-year abundances were not quite
significant (P=0.053). The curve for each year shows five péaks in trochophore
abundance which are fairly synchronous between years but vary considerably in ‘
magnitude. It 1s not clear which or how many of these peaks represent larval cohorts of

the same or different species.

| Mollusca: Gastropoda

As with the Polychaeta gastropod diversity in the San Juan Archipelago 1s high (see
Kozloff. 1974) and veligers of few local species have been described. Shelford et al.
(1935) described 5 gastropod species as dominant members (2- 150 ind. / 10 m* each) of
the benthic community characteristic of San Juan Channel habitats. The broad patterns of
larval abundance described below probably indicate substantial contribution by ;several
relatively abundant gastropod species. 7

The between-year occurrence of gastropod veligers was highly variabie (Fig 6:
and the patterns of seasonal occurrence were not significantly correlated (KCRC. tau=0.2
P=0.15). This non-correlatlor‘\ resulted from the high relative variation in veliger abundance
during 1984 or its lack in 1983. Absolute mean veliger abundances were also much lower
in 1984 (20.9 ind./ m’) than in 1983 (50.2 ind./ m*(WSRT, P<0.001). The absolute values
of the variations in veliger abundance during 1984 were not high, 1t 1s not clear to what

extent this 1s random variation around a low mean abundance of Jarvae during 1984.
t
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Moliuscs: Lamellibranchia , _
Although Kozloff (1974) hists 126 local bivalve species, only a few of these are
abundant enough to have contributed large proportions of the veligers observed t the
plankton samples. Most notably, Sheiford et al. (1935) found Modiolus rectus las M.
modiolus] in bads of*fP-3000 individuals per 10 m? and Chiamys spp. las Pecten hericius)

in densities of 15-1000 ind./ 10 m? throughout San Juan Channel. Because these species
are so common, most of the lameliibranch veligers observed were probably M. rectus or
Chlamys spp. though a number of other bivalve species were undoubtably also present.
Lamellibranch veligérs were very afaundant during the summers of both 1983 and
1984, reaching peak abundances of over 800 ind./m? (Fig. 7). Even this figure is aimost
certainly an underestimate because early veligers of many species are small and would not
have been sampled by the net (125 um mesh). The befween-year patterns of abundance
were mqpufncantly correlated (KCRC, tau=0. 4 P=0.006). though as with the gastropod
velige - *here was consnderable variation in pattern of abundance. Also similar to the
gastropod data. mean bivalve veliger abundances were significantly higher in 1983 {239
md /m? than in 1984 (111 ind./m?) (WSRT P<0.001) though the peak abundance was
actually higher in 1984 (in contrast to the gastropod veligers). The two major peaks in

veliger abundance during 1984 are synchronously matched by the largest peaks of 1983.

Crustacea: Cirripedia

Only about 7 species of barnacle are common in the San Juan Archipelago (see .
Kozloff. 1974), and several of these are very common in San Juan Channel and were
certainly present in the plankton samples. Some species could probably have been
identified on the basis of naupliar setatién {see Brown and Roughgarden, 1983), but this
was not attempted.

Cirripede nauplii were the most abundant larval type observed over the course of
this study (Fig.me) and almost certainly outnumbered all other zooplaﬁkters during their peak
occurrences. Mean abundance was 312 ind./m’ during 1983 and 369 ind./m? during
1984, with a p;ak abundance of 2580 ind./m* during May, 1983. Seasonal patterns of
abundance were highly corrélated between years (KCRC,.tau=0.7, P<0.001) and three

peaks of abundance appeared on the same dates each year. Mean abundances between
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years were not significantly different (WSRT, P=0.36). though in contrast to the
gastropod and lamellibranch data, cirripede nauplius mean abundance was higher during
1984, '
In spite of the large numbers of cirripede nauplii found during spring Qummer,
W (1983,

1 b ind./m?$; 1984, 0.2 ind./m? and variable that these data indicate little other than

qtrripedé cypris larvae were rare both years (Fig. 9). Mean abundances were s y

| periods of cyprid presence. Nonetheless, cyprids were present during March and April of
both years. during and possibly following the earliest peak of‘nauplius abundance (Fig. 9).
Curiously, cyprids were not present either year fdil/owmg the May-June nauplius peak

_ occurrence but were pfesent both yeai's in late summer and fall after the last (July) peak in
nauplius abuntdance. Cyprid abundances were roughly three orders of magnitude less than

those of cirripede naupli. )

Crustacea: Braphyura

Kozloff (1974} provided keys to adults of 27 local brachyuran decapod species.
.and Hart ('197 1) constructed a key to the larvae'qf 6 brachyuran families found in British
Columbia waters. Large swarms of brachyuran zoeae occur during spring off the floating
break water at Friday Harbor Laboratories. In spring of 1983 Rurrill et al. (1985) found

most of these to be cancrid zoeae, and most of the brachyuran zoeae observed in the

present ady were probably Cancer spp. Megalops larvae were never found in the :
samples. '

| Occurrence of brachyuran zoeae was lmited to spring and early surﬁmer of both
1983 and 1984 (Fig. 10). The seasonal patterns of occurrence were highly correlated
. between years (KCRC, tau= 17.0, P<0.00 1) but peak abundances were s‘ngnifucantly higher in
1983 (6.2 ind./m?) than in 1984 (5.3 ind./ M)(WSRT, P<0.001). The curves for both years

show a single peak of zoea abundance during late March and April.

Bryozoa
Almost all the cyphonautes larvae nbserved were bresumably Membranipora
membranacea (see Atkins, 1955a, 1955b. Ryland and Hayward. 1977). though itis

concievable that another, similar cyphonautes was:also present (C. Reed. pers. comm.). A
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very few, distinctive cyphonautes were found which were probably Conopeum reticulum

(see Cook, 1964; Cook and Hayward, 1966). an estuarine species which occurs in Puget -
Sound Kozloff, 1974). |

During both 1983 and 1984, cyphonautes larvae occurred primarily in late summer
{Fig. 1 1). The seasonal patterns of occurrence were significantly correlated between years
(KCRC, @=0.3.'g=0.0 18) and there were no significant differences between mean annual
larval abundances (1983, 10.8 ind./m$; 1984, 10.3 ind./ m’) (WSRT, P=0.14). The curves
for both years are remarkably similar. In late March and early April low numbers of
cyphonautes began to occur and these abundances persisted until early July wigen large
numbers of Iarva;s were found. The July peak declined through August and September but

was followed by a second. smaller peak in October.

Echinodermata: Echinoidea

Although 7 echinoid species occur in water surrounding the San Juan Arphipelago,
only 2 are sbundant in San Juan Channel. Strathmann (1977) has constructed a key to the
larvae of local echinoids. Plutei observed in the plankton samples were almost all

Strongylocentrotus droebachiensis or S. franciscanus. Some plutei of Dendraster

excentricus were, however, encountered. Plutei were staged by number of arms, but
these data have not been presented because over 95% of the plutei (excepting D.
excentricus) observed were early, 4-armed larvae. Temporal trends were not apparent in
the data for the few older larvae obsérved.

Echinoplutei occurred in the plankton from March through August of 1984 and
October of 1983 (Fig. 12). These seasonal patterns of occurrence are significantly
correlated (KCRC. tau=0.7, P<0.00 1). Mean number of plutei in 1983 (4.1 ind./m’) was
also significantly lower than mean abundance in 1984 (6.9 ind./ m’WSRT, P<0.007).
During' both years a March peak cor;sisting of about equal numbers of both S.
droebachiensis and S. franciscanus plutei was followed in late April (1983) or in May
(198;1) by a second, major spawning of S. franciscanus. Larvae occurring after June were

primarily 6 or 8-armad D. excentricus plutei which occurred in low numbers throughout

summer of bothywars and fall of 1983.
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Echinodermata: Ophiuroidea

Accoring to Kozloff {1874), 12 specieé of ophiuroids are common in Puget Sound
and the San JJdan Archipelago; 10 of these produce planktotrophic larvae (S. Rumrill, pers.
comm.) that migﬁt have been encountered in the plankton samples.

Although never found in lerge numbets ophioplutel occurrred in two peaks of
abunhano. from February through March and from June through October in both years
{Fig. 13). These seasonal patterns were signifuc;antly correlated between years (KCRC.
tau=0.3, é=0.02), but mean abundance in 1983 (2.6 ind./ m") was significantly less than in
1984 (4.8 il./ m)(WSRT. P<0.01). Because the winter/ early spring and the late summer

peaks in larval abundance occurred both years they probably represent larval production

by at least two species.

Echinodermata: Holothuroidea and Asteroidea ’ .

Atleast 13 holothurian and 18 asteroid specges occur in the San Juan Archipelago
{Kozloff, 1874). and 10 of fhese produce feeding larvae while most of the remainder
produce large. yolky eggs and larvae (M. Strathmahn and S. Rumrill. pers. comm.). Beyond l
thi; distinction between fﬁeedihg and non-feeding larvae, however. holothurian and asteroid
larvae were not separated. Most planktotrophic larvae observed were early holothurian
auricularias, prior to formation of the posterior larval ossicle, or early as;ﬁ"bud bipinnarias
(which do not develop larval ossicles). It was thus not possible to separate the lar“vae on
the basis of oss:cr ~avelopment. Additionally. in fixed early larvae it was difficult to
determine if the =~ 4 had broken into two loops as is characteristic of asteroid
bipinnarias. Le: ~ 1. othurian and asteroid larvae were aiso not separable on the

basis of obvit ology. though these larvae did retain their original colors

in formaiin. rval size were also of littie use with fixed specimens.

because unkno shrinkage probably occurred during fixation and storage.
For these reasons hélothuruan and asteroid larvae could not be separated on morphological
grounds. Howaever. the relativé abundance of adults of these species probably indicates
which species produced most of the larvae found in the plankton. While all of the asteroid

species are relatively rare (<2 ind./ 10 m?; Shelford et al.. 1835). both Parastichopus

californicus and Cucumaria miniata are found in high densities in San Juan Channel (2-30
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ind./ 10 m. Shelford et al.. 1935), snd both species produce large numbers of eggs
(McEuen. 1986). However . P. californicus produces planktotrophic auricularias while C.
miniata spawns large yolky eggs that becorﬁe lecithotrophic larvae. ;\Aost of the larvae
discussed below were probably of these species, while asteroid larvae were not
well-roprosonfod in the samples. °

Planktotrophic holothurisn or asteroid larvae occurred in relatively low numbers in
the plankton from late March through October of both 1983 and 1984 (Fig. 14). with a
first minor peak 1n abundance in late March to early April. and a large increase in abundance
n late May (1383) or early June (1984). These patterns of occurrence are significantly
correlated between years (KCRC. tau=0.5, P=0.002). but mean larval abundance was
significantly less in 1983 (3.0 ind./m’) than in 1984 (6.9 ind./mM*(WSRT, P=0.04). One or
two additional peaks in abundance occufred tn July or August.

Lecithotrophic holothurian and asteroid larvae were never abundant in the plank ton
samples. in part because eggs and larvae of many species are buoyant and are often
observed fioating on the surface (Johnson, 1932) even in highly turbulent areas. The
plankton net towed 1-2 m deep thus did not sample larvae floating at the surface.
Nonetheless during both 1983 and 1984, peak abundances of lecithotrophic echinoderm
larvae occurred in early April (Fig. 15). iIn 1983 these larvae were also found in low
numbers in February. April and August. but in 1984 yolky holothurian or asteroid larvae
were also found in early June. These seasonal patterns were significantly correlated
(KCRC. tau=2.3, P<0.001). The WSRT indicated mean abundance was also significantly
higher n 1983 (1.9 ind./m?) than In 1?84 (1.3 ind./m3) (P<0.00 1), primarily because larvae
occurred on 6 dates in 1‘983 but only 3 dates during 1984. The April peak abundance
probably represents a single larval cohort; the earlier and later peaks presumably reflect
additional spawnings by the same or other species that occurred or were sampled only
during one of the two years. Aimost all of the yolky larvae observed were pale green in

color.

Urochordate
As with lecithotrophic holothurian and asteroid larvae, ascidan tadpole larvae were

‘never abundant in the plankton samples (Fig. 16). Tadpoles occurred sporadically
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throughout both years. excepting a 3-4 m;nth sbsence during summer of 1984 These
patterns of larval occurrence are significantly correlated between years (KCRC. tau=0.5
P=0.002). The WSRT indicated mean abundance of tadpoies was significantly higher —
during 1983 (1.0 ind./m’) than in 1984 (0.8 ind./m*) (P<0.04]. 'p'rumanly because tadpoles
were found on twice as many dates in 1983 These resuits indicate that ascidians in San

_ Juan Channel spawn or release lar vae throughout the year . although summertime breeding

may be uncommon some years.

SOURCES OF VAR/ AT ION

Most of the seasonal patterns of larval abundance presented above are highly
correlated between years. indicating ( 1 that larvae within partu;ular taxa were present at
about the same time and in similar (though often not equall abundances both years and (2)
that the plankt;n samples provided repeatable measures of these patterns for the more
abundant larval types. However. apart from these observations it has not been determined |
how such factors as stage of tide or time of day during which the samples were taken
might have contributed variability to the data. Several attempts were made to address
these gquestions. though these were hmited by the amount of plankton that could be

sorted. The results indicate that a number of factors contribute substantial variance to the

observed numbers of larvae.

Horizontal patchiness

Small scale hor:zonta! patchiness (on the order of 300 m. the approximate length
of the surface piankton tows) was estimated by sorting replicate samplés taken
sequentially (see Methods) on each of 9 dates (Table l). The mean coefficient of variation
(CV) between these replicates for all taxa with > 10 ind. - m* was 27%. indicating that
samples taken at the same location only minutes apart could contain quite variable numbers
of larvae. The numbers of the various larval types caught in 6 replicate tows taken
sequentially on 3/ 14/ 83 (Table ) are presented in Figure 17. As discussed above.
numbers of larvae sampled were quite variable between tows. and there 1s some indicatidon
of non-independence of counts between the iarvat types. For example in Tow #2

polychaete, lamellibranch and cirripede larvae were all more abundant than in the other
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tows. However when anslyzed by Friedman's ansiogue for 2-way snalysi$ of variance. the

’

variations in numbers of larvae ssmpled between the tows are non-significant (P30.5).
Similarly, when numbers of larvae captur,d between 10 sets of additiongl replicste tows b
(Table |. but not 1/ 17/ 84 when few larvae were present) are compared by the WSRT. in
only 2 of the 10 cases sre pared dif ferences in number &t larvae caught between tows
significant (P<0.05). If significant dif ferences in numbers of the various larval 'typos had -
routinely occurred betwéen replicate tows. the most likely explanstion would have been
that the measurements of volume of water filtered were innacurate.

Sampies were not taken at dif ferent stations in San Juan Cp_annel or elsewhere to
examine horizontal patchiness on a broader scale. but on one date in 1983 (Table I). 2
replicate tows were taken'durnng each of ebs and low slack tide. and one tow was taken
during flood tide. Tidal current probably separated each set of. samples of this series by at
ieast several thousand meters of water, and the tows were also separated by several
hours time (ca. 3 hr intervals between samplings). Again. variations in larval abundance
were substpntial between tows taken at different tidal stages (Fig. 18). with an overall
mean CV of 45%. Cirripede naupin were most abundant during slack tide. but most other
larval types were more abundant during ebb or fiood tide. It 1s probable that these changes

refiect interactions between larval depth-regulation and turbulence created by tidal

currents {see below).

Vertical distribution .

It was also of interest to determine if the turbuience at Reid Rock Buoy actually
produced homogeneous vertical distributions of larvae. On 3 dates during 1984 (1 each in
winter . spring and summer), 2 replicate vertical hauls (0-80 m) were taken in addition to the
routine horizontal tows for those dates (Table I). When standardized to number of larvae
per cubic meter. most larval taxa were found to be n'x'e abundant in the vertical hauls
Figs. 19-21). Cirripede nauplii, however, were more abundant at the surface than at depth
on the springtime date they were abundant (Fig. 20). If cirripede nauplii swam upwards
while the other larval types avoided the surface. the patterns of abundance observed in
the samples during the tidal series (Fig. 18) may refiect the abiity of larvae to regulate
depth (see Appendix B) during slack but not during ebb or flood tide when currents are



strong. That larvae might be vertically stratied at this site was quite surprising (see
DeWolf. 1973, 1974). the routine surface tows apparently did not ssmple the depths of
maximum abundance of a variety of larval types. Becsuse most larval types appar ently

avoided the surface at least during slack tide. 1t would have been of sgrﬁo interest to

compyre vertical distributions of larvae between night and daytime.
DISCUSSION
REPRODUCTIVE SEASONS

General patterns

As 1s widely recogmzed. most middie and high-latitude invertebrate species
reproduce durmg periods of rising water temperature and phytoplankton production or
biomass {Thorson. 1950). This patterﬁ was apparent for most of the larval types in the
present study (Table il). However. several authors have noted t-h’aupecses with
lecithotrophic larvae or directly develdping young which are nc‘n dependent on
phytoplankton for food reproduce in fall or winter or at least have prolonged spawning
periods (Thorson, 1946. 1950. Giese. 1959. Curtis. 1977. LaCalli. 1981, Falk-Petersen.
1882]. In the present study ascidian tadpole larvae were present year-round. but so few
tadpoles were encountered it ts not clear if this pattern 1s more apparent than real. The
only other lec:thotrop;\nc tarvae to occur repeatedly in the samples were holothurian or
asteroid species. these were present in springtime at about the same time as the first
peaks of planktotrophic echinoderm larvae. Falk-Petersen (1982) has suggested that larvae
produced during wintertime experience less competition for setthng space and other
benthic resources as juveniles. and Curtis (1977) suggested that wintertime reproduction
enables the resuiting juveniies to take full advantage of the subsequent spring/ summer
periods of primary production. Both of these ideas are probably to some extent correct
but my observations of springtime occurrence of lecithotrophic larvae would appafently
indicate that springtime reproduction can be advantageous even for non-feeding larvae
Perhaps an optimal soiution for species producing lecithotrophic larvae (and also direct

developers) would be to reproduce immediately prior to spring phytopiankton blooms and
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tempersture increases. thus avoiding the springtime populastion increases of a variaty of
plsnktonic predators (e.9. hydromedusse. Milis, 198 1) and aiso any competition for
benthic resources as larvae settie. The resuiting juveniles should then be able to oxplouf
springtime production and begin to grow simost immediately. Aithough Iittle 18 known of
size-related or ssssonal mortality scheduies for juvenile invertebrates, the smaliest
size-classes prold:uy experience the highest rates of mortality (see Thorson, 1966). and
mgﬁ juvenile growth rates should be advantageous. While this scenario of seasonal
reproduction may indeed be optimal. a number of larval typés were nevertheiess abundant
in late summer or fall.

Aimost all planktotrophic larvae were found during late winter, spring. or In
summer (Table Il). If occurrences of tha larval types are compiled by season of peak
sbundsnce (Fig. 22). it becomes apparent thync)st larval types characteristically occurred
either duting late winter to spring. or in sJ;nmorA Thus polychaete, gastropod.
ismellibranch and bryozoan larvae were most abundant during summer. while echinoderm
and crustacean larvae were most abundant in late winter and spring. The iate winter / spring
larvae. whether pl‘hktotrophnc or lacithotrophic. were spawned while temperatures and
"plankton biomass” waere still near low wintertime levels but had just begun to increase
(Figs. 2. 4. 22). So far as plankton biomass can be taken as an estimate of food abundance
{see Environmental Correlates, above), it might be assumed that these larvae encounter
relatively poor feeding conditions. The combination of low temperature and low food
abundance might result in relatively siow rates of larval development. As pointed out by
Thorson (1946, 1950) and Korringa (1957). any slowing of development could result in
higher overall mortaityee: primarily due to increased periods of exposure to planktonic
predators (see Chap.t/ers il-Vl). However as noted above. it may be that abundances of
predators in late winter or early spring are relatively low, and that due to low temperatures
feeding rates of predators are also low during these months. Additionally. larvae
metamorphosing after several weeks (see Thorson, 1946) of late winter or springtime
development should experience conditions generally favorable to rapid growth through
summer as discussed above

Larvae of summer g species encountered near maximum water
(]

s. 2,

temperature and plankton biomass (Kig 4, 22), snd both feeding and temperature

L
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conditions should have fostered rapid development to metamorphcsis. However these
lsrvae sre present in the piankton during a period when pro&aton are also sbundsnt, end
juveniles resulting from late summer or fal\goumorphom will presumably have to porm':
thr ough winter at small ant! vuinerable sizes.

The cv;:lo of sbundsnce of cyphonautes larvae 1s perpiexng because it does not
conform to the above patterns. Cyphonautes isrvae first appesred in the samples n March
and April and then exhibited two pesks of abundance. the first n summer and the second
in fall Except for a very few larvae which were 1dentified as Conopeum reticulum (Cook
1964. Cook and Hayward. 1966, all of the larvae encountered in the semples agreed.with

descriptions of Membranipors membranacea (Atkins. 1955. Ryland and Hayward 197 7

and 1t 1s considered unlikely that the summer and fall peaks of cyphonautes sbundance
represent production by two species. Because few or no adult M. membranaces survive
winter igythe San Juan Archipelago (Harvell. 1985) cyphonautes larvae appearing in Marth
and April must represent the founQers of the summertime population. These springtime
larvae may originate from locasl colonies which overwinter. or thgt they may be advected
from the outer coast where adult populations persist year-round (S.'Rumnll, pers comm )
“~These springtime larvae presumably metamorphose and deveiop mtc; reproductive
;:olomes which produced .the major summertime peak of cyphonautes. However. the
summertime cyphonautes are apparently unable to settie and reproduce locally (Harvell
1985). Additionally. Harveil (1885} found that most adult colonies were dead or dying by
September. Even though larval production i1s cued by deteriorating conditions for adult
growth. 1t 1s not clear whire the fall larvae originated. Yoshioka (1982) found patterns of
cyphonautes abundance in sourthern Cakforria s;grface water s which ware negatively
correlated with thermal stratification of th'o water 'col.Jr.:n, ‘cypiwonautos appasrently
avoided warm (> 15°) surface waters. Although surface temperatures were less than 15°
throughout the present study. cyphonautes larvae were more abundant at depth on one
date in early September than at the surface (Fig. 2 1). Aithough cyphonautes were sbundant
at the surface earher in éummor when tempratures were aiso high (12- 13°), 1t 1s possible
that larval depth-regulation affected the patterns observed. In any case the cyphon;utas

larvae found in October and November aimost certainly do not overwinter locally as larvae.

they are probably advected into the Strait of Juan de Fuca and lost to local populations



(see Larval Abundances. below).

‘The above interpretatiens of the seasonal patterns of la-'*a! abundance presume
that because, the observed taxa occurred in the plankton (and were often abundant), the
seasonal patterns of abundance represent successful or even optimal solutions to the
problem of reproduction in the San Juan Archipelago. Such assumptions are only parti‘lly
justifiable. Species with dispersing larvae often occur over wide geographic ranges
(Thorson. 1961, Mnlerkovsky 1962, Scheltema, 1971), and it is usually not possible to
determine 40 which portnon o‘ its range a species is optnmally adapted. For example in the
present study, it not possnble to decide whether the two patterns of late"winter / spring
or summer reproduction are locally adaptive, or whether the patterns are marginally
sucgessful and are functions of temperature or other cycies representative of the
biogeographic ranges of the species involved. This ambngunty might be resolved with
suf ficient information concerning both Iarvel and juvenile gbpuIEtion demographics, btJt it
1s ikely that at least some of the observed patterns are not locally adaptive. As a possible

example. Strongylocentrotus droebachiensis pluter are abundant in surface waters off the

west coast of Vancouver Island during winter (S.S. Rumrill, pers. comm.). Although adult
S. droebachbensns are abundant in San Juan Channel, their plutei were found.only in low
numbers during March in the present study (see aISo Larval Abundance, below). Similarly,
the fall peak of cyphonautes abundance probably does not result in recruitment, at least
locally. ’ |

A number of authors hav&ﬁrrelated peak periods of larval abundance with the
biogeographic ranges of the species involved (Sullivan, 1948; Bousfield, 1955:8haud,
196’7 Mileikovsky, 1870 Falk-Petersen, 1982) and ¢oncluded thet at a given site
characterrstucally higher latitude species reproduce earlier than do lower latitude species.
Addmonally as one moves away from the equator spawnlng periods of both species and
communities become compressed, coinciding with the shorter periods of primary o
production in higher latitudes (reviewed by Giese, 1959). The pattern's of late
winter / spring or summer reproduction observed in San Juan Channel, at least in part, very
probably represent reproduction by northeriy and southerly-distributed species,

respectively. .
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Control of reproduction
While all reproductive processes are products of evolution. immediate control of
gametogenesis and spawning is thouéht to be effected by physiological resbonses to
environmental variables that serve as cues{Giese. 1959). These variables have been
termed "proximél cugl to distinguish them from the more general selecﬂve pressures
which shape repro‘ve patterns (or "uitimate cues”. See Giese and Pearse. 1974). A
number of environmenta! variables have been suggested to control both gametogenic
cycles and spawrfing. though the distinction between these processes has often been
overlooked. Temperatur'e" and salinity changes or thresholds. lunar or tidal cycles. changes
n quéhty or quantity of illumination, and increases N phytopliank ton abundance have all
" been suggested to function as proximal cues (re\);ewed in Appendix A). The utility of these
factors depends on their cyclic and predictable variation so that synchronous
gametogenesis and spawnqg of conspecifics may resuit. in San Juan 'F:ﬁannel salinity does
. no‘t' appear to vary with regularity, and the sampiing schedule (2 wk intervalsi probably
'obscured any lunar or tidal spawning periodicity. However. temperature, photoperiod arfl
phytoplankton abundance (as plankton biomass) underwent annual cycles that may have
affected gametogenesis or spawning. Because photoperiod af fects tempera{ure cycles
and both ir-\ter'act to produce phytoplankton growth, these factors do not vary with
complete independence. %
~ Almost all peaks of larval abundance occurred during periods of rising temperature
and plankton biomass (Fig. 22). Species spawnxng during late winter or early spring did so
_ while daylength was increasing; larvae occurring during summertime were mostly spawned
during periods Sf decreasing daylength. Though it 1s not possible to identify causative
facto‘%s, it is notable that most late winter and springtime spawning occurred as
temperature and plankton biomass began to rise from low winter levels. but well before
the sharp springtime increases in plankton biomass (Fig. 4. see also Fernaux. 1965)
Summertime spawning occurred during or just prior to peak levels of both temperature
¥ and plankton biomass. As mentioned above. a number of previous researchers have
observed similar phenomena (Thorson, 1946; Sullivan, 1948, Bousfield. 1952-53.
Hannerz, 1956 Lonning, 1963, Bhaud. 1967, 1972; Mileikovsky. 1970, Rasmussen.

1973 Falk-Petersen, 1982 Yokouchi, 1984), most of which are presumably controlied
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by the direct ef fects of temperature on metabelism (Orton, 1920; see Korringa, 1957)
and directly or indirectly, by seasonal cycles of phytoplankton production (reviewed by
Giese. 1959, Giese and Pearse, 1974). Many of the periods of peak larval abundance

——

were discrete, with few or no larvae of a given types occurring either before or atter the
peak occurrence (e.g.. Figs. 10, 12). The discrete peaks of l-arv—;l abundance presumably
indicate relatively precise control of spawning periods. The data for the echinoid species.
for which estimates of larval age can be made, do however indicate that S. fLapcusf:anus
populations must have spawned a number of times both years (see Larval Abundances.
below). Curiously, 4-armed pluter of S. franciscanus and S. droebachiensis occurred
together in March of both years. though the major S. franciscanus spawnings occurted
jater . Perhaps some individuals of both spec'es. spawned in response to the same cues In
March. McEuen (1 986) has argued that some holothurian species in the San Juan
Archipelago spawn during or shortly ,followmg prolonged periods (ca. 1 wk) of sunny
weather, during periods of slack tide. If temperature or photoperiod synchronize
gametogenic cycles. local cues such as bright suniight. current strength. or increases in
phytoplankton abundance might induce spawning (see Giese, 1959. Hmmelman. 1981
Pearse and Eernisee., 1982; Appendix A).

In the presént study. larval types (polychaetes, gastropods. Iamellibranchs:
cirripedes) present in hsgh' abundance for prolonged periods were those probably
composed of a number of species which spawned consecutively. However. spawning
periods of several months are not uncommon among invertebrate species (see Thorson, *
1946 Giese. 1959) and some mdlviduél species may have been continuously present.

If thermal or phytoplankton cycles affect gametogenesis and spawning pertodicity.
it might be expected that variations in temperature or plankton biomass between years
would cause similar variation in periods of larval abundance’ During 1983, wintertime
water temperatures were substantially warmer than in 1984 (ca. 2°C. Fig. 2). As a
probable consequence, plankton biomass began its sharp Increase in late April of 1983,
almost a month earlier than in 1984. These interannual différences in temperature and
plankton biomass cycles may have caused some taxa to spawn later in 1984. For exampie,

both peaks in ophiopluteus abundance occurred somewhat later in 1984 than in 1983,

though reasons for the delay of the fall peak are not clear since summartime differences

&
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in plankton biomass or temperature between years were not marked. Among echinoplute:
the peak of S. droebachuensnsuabundanAce occurred on about the same date each year. but
the major peak of S franciscanus abundance was delayed about a m > in 1984.
Similarly. for planktotrophlc holothurian and asterOId larvae the first ma;or peak in
abundance appeared about 2 weeks later tn 1984 than In 1983. Curiously, as for the
ophiuroids, the fall peak in cyphonautes abundance also occurred about 8 month later in
1984. These results indicate that the spawning of some taxa. at least. is controlled or
facihtated by warmer temperatures or higher plankton (phytopla\pon) biormass during
some years. Similar interannual variations in'the timing of larval peak abundances have also
been observed by other workers (Thorson, 1946. Pyefinch. 1947, Quayle. 1952‘. Rees
1954a, 19545, Raymont and Carrie, 1964, Thiriot-Quievereux. 19(?8, reviewed In part by
Thorson. 1950. Giese. 1959). As done here. such variations have usually been ascribed to
interannual temperature and phytoplankton production dif ferences.

Interannual temperature or plankton biomass differences may also account tor the
differing mean abundances of some larval types between years. All echinoderm latvae
except lecithotrophic holothurians and aéte?mds haa higher mean abundéncés during
1984, the colder‘ year. Conversely. gastropod veligers. brachyuran zoeae. cirripede
nauplii and ascidian tadpoles were more abundant dyring 1983. Whiie these differences
are statistically ;ngniflcant, they are difficult to eval;Jate because direct relationships
between the observed temperatur‘es or plankton biomass anc adult fecundity or larval
survival are not apparent. Similar fluctuations are not uncommon in other localities
(crtations of previous paragraph). and indeed. these variations form the basts for
thorson‘s (1950) characterization of reproduction via planktotrophic-arvae as risky but

occasionally rewarding (see also Strathmann, 1985, for a recent evaluation),
LARVAL POPULATION DYNAM/CS

Peak abundances :
The most abundant larvae to occur in the plankton were cirripede naupli, which
reached a peak abundance of almost 2600 individuals per cubic meter during spring of

1983. Lamellibranch veligers were alsc very abundant, reaching peak abundances of over
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800 ind./m’ during symmertime. Even during periods of peak occurrence. all other larval
types were much less common. Cirripedes and lamellibranchs clearly used the locai
plankton more éxtensuvely than did other taxa (Fig. 23), and it would not be surprising if
cirripede nauplit and lamellibranch veligers both satiated their predators and substantially
reduced food resources during periods of peak abundance {but see Jorgensen, 1981). In
contrast. many types of lecithotrophic larvae were not found in the plankton samples at
all, and fﬁoée that were observed (ascidians, holothurians, asteroids) were found in
relatively low numbers (Fig. 23). Neglecting any under-sampling of buoyant larvae, these
abundances‘reflect adult population sizes and individual fecundities, as well as the duration
of the pla‘nkto_mc stages. It would appear that species which produce lecithotrophic larvae
have greatly reduce: their use of the plankton as larval habitat (Thorson. 1950). The larval
types and abundances other authors have observed vary greatly depending on local
faunas. and there is littie need to review their results in detail. As a contrasting example,
however, Thorson (1946) found very few cirripede larvae, presumably because cirripede
adult habitat i1s rare in the Baltic and Kattégat, but calculated peak abundances of '1 .6 milhon
lamellibranch veligers/m? in the Isef jord during one summer (see also Rasmussen, 1873, o
Jorgensen, 1981). )

For some species It is possible to calculate order-of-magnitude estimates of the
number of eggs produced by aduit pobulatlons and to compare these figures with peak
. larval abundances. Although such calculations 'are subject to numerous uncertainties and
sources of error. | have nevertheless estimated total egg production of the San Juan 7~ ——
Channe! population of the echinoid S. droebachiensis because of my interest in echinoid
spawning and egg fertilization (Appendix A). If Sathuan Chanrlel is assumed to be a
box-like trough 1.5 x 10*mlong, 2.0 x 10* m wide and 140 m deep wh}ch is populated at
a density of 12ind./m? by adult S. droebachiensis (Shelford et al., 1935). of which haif
are females producing 10¢ eggs annually (Thompson, 1879), then a total of about 10
eggs should be spawned in San Juan Channel each year. If these are homogeneously mixed
in the water cglumn, are not diluted or advected away. and all develop into 4-armed piutei,
then 10¢ ind./ m' should have been observed each spring aont 4-14 days after spaWning.
The peak number of S. droebachiens’ns plutei actually observed was about 10 ind./m?, or 4

orders of magnitude less than calculated. If all of the eggs were fertilized, minimum
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instantaneous loss rates would be 0.65 / day (65%/ day). much higher than those than those
calculated for most larval typesibelow: reviewed by Strathmann, 1885). Though the
célculation may be based on overestimates-of adult density or égg production, plute: are
geénegative and were probably more abundant near the surface than at depth (Appendix
B). offsetting the above innaccuracies. In any case it is apparént that a Iarg‘o:'portnon of the
eggs presumably spawned were not observed. as young larvae. Sources of this loss may
be failure at fertilization (Appendix A), high embryonic and early larval mortality (Chapters
-V1), and dispersion or advection prior to sampling (below). However as noted above itis
not ciear why S. franciscanus. which is less abﬁndam than S. droebachiensis in San Juan
"Channelt (Shelford et-al.. 1935), apparentl:y produced more larvae than did S.
gr_o_a_béchwnsis. Calculated pre-larval losses !o'r S. franciscanus would be somewhat lower

than described above.

l.oss from the plankton

For those taxa in whuch peaks of larval abundance probably represent spawning by
single speties, rates of declme from peak values were steep but not unexpectedly high.
Apparent losses of larvae from the plankton (instantaneous loss rates; see Strathmann,
1985) were generally 3-12% per day as calcutated from a logistic curve fit through the
declining larval abundances of several taxa (cirripede naupli. middie peak. 1984,
brachyuran zoeae, 1983; echinoplutei, major peak, 1984). These losses are distinct from
those calculated above because they cannot include tailure at fertihzation (Appendix A} or
especially high rates of embryonic mortahty (Chapter lll), but they do mclu&e losses from
all sources of larval mor'tahty as well as any dilution or net movement ‘away from (or to) the
sampling station. Sources of mortality include predation and possibly starvation (see
Korringa, 1857; Paulay et alp. 1985). but as explained in Chapter Il it 1s not at present
possible to estimate daily mortality rates due to predation alone. Nonetheless at
instantaneous mortality rates of 0.03 and 0.12/day, 5% of a larval cohort would survive
100 and 25 days, respectively, or somewhat longer than required for development

through metamorphosis for most planktotrophic larval types (Thorson, 1846. 1950).

However, for those larval types which could be staged {e.g.. echinoplutel) aimost all larvae

observed were younger s\;ages. Thus estimates of daily loss include development from

“



younger to older stages (e.g., development of 4-armed into 6-armed plutei), but these
older stages were rarely if ever observed. Additionally, at least in the case of echinoplute,
younger stages (4-armed plutei) resulting from a single spawning could not have persisted
. f9r about 30 days as was observed (i.e., largest peaks of Fig. 12); a series of spawninge
must have contributed to the observed larval abundances. It is clear that a number of
factors. must have contributed to the obsarvéd rates of decline of larval populations, and it
ts not \possible to partition these losses into their respective causes.

The nearly uniform lack of later larval stages may be accounted for by vertical and
horizontal movement of larvae away from the sampling station. As suggested by'l Thorson
(1964 reviewed in Appendix B), many larvae live at or near the surface when young and
move to deeper water as they mature. Some vertical stratification of larvae probably
occurs in San Juan Channel (see Sources of Variation, above), and ontogenétic vertical
movements of larvae away from the surface may account for some of the decline in larval
- abundance. However, the c'ufves for all the larval types exhibit similar rates of decline. and .
at least some of these larvae probably do not undergo ontogenetic vertical migrations
(reviewed by Banse, 1964; Appendix B). A major additional source of loss was probably
advection. As discussed previously, currents in the San Juan Archipelago are strong and
entail a net flow of water south from the Strait of Georgia into the Strait of Juan de Fuca.
At a net seaward floww of 15 cm/s (Thompson, 1981), the water in San Juan Channel could
be replaced by Strait of Georgia water every 36 hours: this calculation neglects tidal
flushing. Becauée the volume of water both in the Strait of Georgia and the Strait of Juan
de Fuca is high relative to benthic surface area. abundance of larvae in waters entering the
San Juan Archipelago from either the nOrih or south is probabiy relatively low. The high
benthic surface area to water volume ratio in the San Juan Archipelago probably results,
following local spawning, in high larval densities (particularly of hard-botton species) which
persist only until advected into the Strait of Juan de Fuca. For those few larval types for
whuéh larval age can be estimated from their stage of development (e.g., echinoids), this
argument probablx acco;mts for near absence of later-stage larvae in the plankton
sampleé. Considering all of the potential sources of loss, the 0.03-0.12/day
instantaneous rates of 10ss observed for younger larvae are remarkably low, and indeed

are somewhat lower than those calculated for most other invertebrate larvae iMthe ®



plankton (reviewed by Strathmann, 1985).

Juvenile recruitment
The only larvae identified in the plankton samples as presumably ‘competent’ to

settie and metamorphose were ascidian tadpole and cirripede cyprid larvae. it 1s probable.

~

‘however, that many cyphon\a'utes larvae (as described by Atkins, 1955a). and some !
lecithotrophic holothurian and asteroid larvae were also competent. Additionally. a small |
fraction of the polychaete and lamellibranch larvae were late-stage larvae. though none of
these were identified as competent to settie and metamorphose. No megalops or
competent planktotrophic echinoderm larvae were observed.

The lack of late-stage larvae in the samples may in part result from ontogenetic
vertical migrations and advection into the Strait of Juan de Fuca as discussed above. These
arguments are apparently not tenable for competent cyphonautes laryae which require
several weeks to develop and yet were fairly common in the plankton samples.

Because the plankton tows saﬁpled a very smail percentage of the volume of San
Juan Channe., it ts not clear if poor larval supply might. imit population sizes of adult
invertebrates in San Juan Channel. However. the occurrence in some local areas of the San

/Juan Archipelago of abundant populations of juvenile invertebrates (e.g.. "Barnacie Rock’
in East Sound, Orcas Island; Fig. 1) probably indicates that late-stage larvae are retained in
some locales. resulting in heavy recruitm.ent. For example in East Sound. Emilet (1985)

found both early and late-stage echinopiute of Dendraster excentricus in mach higher

abundances than they occur in San Juan Channel (see also Appendix B). At least some of
these iarvae were presumably spawned within East Sound a’nd retamned locally throughout
their development. Such retention probably does not occur in San Juan{éhannel.

In contrast with the present study, most larvae that Thorson (1946) observed were
late-stage precompetent larvae; he rarely observed young stages in his samples.
Competent larvae were presumably rare because they had metamorphosed. and Thorson
(1946) suggested that young stages were not present because most larvae in his sampies
originated in the Kattegat end were advected towards ths Baltic, passing his sampiing
station only after several days or weeks of development. Hydrographic dif ferences

between study sites thus can have profound effects on the larval fauna observed in

>
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samples, and should have equally important biological consequences for larvae (cf. Banse.

1964 Strathmann, 1982).

COMPARISON WITH JOHNSON (1932)

A number of previous researchers (see Introduction) have examined temporal
patterns of abundance of invertebrate larvae in the plankton. and all of these studies
stongly reflect local ciimatic, geologic and hydrographic conditions. as well as the local
faunas. For this reason | have not reviewed the results of the various surveys in detail, but
have discussed their general conclusions in the foregoing sections. However, Johnson
(1932) did provide cursory documentation of annual occutrences of mvertebrafe larvae in
Friday Harbor. where the present study was conducted. as part of a more general study.
His reswits are thus directly applicable to the present study, and are reviewed in detatl
below.

Johnson (1832) took qualitative plankton sampies by net during portions of
1923-29 in Friday Harbor. about 2 km from 'th‘e. San Juan Channel site where the present
study was conducted. His table of results is reﬂroduced here for ease of comparison
{Table ). Johnson found polychaete, gastropod and lamellibranch larvae to be mc;st
cgmmon during the same general por{on of the year as observed in my study. Cnrrtpede
nauplit occurred in one or two peaks rather than three as | observed. and very few cyprids
were found in either study. Johnson only found cyphonautes la in late summer and fall,
th'e spring and summertime cyphonautes | observed were apparently unrepresented in his
samples. Johnson found a few echinopiutei in March and fewer through June, in \fery
rough agreement with my results. Fall peaks of ophiopluter occured in both studies. and
the February peak abundance of ophioplutel in my data was weakly reflected in Johnson s
samples as well. lFinaHy, Johnson found lecithotrophic holothurian larvae during the same
general period as in the present study. Johnscn did not record brachyuran. ascidian. or
planktotrophic holothurian or asteroid larvae from his samples.

Although Johnson's (1932) observations differ in numerous particulars from the
present work and contain essentially no information on larval population dynamics, these
dif ferences can probabiy be ascribed to the small numbers of larvae which Johnson

observed (generally <10 individuals of a given larval type per month). Nonetheless, the

—



general correspondence betwgpn studies in seasons of larval presence 1s good. and |
‘ _ }
believe this concordance Is strong evidence that the broader patterns described in both

studies are accurate.
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Table 1. Dates of collection of samples sorted, time and tidal stage of collection (LS, low

slack; HS, high slack tide), duration of the tows, volume of plankton filtered as caiculated
from the flowmeter, portion sorted, and conversion factors to number of larvae per cubic
meter of plankion per larva directly observed in the subsamples. .

“Collection _ Time Tidal Duration  Vol. (m3) _ Portion _ Conversion
_Date (1983)  of Day _Stage Tow (min) _Fiered. Sorted Factors

13 1314 LS 10 43.00 1/4 0.09
117 1200 LS 10 44.00 174 0.09
1/31 1300 10 41.50 1/8 0.19
2/14 1130 LS 10 48.00 1/8 0.16
2/25 1530 HS 10 42.00 1/16 0.38
2/25 1530 HS 10 43.30 1/16 0.37
3/14 1100 LS 10 37.20 1/32 0.86
3/14 1100 LS 10 37.20 1/32 0.86
314 1100 LS 10 34.30 1/32 0.93
3/14 1100 LS 10 34.30 1/32 0.93
3/14 1100 LS 10 33.10 1/32 0.97
3/14 1100 LS 10 33.10 1/32 0.97
3/28 1030 LS 10 43.10 1/32 0.74
3/28 1030 LS 10 36.60 1/32 0.87
4/11 930 LS 10 32.30 1/32 0.99
4/11 930 LS 10 36.40 1/32 0.86
4/25 800 Ebb 10 30.60 1/64 2.09
_ 425 800 Ebb 10 28.80 1764 . 222
4/25 1100 LS 10 33.90 1/64 1.89
4/25 1100 W LS 10 26.90 1/64 2.37
4/25 1400 Flood 10 30.60 1/64 2.09
5/9 1042 LS 10 - 13.50 1/32 236
5/23 1000 LS . 5 7.40 1/32 434
6/6 900 Lg,, .8 10.00 1/32 3.19
6/20 945 {'s <5 1350 1/32 2.36
6/20 945 AR 13.20 1/32 2.42
7/5 1500 Ks. " 25 3.50 1/32 8.08
7/18 1420 HY 7 2. 6.90 1/16 231
8/1 1200 HS 5 7.10 1116  2.24.
8/15 1310 HS 25 5.60 1716 2.85
8/29 1020 HS 25 5.70 1/16 28
9/12 1150 HS 25 5.90 1/16 2 68
9/26 930 HS 25 6.80 116 2.35
10/10 945 HS 25 9.70 116 165
10/24 . 845 HS 5 14.00 116 114
11/7 1240 HS 5 16.70 1/8 0.48
11721 1110 LS 10 31.60 1/8 0.25
12/5 1140 HS 10 30.40 1/8 026

12/21 1145 HS 10 3290 1/8 0.24
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Table | (Continued).
Collection  Time “Yidal  Duration Vol (m3) _ Portion  Caiculated
Date (1984)  of Day Stage Tow (min)  Filtered Sorted Ind./m3
o

172 1600 HS 10 38.90 1/8 022
117 930 HS 6 90 174 0.12
117 930 HS 6 3290 1/4 012
117 930 HS Vertical 8.90 1/4 0.45
117 930 HS Vertical 9.90 1/4 04
1/30 1010 HS 10 30.10 1/4 013
213 1200 HS 10 29 50 1/4 013
2/29 945 LS 10 29.00 1/4 0.13
3/12 1010 HS 10 29.10 1/16 055
3/26 1140 HS 10 11.40 1/32 28
4/10 1000 HS 5 14.00 1/32 2.29
4/23 1600 LS 5 2230 1/16 072
5/8 1340 LS 4 15.20 1/32 2.1
5/8 1340 LS 4 15.10 1/32 213
5/8 1330 LS Vertical 2.60 1/8 3.03
5/8 1330 LS Vertical 2.50 1/8 316
5/21 1100 LS .5 13.20 1/32 242
6/4 1500 LS 5 6.90 1/32 462
6/18 1500 LS 5 7.40 1/32 434
7/2 1410 LS 25 9.00 1/32 355
7/18 1345 LS 25 4 00 1/32 8.08
7/30 1410 LS 2.5 5.00 1/32 6.39
8/13 1300 HS 2.5 9.30 1/16 .M
8/24 930 LS 25 3.70 1716 428
9/11 1200 5 13.00 1/32 2.46
9/11 1200 5 11.50 1/32 277
9/11 1200 Vertical 2.20 1/16 7.27
9/11 1200 Vertical 2.60 1/16 6.06
9/24 1050 LS 5 115.60 1/32 205
10/8 1050 LS 5 15.00 1/16 1.07
10/22 1030 LS 5 9.60 1/16 1.67
11/5 830 LS 10 21.30 1/16 075
11/20 800 LS 10 20.00 1/16 08

12/3 1330 HS 10 25.50 1/16 063
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Tabie II. Categorization of larval types by seasonal abundance in the plankion. Tripie
asterisks indicate periods of peak abundance, single asterisks indicate periods of minor

abundance.

Late Winter
(Feb-Mar)

Spring
(Apr-May)

“Spring-Summer Late Summer
(Jun-Jul) (Aug-Sep)

Polychaeta
Gastropoda
Lameliibranchia
Bryozoa
Cimipedia
Brachyura

e
Echinoidea

Ophiuroidea

Auricularias
and
Bipinnarias

Lecithotrophic
echinoderm
larvas

Tadpole

larvae
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Table lIl. Average monthly distribution of various larvae (directly from Johnson 1932

Symbols - no sample: blank, no larvae present, +. larvae present but not counted

number. number obsarqu, VA, very abundant but not counted. A. abundant but not

counted: C. common but not counted. F. frequent tit less than common and not co!mtéd‘
\

»

Ly



SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG

_SPECIES
Barnracle nauplii ' .
1923-¢¢ 7, 2 o+ + 24 14 - -
1926-27 + + + +- A C F - -
1927-28 2 1 1 1 80 5 14. 10 7 4
1928-29 2 + + + 20 6 17 - 2 1 +
Cyphonautes larvae
1923-24 4 5 5t . - -
1926-27 F F C + + + + : -
1927-28 4 6 11 1 + 1 1 1
_1928-29 3 5 3 1 + + + + + 1
Echinoplutei ,
1923-24 - 1 - -
1926-27 ___ + + -
1927-28 ' 4 o+ 11
1928-29 . oy 1. o+ +
Gastropod larvae Co . , ‘
192324 6 6 2 .+ 1t 1 - 2 .2 . s n
1926-27 + + + + + + + SRR T T U
1927-28 10 8 4 2 2 2 3 2 2 1. .2 2
1928-29 2 1 1 + A+ + 4 1T 1 1 2 2
Holothurian larvae " >
1923-24 o S o} -
1926-27 - VA ‘
1927-28 . : VA F C
1928-29 ‘ VA C A F
Ophioplutei "
. 192324 3 1 SR - oA PR
1926-27 + + ¥ » : i
1927-28y 3 2 1 £ o s 2
1928-29 2 1 + + + 2
Lamellibranch larvae
1923-24 13 10 11751 2 4 - 5 23 - -
1926-27 + C F“* & R T S S R A,
- 1927-28 10 23 17 g, ~ 9 7 6 5 12 10 20 27
- ¥o28-29 8 7 4 2 3 .3 2 1 6 19 18 10
W “Polychaete larvae 3
: 1923-24 5 3 1 4+ 3 1 - -
1926-27. F + F + + . + F + + -
1927-28 9 6 5 1 t 4 + F + + -
5 4 ) + + + 1 + 2 3 4 4

1928-29



Figure ti-1. Map of the San Juan Archipelago. Washington. The study wes conducted at

Friday Harbor Laboratories (FHL}). San Juan Island, and sampling was conducted 20-200 m

northwest of the Reid Rock Buoy (arrow). Not shown is the Washun&ton mainland and
~

assorted 1slands to the east of Rosario Strait, and Vancouver Istand to the west of Haro

Strart. The Strait of Georgia bordgrs. the north, and the Strart of Juan de Fuca hes to the

south of the Archfi;elago.
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Figure |I-2. Temperature (degrees C) of surface water in San Juan Channel throughout
1983 (A) and 1984 (B). In 1983 mean temperature was 9.6 witha range of 5.5 n 1984

mean temperature was 8.8" with arange of 4.8°.
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Figure 11-3. Salinity of surface water in San Juan Channel throughout 1983 (A} and 1984
(B). Mean salinity in 1983 was 25.9 ppt with arange of 7.0 ppt. in 1984 mean salinity was
27.5 with arange of 12.0 ppt. However, a salinity meter became unrelable and gave

erratic readings in late 1983 before discovery.
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Figure |1-4. Planktonic biomass, standardized to biomass per cubic meter of water.
throughout 1883 (A) and 1984 (B). During winter the planktonic samples consisted largely
of zooplankton, but biomass during spring, summer and fall was predominantly

phytoplankton.
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Figure 11-5. Abundance of polychaete trochophores throughout 1983 {A) and 1984 (B)
Counts have been standardized to numbers of larvae per m'. note that the ordinates are

not to the same scaie.
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Figure 11-6. Abundance of gastropod veligers throughout 1983 (A} and 1984 (B). Counts
have been standardized to numbers of larvae per m*, note that the ordinates are not to the

sgme scale
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A. Gastropod veligers, 1983
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Figure 11-7. Abundance of lamellibranch vehgers throughout 1983 (A) and 1984 B} Counts
have been standardized and are expressed as numbers of larvae per m' x 10' ordinates

are to the same scale.
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'Figure 11-8. Abundance of cirripede naupln throughout 1983 (A) and 1984 (B). Counts have
been standardized and are expressed as numbers of larvae per m' x 10*, note that the

ordinates are not to the same scale.
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Figure 11-9. Abundance of cirriped cyprids through'but 1983 (A} and 1884 (B). Cyprid ,

abundances were so low that these data can be taken to indicate little more than presence

" or absence. Counts have been standardized t¢ numbers of larvae per m'. note that thé s
i

ordinates are not to the same scale. - - : ' . -
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Figure I1-10. Abundance of brachyuran zoeae throughout 1983 (A) and 1984 (B). Counts
have been standardized to numbers of larvae per m’. note that the ordinates are not to the

same scale.
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Figure I1-11. Abundance of bryozoan cyphonautes larvae throughout 1983 (A) and 1984

{B). Counts have been standardized to numbers of larvae per m!: note that the ordinates are
' [ ]

not to the same scale.
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Figure Il-12. Abundance of echinoid pluteus larvae throughout 1964 (A) and 1984 (B).
Counts have been standardized to numbers of larvae per m’. note that the ordinates are

not to the same scale.
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Figure 11-13. Abundance of ophiuroid pluteus larvae throughout 1&83 {A) and 1984 (B)
Counts have been standardized to numbers of larvae per m'. the ordinates are to the same

scale.
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Figure I1-14. Abundance of piani(t hic holo';nan auricularias and asteroid bipinnarias

throughout 1983 (A) and 1984 { ounts have been standardized to numbers of larvae

per m!. note that the ordinates/are not to the same scale.
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Figure 1I-15. Abundance of Iecnthotrophuc holoturnan .and asteroid larvae throughout 1983

.

(A) and 1984 (B). Because most of these Iarvae fioat at the Swater surface they ®ere
sampled poorly by the ngt; the data can be taken to indicate larval presence or absence.
Co'un’ts were standandized to numbers of larvae per m?; note that the-ordinates are not to

the same scale. ¥ ~



A. Lecithotrophic holothurign and asteroid larvaé, 1983
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Figure 1I-16. Abundance of ascidian tadpole\arvae throughout 1983 (A) and 1984 B)..So

-
few tadpoles were observed that these data can be taken to indicate larval presm ? \
- .

absence. Gounts have standerdized to numbers of larvae per m'. note that A

‘s ' . ‘

-
-

ordinates are not to the same scale.
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7‘.&unts of the 6 most abundant larval types in 6 replicate surface tows taken

Lo '

R '
g0

14/83 (Table ). Variation in numbers of a given larval type sampled between tows )
was c&\siderable (see text), but there was no siggificant effect of tow on the Cm
. 'Y " .
(Friedman's Test, P>0.5). Legend to the abcissa is"Poly, Polychaete trochophores, Lam,
. Lamellibranch veligers; Gast. Gastropod veligers; "Cirrip.‘Cirripede nauplii; Brachy.

'Brachyuran zoeae: Echino, Echinoplute:. ]
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Figun I1-18. Abundances of larval types during three tcd‘al stages during daytnmbn ,

A

-

r&/25' / 83 Qta for all larvae obgerved are ‘presentsd in (A) echile the‘dﬁta for c:rrupode B :,,.; .

V
" are apparent. Counts have been standardized to numbers of laryae per m’; values for ebb J" ‘(

and low slack tide are meaans of 2 replicate tows, values for flood tide are single data; .‘ .

nauplii have been excluded from (B) so that differences between the less abundant larvae

. ps . "
note that the ordinates are not to the same scale. Legend for the abcissa ] ?ow-‘ - 5}2
. "- . i
Polychaete trochophores; Lam, Lamelhbranch veligers; Gast, Gastropof vahg&s. Omg o 0
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Figure 1I-19. Abundances of larval types observeé'm surface and vertical (0-80 m) haulg N
¢ . Y
taken during daytime on 1/ 17/84. Counts have beep stundardized to pumbers of larvae

3

per m’. Legend for the abcissa 1s. Poly, Polychae'e trochophores. Lam. Lamellibranch’

- dyp. .
veligers. Gast, Gastropod veligers. Cirrip oirripede nauphi. Cypho®Cyphonautes larvae.
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Figure 11-20. Abundances of larval types ohserved in surface and vertical (0-80 m) hauls

taken during daytime on 5/8/84. gta for all larvae observed are presented in (A). while

the data for cirripede naupin have bgen gxcluded from (B) fo that differences between the
! 3

less abundant larval types are appar’nt. Counts have been 'istandar,dlzeJ té'hbmbers of

larvae per m'. note that the ordmatek are not t& the~same scale. Legend to the abcissa s A

»
Poly. Polychaete trochophores: Lam-Lamelliagench veligers, Gast, G%stropod veligers.

-’

Cirrip. Cirripede nauplii; Cypho. Cyphonautes larvae.
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Figure 11-21. Abundances of larval types observed in surface lhd)vomcal (0-80 m) hauls
taken during daytime on 9. 11/84. Counts have poen mndardqoéto numbers of idrvae
per m’. Legend for the abcissa 1s Poly. Polychaete trochophoros Lam. Lameliibranch

veligers; Gast. Gastropod veligers: Cirrip. Cirripede naupln Cypho. Cyphonautos larvae .
Ophio. Ophaoplutan
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Figure TI<2Z. Compilation of the larval types by period of peak abundance. with data from
. *
“Table Il. The histogram shows that the larval fauna was most varied during Feb-Mar and
Jun-Jul. The overlay plots are mé?ﬂ ‘semimonthly temperature and plankton data from

-

Figures 2'and 4; wet weights are plotted‘ on-a relative scale (see Fig. 4 for absolute

values). :
“ . L4
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Figure 11-23. Pie charts showing relative abundances of the larval types in all samples
compbined. in (A) data for all larval types are included, while in (B) data for cirripede nauplii
(C-Naup), lamellibranch veligers (Lam), polychaete trochophores '(P'c»ly) and gastropod
- veligers (Gast) have“beon excluded [pie (B) represents 5% of (A} to sﬁow relative
‘abunda‘ncas qu the less common larval types. Legends for the remaining larval types are:
Cypho. cyphonautes larvae; Brack, brachyuran 2oeae: Echin, echinopliutei; Aubip,
auricularias and bipinnarias; Ophio, ophiopl(:tei; LHolo, lecithotrophic holothurian and

asteroid larvae: Tad, ascidian tadpole larvae: Cypr, cirripede cyprid larvae.
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IIl. STAGE-SPECIFIC PREDATION UPON EMBRYOS AND LARVAE OF THE PACIFIC
SAND DOLLAR, DENDRASTER EXCENTRIC¥§. BY ELEVEN SPECIES OF COMMON

ZOOPLANKTON)é PREDATORS
1

/
INTRODUCTION | /
! Predation is-a major source of/ mortality for pelagic larvae of benthic marine
’ mvertebrates {Thorson, 1946, 1950; )/oung and Chla in pressh Although planktiveres eat
mvertebrate larvae, most studies gf predator/prey mteractlﬂhm the plankton consider
larvae only as incidental prey (ry(newed by Young and Chia. in press). Most models of
"reproductive strategies” of w’xarme mvertebrates assume that rates of predation upon
larvae are high andnonstam durmg development {Vance, 1973. Jackson and Strathmann.
198I; etc.}), though Chrnsmansen and Fenthel (1979) and Pechenik (1979) have suggested that"
embryos and early larvae might be more susceptible to predation than late-stage larvae. I
spite of considera'ble‘:mterest in larval life histories, only Cowden et. al. (1984}, Pennington
and Chia (1984 [Chapter IV]. 1985 [Chapter V], and Rumill et al. (1985) have conducted .
experimental ,étudies which examine aspects of predation upon larvae of benthic
mvertebrates
In thls study we document patterns of predation by eleven common planktivorous

specnes upon embryonic and larval stages of the Pacific sand dollar, Dendraster

excéntricus (Eschscholtz), to determine if rates of predation by a variety of predators -

up'on embryos and larvae are constant during development, or if they are stage-dependent

‘and decrease as eevelopment proceeds (see Rumnrill et al.. 1985). Dendraster embryos and
larvae were chosen as,prey because they were readily available, and because they feed
and develop Iin the plankton for many weeks (Strathreann, 1978} where they are exposed to

- avariety of predatore. The predator species were common in the plankton ‘near Friday

‘ A
Harbor, Washington, where the study was conducted. -

__________________ 7

1This chapter is in press: Pennington, J.T., S.S Rumrill and F.S. Chia.
Stage-specific predation upon embryos. and larvae of the pacific sand dollar,
Dendraster excentricus, by eleven species of common zooplanktonic predators.
-Bull. ,Mar. Sci. o
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MATERIALS AND METHODS
Adult Dendraster excentricus were collected from intertid%and flats on Qrcas
Island, Washington, and their embryos and larvae were cultured as described by Highsmith
LY
(1982). Embryonic and larygl development was divided into 7 prey stages: (1) unhatched

embryos; (2) blastulae; (3) gastrulae. (4) prism larvae, (5) 4-armed plutei. (6) 6-armed plutei;

and (7' 8-armed plutei (see Mortensen, 192 1). Predation experiments were conducted - -

‘separately for each of the first 5 prey stages for all predat’nd for all 7 stages for one

predator: however. because cevelopment is continuous and rapid during the 3- 4 days ;

following fertilization, some eofperiments necessarily bridged more than one prey stage

(see Pigs. 1-2). .

Except for juvenile pink salmon, which were hatchery-reared, the predator species

‘ (Tabte ) werescollected in the vicinity of Friday Harbor Laboratories. The copepods,

euphausnds amphupods and chaetognaths were taken in a 330 um mesh plankton net

equnpped with a non-filtering cod end. The hydromedusae ctenophores and zoea larvae

“w’ere dipped from surface waters in hand-held jars. Stickiebacks were captured with a -

beach seine. Except for fish, predators were used in experiments on the day of
coltectton. The fish were maintained in flow-through aquaria at ambient seawater
temperature and fed goidfish food .an’d chopped shrimp prior to experiments.

| Fo;' experiments, Dendraster embryos or larvae were~counted into a series of jars
nearly fille& with 3 um-filtered seawater. Predatots were then added to treatment jars, but
not to control jars which measured background prey mortalnty The number of treatment -
and contr*eplncates varied in some experuments {Figs. 1 2), as did the number and sizes
of predators (Table ). In some cases, expesiments with dif ferent predator species were
run simultaneously fin parsllel), so that jars lacking predators served as controls for both
expe'riments. Except for experiments with euphausids and zoeae, prey density was always.
50/1, and expériments werevconducted in 11 jars. Experiments with zoeae were also
conducted in 11 jars, but at 3 prey densities, either 25, 50, or 100 prey/1. Experiments
with euphausids were conducted in gallon jars each containing 3 | of seawater and 100
prey. The jars were sealed and strapped aroynd the long axis of a grazing wheel (see

Landry. 1978: Yen. 1982) which rotated about 1.6 rpm to keep the predators and prey

suspended. Experiments ran for 24 hours at 12° C in a coldroom under a 12: 12 light:dark
~ *
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.
photoregime. At the end of experiments. predators were removed and water was
*siphoned from the jars through Nitex mesh, concentrating the surviving prey in a small
volume of residual seawater. The prey were then washed into vials, fixed. and counted )\

later. »

RESULTS
The results of the predation experiments are shown as Figs. 1-2. Statistical analysis
was performed with square-root transformed percentages because Bartiett's test ‘

indicated this transformation usually rendered the data sufficiently homoskedastic for

analysis of variange‘(ANéVA). However. the data for Pseudocalanus minutus and Euphausia
pacifica were not homoskedas;jc after transformation, though the trends in rate of
predation were very strong for these pfedators (Fig. la-b). some caution must
nevertheless be used in interpreting these statistical resul}s. Values for control replicates
for all prey stages offered to a given predator species (or group of predator spedes
where’experiments waere run in parallel} were averaged because one-way’ANOVA s
indicated that loss from control jars was independent of prey stage (P> .05).‘An ANOVA
followed by a Student-Newman-Keuls multiple range teét was then calculated with the data’
for each predator species to determine where significant differences between control
and treatment means lay (P<.05). Degrees of freedom for all statistical tésts were based
on number of replicate jars used during experurﬁénts {not on the numbers ef predators

added).

Three of the crustaceans, Pseudocalanus. Euphausia and the brachyuran zoeae.

exhibited similar patterns of predation upon embryos and larvae of Dendraster
excentridus, primarily eating young prey stages (Fig. la-b.d). All three species éte
unhatched embryos at significantly higher rates than plutei. Hatched embryos were also ’
consumed at hi'gh rates by Psuedocalanus. but at an intermediate rate by Eughausna Prism
larvae were consumed at an intermediate rate by zoeae, and at a low rate by Euphausia.

The amphipod Parathemisto pacifica did not eat large numt;erg of any prey stage (Fig. 1c).

though it ate significantly more gastrulae and prism larvae than other stages. Detailed -
results of the prey density (functional response) and other experiments with zoeae are

presented elsewhere (Rumrill et al.. 1985). .



(«

¥ W
. DIBCUSSION’
: e

5

The hydromedusse Aequores victoris and Phigligigm gregarium also consumed
significmﬂy more esrly-stage prey than piutei (Fig. 1e-f). _A_p_ggggj\ato most unhatched

"embryos and swi}éning blastulae and gastrulae offered. Phialidium ate most of the

immotile ombrxos, but did not capture motile prey in significant numbers.
The ctenophore Pleurobrachia bachei ate neither embryos nor larvae in significant
numbers.(Fig. 1g), while Bolinopsis infgngigglum may have‘consumed a few plutei (Fig.,1h).
The fish, Onggrhgﬁghus gorbuscha (pink"_sﬁmon) and Gasterosteus aculeatus -

(sticklebacks), consumed relatively few blastulae and gastruiae but ate significant numbers

" of unhatched embryos, prism and pluteus larvae (Fig. 2a-b). o

The chaetognath 'Sagitta elegans did not consume lsrge numbers of embryos or

larvae (Fig. 2c). However, it apparently ate more hatched embryos than immotile embryos |

o& | pluten. . “ . »

“Ten of the eleven predator species fed during experiments, and for those, rates
of predation were never constant for all prey stages. The patterns of predation observed
were presumably caused by the behavioral and mdrphological chaffg%ﬁhat the prey

undergo during development. Unhatched embryos are immotile and s_urrou.;ﬁa‘ed\by the

2

fertihzation envelope and jelly coat, which in Dendraster excentricus contains pigment o

cells. Blastulae and gastrulae are motile and have hatched out of the jelly coat and
fertilization eri\}elope. Prism larvae are transitional between gastrulae and plutei, and bear'
some features common to both stages. Plutei are both behaviorly and morpholégically
more complex than earlier stages. Plutei swim, butv 8lso stop, turn or back up when they,
ehcounter objects or ére disturbeg) The arms of plutei are supported by a calcite
erﬂoskeleton‘: which Emlet (1983) has shown is stronger than necessary to ;im;'bly support
the arms duriﬁg swimming, and plutei also grow from about 225 um long as 4-arme'd plutei
to about | mm long as 8-armed larvae. We havehot determined the causes of differential
vuinerability to predators (see Rurﬁriil _e_;\_l‘ﬂ 985), but it ns not surprisi;%g that fundamental
changes in morphology and bqﬁyior produce stage-selective predation.

The pr;dator specios used dif ferent feeding mechanisms, and they produced

dif ferent patterns of predation. However, the patterns fall into four general groups which



sre discussed below
e (1) Three crusteceen species consumed pnmenly embryo through gastrula stages.
but few plutei. The size, motility or larval spiculestf plutei epperen}ly protects them from
these predators. It is also possible that the cl;osteceans simply beceme satisted when
offered plutei, though functional response experiments with zoeae indicate fhie was
unlikely (Rumrill et al., 1985). The hydromedusse also fed primaril'y upon early stages °
though their method of prey capture is uniike that of crustaceans. Because both medusa
species eat orey larger than plutei (Hyman, 1940; Huntley and Hobson.. 1978) and the internal
skeleton of plutsi cennot protect edeinst nematocysts, mobility of plute: may be important
in evoiding these predetois However Aequorss _g_tgr_ug ate significant numbers of all
prey stages while Phialidium gr gggnum ate only unhatched embryos This result 1s 1N
general agreement Wlth Hyman's (l940) finding that Agguorea IS a relatively mduscnmmant
planktivore, and with R. Larson's (m comm.: Univ. Vcctona) observation that Phialidium
manubria and guts often coritain crustacean eggs.’ N ‘ g
{(2) The amphipods and chaetognaths both ate more blastola throdgh onsm stages K
than unhatchqd :mbryos or plotei.
(3) The two fish species consumed both unhatched empryos and plutei. but ate
significanﬂy fewer intermediate stages. We observed both fish species striking at plute! in
/aquarie; theifish clearly saw, and then ate plutei. It is not clear, however, why unhatched
embfyos were consumed at high rates while blastune and gastrulae were eaten at the
lowest rates. It is possuble that ;elly coex surroundung Unmte\ed smbryos. which in
Dendraster contains purple pngment cel'lt nbcrbuﬂ m:w and visibility so that the
fish were able to see and eat them Conversery some }ey'mortaluty may have occurred
during gill ventllatlo_n..
4) T‘_he ctenophore species ate few; if any prey, though Bolinopsis infundibulum

hpparently ate a few plutei. Pleurobrachia bachei does eat copepod prey in similar

experiments (C. Greene; pers. comm.: Univ. Washingtc;n),.) These ctenophore species
probably specialize or faster-swimming crustacean presf, and may not have respoé\ded to
the immotile or sl.ow-swimming prey in our experimenzs. Anderson (l974) found that
slow-swimming cobepods formed a large fraction of the diet of Bolinogsis, while swifter

copepods occurred more frequently in the diet of Pleurobrachia. 'Possibly piutei, but not

A 4
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eariier stages, are qu'o or motile enough to be captured by
Pigwrobcgchis. .
The above groupings, based on patterns of predation,

\
sort the predators by . Thus the hydromedusae and three of\?\the four crustacean

ig, but not by
ith but gne exception also

species comprise group 1, although the amphipod species formi igroup 2 with the
chaetognath species. The fish species comprise group 3, while t ’ ctenophores form
group 4. Such a cqnstrpct is analogous to the "functional group” classification used to
descriQJpatftom‘s of predition by collections of planktivores that feed with similar
mechanisms (see Greene, 1983, 1985). In such models prey selection by a given predastor
type is predicted in terms of prey sizqand mmmmo speed. Our results i»dlo that
_ predators with similar feeding mochini;fg\s generally do eat similar$rey. quever,
&reone's (1983; 1985) pre'dictions are ngt clearly borne out. Though the crustaceans did
Bat small prey, medusae, ctenophores and chastognaths did not predominantly eat large
prey, as predicted. SimilaS; the fish species did eat large plutei. but they also ate

~ unhatched embryos. Based‘on our results, classification of predators by taxa would seem

simpler and as explanatory as the functional group construct. &

Of the sleven predator speciés, the nine invertebrates ate few or no plutei while
only the fish consumed more piutei than earlier stages. Because the planktonic abundance
and ehcounter rates of the prey and most of thé bredators are unknown, we cannot
predict mortality rates for embryonic or larval Dendraster in the plankton. The predators  °
and prey wers also subjected to unnatural treatment both before and during experiments
which probably altered rates of predation for panighlaﬁ predators. Nonetheless, within the
constraints of the experimental design, the >results do in'dicatp that planktonic rates of
predation upon Dendraster embryos and larvae are stage-dependent for a variety of
common predator species and that where invertebrate predétors predominate, rates of
predation upon plutet+-sre lower than upon earlier stages. Conversely, where small
planktiyprous fish are common, plutei may be consumed at gigh rates. At présent, such
complexity of interaction between predators and their larval prey is not reflected in most
models of larval Iifé-hist_ories. Christiansen and Fenchel (1979) and Pechenik (1979) have

shown that where stage-dependent mortality rates_occur, they shouid affect "reproductive

strategies”. v
&

@
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The patterns of pr,dation we ;uvo documented for Qm_gﬂ; embryos ,nd larvae
may _bo common for invertebrate larvae from a var‘ty of taxa. Bp(lu ) Rredation 13 a
major cause of mortality for larvae of benthic invortobntos‘(T Honbﬁf Y9486 1950, Young
and Chia, in press), seloétive pressure for larval defenses should be subﬁtam‘ul and 2
variety of defenses have probably evolved. It will be of interest to Sxamm&' such
defenses. and to determine whether the interactions of other larvae with their predators

will also fall into decipherable patterns.
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Table 1. List of planktivorous invertebrates and fish used in predation experiments
with embryonic and larvsl stages of Dendrester excentricus as prey. Number of predators

used per replicate and approximate prodnor or dismeter is slso noted.
PREDATOR " PREDATOR ~ # PREDATORS PREDATOR .,
PHYLUM SPECIES PER SIZE )
) REPLICATE ~(mm)
ARTHROPODA: Pseudocal anus mi nutu$ 25 1.2
-9 (Copepoda)
' Euphausie pacitica 2 30
Euphausideces)
Parathemisto pacifice 5 2-4
V (Amphipoda)
| brachyursn zoese 5 ' 3
CNIDARIA: Aesquoresvictoria 1 50
Phislidium gregarium 2 15
CTENOPHORA. Pleurobrachis bschei 1 10
Bolinopsis ' 1 30
infundibulum
CHAETOGNATHA. Sagitte e/egans 5 B 30
CHORDATA: Oncorhynchus 2 40
gorbuschas (Pigces)
Gasterosteus aculeasts 2 55
(Pisces)

-y



'- kercentages (x 1 standard deviation) of embryonic and larval stages surviving
¥l

Figure I1}§

Bolinopsis nfundibulum. Legend for the abscissa C. controls. E. unhatched embryos. B

blastulae. G. gastrulae. P. prism larvae. 4. 4-armed plute:; 6. 8-armed plute, 8 8-armed
plute .' The number of replicates of each treatment is noted in the upper rightcorner of
each bar. The letters in or over each bar indicate the results of a Student-Newman-Keuls
Multiple Range Test. where the same-letter occurs in or over 2 or more bars thiy were

U ¢

grouped as not significantly different (P>.05).
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Figure 11i-2. Percentages (21 sundir‘d doQuation; of embryoenic and larval stages surviving

experiments with pisnktivorous fish and a cheetognath: (A) juvenile pink saimon.

Ongerhynchug gorbuscha. (B) sticklebacks, Gasterosteus sculestus. (C) the chastognath

}Hm‘ elegans. Su. caption of Fig. 1 for legend-10 abscrass and key 10 statistical resuits/
Cv



107

» ¥4dD 00 3

vVi1L0OVS (O

{

| SN3ILSOYILSVO (8 SNHONAHYOONO (V

L4

9 Ly 4083 O vy o83 9
[ 4
_ qjlQjeiaq L] ai
| I [

N H “Nv. '—, h 1L B Bt
4 oo
+_ P @ 2q |e _fv; *
.Ttt | ’ i

L 8 ok

ONIAIAUNSG LN3IDH3d



_ e 108
t J
Anderson. E. 1974. Trophic intersctions among ctenephores “W n St '
Margaret's Bay. Nova Scotia. Ph.D. Dissertstion, Daihdusie Urwversity. 8% pp.
Cowden, C.. C.M. Young and F.S. Chia. 1884. Dif ferential woﬁmmm&m )
invertebrate larvae by two benthic predstors. W Ecol. Prog. Ser 14
14%-149. -

J-M. Fenchel. 1979. Evolution of marine invertebrate reproductive
)

.Pop. Biol. 184 287-282. :

Emiet. R.B. 1983. Locomotion, drag. and the rigid skeleton of larval echinoderms. Biol

" Bull. 184 433-448. o ‘ t.

¢, _ ,
Greene. C.H. 1983. Selective predation in freshwater zooplankton communities Int Rev
Ges. Hygrobiol. 68 297-315. “

Christisnsen. F.B.
’ petterns. T

[

--=--. 19885. Planktivore functionsl groups and patterns of prey selection in pelagic

‘ communities. J. Plﬂton Res. 7 3%-40.

Highsmith, R.C. 1982. induced settiemerit and metamorphosis of sarid dollar (Dendraster
@itentricus) lsrvae in predator-free sites adult sand dolisr bods;/Ecology. v
329-337.

Hunt‘lléy, M.E. and L.A. Hobson. 1978. Medusa predation and plankton dynsmics in a
temperate fjord. British Golumt;u. J.Fish. Res Bd. Can 35 257-261’

Hyman. L.H. 1940. Observations and experiments on the physioiogy of medusae B:o!
Bull. 79 282-296. . -

Jackson. G.A. and R.R. Strathmann. 198 1. Larval mortaiity from offshore mixing as a ink
between prec.ompetcnt and competent periods of development. Amer. Nat
116 16-26. ! N

Landry, M.R. 1978. Predatory feeding behavior of a marine copepod. Labidocera

" trispinosa. Limnol. Ocesnogr. 23- 1103-1113, '

Mortensen, Th. 1921. Studies of the Development and Larval Forms of Echinoderms.
G.E.C. Gad. Copenhegen. PP. 99-103.

Pechenik, J.A. 1979. Role of encapsulstion in invertebrate life-higtories. Amer Nat 114
859-870. o

Pennington, J.T. and F.S. Chia. 1984. Morphologo;’l and behsvioral defenses of



) 109
(,
’ trochophore larvae of Sabellaria ¢ emegt_grlum (Polychaeta) against four
. planktonic predators. Biol. Bull. 167: 168 175. S
e and ------ . 1985. Gastropad_jorsion: atest of Qarstang’s hypothesis. Biol. Bull. 169:
#391-396.

Rumrill, S.S.. J.T. Penmngton and F.S. Ch:a 1985. Differential susceptubnhty of marine
invertebrate larvae: laboratory predation of sanhd dollar, Dendraster

¢ excentricus (Eschscholtz), embryos and larvae by zoeae of the red crab. =
Cancer productus Randall. J. Exp. Mar. Biol. Ecol. 90: 193-208.

Strathmann R.R. 1978 Length of pelagic penod in echinoderms with feeding larvae from
the nortmast Pacific. J.Exp. Mar Biol. Ecol. 34: 23 27.

Thorson, G. 1946. Rep“r_qduc!non and lérval development of Danish marine bottom
invertebrates. Medd. Komm. Danm. Fiskeri-og Harvunders. Ser. Plankton. 4.
1-5623.

Thorson. G. 1850. Reproduction and larval ecology of marine bottom inve;tet;rates. Biol.
Rev. 25: 1-45. | .

Vance. R.R. 1873. bn reproductive strategies in marine benthic invertebrates. Amer. Nat.
1Q7. 339-352.

Yen. J. 1982. Sources of variability in attack rates of Euchaeta elongata Esterly. a

carnivorous cobep@d. J. Exp. Mar. Bﬁol.. Ecol. 63: 105-117.

Young. C.Mf“a”?\{diF.S. Chia. In press. Abundance and distribution of pelagic larvae as
influenced by predatory. behaviofal and nydrographic factors. in Reproduction
of Marine Invertebrates. A.C. Giese and J.S. Pearse, eds. Academic Press.

-

New York.



v, MORPHOLOGICA{. AND BEHAVIORAL DEFENéES OF TROCHOPHORE LARVAE OF
SABELLARIA CEMENTARIUM (POLYCHAETA) AGAINST FOUR PLANKTONIC

) _ PREDATO}F}S/ :

)

INTRODUCTION

a ? Thorson (i946),.Young and Chia (in press), and others have suggested t}\at the

major source of larval mortality for benthic marine invertebrajes is predation..While this

conjecture may be true, littie empirical infolrmation supports it. Predation upon
invertebrate laryae is generally documented during gut content anaylsis of predators,
larvae usually constitute a minor portion of the diet (reviewed by Young and Chia. in press).
and larvae thus observed are often partially digested and therefore dif ficuit to identify
4 ~ver, Cowden et gl_. (1984) proVide data on differential predation upon several pelagic
ardp- oy two benthic filter-feeders. Models of reproductive strategies of benthic '
irvertebrates havé generally assumed that rates of predatic;n upon larvde are constant
‘throughout ontogeny (Vance., 1973; Pechenik, 1979 Jackson and Strathmann. 1981).
though Ch‘ristiansen énd Fenchel (1I979) did consider large, Iate-ﬁtage larvae less
sus’ceptible to predation than small, early iarvae.

Motility is a factor whigh méy alter rates of pfedaiion upon developing larvae.
Gerritsen and Strickler (1I977) have p‘redictea on lrlme basis of encounter rates that prey
could minimize predation by minimizing movement. However, it remains unclear whether
diversity of planktivores and feeding methanisms will render this hypothesis relatively
unimportant in marine enviornments, 'esp.ec‘iaNy for siow-swimming invertebrate larvae.

A second factor which may alter rates of larval predation is the development of
structures such as larval setae (Fig. Id). A wide variety of planktonic organisms develop
setae or spines, including larvae of many benthic polycﬁaetes (Bhaud and Cazaux, 1982.
review by Schroeder and Hermans, 1975) and articulate brachac;pods {Long. 1964). These
larval setae project posteriorly during normal swimming. but are erected to spread out
radially when larvae encounter objects or are. otherwise disturbed (Fug.llb-c). Since larval

setae are typically lost during metamorphosis, they are presumed to be agdaptations for

'This chapter has doe\ published: Pemnington. JT. and F.S. Chia. 1984,
Morphological and behavioral defenses of trochophore larvae of Sabellaria
cementarium against four planktopic- predators. Biol. Bull. 167: 168-185.
- ) —
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pelagic existence. Setae and spines have been postulated to function botﬁ as "parachutes”
which slow sinking rates and as defense mechanisms (Wilson, 1929, 1932; Hardy, 1956;
Blake, 1969: Fauchald, 1974; Schroeder and Hermans, 1975). In defense, setae ate

presumed to function both by increasing a larva’s effective size and by making it difficult

to swallow. Spines of freshwater rotifers and cladocerans are known to be ,e
defenses against small planktivorous invertebrates, but are apparently not effé ve
defenses égainst %ish predation (Gilbert, 1966; Dodson, 1974; Kerfoot, 1975, 1978.
1980). The only observations regarding the function of setae or spines for marﬂne
orgamshs are those of Lebour (I9I9) and Wilson (1I929). Lebour (1919} observed a
megalopa'é dorsal spine lodging the .larva into the esophagus & a small fish; the fish was
neither aSIg to expel or ingest it and eventually died. Wilson (I929) described smali fish
ejecting Sazbella’ria alveolata trochophores from their mouths and suggested that erected
setae rendered the trochophores offensive. .

This study was desighed to examine whether motility’and setae of trochophores of

.

~ the polychaete Sabellaria cementarium Moore are effective defenses against predation by
four planktonic predators. S. cementarium was used as prey because its embryos and
larvae were readily available. and because of the prominent setae that its trochephores

develop (Fig. Ib-d). . \

MATERIALS AND METHODS

Adult Sabeli' ria cementarium were dredged in the vicilly of San Juan Island,

Washington. Gametes were obtained and embryos' and larvag were cultured as in Smith

(1981). Ngn-motile eggs, 2 day-old pre-setal trochoprges and 5 E!ay-old setose ‘
trochophores were used as.prey (Fig. la-c). Body size and shape was relatively constant
durmg the first five days of d;avelopment {70-90 um), though eggs were disk-shaped and
so.mewh‘ax broader when freshly spawned. |

Predator species from four phyla, Pleurobrachia bachei (Ctenophora). a medusa

Aequorea victoria (Hydrozoa). unidentified brachyuran megalopa (Crustacea), and juvenile
Sebastes sp. (Pisces). were chosen because they were common near Friday Harbor during
summert%:nd because of their different feeding mechanisms. Although in some cases

predators e kept‘ in the laboratory for several days before experiments and fed

- ]
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; ’
m salina ﬁaupl}u or goldfish food. they appeared to be in good condition st the time
of expériments. ' | '
_For each experiment fifty eggs or larvae were placed into each of 16 1.0 | jars
which contained 960 ml of 3 um filtered sea water. Twelve of the jars were divided into

four sets of three replicates. Each set received a different predator species (I} one 10 mm

diameter P. bachei per jar. (2) one 30 mm diameter A. victoria per jar. {3} five 3 mm long
“megalopa per jar: or {4) two 15 mm lorig Sebastes sp. per jar. The four remaining jahs .
served as controls, measuring background mortality and handiing errors.
All jars were capped and strapped horizontally around the horizontal axis of a
"grazing wheel” which rotated at 1.6 rpm, gently stirring the water and keeping the prey
evenly distributed within the jars. Experiments were run for 24 hours ina 12 12 hght dark .
14" C coldroom. At the end of each experiment, predators were:rem‘cwed and the water
was siphohed from the jars throﬁgh 41 um Nitex mesh. concentrating the remaming prey
" in a small volume of residual Water. The prey were then washed into vials and preserved in
2% formalin. The preserved prey were iater counted in a Bogorov .Tra.y under a dissecting
microscope.

Data analysis was perfof'med according to the methods of-Zar (I974).

RESULTS

I

Predation rate upon the three devalopmental stages of Sabellaria cemenWprium by

" each of the four predators is presented in Figures 2a-d. All control values weré a{/eraged
E{éﬁ:ause loss from controi jars was stage-independent, the slope of a least-squares
regression of number of larvae missing from controls upon prey stage did not-differ
significantly from zero (F-test; P>.05). A One-Way analysis of vaniance (ANOVA) was
calculated from the data for each predator species to determine if there were significant
differences befween the number of prey missing in the four treatments (controls. eggs..
pre-setal trochophores, and setose trochophores}. The analyses were done wnth
untransformed data since Bartlett's Test indicated that the data were sufficiently
homoskedastic for ANOVA. For all ANOVA's there were significant overall dsffeu;ences
between treatments (P<.02 or less), indicating that all predators ate some prey. A

posteriori Student-Newman-Keuls Range Tests (SNK Tests) were then calculated which



compared ail possible combinations of trestments snd grouped treatment subsets that.
were not significantly different (P<.05). Because the SNK Test often produces ambiguous
fosults (overlapping non-significant subsets) that iro difficult to interpret, a series of a |
priori t-tests were also caiculated to detyrmine if partiéular treatment subsets were
sutistic\ally significant. Our a priori hypo‘ihesis was that rate of predation should decline
through development. Those statistical ambiguities which remain (below) could probably
have beeh eliminated if more replicates were used.

The duffortw.dttor species exhibited dtffpront rates snd patterns of predation
upon eggs and pre-setal trochophores, but in all cases setose trochophores were eaten at
low rates. not sugmfncantly dif ferent than control valu?s (Fig. 2: SNK and t-tests, P<0 01
' or less). For Pleurobrachia bachei. the SNK Test grouped values for the controls and
setose trochophores as not different or bomogeneous indicating non-significant
predation upon setose trochqphores. T-tests indicated rate of predation on eggs was
significantly higher than that on setose trochophores (P<0.029), with .ra;e of predation on
pre-setal trochophoras lying at an intermediéte, non-significantly different value. |

For Aequorea victoria the SNK Test grouped valués for the contrels, eggs. and -

setm‘chophc;r‘es as homogeneous, indicating uniformly low rates of loss from these
groups. T-tests indicated the difference in rate of prédation between pre-setal and setose
trochophores was margmnally significant (P<0.07). Pre-setal trochophores appear tb be
more vuinerable to A. victoria than eggs and setése tfoﬁhophores. ‘

‘ The SNK Test indicated that brachyuran megalopa ate significantly more eggs than
the other prey stages. T-tests found found that eggs were eaten significantly more often
than pre-setal (P<0.014) or Vsetos'e trochophores (P<0.00 1), and that pre-setal
trochophores were eaten more often than setose trochophores with marginal significance
(P<0.051).

For juvenile Sebastes the SNK Test again grouped tha controls and setose
_ trochophores as homogeneous, indicating non-significant predation on setose
» trochophores. T-tests indicated that eggs were eaten at somewhat higher rates than
setose trochophores (P<0.074), with rate of predation on pre-setal trochophores lying at

an intermediate vaiue.



v

& ‘ | ; PRAL S

DISCUSSION 0 &

The effect of-brey hotility on predaiion rate varied among predators, probably a
result of the predators’ dif ferant feediny mechanisms. Predation by medusae invoives
responses to individual prey in the sense that nématocyts must be stnmulafed to fire, and
prey motion is an important‘ cue in t_his fesponse (Pantin, 1942). Non4motility may explain
the lack of consumption of ;'ggs by Aequorea victoria. Prey motion i1s presumably an
important cue for ctenophores and fishes as well, since colloblasts must be simulated to
release adhesive substance in ctenophores (Franc, 1978) and most fish locate A i Jrsually

(Kislalioglu and Gibson, 1976: Hyatt, 1979). However, Pleurgbrachia bachei and Sebastes

sp. did not eat more motile than nonmotile prey.

‘ Megalopa ate significantly moré eggs than all other stages of prey. It thus appears
that swimming helped trochophores to escape or avoid theée predators. The mechamsms
by which most megalopa feed on small prey are not known, but many crustaceans both
filter small particles and feed raptonally upon larger prey (Marshall and Orr, 1960 \

McLaughlin, 1982). If the megalopa did filter-feed. prey capture was probably not. . \

depéndent upon recognition of individual eggs or trochophores. If é.o, non-motile eggs

wbuld be encountered and captured nearly as often as swimming trochophores, but if
swimming enabled some trochophores to escape. the rate of predation upon eggs would

be higher, as was observed. Swimming may also have reduced rates of predation by P.
.bacheu and Sebastes sp. on both pre-setal and setose trochophores.

) Predation upon s_etose trochophores was insignificant while oocytes and pre-setal
trochophores were eaten more often by all predators (except A. victoria, which did not
eat eggs). The methods by which setae function defensively have not been investigatpd,
but the radfal display of setae could create at least three potential defenses: {l) the .
effective size of a larva increases; (2) a buffer zone of setae and water around a larva's
tissue is formed; (3) the barbed setae become oriented so that they may pierce objects
impingirig upon alarva. The ;;ossible roles of these mechanisms are discussed below.

Erection of setae increases fhe overall diameter of a larva, possibly deterring
predation b_y smali-mouthed predators as has been shown for freshwater rotifers (Gilbert.

1966). However, the predators used in the present experiments all eat prey much larger.

in all dimensions, than trochophores. Reeve et al. (1978) fed Pseudocalanus minutus (<650
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um long) to P. bachei during production experiments, and Lebour (1924) observed P- bachei
eating larval fish. A. victoris has been commonly observed eating large prey. including fish
and other jellyfish (Lobdur, 1924; Hyman, 1940; Arai end Jacobs, 198(5) The juvenile
Sebastes sp. fed wccessfu"y on Artemia salina nauplii {ca 8600 um) as well .as upon pieces
(<1 mm) of goldfish food Many species. of crab larvae are also cultured successfully on
A. salina (Ruce and Williamson, 197 1), and the megalopa usad in these expenments fed on
goldfish food as well. it Mpems unlikgly that the size increase created by setal erection
prevents predation by any of the predator species used here. Howovor, megalopa have
far smaller modths than the-other predafors tested; erected setae may éubsuntially
increase handling difficulty if moghlopa cannot swallow larvae whole but must manipulate
and dismember them. Similarly, spines of cyclomorphic cladocerans and rotufers have
been shown to reduce predatuon by freshwater predators wuth small mouths sevnewed by
Zaret, 1980). It thus seems probable that setae function defensuvely against small-mouthed
;‘>redators such as megal‘opa by increasing handling time. In contraét, fhe other predator
species uﬁed here could easily swallow whole setose'S cementarium trochophores.

The buffer zone of sea water surrounding a trochophore with erected setae may
be irﬁportant as a defense against medusae and tentaculate ctenophores. As described

above, both P. bachei and A. victoria must sense and capture individual prey. lf' a

predator's tentacles touch only the erected setae of a trochophore the tactile or chemical
cues necessary to elicit a response may not be perceuved Further. even if alarvais
recognized as food, nematocysts and colloblasts may not work efficiently upon setae or- '
" across the buffer zone (ca. I50 um) of water created by the setae. If trochophores are
first trapped by nematocysts or colloblasts, then ingested and finally expalléd, their
chances of surviving are probably slim. The numerous trochophores surviving eiperiments
appeared to be in good shape; few were deformed or‘ entangled in mucus. it seems
unlikely that the surviving trochophores were 'captured at all by these predators, but that
setae prevented recognition or prey capture. .

Setae may also deter predation by irritating mouthparts as originally implied by
Wilson (1829), whose suggestion seems intuitively reasonable because fish capture‘ prey
within the buccal cavity.where setae couid easily pierce oral tissues as trochophores are

bitten or swallowed. Predatory fish are also deterred by the spines of stickiebacks



hy

118

(Hoogland otal. '!957), but the spines of some cyclomorphic rotifers and cladocerans are
not considered to be effective against fish (Greene. 1983). -

, Other work on predation upon marine larvae has found patterns of predatuon
comparable to those presented here. For a predator who senses individual prey ata
distance. Landry (1978) found that weakly motile early copepod naupiii were poorly
detected by the copepod Labidocera trispinosa. and were thus eaten at low rates. Large
active nauplii were eaten at the highest rates. while copepodids developed an escape

response and were eaten r

ly. Also, work with marine fish iarvae as prey for various
o

, chns bas generally found the non-motile eggs are not detected by predator$ and

are rarely eaten while motile yolk-sac larvae are eaten at high rates. Feeding larvae develop
an escape response and are captured and eaten much less often (Lilhelund and Lasker.
1971, Theil:ker and Lasker, 1974 Bailey and Yen., 1983). The low rates of predation upon
later stages in all cases are due to the development of fundamentally new structures or
behaviors during ontogeny. processes not observed for freshwe?er prey (Greene. 1983).

At present it is not possible to assess the potential impact these predators have on
pelagic larval populations of S. cementarium. No quantitative estimates of the densities of
any-of the‘predator or. prey species have been made in the Puget Sound area, though all
are common in the plankton during summer . Simileri?v, except for P. bachei (see Reeve and
Walter, 1978), quantitative observations of the predation rates of ‘the predators upon
other prey types have fot been made However for the predators used. we have shown
that rates of predatoon upon setose trochophores are fow.

Susceptibility to predation is a ubiquitous and important probiem 6Q~ embryos and
larvae of benthic invertebrates (Thorson, 1946; Young and Chia. i press) wmchshould

generate strong selective pressures for larval defense. If effective defenses have

evolved, larval re- n~ehaviors, chemicais, and ultimately reproductive strategies should
reflect such sets-:. -~ - sduction in many benthic invertebrates with pelagic larvae s
characterize g of rapid embryogenesis followed by a prolonged period

is pattern may be-facilitated by the development of

efficient larval



Figure IV-1. Selected deveiopmental stages of Sabellaria cementarium. A, B. and C shghtly
compressed and to same scale. A. unhatched embryo of the same si1ze and shape as eggs
and pre-setal trochophores; B: five day-old setose trochophore swimming with unerected
setae. C five day-old trochophore with erected setae. D: seta of S. cementarium

trochophore. PT. prototroch. PS. prowvisional setae.






Figure IV-2. Histograms showing mean number of Sabeligris W egQs and larvae
missing from treatments for each of the four predator apocw;t t 1 standard deviation.
Trestments sre C. controls (n=12); E, eggs In=3). PST, pre-setsl t;ochophorc: in=3). ST,
setose trochophores (n=3). Letters over each bar denote the results of a
Student-Newman-Keuls Multiple Range Test, where the same letter occurs over two or

more bars they were grouped as not significantly dif ferent (P<>.05):
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V. GASTROPOD TORSION: A TEST OF GARSTANG S HYPOTHESIS

INTRODUCTION
" 3 Gastropod torsion is'a.morphogenic event which occurs during larval hfe: and
results in a 180" rotation of the shell and viscera relative to the head and foot of the

veliger. Many authors have speculated about the adaptive value of torsion (Morton,

‘1958a), but the hypothesis proposed by Garstang (1928, 1929} remains the most widely

accepted (Lever, }879). Because torsion enables a veliger to retracf its head and foot into
the shell and sub

ently seal the aperture with the.operculum, Garstang (1928, 1929)
sugge’tedthat torsion evolved as a larval defense. Garstang {1929) and several others
(Yonge, 1943, 1960 Knight and Yochelson. 1958 Morton. 1958a. b. Fretter and Graham
1962; Morton and Yonge, 1964, Purcheon, 1968, Yonge and Thompson. 1976) have
proposed that torsion arose functionally complete through a single mutation. This view
remains tenableq because no partially torted fossil gastropods have been found (Knight.
1952: Ghiselin, 1966 Lever. 1979), and retains popularity. in part, because of recent

criticism of evolutionary 'gradualism” (cf. Eldredge and Gould, '19'7?.)*TThe defénswe
benefits to this torted I&va wer e apparently great endpgh that it survived to become the

progenitor of the Gastropoda. However, Thompson (1967) criticized Garstang's {1928
hypothesis on the grounds that the head and velum are not clearly more vuinerable to
attack than the foot, and that opisthobranch veligers do not require toféion to retract

.compleiely.vwithm their shells (Ttvnpsqn, 1958. 1967). Jagersten (1972) also suggested
that larvae are usually swallowed Whole by their predators. and the ability to retract the
head first is probably more important to adults than to larvae.

Because the torted condition persists in most juvenile and adult gastropods.
Garstang (1828, 1929) further suggested that torsion in larvae may create maladaptlve )
features for adults. It has been suggested that shell sl!ts, pallial asymmetries and detorsion
n opisthobra';\ch gastropods have evolved, at least in part. to correct de;rlmentai features
ofqorsion for benthic existence (Garstang. 1929; Borradaile etal., 1951, Yonge, -1 960).‘
Conversely, Garstang's {1929) hypothesis has been modified because it does not

'This chapter has been published: Pennington, J.T. and F.S. Chia. 1985.
Gastropod torsion: a test of Garstang's hypothesis. Biol. Bull. 169 391-396.
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weight, coiling, or position have all be'en suggested to be advantageous consequences of
torsion for benthic gastropods fLang, 1900: Naef, 1911; Yonge. 1947, 1960; Borradaile
et al., 1951 Morton, 1958a. b; Allen, 1963; Morton and Yonge. 1964; Ghiselin, 1966;
Purc‘heon, 1968, Jagersten, 1972. Under'wood, 1972; Solem, 1974, Lever, 1979,
Staniey, 1982). To da,tle, no experimental data have been produced to test Garstang's
(1928. 1929) hypotheéis_, or any other proposéd function of gastropod torsion.

This study was designed to test 'Garsftang‘s (1928, 1929) hypothesis by comparing

mortality rates of pre-torsional and torted veligers of the abalone Haliotis kamtschatkana

_Jonas, when offered as prey to an array of seven planktonic predator species from four
phyla. The dev’:elopmem of H. knmtschatkéna has been briefly described by Caidwell

(198 1), and is similar to that reported for other haliotids (Crofts. 1938: Ino. 1953;
Carhisle. 1962; Leighton, 1972, 1874). The pre-torsional and torted veligers used in
experiments were nearly identical in size and swimming abiiity. though the torted veligers
had/ undergone only the first 90’ of torsion (see Crofts, 1938). At this stage. torted
veligers were fuII;: capable of retracting and sealing the shell aperture with the operculum:

the pre-torsional veligers could also retract but had not yet developed an operculum.

MATERIALS AND METHODS

Gametes were obtained according to the methods of Morse et al. (1977, 19785,
and embryos and larvae were cultured about 48 hrs (pre-torsional v'ehg'ers) or 120 hfs
(torted vehgers) at 8-10° C in 3 um filtered seawater plus 50 ug/| each of penicillin G and
stréptomycm sulphate. Predators‘ were hand-dipped from surface waters near Friday‘ .
Harbor Laboratories and used m&experiments on the day of collection, or fed and |
maintained a few days in running seawater prior to experiments. ‘ -

The experiments were similar to those of Pennington and Chia (1984 [Chapter I\}])
and Rurmrill et al. (in press). which documented stage-specific predation upon other larval
types. Two experiments were conducted. in the first, pre-torsional veliger§ were used as
prey, and in the second. tbrted veligers were used. Fo'f,each exberimént 50 veligers were
placed into each of 40 one-liter jars containing filtered seawater. Thirty-five of the jars

“
were divided into seven sets of five replicates. Each jar within a set then received a

L4

predator species as follows: ; : ” .
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(1) five brachyuran megalc;pa larvae (Decapoda);

(2) five Epilabidocera longipedata (Copepoda).

{3) one 30 mm diameter Aequorea victoria {hydromedusa),

(4) one 12 mm diameter Phialidium gregarium (hydromedusa).

(5) one 10 mm diamete? Pleurobrachia bachei (Ctenophora)

»

{6) one 20 mm long Bolinopsis infundibulum (Ctenophoral. or #’
¥

b d

(7) two 30 mm long Oncorhynchus gbrbuscha {Pisces).
No predators were added to the five remaining jars which served as controls to measure
background prey mortality and handling errors.

During experiments. jars were strapped around the horizontal axis of a grazing
wheel (see Landry, 1978, Yen, 1982). which gently stirred the \&ater to keep;the prey
evenly distributéd. Experiments were run for 15 hina 8 7 h ight dark. 9° C coldroom. At
the end of expe‘rimentﬁ,—predators were removed and prey were concentrated by
siphoning mo& of the water off through Nitex mesh. Surviving prey were fixed, a;ﬂd
counted later. A one-way analysis of variance and a Student-Newr;wan-KeuIs range test was
calculated with log-transformed data inot values for "Net Predation”. see Fig. 1) for each
predator species. These statistics tested for significant differences between control
values and values for treatmsnts with predators. and aiso for differences in rate 9f

predation upon pre-torsional and torted veligers.

"RESULTS

Results of the experiments (Fig. 1) show that with the exception of Pleurobrachia

 bachei (P>.05), all predators ate significant numbers of veligers (P<.007). P. bache!

apparently did not consume veligers. though it does eat other planktonic prey in similar
experiments (Pennington and Chia, 1984 [Chapter IV)). Rates of predation upbn

pre-torsional or torted veligers were significantly dif ferent only for the megalopa and

Aegquorea victoria (P<.05). The megalopa consumed more torted veligers while A. victoria

ate more pre-torsional veligers.

1
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DISCUSSION

Except for Aequores victoria, no predator species ate significantly fewer torted

than pre-torsional veligers. Moreover, any advantage torsion confers to veligers against
predators such as A. victoria is apparently offset by increased vulnerability to predators
such a8 megalopa./ ﬂ:d the apparent ef fectiveness of torsion against A. v_igto_ria“is-not
general for hydromedusse. because Phialidium gregarium ate nearly equal numbers of both
stages of prey. Our results thus do not support Garstang's (1928, 1929) Hypothesis
concerning the defensive value of torsion in veligers.

We have not deteﬁiried why torted veligers, which have d_aveloped an operculum
and can seal themselves within their shells, were as vulnerable to predation as
pre-tor;uonal veligers. Shells of larval molluscs have often been suggested to serve _
defensively, and several authors have even Suggested that veligers can pass unharmed
through the guts of their prédators {Morton and Yonge, 1964 Yonge and Thompson,
1976 othefs revi*d by Mileikovsky, 1974). Torted veligers placed on a giass slide
usually withdrew upon being disturbed for only a few seconds; perhéps this intermittent
 retraction was insufficient to deter prédators that swallow prey whole. Empty veliger
shells were éften found within the manubria of P. gregarium at the end of exyperiments.
Shell fragments were also commonly found within jars that had contained crustacean
predators. If the cfustacean predators broke shells prior to ingestion, retraction probabva
did not protect the larva within. Mileikovsky (1974) suggested that if veligers do pass
intact through the guts of their predators, they are usually so entapgled in mucus and feces
that they rarely survive.

The present study provides the first data to test any hypothesis concerning the
adaptive value of gastropod tdrsﬁon.'lt might be argued that over evolutionary time, small |
(and therefore undetected by us) decreases in rate of predation due ’to torsion would
provide 5uff|cieht selectilve pressure fo maintain the trait. While this argument is valid,
Garstang (1928. 1929) and several recent authors (Yonge, 1947; Knight, 1952; Knight and
Yochelson, 1958; Morton, 1958a, b. Morton and Yonge, 1964 Purcheon, 1968; Yonge
and Thompson, 1976; Stanley, 1982) have proposed that a single mutation caused torsion.
in a larval pre-gastropod whose fitness became so enhanced that it became the progenitor

of the Gastropoda. Our results indicate that the defensive benefits of torsion for veligers,
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if any, are probably insufficient to foster the foundation of the Gastropoda from a

mutation in a éiﬁgle veliger. Our results do support the suggestions of Thompson (1967)

and Jagersten (1972), both of whom thought that torsi:)n does not function effectively as

a larval defence. It nevertheless remains conceivable that torsion-confers other benefits to

veligers. for example, torsion might aid in. swimming (Underwood. 1972), and it 1s also

‘. possible that torsion protects veligers from adverse physical conditions. Pre-torsional
véligers do retract within their shells, though they lack opercula. |

Itis also possible that untested or extinct prodatofs_ are deterrecd*By torsion while
the predators we used are not. Although our s;lectbon of pridator species was
n.ecessarily limited. we attempted to choose a diverse array of predators that are both
common in neritic plankton and which feed by different mechanisms (see Pennnng;on and
C‘:hia'. 1884 [Chapter IV]). Ctenophores, medusae, crustaceans. and planktivorous fish meet
these criteria, though it remains problematic whether a predator such as O. gorbuscha had
analogues in Cambrian seas. Though we 'canr}ot eliminate the possibility that extinct

. predators provided the selective pressure for torsion in veligers. there 1s little factual
basis to support such an argument.

In contrast to Garstang's (1928, 1928) hypothesis. most other h'y;potheses
regarding torsibn postulate aavantéges during metamorphosis or for juveniles and adults
{Lang, 1900; Naef, 1911, Yonge. 1947, 1960; Borradaile et al., 1951, Morton, 1958,
1979; Allen, 1963; Morton and Yonge, 1864 Ghiselin, 1966 Purcheon. 1968.
Jagersten, 1972; Underwood, 1972; Solen, 1874; Lever, 1979). If torsion is not a larval
adaptation, one or a combination of these ‘hypotheses‘probably expfains its evolution
within the Gastropoda. However, the selective pressures that have been suggested to
favor torsion will remain conjectural until experimental work s conducted to examine the

functional implications of torsion for benthic gastropods. -
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Flgun V 1. "Net predation” upon both pre- torsnonal (PT) and torted (T) veligers of the
archeogastropod Haliotis kamtschatkana Jonas by 7 species of planktonic predators (A-G:
‘see text for gomplete destriptions of predators). Bars indicate means +1 standard
deviation. "Net predation” was calculated by subtracting the mean numbers of veligers
missing from control treatments without predators {H from the mean numbers of vellgers
missing from the treatments with predators. Statistics were calculated with

log- transformed raw data; "net predation” was produced for graphuc clarity alone. Except

for P. bachei (E; P>.05), all predators ate s:gmhcant numbers of prey (analysis of variance;

P<.007 or less). However, only the megalopa (A) andr& victoria IC) ate significantly

different numbers of either pre-torsional or torted veligers (Student-Newman-Keuls range

test; P<.05).
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Vi. PATTERNS OF INTERSPECIFIC AND INTRASPECIFIC PREDATION BY
HYDROMEDUSAE ON HYDROZOAN EGGS AND PLANULA LARVAE (AEQUOREA

VICTORIA AND PHIALIDIUM GREGARIUM)

INTRODUCTION O
in recent yeers planktonic cridarians have been subject to substantial study
concerning their population dynsmics (Molier. 1980s. Mills. 198 1a. Arai and Mason
1982. Hernroth and Grondahl. 1983. Larson. 1985) and i/mpact on prey convnumt]o\
{(McCormick. 1969, Huntiey and Hobson. 1978 Moller. 1980b. Purcell. 198 1a Larson
1985). Organismal festures of some species have aiso been exarmwned diel verticel
mngratubns have been studied (Moreira. 1973. Yasuda. 1973 Mackie et al. 198! Arai and
Mason, 1982, Mills, 1983. Arkett. 1884 1985) and the behaviors of a variety of .
medusae and siphonophores have been observed in large aquaria. by SCUBA divers and
from submarines (Hamner et sl.. 1975 Mills. 1983. Mackie and Mills. 1983i. In aggregate
these studies have revealed that planktonic crudarians can reguiate abundance of prey
species and are an abundant but often-overiooked component of zooplankton
communities. |
However relatively Iittle attention has been paid to mechanisms of prey selection

by cridarian zooplankton. The finding that “food juices” and mecharical sthmulation in
combination cause nematocyst discharge (Pantin. 19421 has not been greatly advanced
{see Haynes, 1973. Marsical, 1974, Lenhoff and Lindstedt. 1974) despite an enormous

amount of work on the giutathione “feeding response’ in Hydra (reviewed by Lenhof
1974). For example Greene (1985) has categorized zooplanktivores on the basa; of therr
faednng mechanisms (“functional groups . 1.e.. m;\msae as ‘ambush entangling
invertebrates”. etc.) and predicted selection of prey on the basis of their size and
sw»m}nmg speed in accordance with the encounter rate model of Gerritsen and Strickier
(1977). While such categorization 1s probably of vaiue (but see Chapter Ill). the mechanisms
underlying observations such as those of Anderson (1974) and Purcell (1981b. 198 1¢)
who rqported that some ctenophore ‘and siphonophore species caught larger or

faster-swimming prey than others, have not been further resoived.

134
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in constrast. the nematocyst-mediasted activities of benthic crudarians are knownto
show remarkabie sensory discrimenation reviewed by Bigger. 1880 Buss gt gl.. 1984).
Not only do nematocysts discherge to secure and paralyse prey. but thoy.nn the basis of
aggressive nteractions between polyps. in anthozosns. nematoCysts discharge upon
contact with some xenogeneic (heterospecific) polyps Snd most or all aliogeneic ‘
inon-cionemate conspecific) polyps. dsmaging the recipient, but not upon contact with
1sogeneic (cionemate) polyps (Francis, 1873, Lang. 1973. Potts, 1976. Bigger. 1976,
1950, Lubbock. 1980, Hikada. 1985). Similsr interactions have been observed among all
conspecific hydrozosn colonies examined to date (Chiba and Ksto, ,_‘966' Theodor. 1966
Kato ot i, 1967 ker. 1972, Terdent and Butver. 1982 McFadden ot ai.. 1984.
reviewed by Buss et al.. 1984). in both anthozoans and hydrozoans special tentacles.
pelyps. or stolonal growths may be invoived in aggressive interactions, but in all cases
nematocysts appear to be the primary effectors (see Bigger. 1980. Buss et al.. 1984)
Ono, or more nematocyst types may be especially abundant on aggressive polyps or
stoions ireviewed by Buss et _a_l .. 1984). but these types are not apparently restricted to
aggressive structures. Similarly. nomatocysfs on aggressive struct;:ros dnschar-ge )
specifically 1n response to allogeneic or xenogeneic tissues. while at least in some ~-
snthozoans. nematocysts on feeding tentacies discharge in response to a wider variety of
stimul: which inciude sllogeneic and xenageneic tissues (Lubbock, 1980). Beyond these
generalizations the functional specificities of the numerous nematocyst types. particularly
in the Hydroz0s. have been rarely studied (reviewed by Mariscal, 1974). All the sbove
work h;s indicated a strong genetic determmnism in “self-nonself" recognition (ivker, 1967,
1972 Francis. 1973. Bigger. 1980; Lubbock. 1980, Buss et al.. 1984; McFadden et al.. .
1984). ' | r. .
The mpt'u Aequoria victoria (Murbach and Shearer) and Phialidium
gregarium (A. Agassiz) are the two commonest shallow-water hydromedusae in the San

Jusn Archipelago. NE Pacific Mills. 198 1a. pers. obs.). During spring and summer both
species commonly occur in “swarms’ wh'gh may cover large areas and last for days
Rousen-Runge. 1970, Arai and Brinckmann-Vosg, 1980, Mills, 198 1a), and reach peak
densities of 5-25 per m? at the water surface (pers. obs.). Additionally, swarms of these

species often co-occur so that interactions between individuals of the two species are

A~
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froquont medusas of g Qreqsrum are commonly esten by A. m (Are. l 1880. Ara 3 i
 and Jacobs. 1980). Although Hymen (1940) spperently did not oburvo A M to qt tm
other hydromedusae, she rcpor'od A. victlrip to be a ‘relatively mdncrmkmt Fom\ror j."'
of othor prey types.P. m preys largely onSuphsusiid eggs lndM z&opldttou ‘ ”

(McCormick. 1969; Larson, 1985). o (ﬂ % ;‘,\.". i “‘ ( "‘

Because interaction between the medusae of A. __gm and Mﬁ , , 'r,"’t.
frequently occurs in the plsnkton, and because aggressive oncound’s'bﬁ}w‘bﬁ benthic o
hydrozoans are highly duanmnmtory and regulated at both mtorabh:m: tf\dkmtrupocmc
levels. | conducted experiments with A. victorip and P, m to determine the ‘
outcome of predstory imersctions betwesn hydromedusase lnd heter ospecitic embryos o
and planuls larvae, and also between hydromedusae and genotléally related or unreigted
conspecific embryos and planulse. My purposes were (1) to determine if predstory
interactions between planktonic life history gtages of hydrozoarss might pargiief tre
aggressive interactions observed betweerr benthic hydrozoan colonies. and (2) to

-

[
determine if predatory interactions might occur not only between medusase of these
. « 4
species. blt also between medusae and embryos or planulse. The results _agfe "cussod

both in terms of population regulstion of A. gp*{_a andP. greggnufhd as regar,
evolution of itraspecific ag‘éressnon in dif feren ge-hcstory stages-of s'poi:ibs'wu‘th" s
complox. life cyciles. -

’® \ N

MATERIALS AND METHODS

PREDATORS AND PREY

Sexually mature (aduit} Aequoria victoria and Phialidium gregarwm medusae were
hand-dipped from syrface waters far Friday Harbor Laboratories (Washington). sexed by
examination of gonads under a dissecting mncrose'ope, and each placed in a jar containing
500 mi qf 3 uffffin'cd seawater. AdulteA. victoria were ca. 6 cm in dismeter. while adult
P. gregarium were ca. 3 cm in diameter. The jars were placed in a 10° C incubator the day
prior to experiments, and the photoregime set so that both species of medusse spawnod.
the following morning (see Miller, 1880). Throughout trestment, medusae were hanc:“ed

gently with plastic or glass and were not lifted out of water, medusae handied In this way
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survived unfed for 1-2 wks in the laboratory a?;d appeared healthy during the first several
days following collection, though their tentacles became very long after 3-7 days of
starvation (see Mills, 198 1b}, and the swunmmg bells became progressnvely smalier
thereafter. On the day of experiments (one day following medusa collection) pggs and
sperm from individual medusae were mixed, producing embryos of known parentage.
Usually (see below) embryos were dyed for 2 min by adding 2-3 drops of 0.01% Neutral
Red vital stain to 50 ml seawater containing the embryos. The stain facilitated
discrimination of prey added at the beginning‘ef experiments from aggs spawned by

females during experiments. i,
L4

) ngoAr/O/y BETWEEN MEDUSAE
An experiment was cbnducted to determine ‘that adult A. victoria would eat adult P.
gregarium in the experimental setup. Two P. gregarium were placed in each of B, 1-l jars
nearly full of 3 um-filtered seawaten—One A_ victoria was added to.each of the jars, which
weré then capped and strapped around the horizontal axis of a “grazing wheel” (see Yen,
1982, Baley and Batty, 1983). The grazing wheel rotated slowly (ca. 1.6 rpm), keeping the
.predators and. prey suspended. Experlments were condUCted fora24 hina 12: 12h '
tight:dark 1 1"C coldroom after which the number of surwwng ammals were;covnted No
controls were included in this experlment because handhng efrors and background
(non-predatory) mortality did not occuﬁ - " o !

A number of qualutatnve experiments were also conducted in unstnr!’ed 3. 8 | jars or w
larger buckets to observe predatory interactions between pairs of heterospecific "
medusae in individual jars, or between gnoups of medusae over peruods of 1-2 wk
Seawater in the jars or buckets was Rartly replaced wuth 3 ums- ﬂlmped seawater every

e
few days, hut medusae were not otherwnse fed; E

ANTERSPECIFIC ME DUSA[PJ.ANULA-P{?E DAT/ON
% Most experuments with embryos and larvae were similar to-those described-in
Penn'mgton and Chia (1984 [Chapter IV],,1585 [Chapter V}) and Rumrill et al. {1985), which

examine other aspects of predation uptbn larvae of benthic invertebrates.
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Two experiments were conducted withhheterospecific predator-prey
combinations. In the jerst experiment, A. victoria Mgdusae were offered P. gregarium

embryos anqi planulaéis prey. while in the second gxperiment P. gregarium medusae were

offered A. victoria embryos and planulae. For experiments either 50 (A. victoria as prey)
or 25 (P. gl:egarium as."‘prey) cleaving embryos were counted into each of a series of 15.
1+ jars nearly full of 3 um-filtered seawater. The jars were divided into 3 sets {sets # 1-3)
of reilicates each. Sets #1-2 received dyed embryos. while set #3 received normal

transparent embryos. In the first experiment one aduit A. victoria was added to each jar of

sets #2-3 (cOntaining P. gregarium embrybs). In the 'second,exbenmem the converse
procedure was performed, off'ering adult P. gregarium embryos and planulae of A.
victoria as prey. In both experiments the jars in set # 1 receved no predators and
controlied for background prey'mortality and handling e\rr&s. Both dyed and normal
em\bryos were offered to predators to control for possible a.rtnfacts associated with the
stain; in subsequent expfnments only dyed embryos were used. ’ | |

E&periments werézonducted on the grazing wheel as described bove tor
predation between medusae At the end oﬁxperuments medusae were removed and pre;é)
were concentrated by siphoning most of the water off through 7 3 um Nitex mesh.
Surviving embryos had developed into planula larvae by this time. these were fn'(ed and
counted later. A one-way manalysis of variance (ANOVA) was galculated with
log-transformed data fér each ;‘)redator spemes.b_testing for significant differences
between control values and values for treatments ;Nith predators; a t-test tested for
differences in rate of predation on dyed or transparent embryos and planulae.
INTRASPECIFIC MEDUSA|PLANULA PREDAT/ON

Three experiments were conducted to examme predation by medusae upon
conspecific embryos and planulae. In the first experiment male and female A. M;@ f
adults were offered their offspring as prey. Fifty dyed embryos from twWo parents were ‘-.
counted into each of 3 jars. Thus proceduﬁe was vq)eatad 5 times wmh offsprmg)from
dif ferent parent pairs, so tlut the 15 jars cansisted of 5 sets of 3 jars, each set

containing subﬂng embryqs Tm father and mg her were added to separate jars within each

set of 3 (’st praor o the begmmng of the experzment while the third jar receuved no

4
s H .
. L
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predator and served as a con;rol /

in the second experiment adult A. vuctona males and females were offered 50
conspecnfnc embryos and planulae from other parents. These embryos and planulae were |
presumably q__prelated to the m?dusae used as predators unless it is supposed that
medusae collected from the plankton von"any given day are budded from the same polyp -
colony. - ]
: : , v

in the final experiment, male and female P. gg_eggrjgm medusae were similarly
of fered conspecific embryos and planulae from other parents as pul'ey. As with A. victoria.
these embryos and planulae were presumably unrelated:"tb the medusae used as predators.

All intraspecific predator-prey experiments were conducted and analyz.ed as
described abbve for interspecific predation. |

[

RESULTS.

INTERSPECIFIC PREDATIQN

Adult Aequoria victoria ate half of the Phialidi g um medusae offered as

prey on the grazing wheel (Fig. 1A}. Variance i res e v Iaé very high in this
experiment because some A. victoria ate both P. NI o t;f\ered while others did not
feed. For this reason a nun'wber of qualitative experimm’ were conducted to observe
'predatory interactions between Aingividuals and groups of medus?e ‘over several days. it
was found that some A. victoria did not eat P. gregarium even to tr;e point of starvation.
Additionally, after several days of starvation e few A. victoria were observed to capture
‘and inges®conspecific medusae, but never to digest tr;em. The ingested rﬁedusae were
always regurgitated and released after several hours. These individuals were apparently

unharmed. though their tentacles were often tangled.

Aequorea victoria medusae did not eat significant numbers of Phialidium gregarium

embryos and planulae (Fig. 1B;'/ANOVA, 0.75>P>0.50), but medusae of P. gregarium
consumed over half of the A. victoria embryg@s and 'planulae offered (Fig. 1C; ANOVA;

. 0.025>P>0.05). in neither experiment were, there significant dif ferences in rate of

predation upon dyed and transparent embryos and planulae (t-test; P>0.9).
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INTRASPECIFIC PREDATION

Adult A. victoria did not eat significant numbers of conspecific embryos and
planulae (Fig. 2A-B; ANOVA; 0.50>P>0.25). This lack of predation was not a function of
predatcr sex (father or mother) or genetic relatedness between predator and prgy
(offs_pring or unrelated prey). Similarly, adult P. gregarium did not consume unrelated

conspecific embryos or planulae (Fig. 2C; ANOVA; 0.75>P>0.50). Neither mek or female
. medusae ate conspecific prey; it was therefore considered unnecessary to offer
offspring as prey to adult P. gregarium.
9 “u

DISCUSSION

In jars-on the grazing wheel adult Aequorea victoria ate adult Phnahduurﬁ gregarium
and adult P, gregarium ate embryonic and larval A, victoria. Both species thus were capable
of feeding during experimen{s though it is not known if the observed rates of predation
are representative'of; ; in the plankton (and see Pennington and Chia. 1984 [Chapter
IV], 1985 [Chapter V]ﬁmgton etal. inpress [Chapter lII]).-Intersp_ecifnc predation of
~ adult A. victoria on P. gregarium has been previously documented in-the |eboratory (Ara,
1980; Arai and Jacobs, 1880) and is common in the field (pers. obs.). P. gregarium is.not
Rnown to attack other hydromedusae (Arai and Jacobs. 1980; pers. obs.). However. the

subsequent observation that some A. victoria apparently do not eat adult P. gregarium

even when starved had not been previously noted. Further. attempted cannibalism among
adult A. victoria had not been observed (these observations: were also of starving
inditnduals). Unfortunately it remains unknown if particular A. m were prone to
attack conspecific medusae while others were not. These differences In predatory
‘behavior may reflect differences in the abilities of individual A. victoria to recognize or
attack either P. gregarium adults or conspecific medusae. or conversely may reflect
dufferences between individual pkgy. Although nothing 1s known of the mechanisms by
which medusae capture other medusae, recognition of potential prey utems presumably
occurs at the cellular level via the chemoreceptors controlling nematocy st discharge (see
Marsical, 1974, Hildeman et al.. 1979). If'is tempting-to speculate that because such
control is genetically determined. the observed dif ferences m.predatory behavior refiect

genetic dif ferences between conspecific r)nedusae. Our observations of prédation
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betweeh medusa:?nould'not have been infl&nced because nemitocyst discﬁarge is partly
under nervous eontrol gnd is inf uénced B’y predator hunger (reviewed by Picken and
Skaer, 1966 Marsical, 19'74). All medusae were starved equally and usually to death
during these experiments.

The observation that some starved A. victoria ingested but failed to digest
conspecific medusaé remains perplexing; perhaps the‘rf\echanisms that prevem medusae
from digesting themselves also protected conspecifics. However, LeBour (1822, 1923)
apperently observed successful camab.lnsm between hydromodusae In any case our '
gbser\muons underscore Dawkins’ (1976) characterization of cannibalism as a risky

strategy. one wonders if A. victoria's ability to prey on heterospecific medusae may not

)
result in occasional cannibahistic attacks.
When medusae were of fered heterospecific embryos and planulae as pre‘y, adult

P. gregarium ate A. victoria embryos and planulae, but adult'A. victoria did not eat P.

gregarium embryos and planulae. We had considered it likely that both medusa species ‘
would feed in these experiments because (1) P. gregarium is known to eat small gnd poorly
motile prey (Larson, 1985; Pennington and Chia, 1985 [Chapter V] Pennington et al., in
press [Chapter 1)) while (2) A. victoria is known to eat adult P. gregarium (Arai, 1980; Arai

and Jacobs, 1980; abovel. However, we have also found that A. victoria preys at low

“rates or nq&ot all on weakly- 5wnmmmg or immotile polychaete eggs. unhatched echinoid
\

embryos and swimming echmond blastulae and gastrulae (Pennington and Chia, 1984
{Chapter IV]; Pennington et al., in press [Chapter lll)). If A. victoria nematocysts are not
discharged in response to immotile or slowly-swimming prey. it would appear that the
motility of P. gregarium embryo:s and planulae rhight be insufficient to cause discharge of

A. victoria nematocysts. It is of some interest that while adult A. victoria prey on adult P.

gregarium, adult P. gregarium prey on embryonic and larval A. victoria. Analogous
"‘networks” of aggressive interaction have been postulateq to maintain species diversity in
tropical epifaunal communities (Buss and Jackson, 1979). Because we do nét know the
frequency at which the medusae of each species preys on the bther species in the
plankton, we cannot evaluate the importance of interspecific predation in population

régulation. Nonetheless. such interactions might promote the apparently stabie

coexistence of these hydrozoan species.

..



Neither adult A. victoria or adult P. gregarium preyed upon conspecific embryos or

planulae in experiments. in A. y_ig_t_grig this result is probably due to the relative immotility
of its embryos and planulae, but in P. gregarium the surface chemistry of conspecific
embryos and planulae apparently averts nematocyst dischar'gé. Because adult P. gregarium
did not eat genetically unrelated conspecific prey. it is unlikely that they might eat their
offspring. The almost.complete lack of aggressive interaction observed between the same
or different life-history stages of conspecific individuals in the plankton stands in striking
contrast to the aggression found among benthic cnidarians reviewed by Buss st al..
1984). However, A. victoria and P. gregdrium were chosen for use here because of therr
co-occurrence in the plankton; their polypoid stages are not well known (see Arai and
Brinckmann-Voss, 1980} and aggression among polypoid colonies of these species has
been investigated. Although intraspecific aggression has been found in all hydrozoan
colonies examined to date (Buss et al.. 1984), 1t is possible that polypoid A. victoria and P.
gregarium do not exhibit either intraspecific or intraspecific aggresston. It might also be
argued that the competitive aggression of benthic colonies bears little relation to the
predatory aggression of medusae. While this argument may be valid in an evolutionary
sense (see below), both phenomena are mediated by the same or closely related
sensor-effector systems {(nematocysts and their sensors). Bus8 et al. (1984) emphasize

that aggressive interactions in Hydractinia echinata occur via "site-speci€ic cellular

differentiation” of stolonal cnidoms; they have not apparently examined interactions
between allogeneic polyps, and it is not clear whether polyp tissues, which aiways maintain
a cnidom, are capable of historecognition or aggr'assive responses as observed in
anthoz‘c_)ans. For anthozoans at least, Bigger {1980) has pointed out that the distinction
between compaetition and predation is largely arbitrary.

Thefe is some indication that the lack of intraspecific aggression among planktonic
stages described here may also occur among other medusae. Buehrer and Tardent (1 986)
found that manubrial transplants were uniformly suc;:essful between two strains of

Podocoryne carnea medusae that were incompatible as polyps, indicating that

histoincompatibility reactions were not expressed between mgdusae. Bigger (1976, 1980)

has also observed that Cassiopea xamachana schphistomae elicited a stronger aggressive

response from an anthozoan than did medusoid C. xamachana. In this context our



143

observations of aggression between starving adult A. victoria are excebtional.

o) If benthic hydrozosns can discriminate alloéenaic conspecifics from clone-mates,
their pelagié stages might be expected to dvo so as well. That hydromedusae, with the
exception of starving A. victoria, do not appear to exhibit intraspecific iggf'ession s
apparently an adaptive response. Several general explanations may account for this
obsgrvation. First, planktonic habitats may be “undersaturated” (cf. Istock, 1967) so that
hydromedusae are not resource (food) limited and intraspecific aggression is valueless.
This circumstance probably did occur during the radistion of the Hydrozoa into the
plar{kton {istock, 1967), and may still occur duriné. a portion of each spring (EdWards,
1973 Mackie, 1974). However., over most of the year hydromedusae are probably food
hmited (expioitation'compatition) as indicated by their ability to crop down prey
populations (Huntiey and Hobson, 1978) and their annual population declings (see Mills,

‘) 981al. A seco‘rvﬁ?‘in'ore probable explanation may be that while planktonic environments
have been characterized as relatively uniform (Cushing, 1976),.they are spatially unstable.
The benefits of both interspecifig and intraspecific aggression in interference compaetition '
are restricted to circumstances where interaction between competitors occurs
predictably and repeatedly so that energetic investments in competitioﬁ are likely to
produce future benefits. Even though hydromedusae are confined to one broadly defined
(and resource-limited) habitat, as is the encrusting epifauna (Buss, 1979; Buss and Jackson,
1981). such strategies are untenable for zooplankton. As noted above, predation is
presumably rare between cohspecific medusae because of the difficulties inherent in
cannibalistic strategies (Dawkins, 1978). The above arg‘dment ;:;robably accounts for the
lack of non-predatorylaggression between medusae, but adults should still benefit by
eating allogeneic embryos and planulae. Howéver, it may be that because allogeneic adults
must spawn in close proximity (cm) if eggs are to be fertilized (Roosen-Runge, 1962) maie
parents in.particular may stand significant chances of eating their offspring if egg

tcannibalism occurs. Alternately, at least in the case of P. gregsrium, selectic;h against
aggression between conspecific medusae may not permit the sensors controlling
nematocyst discharge to discfiminate between the sur.face chemistry of c.onspecific

embryos. planulae and adults. resulting in a lack of predation on all life history stages.



1)

Figure VIi-1. Mean numbers of prey (1 standard deviation) surviving experiments with
heterospecific predators: (Al medusoid (adult) A. victoria of fered 2 aduit P. greg!nym as
prey. (B} adult A. victoria offered 25 P. greganum embryos and planulae as prey. (C) adutt

P. gregarium offered 50 A. victoria embryos and planulae as prey. Legend to the abscissa
ts C = Controls (no predators present). S = Stained Prey. T = Transparent (unstained) Préy. |

See text for statistical analysis.
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Figure VI-2. Mean numbers of prey (* 1 standard deviation) surviving experiments with
conspecific predators (A) medusoad {adult) A. victoria offered 50 of its of fspring
(embryos and planulae) as prey. B) adult A. victoria offered y unreiated
embryos and planulae as prey. (C) adult P. gregarium offered 25 genetically unrelated
embryos and planulée as prey. Legend to the abscissa 1s C = Controls (no predators

present), F = Female Predators. M = Male Predators. See tex«t for statistical analysis.
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~ VII.CONCLUSIONS
This thesis has been devoted to examination of the pelaguc lif®.histories of larvae “

‘of benthic invertebrates As noted in 'Chatpteﬂr I. consideration of this segment of
invertebrate life cycles has been dominated by Thorson's, {1946) descrnp{ive work and .
generahzatlons and has largely been neglected by experimental scuentusts. irf this thesis |
have used descriptive methodology (Chapter Il) to examine general populat;on cycles of *
larvae, and experiments (Chapters Hl-VI) to examine particular probiems conéernmg
predation on invertebrate |arvae (but also see Appendices A and B, following)’,In this

oncludnng chapter | briefly review the results,of the chapters as they pertain to one
another, evaluate weaknesses of the work and unducate some drrections for future
research.

‘;"‘

Chapter Il presents the results of a meroplankton survey. Although the vatue of this? )

study lies primarily in its descruptmn? of geasonal occurrence and larval populatnonf -

dynamics in one locality, the broader trends were similar to those observed by a nymber
o; workers in:\European and other waters.

o In the'meroplankton survey the observed losses of 3-12% per day from 4avr\7'a|
stocks cannot, however, be attributed solely to predation - the subject of the r,emaumng
chapters. A number of factors in combination produced the observed Iosses, yvith lghcal

" hydrographic features probably being the most important. Larval mortaiity due to
predation is resppnsible .for an unknown fraction of these losses. In‘ part for this rea?son,
the remaining chapte\rs{Were not designed to estimate absolute rates of predataon on
larvae in the plankton Instead, an artificial methodology which almost certaanly affected
overall rates of predatnon was used. The control provided by this methodology however.
permitted companson of rates of predation on Iarvae between experuments and | used

~ this design charatteristic to examine relative rates of predatlon ona number of Iarval
types Together with the data of Cowden et al. (1983), Rumrill and Chia (1985) and,Rumnll

et al. (1985), the:; chapters provnde the first experimental documentation of patterns of
predation on larvae of benthic invertebrates. '

Thus experlments in Chapter Il show that mvertebrate predators ate few or no

pluteus larvad of the echmo:d Dendraster excentricus, but ate embryos and early larvae in

large numbers. Two ftsh speones, however, preyed heavily on later larvae: Because
o ~ -
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predat& / prey encounter rates are not known in the field (they were enforced in the
laborstory), it was not possible to conciude what overall rates of predation on the
respectuve larval stages might be in the plankton. even though this question is central to a
number of mathematncal models of larval life-history.le.g.. Vance, 1973; see Svathmann
1985). $.S. Runrill is attempting to resolve this problem with a multudnscuplmary‘approach.
but for the present C_habter il provides uniqué demonstration that rates of predation by
particular p?edaior species are not éonstant through embryonic and larval development
and suggests that particular pattefns of predation on larvae may be expected from

’

-, particular pradator taxa.

" A central question arising from Chapter lll (and see also Sireene, 1985) is whether
or not the very diversity of marine planktivores might preclude fhe evolution of effective
defenses among planktonic prey. Chapters IV and V address this'problem by examining the
uﬁlity of two putative larval defenses against a variety of prdfagor types. In one case,
Iarval setae of trochophores were found to deter all predators tested, but in the second
case the torsion of larval gastropods resulted in little or no reduction in rates of predatnon
It thus appears that at least some defenses can be effectuve against the diversity of
planktivores in the marme plankton; it is probable that gastropod torsion is not a defensive
adaptation for larvas at all. Chapter IV additionally provides corroborative evadence for
Chapter lit in thaufgain, rates of predation were not constant through development and
were gerierally lower on later larval stages. ’ /

Chapter Vi dbcuments patterns gf predation among conspecific and heterospeéific
hydrozoan medusae, embryos and larvae. This chapter is in essence another examination
of the specificity with which predator / prey interactions can evblve in the plaﬁfton. The
observed lack of conspecific predation between potential competitors stands in contn:ast
to the aggressive interactions observed betweeﬁ benthic hydrozoans; it is suég’ested this
difference reflects the spatial instability of' pl;nktonic habitats. Heterospecifié predation
of medusae on embryos ﬂd larvae did occur, but in a direction opposite to that between
adults of the two species examined, suggesting a mechanism tﬁat may promote
coexistence between these species. While tt% results sndicate that aggression betwegn
conspecifics is limited by the spatial instability of the plankton, they also demonstrateA
high degree of prey sélécti\}ity by hydromedusae and reinforce the notion that the ‘\'

. A . . .
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plankton can be a biotically structured envuronment
In summary . the meroplankton survey hu provnded the first broad overvnew of
larval population dynamics in the northeast Ptdﬁi a@ the experimental work has @
produced intriguing results concerning predata&plw fﬁteractnons in thie plankton. The
experimental work has not determined, howe\iér':yvl‘m pyrtloﬂs f the larvai Jesses ‘ “
observed in the plankton are due to predation. :T}\é'qi‘s'contm"ui'ty arises both from a lack of |
| resolution in field data and from limitations associated with scale in the laboratory work.
Because the laboratory experiments were conducted in jars of intermsdiate size. they
have been treated as "black boxes” and the behavioral interactions of the predators and
prey have not been observed (but see Rumrill gt al.. 1985). Conversely. it would alsé be of
interest to conduct s-milaf experiments in very large contair}ers. either aquaria or
‘enclosures (see Appendix B}, which should more closely a‘pprOleate conditions in the
plankton. | |
The thesis represents my efforts to date to examine the ecology and evolution of —_—
pelagic invertebrate larvae. At the very least. the des,griptive chapter should prdvnde a
broad outline of larvat life histories, while the experir;wental chapters should demonstrate
that experiments with pelagic eggs. embryos and larvae can be conducted to examine
particular aspects of these life histories. It is my hope that the work will encourage others

who are curious about the fates of invertebrate larvae in the plankton.
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Vill. APPENDIX A. THE ECOLOGY OF FERTILIZATION OF ECHINOID EGGS: THE
CONSEQUENCES OF SPERM DILUTION, ADULT AGGREGATION AND SYNCHRONOUS
SPAWNING

INTRODUCTION

* Success at fertilnzatién 1S é critical step Wthe fe-history of species. particularly
for free-spawning marine invertebrates (Mortens‘{n 1938, Thorsen 1946, Chia. 19744,
Mortensen (1938) noted that although many a:toro-ds produce enormous numbers of
eggs. their rates of juvenile recruitment are typically low. He suggested that this
discre'pancy exists because the probability of eggs encountering sperm in the plankton is
low, and that most eggs are ne\)er fertilized. In contrast. Thorson (1946) suggested that |
most eggs of benthic invertebrates are fertilized becau.se adults of both sexes spawn
nearly, synchronously in aggregations. therefore insuring that spe'rm and egg encounters
occur. In Thorson's ({946) view, low recruiiment rates are largely due to predation upon
embryos and larvae. Though Thorson's (1946) suggestion has since become most wugdely
accepted. both ideas remain tenable because benthic invertebrates have rarely been
observed spawning in the field, and because to date no study has detern’iinéd fieid rates of
fertilization for any free-spawning mv_ertebrat' - 2

I have thus examined conditions under which spawnings may, or may not, produce

fertilized eggs of the sea urchin, Strongylocentrotus droebachiensis (O.F. ,.M;Juer)\ First,
laboratory experiments were conducted to examine the effects of spe'rmf #ilutnon and
gamete age on percent fertilization (see Lillie, 1915, 1918 Cohn, 1918. Gfay, 1928). *
Field experim.ents were then conducted to determine if adult aggregation and epidemic
spawning might serve as effective coun‘ter‘s to dilution of gametes by tidal éurrents and

the "effect; of gamete aging. The echinoid S. droebachiensis was used in this study

. because: (1) it s a free-spawner, shedding its gametes directly into the sea; (2) adults are

. motile and can alter their proximity to one another; and (3) the prominent ferfilizaguon

‘ .‘"}envelope, which quickly rises from eggs following fertilization (see Tyler ahd Tylér.

1 966). is a convenient indicator of fertilization.

‘This appendix has been published: Pennington, J.T. 1985. The ecologyvofk
tertilization of echinoid eggs: the consequences of sperm dilution, adqlt
aggregation, and synchronous spawning. Biol. Bull. 169: 417-430.

168 - T
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MATERIALS AND METHODS
X
"LABORATORY EXPERIMENTS

The. first series of laboratory expeﬁments determined over .what range of sperm.
concentration high percentages of fertilization occur. Gametes were obtained by
intracoelomic injections of .55 M KCI. Two ml of freshly spawned but settied eggs were
pupett'ed Into each'df a series of 10 jars containing 3 | of filtered seawater. resultin‘g ina
concentration of about 3 X 10* eggs per liter. The water in @ach jar was thoroughly stirred
with apaddle which oscillated 3 about 20 cycles per minute (Strathmann, 1971). Fre\sbly
spawned undiluted semen, or "dry sperm”, was quickly run through a series of 10, 10-fold
dilutions. thus diluting the dry sperm by an order of magnitude at each step. One mi of
each dilution was then added to a single jar of the series: the egg/ sperm mixtures were
allowed to incubate for 10 minutes before eggs were siphoned off, concentrated and
fixed in 2% formalln Assays for percent fertilization were madg by counting the number
of elevatec fertmzatnon envelopes on the first 100 eggs encountered under 160X
magnification. Four replicates of this experiment were conducted. Absolute sperm
concentrations we’e assessed by hemocytometer counts of sperm in water from each of
the ;a}s. ‘

A second series of laboratory experiments determined the effects of gamete age
after spawning on percent fertilization. In experiments to examine sperm longevity, dry
sperm was quickly run thr0ugh 4, 10-fold dilutions. One ml of the most dilute suspension
was then added tom of a sernes of 7 dishes containing 50 mi of filtered seawater at.
time 0. One mi of settled eggs was added to the first dish at time 0. and in sequence to the
remaining dishes at 10 mi.nute intervals thereafter. The eggs added to each dish thus
edcountered sperm of different ages. Eggs were also added to one jar without sperm to
serye as a control against inadvertant c‘ontamination of eggs by sperm. The egg/ sperm
wes were allowed to.incubate for 10 min before they were fixed, and assays for

fmr%’ent fertilization were performed as above. Three replicate experiments were

@onducted
&

" above for sperm. One m! of settied eggs were added to the dishes at time O, and fresh

Expenments to examine egg Iongevuty were the converse of those described
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or

sperm dilutions {as above) w;re added in sequence to each of the 8 dishes at 10 minute
Intervals. The freshly diluted sperm added to each dish thus encountered eggs of dif ferent
ages. The egg/ sperm mixtures were incubated for 10 minutes prior to being fixed and
assayed for percent fertilization as above. Three replicate experiments were conducted.
A final laboratory experiment was-conducted to determine if high percentages of
fertilized eggs Would result from induced spawning in an aquarium. A 55 gallon aquarium
was filled with filtered seawater and allowed to warm to room temperature (14°C). Sea
urchins were injected with KCli solutuon and when a male and female began spawmng they
were strapped. mouth down. to plexaglass plates and rinsed. The plates were then placed
50 cm apart on the bottom of the aquarium. The water within@he aquarium was not mixed.
Samples of eggs were pipetted from the female's aboral surfece at 5 minute intervals
during the first 20 minutes after spawning began, and also 20 and 24 hours later. Assays

for percent fertilization were performed. as described above.

FIELD EXPERIMENTS
Field experiments examined the effects of adult aggregation, current, and
epidemic spawning on percent fertilization. A subtidal valiey bordering San Juan Channel.

Washington. was located where the tidal current usually flows in the same direction and

where Stronglylocentrotus droebachiensis is common about 10 m deep. The bottom of
the valiey consisted primarily of fist-sized cobble. A five meter transact was set up along

the bottom running diréctly downcurrent. Current direction was determined by releasing

dye. and current speed was estimated by timing dye movement along the transect. Several

S. droebachiensis were collected from the vicinity and stimulated to spawn with KCi

njections in situ. In initial trials, when a female began spawning she was moved upstream
of other spawning animais and samples of eggs were puiled directly from over the .
gonopores into each of 12, 60 mi syringes. A spawning male was then placed at the head
of the transect, anc any other spawning sea urchins were moved well downstream. Along
the transect at a series of distances from tﬁe spawning male. 10 ml of water were pulled
" into each syringe about 10 cm over the substrate. The first syringe was filled upstream
from the male as a control to detect 'any extraneous sperm, the second was filled directly

over the male’'s gonopores to assess maximal fertilizability of the eggs. and one syringe

¥
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each was filied st 10. 20, 40. 60 and 80 cm, and 1. 2. 3. 4 and 5 m downstream from the
spawning male. Except for the control. the sy}ingos now presumably contained both eggs
and sperm; the syringes were then taken to a skiff wh,ere@;ir contents were fixed after
mcubatmvtoul of 10 minfides. Eggs within the syringes were later assayed for percent
fertiization as described for the lsboratory experiments. In later trials, the number of eggs
per syringe was controlled by adding .08 ml of settied eQgs (about 1600 eggs) to each
syringe in the laboratory about an hour prior to performing the field experiments.
, Similar experiments were conducted under a variety of current conditions, ranging
fr.om slack bda with iittie current (0.05 m/ s) to swift currents (0.8 s sl to oxam_mi effect
of current on percent fertilization. Experiments as above were also conducted which
simulated Iimite’d epidemic spawnings. using 3 spayning males at the head of th/e transect.
QUESTIONAIRE

Because only one direct observation of echinoid spawning was found in the
Iiterature (Randall et al., 1964), ov"er 100 sets of questionaires were mailed to unc]ividuals
and marine stations in North Amesica. asking for information regarding diver observations
of echinoid spawnings. Intertidal obsarvations of spawning were not solicited because
osmotic or thermal stresses associated with éxposure to air may induce abnormal

spawnings (Fox, 1924 Harvey, 1956). and it is doubtful that gametes or embryos survive

at low tide in the Intertidal zone.
RESULTS

LABORATORY EXPERIMENTS

in laboratory experiments to examine the effects of sperm concentration on
percent fertilization, high percentages of fertilization were ach'ieved only with relatively
dense sperm suspensions (Fig. 1). Over 80% of the eggs were usually fertilized in
suspensions containing more than 10¢ sperm/|, but percent fertilization rapidly declined in
more dilute sperm suspensions until essentially n</> eggs were fertilized in suspensions
containing less than 10* sperm per liter. Percent fertilization thus rapidly declined when

dry sperm was diluted by 6-8 orders of magnitude.
A )
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In experiments 10 examine gamete longevity, diluted sperm suspensions lost
potency rapidiy so that less than 10% percent fertilization resulted when eggs were sdded
to 20 min oid sperm (Fig. 2A). Eggs. on the other hand, remained fertiizable for at ieast 90
min after spawning (Fig. 2B).

Results of the experiment to examine fertilization in still water indicated that hittie -
fertulizatbn occured during the first 20 minutes following spawning in extremely stili
water, but that under these conditions some fertiization continued to occur even 24 hour s

later (Fig. 3). , . ¢

FIELD EXPERIMENTS

Resuits of the initial series of field exp_pnment# show‘that peroent fertiization fell
rapidly with increasing distance from spawning males (Fig. 4). Eggs were never fertmze&')ﬂ
the control sample taken upstream of the spawning male. whereas over 90% were usually
fertilized in the syringe from directly over the spawning rﬁale. At distances greater than 10
cm downstream from the male fewer than 25% of the eggs were fertilized. and at
distances over 1 m, 10% or fewer of the eggs were fertilized. Thes; low rates of
fertilization clearly indicated that the numbers of sperm were limting, and therefore that
the number of eggs per syringe should be controlied: in subsequent experiments constant
numbers of eggs we?e added to the syringes prior to conducting field experiments. Figure
6A shows that this precaution did not substantially alter the results (for a similar result see
Lilhe, 1915). ‘

The effect of current on percent fertilization was examined by conducting
experiments in fast or slow-moving water. In est current (>0.2 m/s, Fig. 5A). percent
fertilization was lower at all points downstio"am than in slower currents (<0.2 m/s, Fig
58). However, in both cases percent fermzation declined with increasing distance from
the spawning male. At distances over 1 m, percent fertilization was generally less than
20%, even in the slowest currents encoun;ered.

In the simulated epidemic spawnings, percent fertilization was higher at all
distances downstream from three sp;wning males in comparison to experiments where

one male was used (Fig. 6A-B). Percent fertilization again decreased wrth increasing

distance from the spawning males, and fewer than 50% of the eggs were fertiized at



R R i
SN e

. SR LT LT i o
NN AR **@‘% , ‘ 163
e N . t - - O, e t
! e - L ] .
N oo
|

»
~ by
“.";’"\ 3
N -
4 R
L)

“uistences 9romr than T do‘!vnpmom when trw’n ore used,
\\, A“m- e ’a |
QUEST ﬁONA/RE _", . .

Only uvon\&qct obs ations of s@a urchin spawnings were received in rugonu
to the questionsire, probably reflecting the rarity with which echinoids are obnrvod
spawning in the fieid. These observations and the published account (Table ) inciude four
observations of spawning in aggregations and fobtr observations of scattered spawning by
s few individuals. These few observations indicate Mo’a urching do nat aiways spawn
Mwmtod. ' o ““A.. - ' .

¢ o
DISCUSSION
Tho results of the laboratory experiments mndicate that both diution of sperm aﬁ .

its hmited longovuty can reduce percentages of fertilizaton. similar obsorvatnons hNo been
- . ‘

.+

30-40 sperm for each egg were requurod to produce high porconu&s of fertmzatson, Y
(Fig. 1). Several workers have noted similar requirements (G‘mmli 1900 Q{pﬂh&fﬂ «1972.
Sprung and Bayne, 1984 etc.) which are probably due to the lunotnC&of rnndom spefm

+

reported previously (@.g.. Lilhe, 1915, 1919 Cohn, 1918, Gray, 1928). Rlppqars that

and egg encounters (Rothschild\and Swann, 1951). The short potent lnfo of dnlutad
echinoid sperm (Fig. 2) is known as the ‘respiratory dilution effect” (rMeivgdby Cma and . |
Bickell, 1983). in essence, sperm in dense suspensions remain quneséJnt as mtpe tdsts ? |
but with dilution the sperm become increasingly active and are rédpidly exhausxmf Bdth of
these factors restrict the conditions under which field spawnings mcght produée hngh
. percentages of fertilization. Sperm must not only be dense, but rhust be sp?wnod (or
diluted) only minutes prior to encounters with eggs. n
in the field, percent fertilization was generally low at dnstances ovgr 10 cm from
spawning males. In labdratory experiments dry sperm diluted by 6-8 orderé of maqmtude
produced similar percentages of fertilization. However, even in the slowest currents
oncountorod sperm was less than 10 minutes old before it drifted beyond the' end of the
transect. The limited longevity of diluted sperm thus did not affact resuits of experiments,
and the decreases in percent fertilization observed were probbbly due to dilution aione.

Even if tt:o sperm were long-lived, they woulid probably be so quickly diluted after



. I‘“

spawning thet encounters with eggs in the plankton would be rare in any case. The resuits
of all field experiments indicate that if males and females spawn at distances of even a
fow ﬁtors from sach other, percentages of fertilizetion will be very much reduced in
comparison to animdfs that spawn in close proximity. - .
In all fisld experiments the s.yrin&l contained enough eggs to, in effect. estimate .

sperm donmy in the surromdmg water. | was thus unable to examine rates of fmmutnon
under condm&p whoro egg suspensions were very dilute. If females spawned some
distance upstream from males, possubly» inducing downstream males to spawn with a
water-bére pheromone (see Resse. 1966. Giese and Pesrse, 1974). higher m t0 egQ
ratios per unit volume of water dowmtrom‘rom the males might aliow higher
percentages of fertilization to occur in thdse areas. However, because echinoid sperm
only swim about 2 cm during their potent life (Gemmill. 1900) and do not detect eggs at »
distance (reviewed b;' Rothschild. 1956, Chia and Bickell, 1983). only those eggs that drift
directly past spawning males should be fertilized. eggs drifting eisewhere should n;at
encounter sperm.

Percentages of fertilization in slow currents were higher than in swift ones (Fl‘g. 5).
presumably dbe fo the increased rate of dilution of sperm in swift-moving water.
However, if sea urchins spawn into extremely stilt water, laboratory resuits indicate that
littie fertilization would occur (Fig. %), Eggs and sperm simply accumulated on the abora!
surface of the spawning animals and did not mix, result:ng in low rates. of fertilization.
Because the sperm remained undiluted on the aboral surface of the male, it rémmed
potent and continued to fertilize at least some ebgs for 24 hours after spaw'mng began.
Tr)dse resuits are aimost certainly laboratory artifacts. such extremely still water should
rarely, if ever, occur in neritic habitats. in summary. the above resuits indicate that higher
percentages of fertilization in the field will occur if free-spawning animais spawn mto.
quiet, rather than swift-moving water. - | o

When epidemic spawnin;s were gimulated by placing thfee spawning maies at the
head of a transect, water downstream bésumably contained more sperm per unit volume
and thus percentages of fertilization were higher at all distances from tho males (Fig 6)
As circumstances that produced high Arm densities also produced the hughest

percentages of fertilization, percent fertilization would probably be still greater 1f larger

-
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numbers@‘awmng males had been used
it therefore appeaq’s that adults must first aggregate and then spawn synchronously

if high percentages of fertilization are to occur. Mortensen (1938) did not believe that

most aﬂ‘toids exhibit s‘gch social iyghaviors, although at least 3 asteroid species
aggregate or even pair dunng spawmh'teasons (Mortensen, 1931 Clemente and Anicete,

1949, Kubo,~1851).In contrast Thorson (1946) suggested that synchronous spawning of

local adults occurs among most specles of free-spawning invertebrates. Thorson (1946)
basedhis p/regjctions largely on observations of Iaboratory spawnings. whe‘a variety of

stresses Can cause spawning (Fox, 1924 Harvey, 1957) a'ng where aggregation is

* t‘y%ca\lly enforced. . N : '

Echinoids have often been reporyad in aggregations during spawning seasons,

(reviewed by. Booloetnan 1966 Reese, *‘9@6) but it has rarely been determmed if sea * .
a - |3 t,
urchuns are actually attracted to conspecifics or if they have snmply converged upon some

L4

common resource such as: food or shelter during daytime (Mortensen, 1943; Moore et
1963 Randall et al.. 1964; Pearse and Arch, 1969). In the single study where e

conspecufucs have been shown to actively aggregate {Dix, 1969) the behavror was not '

[
Tt N

aggregates not for spawning purposes, but for mutual protectian. Tennent (1910) ;Jd " pf

" confined to the-spawning season and it was suggested that E’vech:nus chlorotncus

report that Lytechmus arnega_t s found in groups were often spawned out, while . ,
, scattered mdwnd'uals contamed gonads in‘varying states of maturity. Direct observatrons of ¢
echinoids spawnmg in the) field (Table |) indicate that sea urchms do not always spawn in
aggregatrons It thereforegemanns possnble that echinoids do not adgspgate preparatory to

. spawnmg Ho(eVer some echinoids do migrate into shallow water during sprmg and

summer, becomung abundant in the shallow subtidal (Eimhirst, 1922 Orton, 1925» Stott .

“

Vs 1931). Echinoids have ﬁlso been reported moving in feedlng herds or fronts (Foreman
1877 Mattlsop etal, 1977 Witman et al 1\982 etc) Whether or not these behaviors*"

‘ are truly sociat mteractrons if sea urchins spawn during peraods of high population »

.

c‘srty higher percentages of fertilization shouhiyesult than, lf they spawn while -
' o scattered. '
v - Althougs all experiments sumulatod synchronous sgawmngs the brlef/ pdtent hfe of ,b
dulute sporm and the absence of fertilization in control syringes, filled upstrearn.of

v

y i ’ ©
N o Vv



'3

spavVnmg males both suggest that no fertmzatnon would occur if sp&ning was
' asynchrenous. However, the observations in Tablel indicate that synchronous loca!
spawning is typical. Presumably, local environmental cues qrft:hromze gametogenie cyclee
and induce spawning (‘proximal causes’; Baker, 1939). In the fibl(d proxi \"l] cues have
been suggested to be temperat.ure and salinity cha‘nées or thresholds, lunar or tidal Eyclesf
changes in quantity er quality of illumination and,increase's in phytoplankton or food }‘“'
ahundanc’e (reviewed by Giese. 1959, Boolbetian,- 1966; Giese and Pearse, 1974
Htmelmarg ’8 ¥_ Ghia and Bickall; 1983) However the effects of rmost proximal cues
on épjpmmf mar’huﬂstronable bbcause portions of a igeal. populatuon commonly
become spfwned—out weeks befofe others (Machme and MacGinitie, 1849), and
copversely, because spawmngs frequently occur‘When there has beegiittie or no change N
in a cue (Giese and Pearse, 1974). Some of the above confusion may arise because it has
.often been diff lcult to distinguish between factors that entrain gametogemc cycles and
those that initiate spawnmg. Results of laboratory gxperiments to exar:nne proximal cues
as spawnihg inducers are difficult to interpret because spawning is often uhduced by '
exposing animals to stimuli in quantities that are pbtentially stressful to adults, gamete -
embryos, Harvey, 1956: see Farmanfarmian and Giese. 1963;-Andronikov. 1975 (
Greenwood an‘Bennet(,‘ 198 Ve ' ' _ Y ‘
‘For echinoderms it 1s also unclear whether proximal cues might ﬂ*ﬁon by -
inducing entire 'pope‘l!tions to spawn, or whether they stimplate or stress a féw
sueceptible individuals within a population to spawn. It is widelyysuggested that once

spawning by -one or a few animals is initiated either the gametes or a' pheromone reieased *

€ with them induce neighboring conSpemfncs to spawn (MacGinitie and MacGunme 1949;

Hyman, 1955; Rothschrld 1956 Reese, 1966 Gne.se and Pearse 1974; Kennedy’nd
Pea,l"se 1975; lliffe and Pearse 1982)~Fox (1824) apd Lewns (1958) mduced sea ufchins
to spawn by addlng sparm suspensuonq"to seawater in the laboratory wand Gemmili (1814,
192.0dtdescr,\bed similar expe{lments wi starfish. However many. attempts to repeat
these experlmenfs have not_ré'sulted in spawning (Gemmull 1\900 _Paimer, 1937 ge___

obs ). In the ﬁeld% 4

,d(al (‘f9ﬁ6) induded Parac‘entrotus lividus to spawn by exposu’

to homogemnes Q_f'wne ggflc Qt&or ovaries, and two of the observations of

spawnung.n Tablq “u yqﬁe rr;‘)the v»c?my of sea urchins that had been cruehed in one

S AR
i - - - ' .
.. - : -
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C mstance the cth’hed individuals were conspecific to thoée that wa’re spawn‘ing but in the
second case crushad §trongy pcentrotus ranccscggu may have Qduced mdwnduals of S.
purpuratus to spawn. Nevertheless, several of the observataons of Table | indicate
spawning by only some individuals within a Igcale. R ®

Though all free-spawning invertebrates encounter the problem of gamete dilution,

" thereis certainly variation.in the mechanisms utilized to increase percentages ot

fertilization. As one example, sberrﬁ of some hydromedusae and species of benthic
mve?rates éhemotactically sense conspecific eggs and swim towards them Miifer,
197

remain quiescent until they sense nearby eggs. The evoldtion of blocks to polyqui/'my (see

.in Qréss). In this case it may be advantageous for sferm fo be long-lived or e)/e,n to .

Rothschild, 1956) in eggs of free- spawnmg specnes clearly mdlcates‘ﬁyat at least
occasaonally eggs encounter sperm in abundance

» In summary, the experiments presented here indicate that if free- spawmng adulté

fail to aggregate prior 1o spawning.’as Mortensen (1938) proposed, percentages of
" fertyization will often be low. ‘Conversely if they spawn in aggregﬂionm‘m\-
fertnllzlﬁon will be high, as Thorson (1946) suggested. it remaing-uncertain whether or not‘ -

echinoids are gregarnous prior to spawning, but it appears that local spawning is usually
*

synchronous. Iﬁree -spawning invertebrates do not aggregate and then Spawn

» synchronously, que-tlb’es based on gonad indices or egg production may badly
. ,\ . .

overestimate fecunhity.
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Figure A-1. Results of four replicate experiments to determine percent fertilization of

pvhgliganstant volumes of a series of 10, 10-fold dilutions of drys s;berm isdmen)
gy suspensions in stirred jars. “’. R

I o
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% ' ;‘Ln A-2. Mean percentages of fertilization {1 standard deviation) resuiting from

;xperiments to examine gamete longevity. In A, eggs were added to diluted sperm
L 4

i

susponsion; of various ages. B is the convekse of A, wharg fresh sperm suspensions

wore addad to eggs of various ages Three replicates of each expenment wer¢
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Fjgu(?A-& Percentages of fertilization resulting from spawning of a parr of animals in still
¥
water. A maie and female wq! induced to spawn, strapped mouth down to plexiglass

plates, rinilid, md placed in an aquarium 50 c apart. Eggs ’ro periodically pipetted
from the aboral surface of the fémale and assayed'for percent fertnlnzatuon
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Figure A-4. Mean porce;mgos of fortflrz;‘.‘\tion {* 1 standard error) rc'lmg from spawning
by single males in the tield. Eggs were drawn into the syringes in the field. and 10 mi of
water was then pulied into the syringes siong a transeet running doévncw;ront froma
spawning male. The numt;er above each mean is the number of replicates conducted at that

distance from the male.
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Figure A-8. Mean pordentagos of fertilization (x| standard error) resulting from spawning

»
e

by single males in currents over 0.2 ch/s (A). or under 0.2 ém/ s (B). Methods were the
muangaThhnumboubovomhmmnwnumofr @conductodn
tha! distance from the male.
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Figure A-6. Mean pqfcentages of fertilization (1 standard error) resulting frorh spawning
by single males (AJ Jor three males (B) at the head of the transect. Methods were the same
’ h 13 ®

as nFig. 4. except that about 1600 eggs were pipetted into the syringes prior to

experiments. The number above each mean is the number of replicates conducted at that

distance from the male.
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IX. APPENDIX B. ONTOGENETIC AND DIEL VERTICAL MIGRATION OF A PLANKTONIC

ECHINOID LARV‘A, DENDRASTER EXCENTRIQQS: OCCURRENCE, CAUSES, AND
PROBABLE CONSEQUENCES
k P
P A

-INTROD 1\

s Many types of zooplankton regulaté depth and-undergo both ontogenetic and diel

vertical migrations (reviewed by Banse, 1964. Thorson, 1964 Meadows & Campbell,
1972, Crisp. 1974 Forward, 1976, Longhurst, 1976). For larvae of subtidal benthic -

_invertebrates, ontogenetic migrations are suggested to be adaptive because tHey increase
the probahbility of encounters with suitable benthic habitats. Diel vertical migrations of
mnroplanktonohave received less attention, but for zooplankton in general they are
suggested to provide some control over rates of metabolism, feeding. encounters with
predators, and dis?ersal. ' v

To regulate vertical postitnog, a zooplankter must orient vertically. and move either
up or down in r@sponse to envuronmén@l»feature(s) indicative of depth (see Mileikovsky.
1973, Crautzberé, 1975. Sulkm,' 1984). drientation can be controlied by active sensory
structures such as statocysts, or by passive mechanisms such as differential drag on body
regions, spiral swimming or non-uniform body density (see Chia et al.. 1984a). Vertical
movements of invertebrate larvae.have been shown in the laboratory to be controlled

'mo'st often by light, but pressure. tompe’?ature and salinity are also used to to ‘ind'cate ‘
depth. Howevaer, the effects of such environmental "cues” are not smple, For example,
photoresponses are often altered by interactions between the above factors and larval
age. nutrrtional state and sensory history (reviewed by Russelr 1827, Thorson. 1964
Forward, 1976, Sulkin, 19843. It is thus dif ficult to predict depth distributions of larvae in
the plankton from laboratory experiments alone.

The depth-regulatory behaviog of larvae of benthic invertebrates has received
considerable attention. Thorson ({1964) assembled soma infdrmation on over 200 species
of invertebrate larvae, and the topic continues to be of interest (reviewed by Forwé:d,
1976; Sulkin, 1984 Young & Chia, in press). However, generalizations regarding

SThis apcg:endix has been accepted for publication: Pennington, J.T. and R.B.
Emiet. Ontogenetic and diel vertical migration of a planktonic echinoid larva,
Dendraster excentricus (Eschscholtz): occurrence, causes, and probable
consequences. J. Exp. Mar. Biol. Ecol.
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depth-regulation are based largely on study of larvae of foulm’g snimals (Thorson 1964)

and estuarine invertebrates (Strathmann, 1977). groups such as ecrnnod'orm larvae. which

do not show obvious responses to environmental stimul. continue to be neglected (Reese ’

1966). Thorson (1964} discusses photorosponso in only two spocws of echinoid larvae.

and these studies were masmterpretod Thee! (1892} did not state that Eghmocnﬂw

pustilius plute: are photopositive. but only that h\ey swam to the surface. Simiarly. ’

-’

Mortensen (192 1) didnot observe piute: of Laganum dnglogor atobe photonqgatuve but
- only to swim at the bottom of culture dishes. However. Noya (1965) descnbed horizontal

movmements of ptuterof Hemicentrotus pulcherrimus in response to both horizontpl and

vertically-oriented beame—of artificial white light. anre aware of no detanlod examination
of depth- regulatnon of any echinoderm liva ' \

We have studied depth-regulation in pluteus larvae of the sand dollar Dendraster
excentricus (Eschscholtz}. D. excentricus plute are é:ommon in laboratory culture. but do
not show obvious responses to environmental stimuli. We circumvented the
interpretational dif ficulties encquntered in laboratory studies of larval depth-regulagion by
first documenting the vertlca‘l distribution of Q excentricus piute: in the plankton. and aiso
in 3 semi-natural enciosure and in a large outdoor aquarium..in combnqatn'on these data
permitted a simple series of laboratory experiments to determine which larval anij " |

environmental features cause the observed patterns of vertical distribution. Two final
| )

experiments examine a consequence of the observed diel vertical migration (DVM)
MATERIALS AND METHODS -

FIELD OBSERVATIONS s

“Vertical distribution of plutei of Dendraster excentricus was examined in East

Sound. Washington. on 6 days between May and August, 1983, as parx.of,a study which
documents the dispersal of plutei produced by a local adult population [Emiet. 198\5). East
Sound. a f)jord-like embayment in the San Juan Archipelago. thermally stratifies during
summer (King. 1976) and offers a restricted body of water with Imr tu&al mixing. During
daytime (0730-1530 hrs) a gasoline-driven daaphragrﬁ pump (5000 9a|/h capacity) was

used to coliect 1 m* samples from depths of 1 m. 6 m and near the bottom between
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‘O 15mR eeverel stations within East Sound. Samples were immediataly filtered through

125 um mesh nemng and preeerved in 3% formalin. On August 22, tempenture and

salinity (American Optical tempereture-compenuted Refractometer) data were taken at.a
_series of ststions siong the length of_the Sound.

Samples were lgter split with a Folscm plankton splitter and haif of esch semple’

was corted for D. excentricus piute. these were identitied t;y their fenestrated skeletorj
‘Q\trethmmn, 1979) and staged by their number of arms and development, if any, of the .
echinus rudiment (including juvenile test piates and spines. see Emiet. 1985). Plute:
eontaining 3 well-developed e‘cr;mus_rud'ment were termed ‘competent” to settis and
metamorphose. | p )

' v ‘ )

ENCLOSURE EXPERIMENT

A cylmdrucel enclosure cqnstruc.ted of fiexible transiucent plastic was suspended
from ‘the weter's‘ surface near a floatmg breakwater at Friday Harbor Leboratorles,
Washington, USA. The enclosure was 3.2 m deep. ‘1 m in dismeter, and contained about
25({1 of filtered -‘seeWeter.

: For all experimantgembryos and(fervee were cultured as in Highsmith (1982). For
the encloSure exbenr\e;n, eggs were fertiized at staggered intervals so that cultures of
.eerly and edyenced darmed plutei, and"e"‘end B-ermed p'luteg were obtained
sn,mulune\Ous'ly. High rates of development at suMertime water temperatures (11-16" C)
pr.evep(ed the :,nc.lus'on of hatched blastulse. gastrulae and prism larvae in this experiment.
Addut:om;ly, it wec not feasible to culture sufficient numbers of competent plutei to
inciude them in the experiment. Larvae W|t.h|n. a 20 ml subsample f“rom.each of 17, 3-1

" culture Jars were counted to estimate the number of each of the above larval stages to be
Dded to the enclowre In total &pproximately 620 000 pluteu were added to the
enclosure ica. 250 lervee/l) at V?900 onthe fnrst day of the experument 3 h prior to the
fvrst semphng session. By stage. 50% of these were early 4- armed 16% were late

‘4-armeg 31 % were 6-ermed arid 6% were 8-armed piutei. '

s Sempling sessaons weré conducted at 1200 1800 and 2400 hrs on the first day.

and st 0600 and 120Q hrs of the second day of the experiment. Dunng each sampling

_session, 3 replicate. 3- semples of Weter and entrained larvae were collected with a
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plunger-type pump from 0. l., 1.0.20nd3.0m doop through 8 weigmt dongou

hlngi;\g vo;'tically 0.3 m from the iﬁmr wall of the onclo\wro. Water remowad from the
enclosure during umpling wasg not rcr;lo_(:od. E"ach ump]o was immediately strained \)
through 80 um Nitex d the roumod larvae w:ro washed into jars snd fixed in 3%
formalin. All larvee in each sample were ister :ugod and counted. except that samples
containing large numbers of plut.eu were subsampled with a Foisom plankton splitter so that

at least 300 larvae were directly counted and staged. Lightsatensity (LICOR LI- 1858

Quantum Meter), temperature and salinity were measured at each depth during the

- samphng sessions. -

AQUARIUM EXPERIMENT .

An experiment snmnl;f to that in the enclosure was conducted in a large outdoor
plexigiass aquarium. The squarium was cylmdruc:I, 1 mn diameter. 1.8 m deep. and its
outside walis were wrapped with heavy black plastic. The aquarium was filled with about
1400 1 of filtered seawater 24 h prior to the o'xpenmom to allow water and ar
temperatures to equilibrate (g:g 13" C). An estumte&240 000 4-armed pluten were added
to the aquanum 19 hours prior to the first sampling session (ca 170 larvae /.

Sampling sessions were conducted at 1200 and 2400 hrs on the first day. and at
1200 hrs on the second day of the experiment. Sampling was conducted as n the
enclosure experiment. except that samplés were suphon‘ed from0.1. 0.5 1.0an0 1 %
deep. A black plastic cover was placed over the aquarium 12 hprior to the final samp\qq
sassion. Samples were procéssed and larvae were counted as in the enciosure .

experiment. Light intensity, temperature and salinity measurements were taken at each .

depth during each sampling session.

LABORATORY EXPERIMENTS

k Laboratory experiments were contucted to determine what larval or envu}onmental
features contribute to the observed patterns of vertical dustnbutuog, and m particular '
examined ('1) how plute: oren vértncally, {2) i~f ontogenetic depth distributions might be

affected by changes in

specific gravity of embryos and larvae. and (3) if the dd'*
migrations were capGsed bymm responses of embryos or lsrvae to thermal
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discontinuities, visible ight, or uitraviolet light. Additionsl experiments were then

undertaken to determine whether growth and srrvival of plutei might be affected by

\ :

exposure to uitraviolet ight. : N

Verticsl orientstion
Dustriby*on of pody mess
The following experiment was conducted to establish that vertical orientation of

" piuter 1s due to asymmetrical distribution of body mass. The experiment was conducted

with 4 6. 8-armed and competent plutei, and #is0 with hstched blastulae. pgastrulae, and -

prism larvae. Embryos or larvae were killed by immer sion ir". 2 0.004% Nile Biue

A seawater solution for 15 min, after which the dye solution was washed away. This

trpt?nom killed larvae without apparent damage to larval tissues or form, snd also stained

the animals a vivid blue.dnder a dissecting microscope, 50-}00 individuals of each
dovolopménul s@ were then fiosted in seawater over a.sucrose solution (distililed water
plus sucrose, see below) slightly donur than the embryos or larvae. The embryos and -
larvae‘woro allowed to settie for 30 min nto the density gradient produced by layering the
two fluids. and the resulting vertical orientation of the embryos or lsrvae was noted. The’
verticsl orientation of 5- 10 indimiduals ’wls then aitered with a needle. if these returned to
their. original orientation it was conciuded that asymmetrical distribution of body mass

' controls larval orientation.

’ A
Ontogenetic vertical migration
Larval specific gravity
The specific gravity of embryos, larvae and newly metamorphosed (20 h old)

" juveniles was determined by observing whether they floated on. or sank through sucrose
solutions of dif ferent specific gra\)ity Ammals were killed in Nile Biue and 50- 100
mdw'duals of each devolop!‘wntal stage (excopt compstent piute: and juveniles, see below)
were floated in seawater over a series of 10 d:stullod water sucrose solutions ranging

from 1:0.01 to 1.1.4 g H,0:sucrose at about 2(_)' C. After 30 min, if the animals had sunk

through a particulsr sucrose solution to the bottom of the dish, it was concluded that they
were don)r than that sblutio: However, if they remained floating on the discontinuity

¢ b ) o

\
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‘ ) o
bn/mmuo\ymm'owcrouw-on. it was conciuded that they were less dense’ <
than the solution i that chsh. EXperiments with competent piute: and uveniies were

lconduc.t.d a8 sbove. but with only 7 and 3 individuals, respectively. it was necessary to S
repeat experiments with these mdivudu:u several imes, uaing different sucrosé soistions.

The specific gravities of the various solutions were obtained by reference to tables in the

CRC Handbook of Biochemistry f

-

Diel vertical migration

Thermai discontinuities ) ‘
The following experiment was conducted to examine the possibiity th;t de!

£

vertacal.mbgrltion (DVM) occurred because the piute: could not. or would not. swim up
through a thermociine. A 25 cm tall piéxiglass column. 1 x 3 cmin cross-section was

filed with seawater. Its lower haif wa;\-ﬁ\;norsaAYun a 12" C water bath whiie a hair dryer
heated the upper ‘half to 22°C. Thermometers fixed 10 cm apart in the upper and lower
haives of the collimn monitored internal tembonture. Lunli.or NnO convection current
disrupted the 10" C thermocine created in this \'fvay, Once the thermociine was S~
esubhshed #bout 100 4-srmed plute: were gently nn;dcfod through a port into the bottom

" of the column !f substantial numbers of piute! appeared st the top *the column wm‘m 30 \\
min. it was concluded that the larvae swam thrOugh the thermociine. The experiment was,
conducted in ambient laboratory (fluorescent and indirect window) hghtmg

-t .
Incandescent hght . ¥ -
M >
Experiments were conducted to examine the effects of incandescent ight on both
.. -
vertical and horizontal movemants of plutei. To examine vertical movements, in a darkened

’

A} I'd
room-50- 100 4-armed piute: were pipetted into scintiliation vials nearly full of seawater

and allowed tp swim to th'e surfgce. l‘tung:t"en-folament hght source directegydown into

the vials from 10 cm sbove was then turned on (1050 uE/ m!/s). this Ismp produced white

hght containing both visible hght (VIS) and UV-A (see below). After 20 min o; Hiumngtion. ‘

any change in vertical distribution of the pluton yvas noted. ’ ) o ! ‘( ’(\;
To examine horizontal movements, a small glass chamber constructed of - ~X

microscope slides (2.5 x 2.5 x 7 cm) and nearly full of seawater was placed 30 cm from * ¢

the light source (described above). In this case the ight was directéd horizontally W;)um
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the fong axis of the'chamber. Approximately 50 4-armed plutei were pipetted into the
- , ﬁ o . .,

chamber, which was then stirred to distribute the plutei evenly along i;s axis.-The
' hors£OMBI distribut‘ion of the plutei was asses;ed following various periods of illumination.
-Possible ef fects of con:/ection curren;?:.;'eated by heat from the light wefe assessed by
- rving dye movement in the ghamber during illumination. Water temperature gt both
ends of the chamber was a;o measured to the nearegt 0.1 * C with a small thermocouple
immediately after the light was turned off. These experiments were repeatod over .10
tmes. : .
Ultraviolet l_lgm
To examing effects of solar ultraviolet light (UV) on the behavior of plutei,
experiments were firs‘t conducted in guniight, and then with artificial UV éources.
N Variously filtered UV lamps were used to examine (i) effects of ir;tensity and spectrum,
(2) effect on swimming speed and direction, and (3) developmental onset of response.
Pluteus behavior in response to sunlight was first examined by placirlxg an
uncovered glass jar containing 3 | of seawater and about 1000 8-armed plutei (with
partially developed echinus rudiments) outdoors in direct byt diffuse sunlight on a cloudy
day. A control jar contammg water and plute| was also set near a window in the laboratory
(most transparent glasses and plastics fllter UV <310-315 nm; see Jagger. 1965). Both .
treatments were thus exposed to similar amounts of light >315 nm, but only ;h-ev outdoors.
plutei received shorter wavelength:{. After 30 min, the vertical distribution of plutei within
the jars was qualitatively noted. The 'jaf’s that had been outdoors were then returned to the
laboratory where the di.s\tribution of plotei was again noted after an additional 30 min. This
experiment was repeated 3 timés. Second, during a sunny afternoon (sun 30-45° off
vertical; 690 uE/m?/s vertical irradiance 400-700 nm), 4 pairs of 100 mi polystyrene
beakers fillemth seawater and containing 100-200 plutei were set in direct sunlight.
Two beakers were uncovered, while the remaining pairs were either covered with UV
 filters (Moya HMC UV[OI) ‘transparent plexiglass, or opaque plas{\\\ After 20 min the
vertncal distribution of the plutei was noted. The beakers were then placed in a darkened
12°C incubator and the distribution of larvae again noted after 1 h. -

Experiments were conducted with artificial UV sources after the methods of

Damkaer et al. (1880).and Damkaer & Dey (1983). The UV spectrum has been arbitrarily
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divided into UV-A (400-315 nm), UV-B (345-280 nm) and UV-C (<280 nm. see Damkaer et
al., 1980). UV-C does not penetrate tr}d/earth'.s atmosphére. Because UV-B has greater
effects on the bhotochemistry of bnprlogncal systems than UV-A the follov;ung
experiments were conducted wit‘p’iamps filtered to approximate the UV-B rradiance of
sunlight at sea level (see Damkq;’f' etal., 1980, 1981). The UV-A and visible hght (VIS) o
emitted by these lamps was prét controlled. but was less than that of direct sunlight

(Damkaer & Dey, 1983). ngme indirect light from the laboratory's windows and

fluorescent fixtures was also present during experiments. N
. &y

Double light fixtures containing one Westmghouie "cool white' fluorescent lamp
and one FS-40 fluorescent "sunlamp’ were mounted over 3 mi spectrophotometer
cuvettes or scintillation vials filled with seawater and containing 10-100 4-armed pIQtel
For all experiments the light was filtered through cellulose triacetate plasfic {CTA} to -
eliminate light below 290 nm. Relative UV-'B mtensity was measured with a
Robertson-Berger Sun Meter. This instrument browdes an estimate of ”buoloéncally
effective” UV, its response to UV-B irradiance has been compared to other commonly
used /scales of biological effectiveness by Damkaer and Dey (1982). For experiments,
intensity of UV-B radiation was adjusted by varying the th»cknéss of the CTA filter and fhe
distance between the light source and the water surface. UV-B 1ntensuty at the arr-water
inter face of the cuvettes or vials was expressed as p.-oportional to approximate solar
UV-B irradiance at noon on a clear summer day at sealevel (half. full. or doﬁble, see
Damkaer et a_l.,, 1980). All treatments were rephcateid a} least 4 times. and at least 2
rephcate vials or cuvettes covered with transparent (but UV-B opaque) piexiglass
controlled for potential effects of UV-A and visible light on larval behavior.

In the first experiment with thesé lamps, 4-armed plutel were irradiated with either
half, full, or doublzntensity UV-B (plus UV-A and VIS) for 25 min. Pluter were allowed to
swim to the surf?ce prior to irradiation. Their vertical distribution was qualitatively noted
as the IampE were turned off and one hou; later. A similar experiment with full intensity
UV-B was quantified by counting 10 4-armed pluté| into each of 6 cuvettes. The number
of larvae within 1 mm of the surface. in the water colu}nn, or within 1 mm.of the bottom
was counted (1) before the lights were turned on, (2) after 20 min irradiation with full

intensity UV-B, (3) after 5 min additional irradiation fSllowing a gentle fapping of the vials.
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and (4) 1 h after the lights were turned off.
in another experiment. 4-armed plute! were irradiated as above. except thata 10
mil fiiter of Mylar plastic «as used to remove waveleng‘ elow 315 nm (as did the
plexiglass over controi cux:ttes). The larvae were thus exp& to UV-A and visible Iigh‘t
¥ only. Four-armed pfuteu in"quartz cuvettes were also irradiated with full intensity UV-B
from belm;\;. Their vertical distribution was noted before and after treatment. Finally,
hatched blastulae. gastrulae, prism larvae and 4. 6 &nd 8-armed plutei were each irradiated E
-from above for 20 min with full mtensuty UV-B. In this case controls consisted of
uncovered and plexiglass- covered cuvettes containing 4-armed plutei. as well as covered
cuvettes containing the developmental stage under consideration. The vertical distribution
of the embryos or larvae was noted both before and after irradiation.
/
Grga;h and survival of irradiated plutei
Brief exposure
- To determine if the dosage of UV-B required to elicit the behavioral respoﬁse
‘mnght be harmful to plute, fifty 4-armed plutei were counted into each of 6 shallow bowls
(ca. gipdeep). Four bowls were then irradiated with full intensity.UV-B for 20 min. Two
bowls were not irradiated and served as controls. All 8 bowls were then placed in a
running seawater bath (ca. 12" C) under ambient laboratory (fluorescent and indirect.
window) lighting. and survival and general appearance of the larvae was assessed 3 days

later.

Chronic exposure .

A final experiment assessed the effects of simulated solar UV regimes on plute:
confined in shallow water. Fifty 4-armed plutei were counted into each of 50 shallow
bowls {ca. 3 cmdeep): these were divided into 5 treatments of 10 replicate bowis sach.
For 8 hours daily, each treatment was subjected to either: (1) half intensity UV-B (plus
UV-A and VIS): full intensity UV-B (plus UV-A and VS); (3) double intensity UY-B (plus UV-A
and VIS); (4) UV-A and VIS; (5) ambient laboratory light only. Ihe light sources were set up,
—mectrum and intensity were con_trolled as described under "Ultraviolet light”. The
bowls were kept cool in a circulating‘water bath, and larvae were fed and their water

changed on alternate days over the 8 days of the experiment. Every 2 days larvae in at -
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least 2 bowls from each treatment were fixed. counted “amd examined for growth and

general appearance.
RESULTS

FIELD OBSERVATIONS

The majority of bdth precoF»petent and competent piuter found during ou; teld
sampling occurred in surface waters (Fig. 1). These results are \n general agreement with
those obtained by Rumrill et al. (1985). who found echmosd plute! (unstaged) to be most
algundant in shallow water. In the present work there was some variation in depth
distribution among precompetent plute: with date and time of sampling (0730-1530 hrs!
these differences are disc—m;sed elsewhere (Emiet. 1985). Nenethelessf over 1000
precompetent plutei were caught and 81% of these occurred 1 m deep. All 83 competent
' plutei that were found also octurred at this depth. Thess results indicate that plute!
regulate depth. that they occur in shallow water, and that there was no ontogenetic
vertical migration. - -

/

ENCLOSURE EXPERIMENT : //
During each sampling session. the vertical distributions of early a-armed,/edvanced
‘4-armed, and 6 and 8-armed plute: in the enclosure were similar . but all stages enderwent
DVM over the 2 days of the experiment (Fig. 2i. Variance in the number of larvae of a’
given stage caught between the 3 replicate samples taken at each depth during each
sampling session was low (mean coefficient of variation. 23%). indicating that the samples
provided repeatable estimates of the vertical distribution of larvae. However, number of
larvae captured per liter during the first sampling session (170 larvae /1) was Iess than the
estimated number initially added to the enclosure (ca. 250 larvae/l). The numbers‘of larvae
captured subsequently declined so that only 6 1 larvae /| were taken during the final
sampling sessjon. These losses remain unexplained, but are apparently due to 1arval
mortality, possible undetected leaks, and some minor loss resulting from our sampling

. & . . . .
without replacement. It is also conceivable that larval distributions were sufficientiy

stratified so that some sampling sessions underestimated number of larvae in the
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enclosure: we have no evidence that such stratification occurred in this experim‘em.
Nonetheless. enough larvae remained in the enclosure so that the minimum number of
larvae of any stage captured during any sampling session was 78 (B-armed larvae, last
sa:npling session). a mean of 710 larvae of each of the other 3 stages were sampied .

v
- during this session.

Salinity was nearly uniform at all depths within the enclosure (28-29 ppt), but both

]
temperature and light intensity increased in the enciosure during daytime, primarily in the
’ .

L
upper 1 miFig. 2.

N

¥

AQUARIUM EXPERIMENT .

On the first day o‘f the aquarium experiment (1200 and 2400 hrs). plute: underwent'
DVM as in the enclosure experiment (Fig. 3). During the 1260 hrs sampling session on the
first day. the greatest larval density was at 1 m. rather th(an‘ near the bottom as ii‘_\_ the
enclosure experiment. This difference 'may have occurred because {hé opaque walls of
the aquarium shaded its lower portion, even at 1200-‘>hrs. Twelve hours Iate‘r, at 2400 hrs,
the mean depth of the larvae was shalléwer and subsiantially more plutel were caught in
the top meter of the aqu;rium than during daytime. However, as .in the enclosure
experiment, nearly equai numbers of larvae were also caught in deeper water. This result
indicates that while larvae left the surface during daytime, their rcturn at. nightﬂ was slow
(mean rate of upward mbvem’ent, 4.3 x 10-* mm/s). During the 1200 Hrs sampling session
on the second day. after the top ot the aquarium was covered with black plastic {first day,
2400 hrs). 78% of all larvae occurred at the surface.

Variance in numt} \o\f\léﬁaa.captured between the 3 replicate samples at each
depth during each sampli keﬁé:?bn was again low (mean coefficiemt of variation, 12%).
However, the mean numbers of larvae/! captured increased over the 24 hours of this
experiment: means of 108 and 244 larvae/| were captured during the first and last
sampling sessions, respectively. These figures bracket the estimated number of larvae '
initially added to the aquarium (g:;a_. 170 larvae/|) and apparently reflect undersampling of
larvae during the first sampling session, and oversampling of plute: which had accumulated

near the surface during the last sampling session, The minimum number of larvae caught

during any samipling session was 3892 (first sampling session).
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) As in the enclosure, both temperature and light intensity in the aquarium increased
during daytime, primarily in the surface meter of water (Fig. 3). During the second day. -
however, the cover substantially reduced such increases. Salinity was nearly uniform
throughout the aquarium (30 ppt). Some convection current was gr-e-a-ted by sunshine on
the walls of the aquarium (ca. .3 mm/s). this current could not produce net vertical
transport 'of larvae and did not appear to affect the DVM.

, 4

LABORATORY EXPERIMENTS

Vertical orientation '(

Distribution of bod\; mass '

Vz/ﬁ‘én layered in seawater over a denser sucrose:distilled water solution, dead
prism larvae and piuter uniformiy settied onto the dngcontinuuty between the two fluids with
their arms upwards and posterior downwards (Fig. 4). Competent piute: also settied -~
posterior down. When pushed over with a neegle. all larval stages returned to this
orientatiory withm a minute. it thus appears that the cent%r of larval mass i1s posterior and

orients the Iarvae passuve1y with th‘ antemr end uppermgst any forward swimming

. ' E ] -
results in geonegatuve movement. Most hatched bl&tuha and gastrulae also settled onto
sucrose solutiors wuth_theur antero-poster:‘or ax\s vértical. It was not determined which

4
end was uppermost.

Ontogenetic vertical migration

Larval specific gravity

. Results of experiments to detefmiﬁe the overatl body density ofﬂembryos. larvae
and newly metamorphosed juveniies indicate that pre-pluteus stages are slightly denser
than seawater, but plutei and juveniles are substantially denser {Fig. 5), presumably due to
“the development of the calcareous larval skeleton. However, 8-armed pluter, competaht
plutei and juveniles were substantially less dense than 4 and 6-armed plute!. It was noted
that the digestive tissue of advanced-stage plutei became markediy yellow in color'(see
also Highsmith, 1982); the yellow material remained conspicuous in newly metamorphosed

!
juveniles.

ot
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Diel vertical migration ’ [ : v
) Ttgrmogline !

Durmg both the enclosure and the aquanum experiment, temperatures ross from
13 to 16" C near the water's surface during daytume (Flgs 2-3). This warm layer formed
at the surface and was underlain by a8 thermociine that moved deeper during day. as did the
larval distribution. It was therefore possible that the yertical #uigration ocgcurred because
the plutei could not, or would not. swim through a thermocnline Sf about 3" into 16" C |
water. However, ‘when about 100 plutei were introduced into the bottom of a 25 cm
column witha 10° C thermociine (12-22" over 10 cm), aimost all.larvae quickly swam up
through the thermoé&ce and accumulated at the surface within 15 min, even though 22° C
is apprommately the maximum temperature at which these larvae can bé successfully
cultured. These results indicate that temperature effects did not cause the observed ?VM.

Incandescent light

In expériments with intense incandescent light shinng down nto vials containing
bluten, no movement of pluter away from the wat*er s surface was observed. Hovgeve:, in.
experiments with the same light source shining horizontaliy through the iong axis of a small
chamber, plutei appeared to aggregate away from the end of the chamber nearest the light
source (Fig. 6a). Even though plutei always sw;m up. a short period of exposure to the
light (1-5 min) resulted in aggregations of larvae near thc; center of the chamber. Exposure
for longer periods (>5 mm) resulted in aggregatuons near the end of the charﬁber furthest
from the hght source. |

The apparent weak response of plutei, toihorizontal beams of ight only, caused us
to consider that convection currents created by the Jight's heat produced the ”
aggrebptions, Using dye to observe water movement, it was found a 0.1" C difference in
temperature between the ends of the chamber was sufficient to produce convection
currents. The convection currents formed as circulating cells, first rising along the wall of
the chamber closest to the light, then flowing at the surface away from the light aléng the
axis of the chamber, and finally turning down and back towards the light as a replacement
current (Fig. 6b). Because the plutei swam up, they were carried along in both upwards and

horizontal currents. However, where the current of the convection cell turned

downwards, the iarvae continued to swim up but now against the current, and became
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concentrated along a "downwelling front” within the chamber (Fig. 6¢). When tﬁo chamber -
was illuminated for longer periods of time, the convection celi grew longer unti the
replacement current turned downwards at the end of the chamber furthest from the light
source, producing aggregations of ‘lér_vae there. Thus. the observed horizontal movements
of larvae were not photoresponsest but resulfbd from Interactans between larvak

swimming and convection currents. ‘

- Ultraviolet light

When ultraviolet hght (UV) was considered és a potential cause of the opsérved
DVM, experiments were first conducted in suniight using windowglass and plastics as UV
filters (see Jagger. 1965). Uncovered jars containing plute were placed either outdoors.
or behind a window in sunhght in the laborator\;)’, Before the experment. ca. 95% of the
larvae waeyse in the top 1 cm of water in the jars. After ZOA:imn"c_a_. 959% of the plute:
outdoors had dascended into the lower half of the jars while aimost all of the plute: in the
indoor jars remained at the surface. Thirty min later, after being returned to the laboratory.
ca. 90% of the larve from the outdoars jars had swum back to the surface. The above
experiment was repeated outdoors in beakers either uncovered, covered with UV filters,
. or covered with opaque plastic. After 20 miQJn direct sunh‘ght, ca. 50% of the larvae in
the uncovered beakers were on the bottom and only 10% were at the surface. In both
covered t;eakers, ca. 80% of the larvae 'were at the surface after 20 min and none were
on the bottom. The beakers were then moved indoors. Ong h later ca. 95% of the \rvae n
all the beakers were at the surface. These results indicﬂgthat a component of sunhgr{t
(UV-B) removed by the glass laboratory windows and the above filters apparently caysed
plutel to descend.

When irradiated with full intensity artificia,UV-B (plus UV-A and VIS, see Methods).
4-armed plutei sank to the bottom of vials or cuvettes {Fig. 7). PluteLin control cuvettes
covered with transparent (but UV-B opaque) plexiglass remained at the surface during all
of the following experum\ehts. The response In uncovered cuvettes was 80 striking that
most of the following reéults were assessed qualitatively. However when quantified (Fig.
8). 70% of the plutei descended to the bottom of cuvettes after 20 min irradiation. Some

plutei were invariably trabped at the water surface {see Hinegardner. 1969}, but if the

cuvettes were gently rocked or tapped most of these quickly sank to the bottom. One
B . W .
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hour following irradmation, most plutei hag.satyrned to the surface or were swimmingdn
the water column. Riutei in control cuv{nes covered with plexiglass remained at the
surface during all experiments. Larvae similarly exposed to either double or half intensuty
UV-B also descended to the bottom of cuvettes. These experiments indicate that UV:B at
natural ntensities causes plutei to descend. However, when exposed to only UV-A.sand
VIS. 4-armed plutei did not leave the water's surface. UV-A and VIS appeared to have no
effect on larval behavior, though their intensities in these experiments were lower than
those in direct sunhght.

When placed ih guartz cuvettes and irradiated with full mte:wsuty UV-B from below,
4-armed pluter sank to thé bottom of cuvettes towards the hght source. Because this
treatment did not produce a negative phototaxis _but mstéad inhibited swimming. the
response to UV-B appears to be kinetic.

Finally . rradiation with full intensity UV-B from above caused all pluteus stages to
sink (@xcept competent plutei. these were not available du;lng UV experiments). No
difference in response was observed between stages. However, hatched blastulae and
gastrulae never left the water 's surface when irradiated with UV-B. and prism larvae

exhibited little. if any response. It thus appears that U¥-B irradiation of the epidermal cells

" of pre-pluteus stages does not arrest ciliary activity.

Growth and survivnjl of irradiated plutei
Brief exposure

) Four-armed piutei irraciated for 20 min with full inténsity UV-B exhicited no ill
effacts 3 days later. Survival was good in both irradiated and control treatments (Table 1}.
At the termination of the experiment, both irradiated and control plute: ‘swam at the
water s surface, appeared healthy, and had grown since the beginning of the experiment.
This result suggests that the dose of UV-B reéquured to slicit the behavioral response 1s not
harmful to plutei, at least over 3 days.

Chronic exposure

in experiments to examine the effects of long-term exposure to UV
photoregirv‘\q;. survival of control pldte: exposed to UV-A plus VIS or to ambient

laboratory light was very high over the 8 days of the experiment (Fig. 9). However. all

[y

/
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vae subjected to full or double intensity UV-B were dead by the 4th day of the

Bperiment, and most larvae exposed to half intensity died by the 8th day. Equally

- ¥ A‘ portant. by day'4‘|t was clear that plutel recieving half intensity UV-B were not

e:p P¥ifent suggest that chronic exposure to simulated UV-B photoregimes in surface
waters can kg or retard development of plute:. However “full intensity Uv-8
approximated solar UV-B irradiance at noon. while pluter in this treatment were irradiated
at realistic midday rates. the total dosage of UV-B in this treatmept was high (8 h/ da. see
Damkaer & Dey. 1981) The “half intensity” treatment better approximated total daly dose
of UV-Bin surface._waters. Additionally . under all the photoregimes UV-A and VIS were
much less intense than in sunlugﬁt (Damkaer & Dey. 1983). potentially reducing rates of
larval photorepatr. These technical dif ficulties might be avoided by conducting similar

experiments outdoorsfn direct suniight.

' | .
DISCUSSION

: {
VERTICAL ORIENTATION

Lyon ({1906} Runnstrom (1918). Mortensen (192 1) and Fox (1925} noted that

echinoid embryos and larvae swim up to the water s surface in culture Lyon (1906} found

that the behavior in Arbacia punctulata pluter is a direct response to gravity and 1s not
altered by wisible hight. temperature changes. or oxygen gradients. and Runnstrom (1918,
stated that the thickened posterior skeletal rods of piute ‘stabilized therr vertical

orientation with posterior downwards. InDendraster excentricus plute:. the

posteriorly-directed asymmetrical distribution of body mass provides a passive and nearly
infalibje method of geo-orientation. With posterior downwards. any forward s\;vnmmmg
results in geonegative movement. A variety of zooplankters, including some invertebr ate
larvae. have been suggested to orient in this way reviewed by Rudjakov. 1970 Chia et al.
1984a), although the mechanisms by which zooplankton without statocysts orient .

vertically have rarely been examined (Creutzberg. 1975). Pluter do swim backwards ¥ they

encounter objects or are disturbed and they can also turn and swim horizontally at least
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for short diktances (Strathmann, 1971). No:othonn, on s larger scale most plu.touo
movemepts probably function to regulate dobth. \rs has been suggested for other larval
and zooplankton swimming (Herdy, 1956 Crisp, 1874).
aAlthough we have not determined how blastuise or gastrulae orient vertically, the
obur;’at\mn that they aiso settie into sucrose gradients with their antero-posterior axis
vertical would seem to indicate that either ‘asymmotnc distribution of body mass or drag
characterisyics associsted with body shape result n geonegative swimming (see Chia et al..
1984a). 3 |

-

ONTOGENETIC VERTICAL MIGRAT |ON

) in the field we found no evidence that pluter undergo an ontogenetic vertical
migration (Fig. 1). Thorson (1964) and a number of recent studies (reviewed by Forward.
1976) suggest that larvae of spdcies which inhabit the intertidal as adults remain in surface
water throughout larval development, while ldrvae of species which live subtidally as aduits
descend into deeper water as they near compaetency. Thorson's (1864 generalization i1s In
agreement with our data from northeast Pacific waters. where populations of D.
excentricus occur intertidally (see Emiet, 1985). However. over most of its species range
‘slong the North Americln‘'west coast, D. excentricus occurs in the shallow subtidal just
outside the surf zone Merrill & Hobson, 1970). Although it 1s concervable that dif ferences
in larval morphology or behavior exist between animals from the two habitats (sée
MacGinitie & MacGinitie. 1949). it seems mord probable that competent larvae of D.
axcentricus recruit from surface waters into both intertidal and subtidal habitats (see
Ebert. 1983. Chia et al.. 1984b).

Ontogenetic migrations of larvae have been widely suggested to occur bec‘ause
advanced-stage larvae of benthic invertebrates become too dense.to remain planktonc
and thus eventually settie to the bottom (reviewed by Banse, 1964. Thorson, 1964,
Forward, 1976). Burke (1978) observed competent larvae clai D. excentricus swimming
near the bottom of cuiture dishes and suggested a similar cause. In centrast. our
measurements of the specific gravity of larvae indicate that advanced-stage plute: are
more buoyant than early piute: (Fig. 5). This decrease in specific gravity in combination with

the development of locomotory, ciliated lobes (hypertrophied regions of the ciliary band,
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see Strathmann, 197 1) on 8-armed pluton'probably accounts for the ‘ocwro;\co of
competent pluto{ in surface waters. The decrease ;n spocifuc,gnvuiy of advanced piute: is
probably csused by the accumulation of lipid rﬁsorvos within Cells lining the gut (Burke
1978, 1981) prior to metamorphosis. Lipid reserves may also be responsible for the .
chnroc’m':tic yellow color of late piutei (see Highsmith, 1882) and'newyly-metsmorphosed
juveniles.

Alihough the above fnela and laborastory data are in sgreement. our measurements
.of larval specific gravity are vsub;ect to two.potentnal criicisms. Lowndes (1942) pomted'
out that measurements of specific gravity involving sucrose solutions expose specimens
to osmotic stresses that may alter their density. Such alterations could conceivably have
affetted our results. we nevertheless used a sucrose technique because of its direct
simplicity. Second. Paulay et al. (1985) have shawn that a variety of larval wpes including
D. excentricus pluter. can be food-himited in nature. When starved some larval types .
develop more slowly (reviewed by Day & McEdward. 1984. Paulay et al.. 1985) if th}:\/\
also 'sequester less lipid. field:collected late piutet may have Qigher specific gravities than (
well-fed cultured larvae. However. West & Costlow (1 98('hyfound that b‘arnacle nauplu
grew siower under food-limiation but sequestered about the same amount of Iipid during
each instar as did well fed nauplii. '

Most invertebrate larvae. Including echinoplute! (Iso’r%‘ & Yasuma;:.l‘, 1968) appear
to use lipid as theirr major energetic reserve (reviewed by Crisp. 1976, Holland. 1978 Day
& McEdward. 1984). Among those planktotrophic larvae which have been examined °
{primarily bivalve and barnacie larvae), lipids are accumulated throughout feeding
development and then depleted duripg and immediately foliowing metamorphosis. Lipids
are thought to be sequestered instead of other fuels available to zooplankton (e.g..
carbohydrate} in part because of its bouyancy (Nevenzel, 1970, Sargent, '1_976 Holland.
1978). The spec.iﬁc .gravuty of marine organisms has not often been measured (but see
Gross & Raymont. 1942 Lowndes, 1942 Mornis. 1972, Childress & Nygurd: 1974,
Spaargaren. 1979) and we are aware of no such measurements upon invertebrate larvae.
Nonetheless, those planktotrophic larvae that sequester lipid may not increase .m density

b3
throughout development as suggested by Thorson (1964). The occurrgnce of juvenile

polychaetes (Banse. 1964) and ophiuroids (Strathmann, 1974) i the plankton ar?y the low ¢

oA b
o R
#i

B o

)



~ . 204
. » | - ‘
rmj?f raspirstion measured for barnacle cyprids (Lucas et gi.. 1878) might also be
explsined in this way. Chis (1973) has shown that juvenile D. gxcentricug ingest send
gramng, presumably as .dmtmon to incressé specific gravity.

Aithough ontogenetic changes in specific grairiiy were examined primarily to.
document differences in density between esrly and advanced-stage phutei. the most
striking increase in density occurred Between biastula snd pluteus stages. While eggs and
embryos are only slightly more dense than seawster (ca. 1.05 g/cc, and see Fox, 1925).
early piute: are sbout 20% more donsoA(gg_. 1.25 g/cc). Tr‘n consequences of such large
density changes are unknown. but it may be advantageous for eggs and embryos to be
shghtly denger than seawater so that when spawned they are quickly washed into the
plankton (no‘ Pechenik. 1979: Pennngton 1985 [Appendix A)). but do not fioat to the
surface where thoy. might be damaged by ultraviolet light (see below). Conversbly. although
piute: are more dense than pre-plut‘;us‘sugos and must expend energy to remain in the
plankton, the lsrval skeleton permits'growth of arms (see Emiat, 1983) which in turn may
INCrease net energetic intake fhro;.ogﬁ lengthening of the food-colleétmgk&':iliary band \
(Strathmann. 197 1. McEdward, 1984). ya "

D/EL VERTICAL M/GRA#E)N

in the enciesure and aquarium experiments plute: underwNVM Bescendmg
during dsytime and rising slowly towards the surface at night, even though they occurred
shaliower than 6 m durihg‘dane in the field. In both the enclosure and aquarium, rates of
upward movement at night were much siower than downwards sinking during daytime.
similsr 6bs;rvations sre not uncommon eviewed by Rudjakov. 1970. Chia et al.. 1884a).
Plute: observed swimming in jars or columns usually swnr;\ towards the surface much
faster (ca. 1 mm/s) then &ny ascended in the enclosure or aquarium. While turbulence or
other Uncontrolied variabies in the enclosure and aquarium niught account for this

_q-scropanCy. it may also be that iaboratory meagsurements of swimming speeds are not .
representative of rates of larval movement ove} longer distances.

Laboratory éxponments with temperature and vertically-onented incandescent light
did not produce downward movement of plutei. However, oxporimonts'wi.th ‘

horizontally-directed incandescent Iight'v produced horizontal movements of plute: in small

* | | /
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chambers.‘We have interpretedthese movements 10 be artefacts csused by convection

currents. trom'(l\Sle)ndNoya(1965.1muod in Yoshrda 1966, 1979, Mi“ot.‘t i
1975) reportedsimilar results with schinoplute: that may also bé artefactual. B T _
. Plutei show » striking rosponu to UV ight Fig. 7) Wo fomd that pluton ducond
" when exposed to unfiltered m.gm and whien mama with uv-dm smulsted soler
intensiues. The response 1s apparently photokinetic because plute: doscondod towsrds s
UV-B source directed up from below. snd 1s probably under nervous-control because
‘ pre-plmau} stages. which do not have an mtogrmd nervous system (see Burke 1983)
did not stop sywmmmg Qr sink when wmtod Larvae never responded to UV-A and VIS in
our oxponmont: Exposure to sufhc'ont UV-B to elicit the s»nkmg\response was not
lpparenﬁy harm¢ful to plute:. but long term exposure to simulated patursl UV-B nntu‘mes
(but high danly doses) killed or retarded development of piute:
Echinoderm larvae have not preyiously been reported to undergo DVM and no
zooplankter has been demonstra}oo to do so inresponse to UV. However a variety of

planktonic invertebrates have been shown to respond to UV. including two echinoid larvae”

Fox (1925) reported that piute: of both Diadema setosum and Paracentrotus lividus

descended when placed in sunlight in vials. Because the response in P. lividus was more
striking in silica rather than glass vials. Fox (192\'.?) conciude%. :hat UV was resporgsnble‘
though he did not'suggest that UV might cause DVM in nature. As in the present study Fox
(1925) fo;.md that the response is photokinetiC and that plute: réturn to the surface
foliowing irradiation. With the exception of tw§ crinoid species (Morteﬁsen 1921. Dan ’&
Dan. 1941). a holothurian (Young & Chia. 1982) the studies referred to above (Runnstrom.
1818. Neya. 1965) and the misinterpretations in Thorson (1964, also Asterias rubens see
Chadwick, 1814). we are aware of no other reports of photosensitivity among )
echinoderm larvae. Other zooplankters reported to avoid or respond to UV include ciliates
(revuev{ad by Menzel. 1979) hydromedusae (Of[su 1983s. b). oyster vehgers (Aboul-Ela.
1958). Dg__g Moore, 1912.-Baylor & Smith. 1957). barnacle naupli (Loeb. 1906. 1908.
cited in ‘!‘H‘U’rson 1964). and decapod zoeae (Forward & Cronin. 1979). However
Oémkaer & Dey (1982, 1983) studied several crustacean species which apparem!y do not
avoid UV, even in lethal dosagas Some zooplankton can aiso be killed by visible light |

(Marshall & Orr 1955, Hairston, 1976, 1978. 1979. 1980). Visible hght snd UV-A were
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not apparently harmful to D. excentricus plutei.

kY

Some speciés of adult echinoids also avoid UV, both by covering themselves with
debris and by moving into shade (Sharp & Gréy, 1962; Lees & Carter. 1872; see Millot,
1975ixThe "dermal light sense” that has been docurr‘\ented among adult echinoids for
visible light ireviewed by Yoshida, 1966,.979: Millot, 1968, 1875) is probably
responsibl‘e for the responses to UV@a‘s well, though the photoreceptive structures and
pigments involved in both adult and larval photosensitivity remain unidentified (Eakin, 1968,

‘Needham. 1974 Millot, 19786. Yoshida, 1879). At least some echinoid plutei apparently do
contain pigments that absorb UV (Griffiths, 1965; Rykerg, 1980). Harvey & Lavin (1951)
found that the ciliary band, under which pluteus nerves ([Burke, 1983} ;nd pigment cell‘s
(Ryberg & Lundgren, 1979) lie, strongly absorbs UV. Because adult echinoid nerves are
d;rectly photosensitive (Yoshida & Millot, 1959, 1860 reviewed by Millot, 1968, 1975).
' pluteus nerirés may also sense UV directly (see Menzel, 1979; Ohtsu, 1983a. b) and thus 2
control swimming acti\!ity. However, Gustafsan & Toneby (1970, 197 1) suggested that '
pluteus pig%qt cells ar® nervous and produce serotonin which stimulates swimming.
Millot (1 9'7.5) has emphasized that while echinoderm photosensitivity is evolution'arily
primitive, it retains adaptive value. ’

Solar UV between 280 and 315 nm (UV-B} can pegetrate to several meters’ depth
even in coastal waters (Jerlov, 1950, 1970; Calkins, 1975: Zanzeveld, 1975; Smith &
Tyler, 1976; Smith & Baker, 1979), and i1s clearly harmful to aquatic organisms at natural
intensities (Ewald, 1912; Klugh, 1930; Seliger & McElroy, 1965. Siebeck, 1978; Karanas
et gLA, 1979; Damkaer et al., 1980, 1981: Damkaer & Dey, 1982, 1983). It is therefore
not surprising that shallow-Water organisms avoid UV damage. Most cbmmonly, uv.-
screening pigments havé breen suggested to protect such animals (Herring, 1965 ‘
Needham, 1974: Siebeck. 1978, Jokiel. 1980). thougk it has not often been determined
" whether the colored pi nts examined actually absorb UV (bu‘t see Cheesman et al.,

. 1967, Jokiel & York, 13). Echinoids from relatively deep water are often Iighter in .
color than conspecific and heterospecific indi\gduals from yzallow water (Goodwin & Fox,
1955, Sharp & Gray, 1962; Fox & Hobkins, 19é6; Vevers, 1966) and a variety of

echinoids darken upon exposure to sunlight (reviewed by Harvey, 1956). McEuen (in

press, pers. comm.) has noted that those holothurian eggs which are buoyant and

.Y
b
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commonly found floating the water's surface are heavily pigmented (an&; Villela. 1956
Cheesman et al., 1967). Conversely, because planktonic animals are often under selective
pressure tq remain transparent {(Hardy, 1956; Chapman. 1876, the;; might simply mo\Q
'somewhat fleeper during daytime to\avoid UV. Segal (1970) noted that few invertebrate
larvae are found at the water's immediate surface during daytime.
Most precompetent and competent plutei were found less thén 6 m deep In the

" eld during daytime. and UV typically penétrates c’oastal water only a few meters These

-gervations, in combf;\a_tlon with the slow upward migration of pluter observed at night
= obably indicate that D. excentricus pluter migrate, at most. one or a few meters during
each 24 h. If so, the DVM probably does not function to regulate rates of metabolism
feeding and encounters with predators as suggested: for zooplankters which undertake
extensive DVM's (reviewed by Longhurst. 1976). instead. the opposing geonegative and
photonegative behaviors of plutei probably serve to keep them in sur face waters, but

below harmful levels of UV irradiation. {



Table |. Survival of 50, 4-armed plutei in each of several shaliowybowls (ca. c cm deep) 3 days

following either: (1) 20 min irradiation with full intensity” UV-B Telus UV-A and VIS) from above;

or (2) no irradiation. After treatment the bowls were placed in an 12 Yegree C water bath under
ambient laboratory lighting.

208

IRRADIATED PLUTEI CONTROL PLUTEI
| (4 bowls) I (2 bowls)
MEAN ' 49 ' 49
STANDARD ERRO 0.91 ‘ 0
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?gure B-1. Mean vertical distributions of pre-competent (top) and competent imiddie)

plutet of Denbraster excentricus i in Eastsound Washington on 6 dates during the spring

and summer of 1983. "Percent occurrence refers to the perc'em of pluter of a given
Stage captured at a given depth. all values are standardized to volume of water samplec.j. '
The ">>10 m" sample was taken near the bottom ica. 20 m! 10- 15 m deep. Numerals
within or alongside pyramids indicate numper of replicate samples (in which some larvae
were found at any depth) taken at that depth. Temperature and salimity profiles taken at

- several stations on Aug. 22. 1983 are also given at bottom.
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. Figure B-2. Vertical distribution of early 4-armed. advanced 4-armed. 6-armed and
8-armed plutei in a 2500 ! floating enclosure during each of 5 sampling sessions over 24
h. "Percent occurrence” refers to the percent of pldten ot a given staég captured dufing
that sampling session at a given depth. A mean of 1009 larvae were sampled per pyramid
{stage X sampling session); the minimum number of plutei of any stag% captured during any
sampling session was 75. Light intensity and temperature at each depth d ing each

sampling session are plotted at the bottom of the figure. Salinity did not vaty with depth

within the enclosure. ' o '
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Figure B-3. Ve’rtical,distribution of 4-armed plutei in a 1500 | outdoor aquarium during
each o? 3 sampling sessions over 24 h. "Percent occurrence’ refers to the percent of
plutei captured during that sampling session at a given depth. A mean“bof '6340 larvae were
sampled per pyramid. the minimum number of plutei captured during any sampling session
was 3890. About 12 hprior to the final sampiing session. a nearly opaque plastic coyer
wés placed over the aquarium so that larvae remained :n near-darkness the following day

Light intensity and temperature at each depth during eséh sampling session are plotted at

the bottom of the figure. Salinity did not vary with depth within the agquarium.

“
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Figure B-4. Photograph taken from above. onto dead plute: floating on a discontinuity
between seawater and a sucrose distilled water solution shghtly denser than the piute: All

pluteus stages oriented posterior downwards and arms upwards






Figure B-5. Density of eggs. embryos. larval stagas and 20 h old juveniles of D
excentricus. The vertical bars are not error bars. but represent the minimum difference in
density between sucrose solutions upon which 50-100 individuals of each stage floated

or through which they sank at 18" C
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FiguresB-6. Th:i effects of a horizontal beam of incandescent light on distribution of piute
whthin small chambers (A) Schematic drawing of an apparent aggregation of piute near the
middie of the ehamber after 5 min of illumination. The small v s represent individual plute:
Such aggregations moved away frb;n the light source with increasing periods of
illumination, ?) Movement of dye in convection currents created by the hght s heat in the
chamber. Such convection cells increased in Iendth with iIncreasing periods of illumination
(C) Schematic drawing of the interactian between upswimming by plute! and the
convection currents that created the apparent aggregations. The plute: uniformly swam up
and were thus carried along in either upwards or horizontal currents. However. piute:
swam against downwards currents and thus were concentrated in them. producing the.

aggregations.

-,
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Figure B-7. Scintillation vials containing seawater and about 100 4-armed plute: (arrows)
{A} swimming near the water surface prior to irradiation, (B on the bottom of a vial

following 20 min irradiation from above with full intensity UV-B (see Methodsi.

-






‘Figure B-8. Mean vertical distribution (* 1 standard error) of 10. 4-&med plute! in each of

6 replicate 3 mi spectrophotometer cdvettes (1) before irradiation, (2) after 20 min
irradiation from agoove with full intensity UV-B (plus UV-A and VIS) (3) after 5 min
additional irradiation foliowing a gentle rocking or tapping of the cuvettes. and (4) an hour
after the lights were turned off. Larvae were visually scored as being either within 1 mm

of the water s surface, within the water column, or within 1 mm of the bottom.
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Figure B-9. Mean survival (+ 1 standard error) bf A-armed piuter when _confmed in shaliow |
bowis (ca. 3 cm deep) and subjected to 8 h daily exposure to either (1) ambient laboratory
indirect fluorescent and window) lighting only; £2) UV-A (and VIS); (3) half intensity UV-B
(plus UV-A and VIS). (4) full intensity UV-B (plus UV-A and VIS). (5) double intensity UV-B
(p'!us UV-A and VIS). Larvae in at least 2 bow[s\frgn each treatment were fixed and

counted every second day.

L3
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Figure B-10. Four-armed plutei confined in shallow bowls (ca. 3 cm deep) and subjected

for 4 days to 8 h daily exposure to either (A) half intensity UV-B radiation (plus UV-A and

VIS) or (B) ambient laboratory lighting only. Irradiated pluter swam slowly at the bottom of
dishes. appeared blotchy. and had not grown since the beginning of the experiment.

Photographs are to same scale.
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