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Summary

Developmental dimorphisms provide an opportunity to  dissolved cue was initially perceived, and prolonged
compare sensory systems and behavior patterns between exposure to the cue increased the percentage of larvae that
different forms of a single species. Alternative morphs initiated metamorphosis. Despite their differences in life
differing in dispersal ability often show behavioral span and trophic mode, both larval morphs displayed
differences that mediate life-history trade-offs. We similar behavior patterns when stimulated by the
measured the behavioral responses of both long-lived, waterborne cue. Long-lived larvae had a stronger response,
feeding larvae and short-lived, non-feeding larvae of the however, suggesting that settlement behavior may offset
specialist marine herbivoreAlderia modestaduring habitat the costs of a prolonged larval life. This is the first study
selection. Larvae immediately responded to waterborne to examine the effects of dimorphic development on
cues from the adult host algae by increasing their turning chemosensory-mediated behavior.
rate, by changing their swimming speed in the water and
by moving in rapid hops or spiraling along the bottom. Key words: dimorphism, larval settlement, metamorphosis,
These behavior patterns retained larvae in areas where the swimming behaviorAlderia modestaopisthobranch.

Introduction

Developmental dimorphisms can result in discreteHowever, previous studies have not addressed how
morphological differences between individuals of the sameéevelopmental dimorphism affects chemoreception and
species (Roff, 1996). Examples of intra-sexual dimorphism areehavioral responses to environmental signals during habitat
known from diverse animal taxa, including winged andselection.
flightless morphs in insects (Harrison, 1980; Crnokrak and Many marine invertebrates have a free-swimming larval
Roff, 1995, 1998), the presence or absence of a maktage that can disperse in the water column before eventually
copulatory organ in snails (Schrag and Read, 1992; Schragsttling to the bottom and colonizing a new habitat (Thorson,
al., 1994), male size variants in fish (Dominey, 1980; Gross,950; Strathmann, 1978, 1985; Grahame and Branch, 1985;
1984) and hornedersushornless beetles (Eberhardt, 1982; Pechenik, 1999). There are two contrasting modes of larval
Eberhardt and Gutierrez, 1991). Alternative morphologies ardevelopment, termed planktotrophy and lecithotrophy, which
often associated with distinct behavior patterns that affect lifdargely determine the amount of time larvae spend in the water
history trade-offs in mating strategy, reproduction, dispersatolumn prior to settlement and metamorphosis (Wray and
and resource competition (Gross, 1985; Brown and Bartalo®aff, 1991; Levin and Bridges, 1995; Pechenik, 1999).
1986; Mole and Zera, 1993; Crnokrak and Roff, 1998)Planktotrophic larvae must feed to become competent to
Behavior underlies the fitness trade-off in crickets: winglessnetamorphose and often spend weeks or months maturing
males compensate for limited foraging and dispersal abilitiesn the plankton, sometimes crossing entire ocean basins
by producing more mating calls than winged morphgScheltema, 1962, 1971; Pechenik, 1999). Lecithotrophic
(Crnokrak and Roff, 1995). Male salmon maturing after 2 yearkarvae are non-feeding and are generally competent to
are small and cryptic on breeding grounds, gaining access moetamorphose soon after hatching, usually settling close to the
females by sneaking into nesting sites, while males maturingarental habitat (Levin and Bridges, 1995; Palumbi, 1995;
after 3 years are larger and win access to mates through fightimgdd, 1998). Whether dispersing for minutes or years, larvae
(Gross, 1985). In the case of dispersal dimorphism, thef both development modes ultimately face the same
migratory form of some species can preferentially locate andhallenge: to locate and settle into an appropriate habitat on the
colonize high-quality food patches (Denno et al., 1980, 1989pcean floor. Larval settlement and metamorphosis are often
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induced by a species-specific chemical cue indicating a suitabdxpressed by larvae of the two development modes? Behavior
juvenile environment (Pawlik, 1992). It is not known whetherwas quantified using computer-assisted video motion analysis
differences in the duration of the larval period affect behaviora]CAVMA) for the two larval morphs swimming both in the
responses or sensitivities to chemical settlement cues (Hinegater column and just above the bottom. Bioassays were
1986; Havenhand, 1991). conducted in parallel with the dissolved cue to determine the
Single species expressing both development modes amginimum dose and exposure time sufficient to induce
extremely rare among marine invertebrates, limiting themetamorphosis. Behavior and metamorphosis were quantified
opportunity for intraspecific comparisons between the twadn response to sea water collected within and above patches of
larval morphs (Hoagland and Robertson, 1988; Bouchel/aucheria longicaulién the field and to an aqueous extract of
1989). The sea sluglderia modesta(Lovén) is the only the algae. The results are discussed with regard to both the
mollusc known to produce both planktotrophic andecological role of larval behavior during settlement and the
lecithotrophic larvae from the same population (Krug, 1998)challenges imposed by the different life-history strategies of
Planktotrophic larvae oh. modestdeed on phytoplankton for planktotrophy and lecithotrophy in this dimorphic species.
4 weeks before becoming competent to metamorphose,
whereas lecithotrophic larvae can metamorphose immediately )
upon release from the egg capsule (Krug, 2000). This species Materials and methods
therefore provides the opportunity to compare the behavior of Collection of organisms and larval culture
long-lived and short-lived larvae within the same spedes. Specimens ofAlderia modestaand patches of/aucheria
modestds a specialist herbivore, found in temperate estuarie®ngicaulis(Abbott and Hollenberg, 1976) were collected from
exclusively upon yellow-green algae of the geNasicheria mudflats in the Kendall-Frost Marine Reserve and Northern
(Xanthophyta: Xanthophyceae) (Hartog and Swennen, 1952Vildlife Preserve, San Diego, California, USA. Sea water was
Bleakney and Bailey, 1967; Millen, 1980; Trowbridge, 1993).obtained from the Scripps Institution of Oceanography
Larvae ofA. modestanetamorphose specifically in responseexperimental aguarium and stored in the dark; prior to use, all
to bioactive carbohydrates from the adult host alga, sea water was filtered to 0.46 (FSW). Adult sea slugs
longicaulis(Krug, 2000; Krug and Manzi, 1999). Living algae, (approximately 100) were placed overnight in Petri dishes to
sea water previously conditioned by the presenceVof encourage mating. Egg masses of both development modes
longicaulis and aqueous extracts of the algae all inducedvere harvested the following day and identified as described
metamorphosis of lecithotrophic larvae in laboratory assaygreviously (Krug, 1998). Planktotrophic and lecithotrophic egg
(Krug and Manzi, 1999), but effects on swimming behaviormasses were separated from each other and were maintained
and response thresholds were not determined. in FSW; the water was changed every other day until hatching.
Because of their small size and limited swimming abilities]ecithotrophic larvae were transferred to fresh FSW
most invertebrate larvae are considered to be passivelinmediately after hatching and were maintained without food
transported and delivered to the bottom by ocean currents afa 24 h; larvae were subsampled for use in experiments as
local flow conditions (Eckman, 1983; Butman, 1987; Eckmamequired over the next 48 h. Planktotrophic larvae were hatched
et al.,, 1994). However, recent evidence has shown thaind maintained in beakers containing 31 of FSW at an
dissolved chemical cues can trigger larval behaviors thatpproximate concentration of 1 larvatlSamples were taken
influence settlement rates in moving water. Larvae of thé&rom uni-algal suspensions of the phytoplank®itodomonas
oyster Crassostrea virginicashowed dramatic behavioral sp.,Isochrysis galbanandPavlova lutheriand were added to
responses to a waterborne chemical cue secreted by adilie cultures to give a final concentration of approximately
conspecifics, increasing settlement in both still and flowing.0* phytoplankton cells mt. Every 2-3 days, the larvae were
water (Tamburri et al., 1992, 1996; Turner et al., 1994). Larvadieved through a Tri-Pour beaker with a2 mesh bottom,
swimming behavior and chemoreception may therefore aend the concentrated larvae were transferred to clean FSW,;
cooperatively to facilitate settlement under natural conditionsresh samples of phytoplankton were then added. Each culture
The ecological implications of larval behavior during thewas stirred by pipetting water against the bottom twice daily,
settlement process are profound; larval recruitment is a criticélut cultures were otherwise static. Larvae became competent
factor in marine ecosystems, regulating population dynamic® metamorphose after 30 days in culture and were then
and community structure (Grosberg, 1982; Raimondi, 1988jsed in experiments. Culturing planktotrophic larvae was
Roughgarden et al., 1988; Underwood and Fairweather, 198&chnically challenging, and only limited numbers of
Strathmann, 1990; Hurlbut, 1991). competent planktotrophic larvae were sporadically available;
We have usedlderia modestdo compare the behavior of some experiments were therefore only performed with
developmentally distinct larvae in response to a keyecithotrophic larvae.
environmental stimulus. Competent larvae were tested for
behavioral responses to dissolved chemical cues from the adult Larval metamorphosis bioassay
host algae to address two questions: (i) do larvae have anSamples of field-collected sea water or dilutions of algal
immediate behavioral response to a waterborne cue of habittract were tested against lecithotrophic and competent
suitability, and (ii) do differences exist in the behavior patternglanktotrophic larvae for the induction of metamorphosis using
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a standard bioassay (Krug and Manzi, 1999). For eacbf trapped CSW was made during a slack low tide when algal
experimental treatment, 15 larvae were added to each of threwts had been exposed to air for 2 h. This sample of CSW had
replicate dishes containing 4ml of the indicated dilution ofa salinity of 44 %0 and, prior to use in assays, was diluted with
algal extract or field-collected sea water. Larvae were scorddilliQ-purified water to 35 %o, the salinity of Mission Bay
for metamorphosis after 2 days. Each experiment included amater measured during the next high tide. All references to
FSW-only treatment as a negative control and \ieeicheria  trapped CSW therefore refer to the diluted 35%. salinity
longicaulis as a positive control. The percentage ofsolution. Lecithotrophic larvae were added directly to dishes
metamorphosis for each replicate was arcsine-transformedpntaining 4 ml of trapped CSW or CSW diluted to 50% or
and treatments were compared using a one-way analysis 26 % with FSW and were scored for metamorphosis after 48 h.
variance (ANOVA) (Sokal and Rohlf, 1981). UnplannedNo planktotrophic larvae were available for experiments when
comparisons of means were performed using the Scheffée trapped CSW was collected. Surface CSW was collected
procedure (Day and Quinn, 1989). Metamorphosis data amn an ebb tide, immediately after patches had been exposed to
given as means %.0. because of the limited number of the air; the salinity of this sample was 35 %.. Undiluted surface

replicates run for each treatmeNE=@ assays). CSW supported a heavy growth of bacteria that proved toxic
_ _ to the larvae over the course of the 48h metamorphosis
Dose-response curve to boiléducheria extract bioassay; metamorphosis data were only obtained for surface

An agueous extract of the aly@ucheria longicaulisvas  CSW diluted to 50 % and 25 % with FSW. Both lecithotrophic
prepared for use in metamorphosis and behavioral bioassagmd competent planktotrophic larvae were assayed for
Algal tissue (1.34g damp mass) was extracted with 50 ml dhduction of metamorphosis by these dilutions of surface CSW.
boiling water for 10min to prepare a solution of boiled
Vaucheria longicauliextract (BVE), as described previously Swimming behavior of larvae suspended in the water
(Krug and Manzi, 1999). To identify the minimum dose of Larval behavior was recorded using a Cohu infrared-
BVE that would induce the same level of metamorphosis asensitive video camera with a Pentax 100 mm macro lens. All
living algal tissue, dilutions of the concentrated BVE solutiorvideo recording was performed in a darkroom using only
were tested on lecithotrophic larvae in the metamorphosisifrared light; both larval morphs have identical responses to
bioassay to generate a dose-response curve. The minimlight and dark (P. J. Krug and R. K. Zimmer, in preparation).
dose that induced more than 75% metamorphosis was thé&ssays were performed at 22 °C. Swimming behavior in the
used in subsequent assays of larval behavior. The relationshiter was filmed in a square glass chamber. The field size
between the dose of BVE (lggtransformed) and percentage recorded by the camera was 0.6«€n8 cm, with the long axis
metamorphosis (arcsine-transformed) was estimated usingparallel to the bottom. All video recordings were made with
Model 1 regression (Sokal and Rohlf, 1981). Only twothe middle of the field 1.5cm above the bottom, with the focal
different doses of BVE were tested for induction ofplane in the center of the chamber. Video recordings were
metamorphosis in planktotrophic larvae because of thprocessed at 10framedghrough a computer-assisted video
limited availability of competent larvae. The mean arcsinemotion analyzer (Motion Analysis Corp., model VP 320 and
transformed percentage metamorphosis for planktotrophic ariekpertVision software) interfaced with a Sun Microsystem
lecithotrophic larvae was compared for each dose using &PARC 2 computer workstation. Mean velocity and angular

unpaired two-tailed-test. velocity (measured as the rate of change in direction, RCD)
_ N were quantified for all larval paths during each filmed
Field-collected conditioned sea water treatment. Differences in mean values for all paths for a given

Previous studies showed that sea water artificiallfreatment or control were compared using an unpaired two-
conditioned by the presence Waucheria longicaulign the tailedt-test (for comparing two means) or a one-way ANOVA
laboratory induced larval metamorphosis (Krug and Manziwith a post-hocScheffé test for unplanned comparisons of
1999). To determine whether a natural conditioning processieans when thi ratio was significant (Day and Quinn, 1989).
occurs in the field, water was collected from algal patches &ata are given in the text as meansetv. to reflect the large
the Kendall-Frost field site on two occasions in Novembesample size for each treatment.

1998.V. longicauliscolonizes mudflat surfaces, growing in a Preliminary experiments were conducted to determine the
spongy mat similar in morphology to terrestrial moss. Patchesptimal chamber size and larval density for recording
of the algae are exposed to the air by daily low tides. Trappesvimming behavior. Trials were initially performed in a
seawater pools between algal filaments, and immediate§.0 cnx5.0cnmx5.0cm chamber in 100ml of FSW at a
following an ebb tide water is also visible as a slick on theoncentration of 1larvaml. However, both lecithotrophic
surface of the algal mat. Conditioned sea water (CSW) waand competent planktotrophic larvae had a pronounced
collected within patches (hereafter termed ‘trapped CSW’) otendency to swim along or immediately above the chamber
from the layer of water on the surface of recently exposed mak®ttom; fewer than 2% of larvae were suspended in the water
(termed ‘surface CSW’). Water was collected by aspiration andolumn at any given time (P. J. Krug and R. K. Zimmer, in
transferred into a sterile plastic tube, filtered to Q5 and  preparation). In a large chamber with so few larvae, it was not
frozen at-80 °C until needed for experiments. The collectionpossible to record sufficient paths for analysis. Behavioral
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assays were therefore run at a concentration of approximately the dark. After a 5min acclimation period, |@0of FSW
5larvae mtl in a chamber measuring 3.0880cnmx3.0cm.  (control) or concentrated BVE solution (treatment) was added
Under these conditions, a sufficient number of larval paths waand, after a 5s delay, larval behavior was filmed for 1 min. The
recorded for treatments and controls to permit statisticalesponse to field-collected conditioned sea water was
analysis. The higher concentration of larvae did not affect thdetermined by adding lecithotrophic larvae to 6 ml of undiluted
behavioral assays; collisions between swimming larvae wergurface CSW solution, and filming for 1 min after a 5s delay.
never observed. Likewise, the smaller chamber size did nétor each treatment and control, 10-12 replicates were run, and
affect larval swimming or behavioral responses. Wall effectsll larval paths were recorded and analyzed. Dilutions of
can be ignored wheWL>20/Re whereY is the distance to the surface CSW (1:5, 1:10 and 1:50) were made with FSW to
nearest wallL is the larval characteristic length aReis the  determine the dose—response curves for larval behavior on the
Reynolds number for a swimming larva (Vogel, 1994). Fobottom; lecithotrophic larvae were added and filmed in the
larvae swimming at the mean velocity or faster (approximatelgame manner as described for undiluted CSW. Six replicates
1.4mms? for treatments and controls), wall effects werewere run for each dilution. Competent planktotrophic larvae
calculated to be negligible under the filming conditions usedwvere used to determine the response to 1% BVE on the bottom.
To ensure that slower larvae were not significantly affected biarvae (20 per replicate) were placed in 4 ml of FSWjl4d
the presence of walls, trials were initially performed in bothFSW (control) or concentrated BVE solution (treatment) was
the larger and smaller chambers, and larval swimming speeddded and, after a 5s delay, larval behavior was filmed for
and angular velocities were quantified and compared; nb-2 min.
difference was found between conditions for either mean
swimming speed (large chamber, 1.3+0.4 minN=22; small Pulse—chase experiment: metamorphosis following transient
chamber, 1.2+0.6 mms N=28; P>0.25, unpaired two-tailed Ccue exposure
t-test) or rate of change in direction (large chamber, A pulse-chase experiment was designed to determine
78.1+47.3°sl; small chamber, 63.3+43.6°s P>0.25, whether larvae would eventually complete metamorphosis in
unpaired two-tailed-test). response to a temporary exposure to the chemical cue.
Lecithotrophic larvae (50 per replicate) were used folecithotrophic larvae were exposed to pulses of BVE for
behavioral assays 24h after hatching; competentarying durations and were then washed and transferred to
planktotrophic larvae (40 per replicate) were used after 32 daysSW for the remainder of the metamorphosis bioassay (chase).
in culture. For each treatment and control, 10-12 replicateéSmall Petri dishes were prepared with 1% and 4% solutions
were run, and all larval paths were recorded and analyzedf BVE by adding samples of concentrated BVE to 4 ml of
Larvae were placed in the recording chamber in 8 ml of FSVFSW. Approximately 50 lecithotrophic larvae were divided
and left to acclimate in the dark for 5min. Control behavioiinto three replicate batches, and each was added to a BVE
was recorded in the dark for 1 min in FSW. Responses to thewlution for a precisely timed interval of 1, 5 or 30 min. Larvae
aqueous extract ofaucheria longicauliswere recorded by recovered from the transfer and resumed swimming within a
placing larvae in the chamber as above, followed by thé&ew seconds; the velum was therefore exposed to the cue
addition of 8Qul of concentrated BVE to generate a final solution for the full duration of each time interval. At the end
concentration of 1% BVE. After a 5s delay, behavior waf the timed pulse, larvae were pipetted into dishes containing
recorded for 1min. The responses to field-collected=SW twice in rapid succession to wash away any traces of
conditioned sea water were assayed by adding larvae direcBVE; larvae were then transferred to dishes containing fresh
to 8ml of filtered CSW in the viewing chamber, and theirFSW. They were maintained in FSW for 48 h, at which time
behavior was recorded for 1 min after a 5s delay. Trappetthey were scored for metamorphosis. A positive control was
CSW and surface CSW collections were tested independenttyn for both concentrations of BVE; three replicate batches of
on lecithotrophic larvae. Because of the limited availability oflarvae were continuously exposed to the cue for the full 48h
larvae, the behavior of planktotrophic larvae was onlyof the assay. Treatments using FSW diluted by 1% or 4 % with
determined in response to 1% BVE. distilled water served as negative controls.

Swimming behavior on the bottom

Behavior on the bottom was determined in a round chamber ReSL_"ts
made of a Plexiglas cylinder with an internal radius of 16 mm. Metamorphic response
The chamber rested on a clear Plexiglas sheet, and lan/Afiueous extract faucheria longicaulis
behavior was recorded as described above, except with theLecithotrophic and  planktotrophic  larvae  both
camera situated beneath the sheet, focused approximatahetamorphosed in a dose-dependent manner after exposure to
2mm above the bottom. Video recordings were processed boiled Vaucheriaextract (BVE) (Fig. 1). A dose-response
the same manner as above. In addition to velocity and RCBurve spanning three orders of magnitude was constructed for
larval retention within the field of view was also quantified adecithotrophic larvae (Fig. 1A). When plotted againstiteg
net-to-gross displacement per path. Lecithotrophic larvae (S@ansformed data, variance in the percentage of metamorphosis
per replicate) were placed in 6 ml of FSW and left to acclimatevas almost entirely accounted for by dosage(.96). The
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Fig. 1. Metamorphosis oflderia modestdarvae in response to a 20
dissolved chemical cue. Values are mean percentagas fN=3 10+
replicates for each concentration). (A) Dose-response curve fi
lecithotrophic larvae exposed to different concentrations of ¢ Vaucheria 50% 25% FSW
standard solution of boiledaucheria longicauliextract (BVE). The cSW csw

minimum concentration of BVE promoting more than 75%
metamorphosis was 10ml~1, the equivalent of a 1% dilution of Fig. 2. Metamorphosis oflderia modestalarvae in response to
concentrated BVE. Concentrations higher thapl28-1 all induced  Vaucheriaconditioned sea water (CSW) collected from the field.
more than 90 % metamorphosis. (B) Comparison of the metamorphValues are means +.D. (N=3 replicates). Living Vaucheria
response of lecithotrophic and competent planktotrophic larvae tlongicaulistissue was tested as a positive control for metamorphosis,
two concentrations of BVE. Although lecithotrophic larvae displayedand filtered sea water (FSW) was used as a negative control.
a higher mean response to both doses, the difference between the (A) Trapped CSW was collected within an algal mat during a low
larval morphs was not significant at either concentration. tide and was adjusted to 35%. salinity prior to the bioassay.
Lecithotrophic larvae were assayed for metamorphosis in response
to the indicated concentrations of the field-collected CSW.
curve rapidly became asymptotic at concentrations of BVIB) Met_amorphosis of Iec?thotrophic and competent planktotrophic
higher than 1@Imi-L. This concentration, a 1% solution of 'arvaeé in response to diluted surface CSW. Surface CSW was
BVE, was the minimum dose that consistently induced th‘asplrated from the surface of an algal mat |mmed|ately after the tide
. L ’ _had receded. Data are presented only for dilutions of 50% and 25 %
same level of metamorphosis as living alggl tissue anq Wéhecause 100% surface CSW supported a microbial overgrowth that
therefore used as the standard concentration of BVE in &jeq the larvae during the bioassay.
subsequent behavioral assays. Competent planktotropt
larvae  metamorphosed at a level comparable witl
lecithotrophic larvae in response to both 1% and 0.25%aucheriaconditioned sea water (CSW) were collected both
solutions of BVE (Fig. 1B). The levels of metamorphosisfrom within and above algal mats and were then bioassayed
obtained with planktotrophic larvae were slightly lower than(Fig. 2). The initial collection of ‘trapped CSW’ was made by
those of lecithotrophic larvae, probably because of theollecting water from within algal mats. When assayed against
presence of a few larvae that had not grown to competence lecithotrophic larvae, there was no significant difference
culture, but the differences were not significant (unpaired twabetween the level of metamorphosis induced by trapped CSW,

tailed t-test:P>0.1 for 1% BVE;P>0.2 for 0.25% BVE). a 50% dilution of trapped CSW and living. longicaulis
_ - (Fig. 2A,; post-hocScheffé comparisor?>0.15). Dilution to
Field-collected conditioned sea water 25% diminished the bioactivity of trapped CSW to the level

To determine whether a chemical cue is released into watef negative controls. Water samples were also collected from
permeating algal patches under field conditions, samples tie surface of damp algal patches immediately upon exposure



1746 P. J. KRuG AND R. K. ZIMMER

to air. This ‘surface CSW' was diluted with filtered sea watel c 120
(FSW) to avoid excessive microbial overgrowth during S
metamorphosis  bioassays. Both  planktotrophic — an aé —~

. . . . S < 100 4
lecithotrophic larvae metamorphosed in response to fielc s 2
collected surface CSW in a dose-dependent manner (Fig. 2E 9 £
There was no significant difference between the percentage § § 801
metamorphosis induced in planktotrophic and lecithotrophi S
larvae for any treatment, including live longicaulisand each &

(2]
o

dilution of surface CSW. This confirmed the data in Fig. 1B, BVE

. FSW
further demonstrating that competent larvae of both types he (102) (85)
approximately the same dose-sensitivity to the chemice
inducer, and indicated that both larval types respond t
naturally conditioned sea water containing ¥aucheria
associated cue.

[EnY
LS
o

8

Behavioral response of larvae to a waterborne chemical cue
Lecithotrophic larvae suspended in the water

Lecithotrophic larvae exhibited pronounced behaviora
responses to an aqueous extracadficheria longicaulisand
to both samples of field-collected CSW when swimming in the
water (Fig. 3). Larvae exposed to a 1% solution of BVE turne Trapped Surface FSW
significantly more frequently than did controls in filtered see Ccsw Csw
water (FSW); turning was quantified as a difference in the rat
of change in direction (RCD) (Fig. 3A; unpaired two-taited 14
test,t=2.01,P<0.05). Control larvae moved in relatively straight C
horizontal or vertical paths, whereas cue-exposed larve 1.2 Kk kK
frequently swam in corkscrew spirals, rapidly reversec
direction and tacked back and forth as they swam. The respor
was even stronger to both trapped and surface CSW, each
which stimulated a highly significant increase in turning rate 0.8
(Fig. 3B; one-way ANOVA, d.f.=2,424F=22.3, P<0.0001;
post-hocScheffé test for surface CS\W<0.0001; Scheffé test 0.6 .
for trapped CSWP<0.005). Both field-collected CSW samples Trapped Surface FSW
also induced significantly lower larval swimming speeds thal CSwW CSW
seawater controls (Fig. 3C; one-way ANOVA, d.f.=2,424, (38) (187) (202)
F=16.7, P<0.0001, post-hoc Scheffé test for surface CSW, Fig. 3. Behavioral responses of lecithotrophic larvae swimming in
P<0.0001; Scheffé test for trapped CSW<0.01). Both the water to the dissolved settlement cue. Paths were recorded from
collections of natural CSW induced stronger behaviorathe side for larvae swimming in the water and quantified using
responses than did 1% BVE, indicating that the CSW solutiorcomputer-assisted video motion analysis. Values are mesanmt;

80 1

(degrees s1)

Rate change of direction

1.0

Speed
(mms1)

contained a higher concentration of the dissolved cue. sample size is given in parentheses. (A) Increased rate of change in
direction (RCD) for larvae exposed to 1% boil&thucheria
Planktotrophic larvae suspended in the water longicaulis extract (BVE) compared with those exposed to filtered

Planktotrophic larvae responded to a 1% solution of BVES€ea water (FSW). Data were compared using an unpaired tvyo-tailed
in a simiar manner, significantly increasing their tuming, oL B SCERCE 08 ed X PR SR D oW, bt were
rate (Fig. 4A; unpaired two-tailed-test, t=2.46, P<0.05). '

. . . . compared using a one-way ANOVA with a Scheffé test for
Planktotrophic larvae swam in straight paths with Onlyunplanneo|oost-hoccomparison of means. (C) Decreased swimming

occasional changes in direction in seawater controls (Fig. 4Bspeed for larvae exposed to trapped CSW and undiluted surface

but frequently tacked back and forth or spiraled when exposecsw. Sample sizes and statistical analysis were the same as in B.
to the dissolved cue (Fig. 4C). Limited numbers of competer*p<0.05; **P<0.01; ***P<0.005; **** P<0.0001.

planktotrophic larvae precluded testing their response to CSV

Lecithotrophic larvae on the bottom lecithotrophic larvae swam in long, gradually curving paths or

Larvae swimming along the bottom exhibited even morelow arcs (Fig. 5A). Within seconds of exposure to BVE or
striking changes in swimming behavior than did thoseCSW, however, the larvae dramatically changed their
suspended in the water column when exposed to th®wimming patterns. The paths of cue-treated larvae were
Vaucheriaassociated chemical cue. In seawater controlajsually a series of short rapid hops along the bottom, with
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R —— ' | V. (BVE). Paths show the tight spiraling that characterizes cue-

stimulated larval swimming. (C) Paths of larvae swimming in
Fig. 4. Behavioral responses of planktotrophic larvae swimming iisurface Vaucheriaconditioned sea water (CSW). Larvae were
the water to algal extract. (A) Increased rate of change in directiofrequently observed to make short, rapid hops across the bottom,
(RCD) for larvae exposed to 1% boiledaucheria longicaulis touch down and then abruptly change direction, resulting in the zig-
extract (BVE) compared with those exposed to filtered sea watag movements typical of these paths.
(FSW). Values are mean sEeM. and were compared using an

unpaired two-tailedt-test. #<0.05 compared with the control. . .
(B) Representative paths for larvae swimming in FSW. Data ar&SW, P<0.05). The increase in RCD was dose-dependent,

computer-digitized video recordings of horizontal paths as viewediminishing with each dilution of CSW (Fig. 6C; one-way
from the side of the chamber. Each path of dots represents tANOVA, d.f.=4,427,F=19.3,P<0.0001); both undiluted CSW
position of a given larva at consecutive one-frame intervals wit{post-hocScheffé testP<0.0001) and a 1:5 dilution of CSW
video data collected at 10frame&(C) Paths of larvae swimming (Scheffé test,P<0.05) induced significantly higher turning

in a solution of 1% BVE, showing the frequent turns and spiralgates than seawater controls, and even a 1:10 dilution tended
typical of larvae exposed to the settlement cue. to induce a higher mean RCD than sea water alone.

frequent touch-downs and direction reversals, or spirals th&tlanktotrophic larvae on the bottom

tended to keep the larvae localized near their starting position Planktotrophic larvae swimming along the bottom also
(Fig. 5B,C). Comparable behavior patterns were elicited bghowed a highly significant response to a 1% solution of BVE
BVE and surface CSW, both of which triggered a significanf{Fig. 7A; unpaired two-tailedt-test on RCD, t=3.85,
increase in turning rate (Fig. 6A; one-way ANOVA, P<0.0005). In sea water, planktotrophic larvae moved in slow
d.f.=2,251, F=18.7, P<0.0001; post-hoc Scheffé test for gently curving paths above the bottom (Fig. 7B). Larvae turned
surface CSWP<0.0001; Scheffé test for 1% BVPg<0.05). with greatly increased frequency when exposed to the cue
Larvae also swam significantly faster along the bottom irreatment (Fig. 7C). No statistical difference was evident in
response to CSW, which again elicited a stronger behavioralean swimming speeds for planktotrophic larvae between
response than 1% BVE (Fig. 6B; one-way ANOVA, BVE treatments and controls. Stimulated larvae swam in short,
d.f.=2,251,F=3.49,P<0.05; post-hocScheffé test for surface rapid movements but also frequently stopped on the bottom,
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é 60 planktotrophic larvae in response to 1% boiMaucheriaextract
o ) ) ) (BVE) compared with filtered sea water (FSW). Values are mean +

CSwW ClS\E;\/ ésl\S\)/ éss\% FoW S.E.M.; sample size is given in parentheses. Data were compared

(113) (75 (72 (72)  (100) using an unpaired two-tailgetest. ***P<0.0005 compared with the

controls. (B) Typical paths of planktotrophic larvae on the bottom in

Fig. 6. Analysis of the behavior of lecithotrophic larvae swimmingFSW controls. Data are computer-digitized video recordings of
along the bottom. Values are meas.&M.; sample size is given in horizontal paths viewed from below the chamber showing the
parentheses. Data were compared using a one-way ANOVA witgradual arcs and wandering lines typical for swimming behavior in
a Scheffé test for unplannegost-hoc comparison of means. sea water. (C) Paths of larvae exposed to 1% BVE, showing the
(A) Increased rate of change in direction (RCD) for larvae exposetypical tight, rapid spirals and the tendency of larvae to remain close
to surfaceVaucheriaconditioned sea water (CSW) and 1% boiled to their initial position following exposure to the settlement cue.
Vaucheriaextract (BVE) compared with those exposed to filtered sei

water (FSW). (B) Increased swimming speed along the bottom fc

larvae exposed to surface CSW. Swimming speed also tended fet-to-gross displacement, the ratio of the linear distance from
increase in response to the less-active 1% solution of BVE, but thee first to the last point in a given path to the actual distance
increase was not significant. (C) Dose-response plot for increasghyeled. A value of zero indicates a complete circle, where the

RCD in CSW treatments. Dilutions of surface CSW were made 19,y siarts and ends at the same point, whereas 1.0 is the value
determine the threshold at which increased turning behavior could ke

detected. P<0.05; **** P<0.0001 compared with the control. Or a straight Iln_e._ Cue-e_xposgd larvae had a significant
tendency to remain in the video field on the bottom, frequently

moving in tight circles rather than straight paths. This was

exploring the substratum, reducing the overall mean speeguantified as the difference in net-to-gross displacement, which
computed for a given path. was significant for all pairs dfaucheriacue treatments and

FSW controls (Fig. 8). Lecithotrophic larvae showed a mean

Larval retention on the bottom: net-to-gross displacement decrease in net-to-gross displacement of 0.1 in 1% BVE and

Larval movement across a video field can be expressed &W treatments compared with seawater controls. Cue-
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Fig. 8. Net-to-gross displacement for larvae swimming along the
bottom in control and cue treatments. Paths of both lecithotrophi
and planktotrophic larvae were analyzed for net-to-gros:s
displacement (the ratio of the linear distance from the first to the la:
point in a given path to the actual distance traveled) as a measure 20 —
the tendency for larvae to end up near or far from their point o
origin. Data (means $.e.m.) are presented for lecithotrophic larvae

in response to 1% boiledaucheria extract (BVE) and surface

Vaucheriaconditioned sea water (CSW) and for planktotrophic 0

larvae in response to 1% BVE. Data were compared within each s Seawater 1 min 5min 30 min Continuous
of treatment and the control (filtered sea water, FSW) using a control (48 h)
unpaired two-tailed t-test. *P<0.05; **P<0.01; **P<0.005 Duration of pulsed exposure to cue
compared with the control.

Fig. 9. Pulse—chase experiment with lecithotrophic larvagldgria

modestatransiently exposed to the chemical cue. Values are mean
stimulated planktotrophic larvae displayed a more pronouncepercentages 0. (N=3 replicates). Larvae were first pulsed with a
decrease in net-to-gross displacement, with a highly Significa|tim6d exposure to the concentration of boiMducheria extract

mean difference of 0.16 (unpaired two-tailetkst, t=—3.08,  (BVE) indicated and were then washed twice in filtered sea water
P<0.005). The increased turning rate (RCD) of stimulate((FSW) and transferred to clean FSW (chased) to remove all traces of
larvae therefore resulted in a measurable retention in the arthe chemical cue. Larvae were scored for metamorphosis after 48 h.

where the cue was initially encountered along the bottom Two different concentrations were tested separately. Larvae pulsed
y 9 * with FSW were treated in parallel as a negative control, and larvae

Transient exposure to the chemical cue: pulse—chase continuously exposed to the indicated concentration for the full 48 h
P P duration of the experiment were included as a positive control for

experiment continuous stimulation. No competent planktotrophic larvae were

Exposure to the waterborne cue triggered immediatavailable for use in this experiment.
changes in behavior, increasing larval retention in areas whe
the dissolved cue was encountered; prolonged exposure 1_
48h induced metamorphosis in most larvae. We therefor#is timed exposure to 4% BVE, d.f.=1,1§516.06c+1.46;
sought to determine whether temporary exposure to the clg21.54,P<0.001,r2=0.68). Even a brief pulse of the chemical
would be sufficient to induce metamorphosis in at least som@ue lasting 1 or 5min was ultimately sufficient to induce
larvae. A pulse—chase experiment was designed to test whetffégtamorphosis in 20-40 % of exposed larvae, which is higher
short periods of stimulation with algal extract would increasdhan the level of spontaneous metamorphosis measured in any
levels of metamorphosis 48h after the cue treatment. On§eawater controls. Temporary exposure to solutions of the cue
lecithotrophic larvae were used in this experiment because #tus induced eventual metamorphosis in a subset of larvae.
a lack of competent planktotrophic larvae. Transient exposure
to the dissolved cue induced significantly varying levels of . ,
metamorphosis (Fig. 9; one-way ANOVA, d.f.=9,%%19.9, Discussion
P<0.0001). The response was sensitive to both théSwimming behavior and metamorphosis induced by a soluble
concentration and the duration of the pulse. A 30 min pulse of chemical cue
the higher dose induced significantly more metamorphosis than The results of this study demonstrate that larvae of a
any other treatment except continuous expospast{hoc  specialist marine herbivore show immediate and dramatic
Scheffé comparisorP<0.05). A linear regression of exposure behavioral responses to naturally occurring chemical cues
time to the 4 % dose against percentage metamorphosis showetkased by the adult host algae. Algal extract and natural
that the duration of the pulse accounted for 68% of th&aucheriaconditioned sea water (CSW) induced
variation in the induced metamorphosis (Model 1 regressioimmetamorphosis and caused significant changes in swimming
wherex is arcsine-transformed percentage metamorphosis armthavior in larvae of the molluscAlderia modesta
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Lecithotrophic larvae and mature planktotrophic larvae turne@®ver the course of a low tide, trapped sea water becomes
significantly more frequently in response to the algal cue, botimcreasingly saturated with carbohydrates releasedVbhy
when suspended in the water and when swimming along thengicaulis(P. J. Krug and R. K. Zimmer, in preparation). Our
bottom. The highly active field-collected CSW also inducedprediction is that, when bay water initially covers the saturated
significant changes in larval swimming speed. Larvaealgal mats on a rising tide, the trapped CSW will rapidly leach
significantly reduced their net-to-gross displacement followingut into the water column. The flux of this concentrated
stimulation with the chemical cue, remaining closer to theisolution should create a layer of surrounding water enriched in
point of origin. These findings indicate that waterbornethe dissolved settlement cue just above the algae. This release
chemical cues are perceived by larvadomodestaand that of conditioned sea water during the initial tidal immersion
larvae change their behavior within seconds of contact with theay be sufficient to enhance larval retention and settlement
bioactive molecules. The induced behaviors are consistent witignificantly, as a function of larval behavior and
swimming patterns predicted to increase larval retention ihydrodynamics. In the subsequent hours of the high tide, most
areas where a diffusing soluble cue indicates the presence obfathe trapped CSW will probably be diluted by turbulent
suitable juvenile habitat (Turner et al., 1994; Zimmer-Fausmixing, and larval settlement may then depend primarily upon
and Tamburri, 1994). The marked decrease in net-to-grogmssive transport of suspended larvae onto patches of algae;
displacement shows that cue-exposed larvae will tend tduring this time, dissolved cues and active larval choice will
remain close to the point where they encounter a pulse & less important than local flow conditions and passive
chemical cue, increasing the odds that stimulated larvae witlistribution (Eckman et al., 1994).
be retained near, or within, a patch\aucheria longicaulis We are currently testing these predictions using
Once inside a patch, larvae will be induced to completearbohydrate markers to trace the release of soluble
metamorphosis either by trapped water naturally conditionedompounds fromVaucheria longicaulismats, along with
with molecules released by the algae or through contact withehavioral assays of field water samples taken at sequential
the surface of the algal tissue (Krug and Manzi, 1999). times during a rising tide and from various places on the
Larvae of both development modes metamorphosed in mudflat. Initial results confirm that larval response correlates
dose-dependent manner in response to extractawtheria  with the distribution of algal exudate in the water column,
longicaulis and to conditioned sea water collected from thewhich varies spatially and temporally (P. J. Krug and R. K.
field. In most laboratory assays of metamorphosis, larvae a@mmer, in preparation). The data in the present study do not
continuously exposed to a chemical inducer for hours or daysddress the specificity of the observed changes in larval
(Pawlik, 1992, and references therein). However, it is noswimming behavior because only the habitat-specific cues
known how well this mimics field conditions, particularly for produced by . longicauliswere tested. Although non-specific
water-soluble chemicals. The pulse—chase experiment in tloeies from other sources could also potentially induce
present study demonstrated that transient exposure to a solutimehavioral responses, preliminary studies indicate that the
of settlement cue lasting only a few minutes tended to inducgbserved changes in behavior are specific to chemicals released
metamorphosis in a moderate proportion of larvae. In thiby V. longicaulis(P. J. Krug and R. K. Zimmer, unpublished
experiment, the duration of exposure accounted for data). The present data demonstrate that waterborne cues are
significant  proportion of the eventual percentagereleased bywaucheriapatches in the field and that larvae
metamorphosis among pulsed larvae. The effect was also dogehibit behavior patterns in response to these cues that should
sensitive, with a higher concentration of cue producingncrease settlement onto the algae. Prior work has shown that
elevated levels of metamorphosis compared with a lower dosdispersing larvae dhlderia modest@aomplete metamorphosis
Our results have implications for metamorphosis in the fieldpnly in response tdv. longicaulis and not to any other
where larvae may only experience high concentrations ahacroalgae or sediment (Krug, 2000; P. J. Krug and R. K.
waterborne cues for brief periods; turbulent flow conditionsZimmer, in preparation); thus, only settlement onto patches of
may dilute the cue or resuspend larvae into the water columaucheriawill increase recruitment of larvae in the field.
over time. Swimming behaviors such as increased turning rate
and decreased net-to-gross displacement will tend to increase Role of waterborne settlement cues in estuarine systems
larval residence time in areas with high concentrations of the Many studies have established that waterborne chemicals
dissolved cue. Patterns of motility such as those exhibited bipduce settlement and metamorphosis of marine larvae
both larval morphs oflderia modestavill prolong exposure (Hadfield and Scheuer, 1985; Chia and Koss, 1988; Pawlik,
to the molecules that induce metamorphosis. Larvae that at®92; Lambert and Todd, 1994). However, only a few studies
only temporarily exposed t@aucheriaconditioned water in have quantified changes in larval swimming behavior in
algal patches can therefore actively increase their chance @fsponse to chemical cues. Dissolved cues were found to affect
initiating metamorphosis in response to the algae. swimming and settlement rates in larvae of the oyster
On the basis of the results of this study, predictions can b@rassostrea virginicgTurner et al., 1994; Zimmer-Faust and
made about when maximal larval settlement should occuFamburri, 1994; Tamburri et al., 1996). Larval settlement and
during a tidal cycle in the natural habitat. Matsvafucheria  changes in swimming behavior were induced by small, basic
longicaulisare exposed to air for 5-6 h during daily low tides.peptides in adult oyster bath water and by the synthetic peptide
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analogue Gly-Gly=-Arg in both still and flowing water. Oyster quality habitat, which can partially offset the reduced fecundity
larvae suspended in the water column swam significantly mowf the migratory form (Denno et al., 1980, 1989; Roff, 1996).
slowly and increased their turning rate in response to the For many bottom-dwelling marine species, dispersal
chemical cues, and some stimulated larvae were even obsenpmalymorphisms can only be expressed in the free-swimming
to swim upstream under slow flow conditions (Tamburri et al.larval stage (Strathmann, 1990). In marine life histories, there
1996). Oyster larvae swimming less than 1 mm above this a general trade-off between dispersal ability and survivorship
bottom also dramatically changed their behavior, increasingf offspring (Grahame and Branch, 1985; Strathmann, 1985).
their turning rate in cue treatments (Zimmer-Faust et al., 1997Planktotrophic species produce large numbers of small,
These behavior patterns increased larval delivery to the bottofeeding larvae that can disperse over long distances and
over a source of dissolved cue. colonize new habitats (Scheltema, 1962, 1971; Levin and
Waterborne chemical cues were predicted to mediate larv8ridges, 1995). However, such migratory larvae suffer high
settlement most effectively in estuarine environments similamortality rates during the prolonged maturation process as a
to those in which oysters settle, which typically have flowresult of predation and transport away from appropriate
velocities below 7cm3 at 2-10cm above the bottom juvenile habitats (Rumrill, 1990; Pechenik, 1999).
(Breitburg et al., 1995; Tamburri et al., 1996). The presentecithotrophic species produce fewer, larger larvae that do not
study provides some confirmation of this prediction byfeed and generally settle soon after hatching (Strathmann,
demonstrating analogous behavior in the larvae of a secod®78; Palumbi, 1995). Because of their abbreviated planktonic
estuarine species. Oysters form extensive reefs in areas simifriod, non-feeding larvae generally disperse for shorter
to the mudflat habitat colonized Maucheria longicauliand  distances and suffer lower mortality. Adderia modesta
Alderia modestaQyster larvae settle gregariously in responsegroduces both planktotrophic and lecithotrophic larvae, it is an
to peptides produced by adult conspecifics, whekeasdesta excellent model organism for contrasting the two development
larvae settle in response to carbohydrates released by thmdes within a single species (Hoagland and Robertson, 1988;
obligate adult food source (Zimmer-Faust and Tamburri, 1998ouchet, 1989; Krug, 1998). Although dispersal
Krug and Manzi, 1999). Despite these ecological differenceqolymorphisms have been identified in other marine organisms
however, larvae of both species respond to dissolved cues withevin, 1984; Gibson and Chia, 1995), previous studies have
similar behavior patterns, slowing down in the water colummot examined the effects of trade-offs associated with
and spiraling with increased frequency both in the water andlternative dispersal strategies on larval behavior and sensory
just above the bottom. This suite of behaviors may be usefglystems. Initially, we expected that planktotrophic larvae
in the bottom boundary layers commonly found in estuariemight exhibit a stronger behavioral response to habitat cues to
and mudflats, where flow speeds are generally slow amaffset the risks incurred by a lengthy planktonic phase;
swimming behaviors might significantly increase the rates decithotrophic larvae were hypothesized to require a less
which larvae contact the seabed when moving along théramatic response, given that they hatch directly into an
bottom. appropriate juvenile habitat.
Despite having radically different dispersal potentials, long-
Developmental dimorphism and chemosensory-mediated |ived and short-lived larvae oAlderia modestaexhibited a
behavior similar suite of behaviors upon contact with environmental
Dimorphic traits are known from many natural animalsignal molecules. In general, there was no major behavioral
populations and can be broadly categorized as protectivdistinction between the two larval morphs in response to the
mating, life-cycle or trophic polymorphisms (Roff, 1996). Thesettlement cue; paths of stimulated larvae were similar
alternative development modes expressedldgria modesta regardless of development mode. The expectation that
represent a trophic dimorphism, producing feeding and norplanktotrophic larvae would show a stronger behavioral
feeding larvae, as well as a life-cycle dimorphism, resulting imesponse was, however, partially supported by the net-to-gross
long-lived and short-lived larvae. In most cases ofdisplacement data. Planktotrophic larvae had a more
developmental dimorphism, one morphology has a selectiveronounced tendency to remain in place following exposure to
advantage over the other under a given set of environmentdhucheria longicaulisextract than did lecithotrophic larvae;
conditions, but also carries a fithess cost. For example, spindte  mean difference in net-to-gross displacement was
forms of many animals suffer reduced predation, but also haapproximately 60% higher for planktotrophic larvae. The
a reduced fecundity compared with the unprotected form (Roffpng-lived planktotrophic larvae were therefore more strongly
1996). A similar trade-off is found in many cases of dispersaletained in a given area following stimulation with the
polymorphism. Winged morphs of crickets and aphids casettlement cue than the short-lived lecithotrophic larvae.
migrate to new food patches, and the terrestrial form of certaiQualitative observations in the laboratory also suggest that
salamanders can migrate to new ponds, but the non-dispersiogmpetent planktotrophic larvae tend to adhere firmly to the
morphs (wingless insects, paedomorphic salamanders) havelaoitom following exposure to the dissolved cue, a settlement
increased reproductive potential (Roff, 1986; Semlitsch, 1990pehavior not observed in lecithotrophic larvae. These
In some species, however, the dispersing morph expresdeshaviors may ensure that planktotrophic larvae maximize any
behavior patterns that increase the odds of colonizing a higfieeting opportunity to settle following a chance encounter with
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a patch oVaucheria The increased responsiveness of settlindield. Similar behavior patterns have been reported previously
planktotrophic larvae may partially offset the costs offor another estuarine species, suggesting that larval responses
planktotrophy as a life-history strategy, maximizing theto waterborne cues might commonly occur in habitats
retention of mature larvae in a suitable habitat upon contacharacterized by slow water flow. Larval dispersal and
with an environmental cue in the water column. settlement are crucial factors affecting the population

Unlike planktotrophic larvae, which may be carried out ofdynamics, biogeography, gene flow and macroevolution of
their native estuary into the open ocean, lecithotrophic larvamarine invertebrates (Scheltema, 1962; Hansen, 1983;
are unlikely to be carried far from the parental habitat at th&’ermeij, 1982; Jablonski, 1986; Roughgarden et al., 1988;
present study site (Levin, 1983). Lecithotrophic larvae oUnderwood and Fairweather, 1989; Gaines and Bertness,
Alderia modestagenerally remain close to the bottom and1993). Future experiments conducted in flowing water and in
rarely swim up into the water column (P. J. Krug and R. Kthe field will help to expand our understanding of the role
Zimmer, in preparation). However, these short-lived larvaalissolved cues play in mediating larval settlement in different
displayed the same behaviors and sensitivity thresholds aydrodynamic conditions and at various times during daily
planktotrophic larvae in response to the soluble cuetdal cycles. Dimorphic species suchfagnodestgrovide the
Lecithotrophic larvae increased their turning rate and alsopportunity to compare the effects of life-history trade-offs on
showed significant changes in swimming speed followingensory systems and behaviors within a single species and
stimulation with Vaucheriaconditioned sea water. Thus, should continue to yield insight into the interactions between
despite limited dispersal capacities and a tendency to swiphysiology, behavior and the environment.
along the bottom, lecithotrophic larvae have retained
behavioral responses to waterborne settlement cues. The losShis research was sponsored by an award from the Sea
of a prolonged larval stage has not resulted in any co-evolve@rant College Program (R/CZ-152) through the National
reduction in chemosensory abilities or diminished response tdarine Biotechnology Initiative.
waterborne cues in this species. This finding suggests that the
interaction between larval behavior and dissolved settlement
cues may be important in habitat selection even for short-term
planktonic organisms. References .
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