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i I Y X X  h\  rhc Ecologlcni S i i c l e l )  of 4nicr1 ia  


SETTLEMENT CUES AND DETERMINATION O F  THE 

VERTICAL LIMIT OF AN INTERTIDAL BARNACLE' 


.4bstract. The settlement behavior of the barnacle Chtharnalus anisoponza near its 
upper intertidal limit was investigated using field surveys and experiments. The upper limit 
of Chthar~zaluswas found to be extremely variable, ranging from 1.5 to 2.6 m above MLW. 

C-hthatnalus showed increased settlement in response to  chemical cues produced by 
several species whose vertical distributions overlapped with its vertical distribution. Within 
a single species there was significantly more settlement in  response to cues associated with 
.Vrr.~ta.fiitziculatathat occurred with C'hthatnalus than to LV.,futziculara that occurred only 
above the vertical limit of C'hthanzalus. Another species that induced settlement. ,lcanthitza 
angelica, is the major predator of adult C'hthatnallis. .4canrhit1a may be a good settlement 
cue because it is a reliable indicator of the vertical distribution of C'hrhatnalus and because 
( 1 )  the clusters of -4canthit1a that induced settlement may move away before the new 
barnacles become edible: and (2) C'hthainalus can develop a predator-resistant morphology 
in response to  .,icanthina. I was also able to  induce C'hthatnalus recruitment into areas well 
above their normal upper limits using a conspecific extract. indicating that conspecifics 
function as a strong settlement cue. 

The evolution of larval attraction to settlement cues should be dependent on the reli- 
ability of the cues and the consequences of not using them. Reliable cues and harsh 
consequences should lead to the development of "strong" (i.e., attractive) cues. However. 
reliable cues may be conservative; their absence may not indicate a "bad" settlement site. 
Therefore. a variable distribution of strong settlement cues could lead to temporal and 
spatial variability in a species regardless of  other factors such as pre- and postsettlement 
physlcal conditions o r  biological interactions. 

Kc?. I\ i1rt1.i. i~ilrtiuc~lc,~: rccririrmet~t;Chthamalus anisopoma: G~r! fo fCi~l~fbrnic i ;  serrlcrticnr, serrlr- 
iticJnr circJ,: ~ilriuhlc, di,rrit1iiriot1.i. 

I ~ T R O D U C  limit) or biological (lower limit) factors (Connell 196 1). TIOV 

The settlement patterns of marine In\ ertebrates b a q  Strathmann and Branscomb (1979) argued that cues 

greatlq In both tlme and space (Connell 196 1 ,  1985, that indicate the upper limits of a species' distribution 

Caffe) 1985. Wethe) 1985) Storms (H M Caffeq were more reliableguides for settlement than those that 

l~crsotzirl tort1rt1utz1cattotz) tidal amplitude (De Wolf indicate a lower limit because physical stress is less 

1973) and dais before the maximum tidal a m p l ~ t u d e  variable temporally and spatially than is biological 

(Shank5 1983) habe all been correlated with temporal stress. 

patterns of settlement for intertidal species Water The degree to  which a species has evolved to use a 

mob ement (Crisp 1955) surface texture (Barnes 195 6) particular settlement cue is probably related both to  

light (Barnes et a1 195 1). and the presence of conspe- the reliability of the cue and to the consequences of 

cilics (knight-Jones and Stebenson 1950. Knight-Jones not using it. The "strength" of a settlement cue is de- 

1953 Urctheq 1984) and other indicator species fined here as  the extent to which it influences settlement 

(Strathmann et al 1981) habe been found to be im- choice. This definition is different from the standard 

portant determinants of local spatial patterns of inter- usage of strength of a cue: it incorporates the larva's 

tidal barnacles response to the cue and the sensitivity of its detection 

For sessile speclcs these settlement patterns are crit- system. 

ical for s u n  ~ b a l  since relocation following settlement C'hthatnalus at~isoporna, an acorn barnacle. is the 

1s impossible It is part~cularl> important for larvae to  dominant midintertidal species in the northern Gulf 

scttlc between the upper and lower ~ e r t ~ c a l  of California (Dungan 1985). It is a relatively small limits a t  
which the species can s u n  I \  e and reproduce These barnacle. which seldom exceeds a basal diameter of 1 

llmits arc usuallq determined b> either ph)slcal (upper cm (Brusca 1980). Recruitment of larvae occurs from 
March through November with the majority settling 
during the summer months (Malusa 1983). Dungan 

hlanuscrip~ ~-ece~\  (1985) found that it was susceptible to desiccation in I cd 23 Junc 1986: re\ i5ed and accepted 
12 June 1987. the summer and reasoned that its upper limits were 
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TABLE1 .  uni~o~~or~ii1Numbers of ~ ' / ~ r / ~ a ~ t i u I ~ i x  settling per day to 64-cm' plates on which a possible cue was applied 
(treatment). compared with plates to which seamater was applied (control. P values are from t tests. df = 4 for all comparisons. 
except df = 10 for T. riiariu~ici. 

Cue organism Mean Cht/lilmuliissettlement 
(no plate) Normal tidal 

Spci~es range (m) Descr~ption Cue Seawater P 

A) Organisms that induced settlement 
C'/iriiilmil/irs ciniLopotnu +0.0 to -2.6 Barnacle 
. 2 r i t i l  firiric~rlciru - 1.0 to -4.3 Herbivorous gastropod 
tc~uiirhinti i~n,yolicu +0.6 to +3.0 Predatory gastropod 

PciIl.rhou igiiorci .: +0.6 Zoanthid coelenterate 
T~~ii lci~~~cir/uiici i - 1 . 0  Herbivorous gastropod 

B) Organisms that d ~ d  not induce 5ettlement 
7'qqrlu rlcqocci +2.4 to +4.3 Herbivorous gastropod 
C'illori~rr\ cr~rcrilcc7u t2.O to +4.6 Blue-green bacterium 
C' (~rc i / / /t ~ c isp. eC0.0 Red alga 

sct by mortality caused by excessi\e periods of expo- 
sure. Therefore. natural selection might be expected to 
produce behaviors in which C'hrhut~~aluswould choose 
not to  settle above certain le\els. The use of reliable 
settlement cues is one such behavior. 

In this study I examined the types of settlement cues 
C7hthar~~allisuses and the strength of each cue. The 
results show that certain species within the barnacle's 
\ertical range induce settlement. I conclude by spec- 
ulating on the relationship between the upper limits of 
a sessile species' distribution and the strength of its 
settlement cues. 

All experiments were conducted at  Punta Pellcano. 
a large granite shore on the eastern s ~ d e  of the northern 
Gulf of Callforn~a -8 km northwest of Puerto Penasco 
in Sonora. Mexico The northern Gulf is known for ~ t s  
extreme tidal amplitude (up to 8 m) (Brusca 1980, 
Le\ lnton 1982). strong seasonalit> (Hendr~ckson 1973). 
and its high di\ersit> and endemism (Brusca 1980). 
Near the upper lrmits of ~ t s  Lertlcal distribution. 
Chthurnulus u t ~ ~ s o p o ~ ~ u  is general11 restricted to ~ e r q  
gent11 sloping flat surfaces that t>pica11> occur on the 
tops of large granite outcrops or boulders 

C ppcr lrtnrts o f  Chthamalus anlsopoma 

T o  determine the mean upper limit of C'htharnalus 
anrso[~or)raI measured the tidal height of the upper 
boundary of 19 patches of C'hth~irnull~sin April 1986. 
Rather than occurring continuously along the intertidal 
Lone at Punta Pclicano. Chtharnallis is found in large 
patches. Each patch surveyed had a distinct upper 
boundar?. and all patches were of similar aspect and 
slope. At each patch a ruled pole was placed at the 
upper limit of C'hrharnalus and was le\ eled with respect 
to a marker position of known tidal height. 

Cues to scttlo~lcnt on csprr.it~~ct~tal platcs 

Marine invertebrate larvae have been shown to settle 
preferentially in response to a variety of stimuli (see 
reviews by Meadows and Canipbell 1972. Crisp 1974). 
The settlement behavior of barnacles has been partic- 
ularly well studied (Knight-Jones 1953, Crisp and 
Barnes 1954, Crisp 196 1.  Crisp and Meadows 1962. 
1963). Strathmann and Branscomb ( 1979) have sug- 
gested that organisms associated with the upper limits 
of the distribution of Bulunus curiosus could function 
as settlement cues. allowing cyprids to avoid unfavor- 
able sites in which they could not survive to maturity. 
T o  my knowledge there has been no direct evidence 
of this phenomenon in the field (but see Douros 1985). 
In the summer of 1984 I examined the possibility that 
Chrhutiialus ut~isoponza at  Punta Pelicano used settle- 
ment cues. 

Each trial used six 8 x 8 c n ~  plexiglass settlement 
plates. Plexiglass plates were used because of their uni- 
formity and because the cyprids of this species are v e n  
small and sometimes difficult to detect on  natural sub- 
strate. All plates had 100 evenly spaced holes, each 2.5 
m m  in diameter and 2 m m  deep. which simulated pits 
in natural substrate. O n  the three experimental plates 
a single "cue" was applied at both the morning and 
e\  ening low tide during a 24-h period in a spring tide 
sequence. The organisms used as  cues were the dom-  
inant species between 0 and 4 n~ above mean low water 
(MLW) and included four species of gastropods. one 
barnacle, a colonial anemone. a blue-green bacterium. 
and a coralline red alga (see Table 1 ) .  The normal tidal 
ranges of the organisms given in Table 1 are from 
presence-absence surveys done at  several locations at 
Punta Pelicano (also see Brusca 1980). 

Enough individuals ofeach species ofgastropod were 
placed on  each plate to  co \e r  >75% of its surface. 
These were allowed to attach to the plate and crawl 
off. leaving mucus trails. The other organisms were 
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crushed and mixed with seawater. and the extract was 
painted on the plates with a brush. A treatnient was 
applied to  three plates. and fresh seawater was applied 
to  three control plates during the morning and evening 
low tides. Both the experimental and control plates 
were attached to six randomly chosen sites at 1 ni 
above MLW. Each trial lasted for 24 h. after which the 
plates lvere picked up and examined using a dissecting 
microscope for the number of C'hthanzaliis settlers. 
Connell ( 1  985) has defined settlement as the number 
of larvae attaching. whereas recruitment is the number 
present after some postsettlement mortality has oc- 
curred. I measured settlement over a 24-h period to 
avoid postsettlement loss. Differences between settle- 
ment on experimental and control plates were coni- 
pared using t tests. 

In the suninier of 1985 1 compared the settlement 
responw of C'hthanzalus with the presence of individ- 
uals from two populations of .Vo.ita ,fiiniculafa. Indi-
vidual Yclrifa tend to remain within narrow vertical 
limits (P. T.  Raimondi. pcrsotzal obsrr.\.atiot~): some 
occur strictly above the C'htharnalus zone, while others 
occur within it. If they acquire from the substrate sub- 
stances that differ by tidal height. then .Vcwta from 
different heights may provide different cues and so may 
\ a r >  in the strength with which they induce barnacle 
5ettlemcnt. Twenty-five .l'crita that occurred within the 
Chthanzalus zone were placed at + 1 above m MLW 
on three plexiglass plates and allowed to crawl off. O n  
three other plates the same procedure was followed 
with .Yc,rita collected well above the Chthatna1li.s zone. 
Treatments were randomly assigned to plates. The plates 
were put out at morning low tide and were collected 
24 h later and exaniined for the number of C'hthanzalus 
settlers. The data were compared using a t test. 

Kcc,r~rittnc,nfinduction on t~arural suh.strate 
n,ithin rhc C'hthamalus zone 

Although barnacles 1 1  d old are difficult to see on 
the natural granite substrate. they can be counted as  
recruits after a week of growth. In order to  examine 
the effcct of barnacle extract on C'hthatt~alusrecruit-
ment to natural substrate I performed the following 
experiment. On 25 August 1984 I cleared and sterilized 
ten 10 x 10 cm sites on a large horizontal shelf dom-  
inated by C'hrhatnallis. These sites were located at 1 
m above MLW. In all experiments described in this 
paper sites were sterilized with concentrated NaOH 
and were rinsed thoroughly with seawater and scrubbed 
with a wire brush during the subsequent low tide to  
rcmovc any residual NaOH. F i \e  sites were randomly 
assigned as  treatment sites. the other fi\e were control 
sites. At each morning low tide from 26 to 30 August 
I applied a crushed barnacle-seawater mixture to the 
treatment sites and seawater to the control sites. On  8 
September I sampled the sites using a 25-power field 
niicroscopc with a field of vision of 0.5 cmL. At each 
site I sampled four random locations for recruits. I used 

the number of recruits per square centimetre at  each 
site for comparison by a r test. 

The settlement behavior of Cl~thatnulusin relation 
to barnacle extract might be in response to  a n  individ- 
ual chemical or to  interactions of several chemicals 
released when I crushed the organisms. These would 
be biologically unimportant and experimentally con- 
fusing if they were never released naturally. In order 
to  deterniine whether settlement is induced by living 
Chthanzalus I performed the following experiment. In 
July 1984 I attached eight 7 x 7 x 3 cm stones to a n  
intertidal reef a t  + 1 m above MLW: these stones were 
intially sterilized with NaOH. Over the next year they 
developed a thick cover of C'hthatt~alus.O n  20 June 
1985 I removed all of the barnacles from four control 
stones (chosen randomly) and from a 5 x 5 cni square 
in the middle of the other stones (treatment stones). 
The cleared area on each of the treatment stones and 
a siniilarly sized area on each of the control stones were 
sterilized with NaOH. The stones were reattached to 
the reef at + 1 m above M L W  with treatment and 
control sites picked randomly. Two weeks later I sam-
pled the cleared and sterilized areas on the stones for 
recruitment using the field microscope. The edges of 
the cleared areas were not sampled to avoid a possible 
effect of the relief provided by the bordering barnacles 
on the treatment stones. Recruitment on treatnient and 
on control stones were compared using a t test. 

Recruittnozt itzrluc,tion otz tzatural substt.atc 
a b o l , ~the Chthamalus rotzc 

One way to assess the strength of a settlement cue 
is to determine whether settlement can be induced by 
it onto a n  area outside the normal settlenient range of 
the organism. I conducted two experiments in which 
I attempted to induce settlement of Chthatnalus onto 
sites that were above the upper liniit of mature bar- 
nacles. In the first experiment. in July 1984. I exaniined 
two factors that might deterniine the upper limits of 
C'hrhatnalus settlement: pre-emption of space by the 
blue-green bacterium C'alothri.~crusracca, and the lack 
of an appropriate settlement cue. The area above the 
barnacle zone often is partiallly covered with Calo-
rhris. Sixteen 10 x 10 cni sites completely covered by 
Chlorhri.~-0.5 nl above the C'hthanzalus zone were 
selected. Of these. eight were chosen randomly. and all 
C'a1othr.i.~was removed using NaOH; eight were left 
as  controls. Out of each set of Ca1orhri.x removals and 
controls. four sites were randomly selected to  receive 
crushed barnacle extract: the remaining four of each 
group received seawater. Thus the experiment was set 
up  in a factorial design where each conibination of 
treatments was performed on four replicates. The sites 
were sterilized on 17 July 1984. Barnacle extract or 
seawater was applied on  18 and 28 July. I sampled the 
sites using the field microscope three times between 1 
August and 8 December 1984. The data were com- 
pared using a repeated-measures ANOVA procedure. 
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FIG. 1 .  Tidal heights (rna b o ~ eMLW) of the upper limits 
of all patches of ('hr/icimulir\ cinirijpomci along a 60-m length 
of shol-e. 

In the second experiment. in August 1984. I at-
tempted to induce settlement at  an even greater height 
than in the experiment described above. The presence 
of (hlothr.i.\ was not used as  a factor. based upon the 
results obtained from the first experiment. Four sites 
at  each of two levels. 1 and 2 m above the observed 
upper limit of C'hthatnallts,were sterilized with NaOH 
on 12 August 1984. The experimental sites ( n  = 2 at 
each level) received barnacle extract. and the controls 
( 1 1  = 2 at each level) received seawater on 13 August. 
All sites were sampled n~icroscopically on 30 August. 
Data were analyzed using an ANOVA procedure. 

If barnacle lar \ae can detect a settlement cue from 
a great d~stance.  then inducement onto an area well 
above their \crtical limit might only be a demonstra- 
tion of their ability to swim towards a cue. Given the 
turbulent hydrodynamic conditions on rocky shores it 
seems improbable that long-range detection is possible. 
Under laboratory conditions Knight-Jones ( 1  953) and 
Crisp (1974) both found that physical contact with a 
cue was necessary before Balanus halanoides would 
initiate scttlenient, and concluded that water-borne in- 
ducers were unlikely. 

If the chemical inducer is "drawing" larvae towards 
it from long distances then settlement on similar sur- 
faces should decrease as  a function of distance from 
the inducer. However. if the cue is attractive for only 
a short distance then settlement should be concentrated 
at the site where the cue was applied. On 27 August 
1984 I attached 12 of the plexiglass plates described 
above to the reef a t  + 1 m above MLW. The pits on 
each plate were grouped into four sets of 25. each in 
one quadrant of the plate. Six plates were randomly 
designated treatment plates. the others. controls. These 
"far-from-cue" control plates were located n o  closer 
than 2 m from treatment plates. O n  two of the four 
quadrants of each treatment plate I applied crushed 

barnacle extract: on the other two "near-cue" quad-
rants seawater was applied. The far-froni-cue control 
plates received only seawater. Twenty-four hours later 
I sampled all plates for settlement. For analysis I cal-
culated the mean number of barnacles per quadrant 
for both the quadrants with and without the extract on 
treatment plates. and for all quadrants on  the control 
plates. One control plate was lost. so there were six 
replicates of both cue and near-cue quadrant means, 
and five far-from-cue controls. T o  determine whether 
there were significant differences in settlement at  short 
distances from cues. I compared cue and near-cue 
quadrant means using a paired r test. T o  assess whether 
cues operated at  further distances. I used a t test to  
compare near-cue with far-froni-cue quadrant means. 

RESULTS 

Zl~pt~r.linzits qf Chthamalus anisoponia 

The observed upper limit of adult C'hrhatnalus on  
large boulders ranged from 1.48 to 2.68 ni above MLW 
(Fig. 1). The variability did not seem to be associated 
with any geomorphic characteristic of the shore: bare 
sites adjacent to and very similar to those with bar- 
nacles were common.  

Cues to scttlenzent otz esper.~nzental plates 

Of the eight organisms tested for the ability to  induce 
C'hthatnallts scttlemcnt. fivc incrcascd scttlemcnt on 
experimental plates as compared with controls (Table 
1). These fivc co-occur with Chrhcrr~zulusovcr at  lcast 
part of its vertical range. The three species that had no 
significant effect on barnacle settlement have little spa- 
tial overlap with adult Chthanzalus. Two congeneric 
species differed in their ability to induce settlement. 
Tegltla nzariana, which co-occurs with Chrhatnalus, 
induced settlement. whereas Tt3,gilla r u ~ o s a ,  which is 
found above the distribution of Chrhanzallts, did not. 

C'hrhanzalus settled in significantly greater numbers 
on plates exposed to .2Pr1ru.funiculuta that lived within 
the C'hthanzalus zone (mean i SD = 36.7 i 7.6 
Chthanzall4.s). than on plates exposed to ~Vcrltathat 
lived outside it (25.7 i 4.5 C'hthanzalus: t = 2.27 on 
log-transformed data. df = 4. one-tailed P < .05). 

R~cruitrne~itinduction on nut~rrul sztbstrurr 
nuhin the Chthamalus zotze 

Significantly more Chthar?~alu.srecruited to  sites 
where a crushed barnacle-seawater mixture was ap- 
plied than to sites where only seawater was applied 
(1 7.4 -t 2.5 1 Chthurnulus/'cm2vs. 12.2 -t 2.84/cm2: 
t = 3.06. df  = 8. P < .0 1). This indicates that barnacle 
extract is effective on natural substrates as  well as  on 
artificial plates. 

Significantlq more C'hrhur?~ulusrecruited to  cleared 
areas on stones with barnacles than to similar areas on 
stones without barnacles (34.78 i 5.06 vs. 11.71 i 
3.16 Chthurnul~is/'cm';r = 7.63. df  = 6, P < .0005). 
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TABLE2. The effect of presence vs. absence of barnacle ex- it induced C'hthatnalus to  settle into areas where they 
tract and C'u1c1rhr.i.u(blue-green bac te r~um)on recruitment could not survive. 
to site\ on natural substrate 0.5 m above the normal dis-
t r~but iono r  C'hthu111uIzl~(repeated-measures ANOVA). Settletnent us u ,firtiction o f  distuncr 

Source df  ss F P ,fi.or?~an applied czrr 

C'alo[/7riY (A)  1 130.02 46.69 <.0001 C'hthurnulus settled in significantly greater numbers 
Barnacle extract (B) 1 1 1  7.19 42.08 <.0001 in quadrants where the cue had been applied than in 
.A x B interaction 1 117.19 42.08 1 .0001 adjacent near-cue quadrants on the same plate where 

Error 12 33.42 
Time (CI  2 97.01 31.08 <.0001 seawater had been applied (10.83 vs. 4.33 C'hthur?~ulus 
4 x C interact~on 2 97.01 31.08 <.0001 per quadrant; SE = 1.24. df = 5. paired t = 5.25, P < 
B x C ~nteraction 2 90.59 29.02 <.0001 .005). There was no difference between settlement in 
.A B ' (' interaction 90.59 29.02 -r.OOO1 these near-cue quadrants and i n  the far-from-cue con-

Error 24 37.46 
Total 47 810.48 trol quadrants (.? i SE: 4.33 i 0.78 vs. 3.1 i 0.69 per 

'Thus whole barnacles are settlement inducers: there-
f o r ~it is unlikely that the inducement property of ex-
tract I S  an artifact of the crushing of barnacles. 

Kccrzcltr?~rnt~t~ciuclcotioti nutzrral sul~strufe 
a l ~ o ~ rthe Chthanialus zonr 

Chemical attractant cues appear to  be the main de-
terminant o f the  upper limit of C'hthuinulus settlement 
(Table 2 and Fig. 2). The results indicate that: (1) n o  
('h[hurr~ulzrsrecruited to  areas with C'a1othrl.u regard-
less of whether barnacle extract had been applied, (2) 
where C'ulothris was removed there were significantlq 
more recruits. on 1 and 30 August, on the sites where 
barnacle extract was applied than on control sites. By 
8 December all the barnacles that had been present on 
30 August had died. and there were no new recruits. 
The response was quite strong to barnacle extract; the 
density of recruits on these sites on 1 August was sim-
ilar to that found in the middle of the barnacle zone. 
In contrast there were only a few recruits on sterilized 
sites to \\hich seawater had been applied (Figs. 2 and 
3). Since extract was applied only on 18 and 25 July 
the recruitment bet\\een 1 and 30 August on experi-
mental Gtes \\as probably in response to those bar-
nacles that had recruited between 18 July and 1 August. 
This is another indication that the settlement cue is 
not an artifact associated with the production of the 
extract. 

In the second experiment higher on the shore, no 
C'i~[hut~iulusrecruited to control sites where seawater 
had been applied. and there was significantly more 
recruitment to  experimental sites that were 1 m above 
the C'h[liur,iulus zone than to those 2 m above the zone 
(Table 3). This. in part. might be due to a shorter 
imniers~ontime. and hence less potential for settle-
ment. at the higher level. All barnacles were dead by 
8 December 1984. 

The results of the first experiment suggest that 
Ch[hur,iulus d o  not recruit to  areas that are covered 
by Caloihrl.~.The results of both experiments indicate 
that barnacle extract is a powerful settlement cue since 

Chihatnalzrs quadrant; df  = 9. t = 1.15, P > .25). These 
results indicate that contact is probably requ~redfor 
the cue to be effective. 

For an intertidal species to survive it must not settle 
where conditions exceed its thermal o r  desiccation tol-
erances. The northern Gulf of California is one of the 
harshest intertidal areas in the world. with air tem-
peratures exceeding 37" C throughout the summer. 
Furthermore, there is little relief from solar radiation 
since the lowest tides are during the daylight hours in 
the summer. and cloud cover is extremely sparse. Des-
iccation relief through wave splash is also unlikelq; 
Lively and Raimondi (1987) showed that splash in-
creased the total daily immersion time in the midin-
tertidal by an average of only 12 min, which represents 
<2% of the average time of exposure at  this height. In 
addition, rock surface temperatures are often much 
higher than the air temperature. I have recorded tem-
peratures in the range of 45"-50" on midintertidal gran-
ite and basalt surfaces during the summer. 

The summer is a particularly important period for 
Chthatnalus because the bulk of its recruitment occurs 

FIG.2. C ' / ~ ~ / ~ U ~ I Z U / U Crecruits (,? ? 1 SE)and their survi-
vorship on  natural substrate 0.5 m above the adult upper 
limit. Sites were sterilized on 17 Jul!. and barnacle extract 
and seawater were applied on 18 and 25 Jul?.  There was a 
signtficant difference (P -r .05) between treatment and control 
sites on  1 and 30 August. = mean number of recruits on 
trcatrnent sites (barnacle extract applied). A = mean number 
of recruits on control sites (seawater applied). 0= survivors 

from prexious sample on treatment sites. 
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FIG.3. Rccruitnient of C/~ihatrral~it 10 crn sltes to 10 x 
sterilired on 17 Jul) 1984. 0.5 m abo\-c the adult limit. Dark 
area around sites is C'iiloihri.~crlisracc,n. (Top) site to which 
barnacle extract was intiall1 applied. (Bottom) slte to which 
seawater %as initial11 applied. 

then. In an experiment examining the desiccationlther- 
ma1 resistance of Chthar?zal~is unisopornu, in August 
1982. Dungan (1985) found that all juveniles ( < 2  m m  
diameter) and 99"/0 of larger individuals had died fol- 
lowing 36 h of continuous exposure. This is very close 
to the longest period ofexposure that Chr/7utnulus would 
experience during the summer at  its upper limit. 2 2 . 5  
m above MLW (see Thomson 1970-1986). In addi- 
tion, Lively and Raimondi (1987) showed that indi- 
vidual C ' h t l i a ~ n ~ l ~ i . ~  in low densities died in significantly 
greater numbers than those in high densities when sub- 
jected to the same desiccation/thermal stress. Since 
settlement above a certain level will almost certainly 
result in death before reproduction. and settlement next 
to conspecihcs decreases the probability of death at  
high levels within the natural range. one would expect 
natural selection for settlement cues that indicate a safe 
upper limit (Strathmann and Branscomb 1979). This 
seems to have happened with Chthar~zalus. In areas 
above its distribution. it recruited only to sites where 
the extract had been applied or  where barnacles had 
previously been induced to settle. Also. C'htharnalus 
seems to be able to use several other indicator species 

as settlement cues. providing that their vertical distri- 
butions overlap its own (Table 1). Of the species that 
induced settlement. two were sessile filter feeders 
(Clztlzurnulzrs and Palj'thou). two were herbivorous gas- 
tropods (A7eritu and Tegztla tnur~arla).  and one was a 
predatory gastropod (.4canthina). An interesting result 
is that settlement was greater in response to LVerita 
found within the Chthatnalus zone than outside it. This 
indicates that the cue may ha\.e been either traces of 
the barnacle or substrate that had been picked up by 
the inducing organism. The noninducing species were 
a red alga, a blue-green bacterium, and a herbivorous 
gastropod (Tegztla rugosa). Both the blue-green bac- 
terium and red alga preclude settlement by C/it/iar)l- 
alus. 

It is surprising that . l can th~nu  induces settlement. 
since it is the major predator of Chtharnalus in the 
northern gulf. However. .-lcanthina is a v e n  reliable 
indicator of the distribution of adult Cht/~arnallu, and 
the risk of predation to a barnacle settling in response 
to  ..lcanrhina is decreased by two factors. First. A-lcatz- 
rhina occur in clusters that shift together over time 
(Turk 198 1): an individual barnacle settling in response 
to A4cunth~nu may not be subject to an increased risk 
of predation when it reaches a size that .icanthina will 
eat, ~4 wk later. following settlement. Connell (1961) 
also noted that newly settled barnacles were not preyed 
upon by gastropod predators. The dense clusters of 
snails (up t o  150:m2) usually kill a large fraction of the 
adult barnacles in an area and then migrate in mass to 
another area (P. T.  Raimondi, ~ ~ c r s o n u l  ohscr~~ution). 
This would have the additional effect of decreasing 
intraspecific competition between newly settled bar- 
nacles and residents. Second. Chthanzalus has been 
shown to develop a predation-resistant morphology in 
response to  the presence of .lcuntliinu in the 1st 1-3 
wk following settlement (Lively 1986). 

Virtually no Chthur?zulus settled in areas above the 

TABLE 3. The effect of barnacle extract on the numbers of 
C71ihntnnlu.tsettling above their normal Lone. 

A) Recruitment of CIlrhntrialu_c,b) treatment combination 
(mean k SD). 

Height above upper limit 
of ('hrhat~.ialus 

Trcatmcnt 1 m 2 m 

Density of C.hrhat~.ialusrccruits 
(no. /cm2) 

Seawater 
Barnacle cxtract 

0.0 x 0.00 
5.50 x 1.41 

0.0 = 0.00 
1.75 -C 0.35 

B) AN0V.A table 
Sourcc d f ss F P 

Tidc hcight 
Barnaclc extract 
Interaction 

Error 
Total 

1 
1 
1 
4 
7 

8.00 
28.125 

8.00 
1.25 

43.375 

25.60 
90.00 
25.60 

,0072 
,0007 
,0072 
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na tura l  d i s t r i b u t i o n  o f  a d u l t s  un less  I first a p p l i e d  a 
s e t t l e m e n t  c u e  U s i n g  a c u e ,  c r u s h e d  b a r n a c l e  ex t rac t .  
I h a s  a b l e  t o  e leva te  t h e  u p p e r  l l m l t  o f  newly se t t l ed  
C h t h a n l a l ~ l ~b y  2 m T h i s  ind ica tes  h o w  d e p e n d e n t  
C'hthar~zalusis  o n  cues.  It a l s o  suggests  t h a t  t h e  u p p e r  
l imi t  o f  Chthat)ialus i s  n o t  d e t e r m i n e d  b y  t h e  s u p p l y  
o f  potential  set t lers  i n  t h e  p lankton  (see G r o s b e r g  1982). 
I t  is possible t h a t  p l a n k t o n i c  l a r v a e  w e r e  d r a w n  i n t o  
these  high a r e a s  b y  a p o t e n t  a n d  long-l ived,  water -
b o r n e  cue .  b u t  I be l ieve  t h i s  t o  b e  unlikely.  S e t t l e m e n t  
i n d u c e r s  f o r  o t h e r  barnac les  r e q u i r e  c o n t a c t  w i t h  t h e  
la rvae  before  t h e y  a r e  effective (Knight -Jones  1 9 5 3 ,  
C r i s p  1974).  F u r t h e r m o r e ,  t h e  resu l t s  o f  t h e  e x p e r i m e n t  
tes t ing  s e t t l e m e n t  a s  a f u n c t i o n  o f  d i s t a n c e  f r o m  a c u e  
i n d i c a t e  t h a t  i n d u c t i o n  requi res  c o n t a c t  w i t h  t h e  cue .  

S t r o n g  s e t t l e m e n t  c u e s  s h o u l d  a c t  t o  r e d u c e  t h e  m a r -  
g in  o f  e r r o r  i n  c h o o s i n g  a s e t t l e m e n t  s i te .  Also ,  t h e  
s t rength  o f  these  c u e s  s h o u l d  b e  re la ted  b o t h  t o  t h e i r  
rel iabil i ty ( S t r a t h m a n n  a n d  B r a n s c o m b  1979)  a n d  t o  
t h e  c o n s e q u e n c e s  i n c u r r e d  b y  n o t  us ing  t h e m .  H o w -  
ever .  rel iable c u e s  m a y  a l s o  b e  conserva t ive ,  t h a t  is ,  
t h e i r  p resence  ind ica tes  a sa fe  s l te  o n  w h l c h  t o  set t le ,  
b u t  t h e ~ r  a b s e n c e  d o e s  n o t  i n d i c a t e  an unsafe  o n e .  T h i s  
c o u l d  lead  t o  a p a t c h y  d i s t r i b u t i o n  o f  a spec ies  in  t i m e  
a n d  s p a c e  d e p e n d e n t  o n  t h e  v a r i a t i o n  i n  d i s t r i b u t i o n  
of cues  b u t  i n d e p e n d e n t  o f  o t h e r  e n v i r o n m e n t a l  var i -  
abi l i ty.  T h e  u p p e r  l i m i t  o f  t h e  d i s t r i b u t i o n  o f  a d u l t  
Chrhatnal~lsa t  P u n t a  Pe l icano  is  e x t r e m e l y  var iab le  

(Fig. 1). T h e  results  o f  t h i s  s t u d y  i n d i c a t e  t h a t  t h i s  
variabil i ty m a y  h a v e  resulted f r o m  t h e  d i s t r ibu t ion  o f  
c u e s  a t  t h e  t i m e  o f  se t t l ement .  
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