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Positive and negative effects of intertidal algal 
canopies on recruitment and survival of barnacles 

George H. Leonard* 

Brown University, Department of Ecology and Evolutionary Biology, Providence, Rhode Island 02912, USA 

ABSTRACT Understanding the diverse ways that species interact in communities continues to pose 
significant challenges to experimental ecologists. By simultaneously (1) abrading the substrate (i.e. 
'whiplash'), (2) altering local hydrodynamics and abiotic conditions and (3) influencing predator den- 
sities, marine algae can alter the recruitment and survival of the organisms with which they CO-occur. 
I used predator exclusion cages and canopy mallipulations in the barnacle-algae (Semlbalanus bal- 
anoides-Ascophyllum nodosum) zone In Rhode Island (USA) intertidal habitats to demonstrate how to 
experimentally tease apart these types of multiple effects. In the absence of algal abrasion, barnacle 
recruitment was greater under the algal canopy than in cleared areas. This suggests that the canopy did 
not reduce the delivery of larvae but, rather, created a depositional environment where larvae accumu- 
lated. The overall effect of the canopy, however, was a reduction in recruitment compared to cleared 
areas because algal whiplash overwhelmed these positive, hydrodynamic effects. Predators had very 
little effect on the recru~tment of barnacles. In contrast to recruitment, I found that the canopy positively 
influenced the early post-recruitment survival of S. balanoides. The reduction in survival caused by 
predators was offset by an increase in survival caused by both the physical presence of the canopy 
(probably by reducing thermal stress) and its subsequent mechanical abrasion of the substrate (probably 
by reducing the accumulation of sediments). For both recruitment and survival, the effects of algal 
whiplash were twice as large as those of modifying the habitat or influencing predation ~ntensity. In gen- 
eral, my findings illustrate how a series of a priori, statistical comparisons within a multi-factorial exper- 
iment can be used to separate and quantify these types of multiple effects in plant-animal interactions. 

KEY WORDS: Recruitment vs post-recruitment processes . Larval delivery . Algal whiplash . Mechani- 
cal abrasion . New England rocky intertidal zone . Ascophyllum nodosum . Semibalanus balanoides 

INTRODUCTION 

A continuing challenge to con~munity ecologists is to 
understand the diverse ways that species interact in 
communities. The experimental manipulation of spe- 
cies in their natural habitats has proven to be a 
remarkably powerful tool with which to do this (Under- 
wood 1997). Understanding the specific mechanisms 
by which species interact, however, is more problem- 
atic, especially i f  the overall effect of one species on 
another is the result of several, simultaneous influ- 
ences. For example, in marine systems, large canopy- 
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forming vegetation cannot only influence environmen- 
tal conditions (e.g. light, temperature, water motion; 
Fonseca et al. 1982, Lobban & Harrison 1994) but can 
also physically interfere with recruiting and estab- 
lished organisms (Grant 1977, Duggins et al. 1990, 
Grizzle et al. 1996) and indirectly alter predator densi- 
ties and per capita predation rates (Menge 1978). Sim- 
ply manipulating the canopy alone provides no infor- 
mation on which of these effects is most important to 
the ecology of the organisms associated with it. In 
addition, predicting how the interaction will vary with 
environmental conditions requires an understanding 
of the direction, magnitude and importance of the indi- 
vidual effects that contribute to the overall interaction. 
Only carefully designed and evaluated experimental 
treatments (e.g. Huston 1997) combined with species 
manipulations can provide such information. 
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In this study, I have used rocky intertidal habitats in 
New England, USA, to show how to experimentally 
tease apart these types of multiple effects. Like many 
aquatic and terrestrial habitats, the intertidal zone of 
semi-exposed shores in this area is dominated by 
large, canopy-forming vegetation (i.e. Ascophyllum 
nodosum and Fucus spp.; Menge 1976, Chapman 
1995). The primary space occupier in these habitats is 
the northern acorn barnacle Semibalanus balanoides 
(Menge 1976). For many years, ecologists have recog- 
nized that the recruitment and survival of barnacles 
that live under intertidal macroalgal canopies are typi- 
cally reduced compared to areas where canopies are 
naturally absent or have been experimentally removed 
(Connell 1961, Menge 1976, Hawkins 1983). This over- 
all reduction in recruitment and survival may be due to 
1 or more processes that are simultaneously influenced 
by the canopy but the relative contribution of each is 
not well known (Hunt & Scheibling 1997). 

Specifically, decreased recruitment under canopies 
may be the result of the algal fronds mechanically 
interfering with the settlement process. This 'whiplash' 
effect occurs when waves cause the algae to abrade 
the substrate and dislodge larvae as they attempt to 
settle (Lewis 1964. Menge 1976). On the other hand, 
reduced recruitment may also be the result of how the 
structure of the algal canopy modifies the local hydro- 
dynamic regime. Hatton (1938) and Southward (1956) 
hypothesized that, by decreasing flow rates, the 
canopy would reduce the delivery of planktonic larvae 
to the benthos. This idea is supported by more recent 
studies that have found that variation in recruitment at 
relatively large spatial scales (hundreds of meters to 
kilometers) can often be explained by variation in the 
delivery rate (i.e. flux) of larvae that effectively act as 
passive particles (Hawkins & Hartnoll 1982, Johnson 
1985, Butman 1987, Gaines & Bertness 1992, Pineda 
1994, Wing et al. 1995). On the other hand, relatively 
small-scale studies (millimeters to centimeters) predict 
that the decreased velocity, shear stress and turbu- 
lence withln the canopy should result in a deposltional 
environment where larvae passively accumulate and 
are then better able to explore settlement sites (Cfisp 
1955, Eckrnan 1983, Gallagher et al. 1983, Jumars & 

Nowell 1984, Pawllk et al. 1991, Mullineaux & Garland 
1993, Snelgrove & Butman 1994). It is not clear 
whether the predictions from large- or small-scale 
studies best apply to the intermediate spatial scales 
(meters to tens of meters) at which within-site variation 
in community structure can be large (e.g. Menge 
1976). It is also not clear whether mechanical interfer- 
ence or hydrodynamic modification by the canopy is 
responsible for reduced recruitment. 

Like recruitment, post-recruitment sunival under 
algal canopies has often been shown to be influenced 

by the vegetation (e.g. Menge 1976). Algal whiplash 
may interfere with the acquisition of food resources 
(Palmer et al. 1982) or it may scour from the rock even 
those individuals that manage to settle and undergo 
metamorphosis (Grant 1977). Alternatively, by reduc- 
ing water velocity and shear stress, the canopy may 
enhance sedimentation and resultant mortality from 
smothering (Eckman & Duggins 1991). By harboring 
predators, the canopy may also indirectly enhance 
mortality of sessile prey (Menge 1978, Minchinton & 
Scheibling 1993a). To complicate matters more, inter- 
tidal algal canopies may enhance the overall survival 
of post-recruitment individuals by reducing desicca- 
tion and thermal stress at low tide (Dayton 1971). The 
relative role of algal whiplash and habitat modification 
to patterns of survival under algal canopies is far from 
clear. 

The mechanisms by which algal canopies modify 
patterns of recruitment and post-recruitment survival 
have been speculated upon since the early work of 
Hatton (1938), but none of the past studies has parti- 
tioned the overall effect of the canopy into its compo- 
nent parts of whiplash, habitat modification and preda- 
tion pressure (Hunt & Scheibling 1997). Menge (1976) 
showed that algal whiplash could decrease recruit- 
ment rates but it was unclear what role the effect of 
water motion had on his results. Using artificial algal 
fronds, Grant (197'7) similarly argued that whiplash 
reduced post-recruitment survival but how habitat 
modification by the canopy influenced his findings is 
not known. In this study, I have used traditional preda- 
tor exclusion cages and canopy manipulations to parti- 
tion the overall effect of the Ascophyllurn nodosum 
canopy on the recruitment and survival of Semibal- 
anus balanoides into these component parts. 

METHODS AND MATERIALS 

This study was done in the mid to high intertidal 
zone at 2 open coast rocky shores in Rhode Island 
(New England) from December 1995 through October 
1996. The 2 sites (Sachuest Point Nature Reserve and 
Sakonnet Point) were located on the western and east- 
ern shores, respectively, of Narragansett Bay. Each site 
had gently sloping rock benches, interspersed with 
large boulders that had approximately 50% cover of 
barnacles Semibalanus balanoides and were covered 
at low tide by a continuous layer of the knotted wrack 
Ascophyllum nodosum. A. nodosum holdfasts covered 
less than 10% of the available substrate. Monthly 
wave forces, measured using spring-loaded dyna- 
mometers, ranged from 30 to 40 N throughout 1996 
and indicated that the sites were of intermediate wave 
exposure (see Leonard in press for further details). 
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Unlike sites farther to the north (e.g.  Maine, USA, see 
Menge 1976, Leonard et al. 1998), these sites had com- 
paratively low densities of barnacle predators. Both 
Nucella lapillus and Carcinus maenus, which can 
occur at densities over 100 and 1 ind. m-', respectively, 
in Maine (Menge 1976, Leonard et al. 1998), were gen- 
erally rare at these southern sites. N. lapillus was 
absent in the high zone and reached densities of only 
1 ind. m-2 in the low intertidal zone (author's unpubl. 
data). When seen, C. maenus was only present under 
the A. nodosum canopy in the low intertidal zone 
(author's pers. obs.). 

These low densities of predators suggested that con- 
sumers played a limited role in governing barnacle 
recruitment and survival at these southern sites. This 
scarcity of predators also made it possible to use tradi- 
tional predator exclusion cages to experimentally sep- 
arate the positive and negative effects of the Ascophyl- 
lum nodosurn canopy on Semibalanus balanoides 
recruitment and survival without the confounding 
effect of simultaneously altering strong predation 
effects. By placing cages (both full cages and partial 
cages) under the canopy, the mechanical abrasion of 
the algal fronds on the substrate was prohibited while 
the physical structure of the overlying algal bed was 
left undisturbed. A series of statistical comparisons 
within this experimental design (see below) was used 
to separate the effects of (1) predators, (2) habitat mod- 
ification by the canopy and (3) algal whiplash on bar- 
nacle recruitment and survival. 

To do this, an identical experiment was done just 
below the upper border of the Ascophyllum nodosum 
zone at each site (Fig. 1). A canopy treatment (plots 
completely cleared of all macroalgae [radius = 1 m] or 
control plots with 100% canopy cover of A. nodosum) 
and a cage treatment (substrate open [O] or covered by 
a full cage [FC] or a partial cage [PC]) were set out in 
an orthogonal design in early December 1995. Plots 
were chosen haphazardly and were separated by -3 m 
along 200 m of shore. Treatment designations were 
allocated randomly to all plots. Permanent quadrats 
(n = 8; 20 X 20 cm) within each of these treatment com- 
binations were marked at their corners with galva- 
nized bolts drilled into the rock surface. All quadrats 
were nestled amongst the A. nodosum holdfasts and 
initially had approximately 50% cover of barnacles. 
Full cages and partial cages (20 X 20 X 5 cm) were made 
of galvanized wire mesh (mesh size = 0.5 X 0.5 cm). 
Partial cages were identical to full cages except that 2 
of the 4 sides had 15 X 2.5 cm openings to allow mobile 
organisms to enter the cage. All cages were attached 
flush to the rock surface in the center of the permanent 
quadrat with a single galvanized bolt through the cen- 
ter of the cage. Cages that were damaged during the 
experiment were replaced. 

Full Cage Partial Cage Open 

Fig. 1. Experimental design to partition and quantify the posi- 
tive and negative effects of the intertidal AscophyUum no- 
dosum canopy on Semjbalanus balanoides recruitment and 
post-recruitment survival. This design was employed at 2 open 
coast sites in Narragansett Bay, Rhode Island, USA. Squares 

represent the permanent quadrats on the rock substrate 

All quadrats were cleared to bare rock with a paint 
scraper and wire brush in late December 1995 and bar- 
nacle recruitment into the quadrats was monitored 
periodically during the following spring. To reduce 
edge effects, counts were made in the central 225 cm2 
of each quadrat. When barnacle settlement had ceased 
(March 1996), densities were sampled a final time and 
this value was used as a measure of recruitment. The 
density of barnacles was also quantified periodically 
over the course of the summer and when thermal stress 
had abated in October, barnacle survival (density in 
October divided by density in March) was calculated 
for each quadrat. 

The net effect of the algal canopy on barnacle 
recruitment and post-recruitment survival was ana- 
lyzed with a mixed-model analysis of variance 
(ANOVA) using site, canopy treatment and cage treat- 
ment as factors. Canopy treatment and cage treatment 
were considered fixed factors while site was consid- 
ered a random factor. Recruitment was 4 s  trans- 
formed and survival was arcsine \k transformed to 
reduce variance heteroscedasticity and enhance nor- 
mality. The components of the analysis of greatest 
interest were the 'canopy X cage X site' interaction and 
the 'canopy X cage' interaction. The former tested 
whether the influence of the canopy and cage treat- 
ments was consistent between sites. If their influence 
did not vary between sites, the 'canopy X cage' treat- 
ment was evaluated. If the 'canopy X cage' interaction 
was significant, I used a series of planned comparisons 
(a priori contrasts in SuperAnovaTM vers. 1.1 1, Abacus 
Concepts, Inc.) to evaluate the relative contribution of 
algae-mediated predation, habitat modification and 
whiplash to patterns of barnacle recruitment and mor- 
tality. 
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Contrast l-Cage structure artifact: 'cleared, 
FCIPC vs cleared, 0'. Contrast 1 was a control to test 
whether full cages and partial cages could be used to 
separate the mechanical effects of the algal canopy 
(i.e. whiplash) from their Influence on the physical 
habitat in which Semibalanus balanoides lived. The 
ideal test would have been a partial cage that had the 
structure of a full cage but also allowed the algae to 
abrade the substrate. As it was physically impossible to 
build this type of cage, the following comparative 
approach was taken. 

If recruitment or survival in full cages and partial 
cages (in cleared plots) was similar to that in open 
quadrats (in cleared plots), I concluded that there was 
little evidence that the physical structure of the cage 
itself altered patterns of recruitment or survival. Cages 
could then simply be used to separate the effects of 
whiplash from those of habitat modification in the 
canopy plots. Alternatively, the physical structure of 
the cage itself may have increased or decreased bar- 
nacle recruitment or survival. If it did, Contrast 1 quan- 
tified this cage artifact and it was then subtracted from 
Contrast 4 (see below). This approach assumes that the 
effect of cages under the algal canopy was the same as 
that in cleared plots (i.e. the response was additive) 
and that the effect was linear across this range of 
canopy cover (i.e. there was no threshold response). 

Contrast 2-Predator effect: (1) 'cleared, PC vs 
cleared, FC' and (2) 'canopy, PC vs canopy, FC'. Con- 
trast 2 was an explicit test of the hypothesis that preda- 
tors played a minor role in governing the recruitment 
and survival of Sernibalanus balanoides at these sites. 
Comparisons were made separately for cleared and 
canopy plots because predator effects have often been 
found to vary among habitats (e.g. Menge 1978). I con- 
cluded that predators reduced recruitment or survival 
if these measures were significantly greater in full 
cages than in partial cages in either habitat. 

Contrast 3 -Test of algae-mediated habitat modifi- 
cation: 'canopy, FCIPC vs cleared, FCIPC'. Because 
cages prevented algal whiplash but did not disturb the 
structure of the algal canopy, Contrast 3 was used to 
evaluate the consequences of algal-mediated habitat 
modification on the recruitment and survival of Serni- 
balanus balanoides. Assuming early post-settlement 
mortality was similar in the presence or absence of 
algae, the canopy may have (1) reduced delivery of 
larvae to the substrate through decreased water flow 
(canopy, FC/PC < cleared, FC/PC) or (2) created a 
depositional environment where larvae accumulated 
(canopy, FC/PC > cleared, FC/PC). For recruitment, 
these alternative depositional scenarios may be due to 
a combination of the canopy acting on larvae as pas- 
sive particles and the potentia.1 differential behavior of 
larvae in response to treatment manipulations. The rel- 

ative role of passive versus active settlement is difficult 
to tease apart in the field and could not be quantified in 
this experiment. Nonetheless, the difference between 
the 'cleared, FC/PC1 and 'canopy, FC/PC' treatments 
was an overall measure of the magnitude of habitat 
modification by algae on patterns of recruitment. 

Contrast 3 also provided a measure of how habitat 
modification altered patterns of post-recruitment sur- 
vival. By reducing water flow, the canopy might have 
(1) decreased the delivery of suspended food resulting 
in higher mortality or (2) increased siltation and mor- 
tality by smothering. Alternatively, a reduction of des- 
iccation and thermal stress by the overlying canopy at 
low tide might overwhelm these negative effects and 
result in increased post-recruitment survival. 

Contrast 4 -Test of mechanical interference 
(whiplash): 'canopy, 0 vs canopy, FCIPC'. Contrast 4 
compared the effect of caging in the presence of the 
canopy and thus evaluated the strength and magni- 
tude of algal whiplash on the recruitment and survival 
of barnacles. If Contrast 4 was significant, I concluded 
that direct contact with the algal fronds (1) influenced 
the settlement process or early post-settlement mortal- 
ity and/or (2) altered the survival of post-recruitment 
juveniles. For each variable, the difference between 
the treatments was a measure of the magnitude of 
these effects. If Contrast 1 was also significant, the 
magnitude of this cage artifact was subtracted from 
Contrast 4 to yield the true effect of whiplash. As 
before, this approach assumes additivity in the cage 
response and no threshold effect for cages under the 
algal canopy. Using this series of contrasts, the net 
effect of Ascophyllum nodosum on the recruitment and 
survival of Semibalanus balanoides was partitioned 
into its 3 component parts. 

RESULTS 

Barnacle recruitment 

The magnitude of barnacle recruitment and the 
effect of the experimental treatments did not vary 
between sites (Table 1). However, there was an  overall 
interaction between the canopy and cage treatments 
on barnacle recruitment (Table 1). Recruitment in plots 
cleared of the canopy was significantly greater under 
full and partial cages than in open quadrats (Fig. 2, 
Table 2, Contrast l), indicating that the physical struc- 
ture of the cage itself elevated recruitment compared 
to open quadrats. In contrast, there was no difference 
in recruitment between full cages and partial cages in 
either cleared plots or canopy plots (Table 2, Contrast 
2.1, 2.2), indicating that predators had little influence 
on barnacle recruitment at these sites during 1996. 
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Table 1. Results of the 3-way ANOVA on barnacle recruit- 30 
ment. Factors were site, canopy treatment and cage treat- -- 
ment. Data were "=l transformed before analysis. Signifi- 
cant p-values are given in bold for clarity. Error terms for the 

5 3 20 
F-ratio are indicated in the right-hand column: a ,  Residual; b, 

U 

Canopy X Site; c, Cage X Site; d. Canopy X Cage X Site e U 

Source of variation df MS F P 

Site 1 52.90 2.64 0.108 a 
Canopy 1 4 34 0.33 0.669 b 
Cage 2 382 18 103.34 0.010 c 
Canopy X Site 1 13.26 0.66 0.419 a 
Cage X Site 2 3.70 0.18 0.832 a 
Canopy X Cage 2 87.46 20.58 0.046 d 
Canopy X Cage X Site 2 4.25 0.21 0.810 a 
Residual 84 20.06 

Within cages, recruitment was significantly greater 
under the canopy than in cleared plots (Fig. 2 ,  Table 2, 
Contrast 3).  Under the canopy, recruitment into open 
quadrats was significantly lower than into cages 
(Fig. 2, Table 2,  Contrast 4) .  These data indicate that, 
in the absence of whiplash, recruitment was enhanced 
by the presence of the canopy (Contrast 3). However, 
when fronds were allowed to abrade the substrate, 
recruitment was reduced beyond that explained by the 
cage artifact alone (Contrast 4). 

The relative strength of the cage artifact was similar 
to that of the habitat modification effect but the preda- 
tor effect was very small (i.e. 0.2 to 0.3, Table 2). In con- 
trast, the relative strength of the whiplash effect was 

Cleared 

FC PC 0 FC PC 0 
Sachuest Pt. Sakonnet Pt. 

Fig. 2 Barnacle recruitment in May 1996 as a function of the 
canopy and cage treatments at the 2 study sites. See Table 1 
for statistical analysis. Data are means * 1 SE. The 4 planned 
comparisons are presented in Table 2 and, for clarity, are not 

shown here. FC: full cage, PC: partial cage. 0: open 

over 2 times greater than the habitat modification 
effect (i.e. 2.1, Table 2). The net result of these 3 simul- 
taneous processes was an overall reduction in recruit- 
ment of Semibalanus balanoides by the Ascophyllum 
nodosum canopy of nearly 25% compared to nearby 
cleared plots. 

Post-recruitment survival 

Like recruitment, the effects of the canopy and cage 
treatments on barnacle survival did not vary between 
sites, but the 'canopy X cage' interaction was statisti- 
cally significant (Fig. 3, Table 3). In plots cleared of 

Table 2. Planned comparisons (contrasts) from the ANOVAs on barnacle recruitment and survival. F-values (significant values in 
bold) for each contrast are shown. Degrees of freedom for all contrasts were 1,2. Magnitude: absolute size of the effect calculated 
as the difference In the first treatment mean from the second treatment mean. (Units are ind. m-' for recruitment and % for sur- 
vival). Arrows ~ndicate whether recruitment or survival of the first treatment mean was increased (fl) or decreased ( U )  relative to 
the second treatment mean. Relative strength: magnitude of an effect compared to the algal-mediated habitat modification effect. 

It was calculated as the magnitude of the contrast divided by the magnitude of Contrast 3 

Contrast Recruitment Survival 
F p Magnitude Relative F p Magnitude Relative 

strength strength 

Cage structure artifact 
1. Cleared. FC/PC vs Cleared, 0 25.32 0.037 fl 4.2 1.2 0.18 0.716 - 0.0 0.0 

Predator effect 
2.1. Cleared, PC vs Cleared, FC 1.15 0.396 U 1.2 0.3 0.04 0.865 U 1.0 0.1 
2.2. Canopy, PC vs Canopy, FC 0.48 0.560 fl 0.7 0.2 17.35 0.053 U 5.4 0.8 

Algae-mediated habitat modification 
3. Canopy, FC/PC vs Cleared, FC/PC 19.88 0.047 fl 3.6 1 .O 40.78 0.024 l? 6.7b 1.0 

Test of mechanical interference (whiplash) 
4. Canopy, 0 vs Canopy, FC/PC 194.10 0.005 U 7.4' 2.1" 80.22 0.012 l? 14.5' 2.2 

'Magnitude and relative strength are corrected for the cage structure artifact (i.e. Contrast 4 - Contrast 1) 
b ~ o  be conservative, this contrast was made using only full cages because Contrast 2.2 was marginally significant 
'To be conservative, this contrast was made using only partial cages because Contrast 2.2 was marginally significant 
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algae, barnacle survival under full cages and partial 
cages was similar to that in open quadrats (Fig. 3, 
Table 2, Contrast l) ,  indicating that the physical struc- 
ture of the cage itself had no effect on survival. In 
cleared plots, there was also no difference in survival 
between full cages and partial cages (Table 2, Contrast 
2.1) but, in canopy plots, there was a marginally signif- 
icant increase in survival in full cages compared to par- 
tial cages (Table 2, Contrast 2.2). This suggests that 
barnacle survival was reduced by predators under the 
canopy but not in cleared plots. 

In the p:esence of full cages, Semibalanus balanoides 
survival was significantly greater under the canopy 
than in cleared plots (Fig. 3, Table 2, Contrast 3). When 
algal fronds were allowed to abrade the substrate, bar- 
nacle survival was further elevated beyond that in the 
full cages and partial cages (Fig. 3, Table 2, Contrast 4). 

The relative strength of the predator effect on barna- 
cle survival under the canopy was similar to that of the 
habitat modification effect (i.e. 0.8, Table 2) but was 
very low in cleared plots (i.e. 0.1, Table 2). In contrast, 
the relative strength of the whiplash effect was 2.2 
times greater than that of the habitat modification effect 
(Table 2). The net result of these 3 processes (2 positive 
and 1 negative) was an increase in survival of Semibal- 
anus balanoides by the Ascophyllum nodosum canopy 
of over 360 % compared to nearby cleared plots. 

DISCUSSION 

Positive and negative effects of Ascophyllum 
nodosum canopies on Semibalanus balanoides 

recruitment 

My results illustrate that intertidal Ascophyllum 
nodosum canopies at  the 2 study sites decreased Semi- 
balanus balanoides recruitment but increased post- 

0 Cleared _ 

' F C ' P C '  o ' FC PC o 
Sachuest Pt. Sakonnet Pt. 

Fig. 3. Barnacle survival in October 1996 as a function of the 
canopy and cage treatments at the 2 study sites. Data are 
means t 1 SE. See Table 3 for statistical analysis. The 4 
planned comparisons are presented in Table 2 and, for clarity, 
are not shown here. FC: full cage, PC: partial cage, 0: open 

Table 3. Results of the 3-way ANOVA on barnacle survival. 
Factors were site, canopy treatment and cage treatment. Data 
were arcsine 45 transformed before analysis. Significant 
p-values are given in bold for clarity. Error terms for the 
F-ratio are Indicated in the right-hand column: a ,  Residual; 
b, Canopy X Site; c, Cage X Site; d, Canopy X Cage X Site. 

Four cages that were lost were excluded from the analysis 

Source of variation 

Site 
Canopy 
Cage 
Canopy X Site 
Cage X Site 
Canopy X Cage 
Canopy X Cage X Site 
Residual 

recruitment survival. These net effects were the result 
of several processes operating simultaneously. The 
mechanism by which the A. nodosum canopy inhibited 
S. balanoides recruitment was mechanical abrasion of 
the substrate (i.e. algal whiplash) rather than a reduc- 
tion in larval delivery. As expected, 1 found no evi- 
dence that predators influenced the early recruitment 
success of S. balanoides (Table 2). My findings are thus 
consistent with those of Lewis (1964), Menge (1976) 
and Grant (1977), who argued that direct interference 
by algae was responsible for reduced barnacle recruit- 
ment. In contrast, I found no evidence consistent with 
the hypothesis that reduced water flow within the 
canopy decreased barnacle recruitment through a 
reduction in larval input. In fact, the physical structure 
of the canopy itself appeared to create a depositional 
environment where larvae accumulated in the absence 
of direct interference by the algal fronds. My results 
are thus inconsistent with the hypothesis of Hatton 
(1938), Southward (1956) and Connell (1961), who 
argued for the importance of a canopy-mediated 
reduction in larval delivery to the substrate. These 
results suggest that the frequent observation of lower 
recruitment under large canopy-forming seaweeds at 
sites of intermediate wave exposure may not be a con- 
sequence of how algal canopies alter local hydrody- 
namics but rather a mechanical consequence of the 
fronds abrading the substrate. 

These conclusions do not take into consideration the 
importance of larval behavior and early post-settle- 
ment mortality to the patterns of recruitment I mea- 
sured in the field. Instead of passively accumulating 
under the canopy, larvae may have actively chosen the 
wetter habitats there, as has been suggested to occur 
with ephemeral algae (Strathmann & Branscomb 1979, 
Minchinton & Scheibling 1993a), or actively avoided 
the cleared habitats because of high light (Pyefinch 
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1948) or low abundance of certain microalgae that may 
act as settlement cues (LeTourneux & Bourget 1988). 
Early post-settlement mortality may also have con- 
tributed substantially to the patterns of recruitment 
that I measured. Early n~ortality can be exceedingly 
high in barnacles (Gosselin & Qian 1996) and to be 
quantified recruits need to be sampled on time scales 
much shorter than those used here (see Minchinton & 
Scheibling 1993b). Thermal stress is not important in 
New England in March, but the algal canopy may have 
reduced desiccation stress and thus reduced the mor- 
tality of cyprids and recent metamorphs. During field 
sampling, however, I never observed large numbers of 
dehydrated cyprids and metamorphs (indicative of 
impending mortality from water loss) in cleared plots. 
This suggests that early post-settlement mortality did 
not vary greatly between habitats. Caution is war- 
ranted, however, because an unquantified amount of 
the 'deposition' result may have been due to habitat- 
specific mortality of recently settled barnacles. 

Regardless of the relative contribution of passive 
larval delivery, active larval behavior and early post- 
settlement mortality to the patterns of recruitment that 
I measured, these processes were much less important 
than were the mechanical effects of algal abrasion. The 
reduction in recruitment due to algal whiplash was over 
twice as large as the increase in recruitment due to 
factors affecting deposition. Although algal canopies 
certainly modify local hydrodynamics, it appears to be 
their mechanical effects that are most important to pat- 
terns of recruitment in Sernibalanus balanoides. These 
types of mechanical effects of algal canopies have also 
been argued to be important in the reduction of recruit- 
ment, growth and survival of solitary and colonial 
corals in tropical habitats (Tanner 1995). 

Positive and negative effects of Ascophyllum 
nodosum canopies on Semibalanus balanoides 

survival 

In contrast to recruitment, I found evidence of a pos- 
itive influence of the canopy on barnacle survival dur- 
ing the first 6 mo after recruitment. This was despite a 
reduction in survival under the canopy caused by 
predators (likely the green crab Carcinus maenus; 
Ropes 1968, Leonard et al. in press). The overall 
increase in survival under the canopy was due to both 
habitat modification and algal whiplash. By modifying 
the flow regime, the structure of the canopy may have 
increased the deposition of food particles and reduced 
metabolic stress. Its most important effect, however, 
was likely the reduction of the severe thermal stress 
that is common during the summer in these southern 
intertidal habitats (Wethey 1984, Leonard in press). 

The second positive effect of the canopy was direct 
mechanical abrasion. Whiplashing by the algal fronds 
increased Semibalanus balanoides survival relative to 
quadrats protected from abrasion by cages. My study 
thus does not support the notion that algal whiplash 
increases juvenile mortality as proposed by Grant 
(1977). Like seagrass and kelp beds in subtidal habitats 
(Eckman & Duggins 1991, Leonard & Luther 1995), 
intertidal canopies may create environments in which 
sedimentation is elevated. In my experiment, sweep- 
ing of the substrate by Ascophyllum nodosum fronds 
may have resuspended these sediments and elevated 
barnacle survival compared to caged quadrats where 
the resuspension of these sediments was reduced. At 
shores with greater wave exposure than those used in 
my study, algal canopies likely reduce post-recruit- 
ment survival by severely abrading the substrate, 
especially if species composition changes to shorter, 
tougher plants in these habitats (Stephenson & 
Stephenson 1948, Dayton 1971, Hawkins 1983). 
Whether canopies enhance sediment resuspension 
(and elevate survival) or severely scour the substrate 
(and reduce survival) will depend critically on wave 
exposure. 

Cage artifacts, statistical assumptions and the utility 
of a comparative approach 

In this experiment, traditional predator exclusion 
cages were capable of teasing apart the multiple 
effects of the algal canopy on barnacle recruitment and 
survival. Careful consideration of cage artifacts (e.g. 
Steele 1996) and statistical assumptions, however, is 
required to ensure validity of the results. For example, 
in cleared plots, the presence of both full cages and 
partial cages increased barnacle recruitment com- 
pared to open quadrats (Contrast 1). This indicated 
that the physical structure of the cage itself increased 
recruitment. The magnitude of this potential bias was 
subtracted from Contrast 4 to yield the true magnitude 
of the whiplash effect. No evidence of a cage artifact 
was detected for barnacle survival, so similar data 
manipulations were not required. 

In addition to careful attention to cage artifacts, this 
comparative approach requires that the influence of 
the full cages and partial cages in cleared plots be sim- 
ilar to those in canopy plots. This implies that the cage 
effect is additive among the different algal treatments 
and that the response vanes linearly with the amount 
of algal canopy cover. The strength of my conclusions 
is dependent on the validity of this assumption. How- 
ever, a careful test of it must await a controlled flume 
experiment on how cage structures influence hydrody- 
namic conditions, larval settlement and patterns of 
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recruitment across a wide range of canopy cover and 
plant density. 

Many species have multiple, simultaneous effects 
on the other species with whom they are interacting. 
Predicting interactions across a range of abiotic and 
biotic conditions will require knowledge of the magni- 
tude and direction of the individual processes that 
combine to influence the overall interaction. The 
approach used here, a series of specific statistical con- 
trasts within a multi-factorial experimental design, 
can separate and quantify these types of multiple 
effects. For example, my approach quantified the rel- 
ative influence of predators, habitat modification and 
algal whiplash to patterns of Semibalanus balanoides 
recruitment and survival. Manipulations of the algal 
canopy alone could not provide this information 
because all these processes are simultaneously modi- 
fied by the canopy. 

Spatial scale of hydrodynamic processes 

My study may provide some insight into the spatial 
scales at which hydrodynamic processes influence 
recruitment in marine systems. Studies at large spatial 
scales have stressed that within- and among-site varia- 
tion in recruitment can often be explained by variation 
in the flux of passively dispersed larvae (e.g. Johnson 
1985, Gaines & Bertness 1993, Pineda 1994). These 
results conflict with studies done at small spatial scales 
that show recruitment is often inversely proportional to 
flux (Crisp 1955, Eckman 1983. Mullineaux & Garland 
1993, Breitburg et al. 1995). The reasons these studies 
reach opposite conclusions may largely relate to the 
spatial scale and biological context in which recruit- 
ment occurs. 

Recruitment rates may largely be explained by the 
flux of larvae when considering a species that recruits 
into bare patches or into areas where interactions with 
other members of the community are minimal. In these 
cases, differences in water movement may explain 
most of the variance in recruitment density. When a 
species recruits into partly occupied patches or into 
established communities (as in my study), variation in 
recruitment may largely be governed by depositional 
processes coupled with any direct mechanical effects 
of established community members. Similarly, varia- 
tion in survival is determined by how the established 
community (1) modifies the habitat, (2) alters interac- 
tions with predators and (3) physically interacts with 
the organisms that manage to successfully recruit to 
these communities. In my study in intertidal habitats, 
the magnitude and importance of these mechanical 
effects (i.e. whiplash) were greater than those of habi- 
tat modification or predation intensity. 

These findings certainly do not imply that habitat 
modification or predation intensity are always over- 
shadowed by physical interactions with established 
community members. They do suggest that the chal- 
lenge to ecologists is to better comprehend the multi- 
ple ways in which species interact. This includes an 
improved understanding of the spatial scales at which 
larval flux and larval behavior interact with the local 
community and the resultant consequences for organ- 
ism survival. Incorporating a comparative approach, 
like that used here, from small to large spatial scales 
would contribute to this goal. 
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