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Figure 3. Experimental Block 4 with 6 randomly placed treatments in the intertidal at 
Waddell Creek.  The distance between treatments in this block varied from 0.5-1 meters. 
Block 3 was placed ~20 meters up coast, with Blocks 1 and 2 further up coast from Block 
3.  Block 5 was just down coast from Block 4. 
 
Distance between blocks varied from 1-20 meters based on available space in the rocky 

intertidal for experimental set-up.  Treatments within blocks were 0.5-3 meters apart, 

depending on how closely any given block occurred to a neighboring block.  As 

randomized block design dictates, the distance between treatments in any given block 

never exceeded the distance between neighboring blocks (Zar, 1984).  All three study 

species were present in each plot prior to manipulation.  Percent cover of each organism 

prior to manipulation varied from ~20-98%, based on visual examination, as point 

contact sampling was not conducted before experimental plots were cleared.  Circular 
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plots with a 30 cm diameter were used because edge effects are smallest in circular plots 

vs. square or rectangular plots (Magurran, 1988).  This decreased sampling biases 

associated with increased edge effects (Magurran, 1988).  Sites were visited monthly for 

treatment maintenance, which entailed removing barnacle recruits in barnacle exclusion 

plots and repairing damaged copper fences.  Data were collected every other month, 

depending on field conditions.  

 

Data Collection and Analysis 

Pelvetiopsis limitata Recruitment and Substrate 

A 30 cm diameter circular quadrat was used to collect data on the percent cover of 

available recruitment substrate (Figure 4).  Percent cover data were collected in each plot 

using random point contact (RPC) method with 50 points to obtain percent cover of 

barnacles and bare rock.  Pelvetiopsis limitata recruits (up to 2 cm) were counted in each 

plot and the type of attachment substrate (either rock or barnacle) where recruits occurred 

was recorded.  P. limitata recruits were removed from each treatment every couple of 

months after sampling in order to capture new recruitment events over the course of the 

study.  Therefore, recruitment occurring during one sampling period was independent 

from recruitment events during other sampling periods. 

 To examine trends in P. limitata recruitment over time at both sites, the average 

P. limitata recruitment/cm2 observed in each treatment was calculated.  First, the area of 

the 30 cm diameter quadrat was calculated (area=706.858 cm2).  To calculate the number 

of recruits/cm2 in each treatment, the total # of recruits was divided by the area of the 
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plot.  Average number of recruits/cm2 for each treatment was then plotted in order to 

examine recruitment trends over time at both sites. 

 

 

 

 

 

 

 

 

Figure 4. A 30 cm diameter circular quadrat constructed from plastic sprinkler tubing.  
The quadrat was strung, and five points were randomly placed along each string between 
the edge and center of the quadrat for a total of 50 points. 
 

To test the effects of the presence/absence of barnacles and grazers on P. limitata 

recruitment, statistical analyses were run at the peak recruitment time point in April 2014. 

The peak recruitment time point was chosen for analyses because this study was not 

concerned with the effects of treatment on P. limitata recruitment over time.  First, a 

randomized block analysis of variance (ANOVA) tested if blocking reduced confounding 

of the main treatment effect on P. limitata recruitment by uncontrollable variables.  One-

way ANOVAs were then run to test the main effects of treatment on P. limitata 

recruitment at both sites and multiple comparisons (Tukey’s HSD) were run to examine 

the differences between individual treatments.  Recruitment data were square root 
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transformed before statistical analysis to resolve high variance within treatments in the 

raw data. 

To compare recruitment between substrate types, area in cm2 of available 

substrate of barnacles and rock were calculated for each plot by multiplying the percent 

cover of each substrate by total plot area (plot area=706.858 cm2).  For example, if any 

given plot had 50% barnacle cover, 0.5*706.858 would render the area in cm2 of 

barnacles in that plot.  Summing the number of recruits on barnacles and rock separately, 

then dividing this number by the substrate area calculated the number of recruits/cm2 on 

each substrate.  Two-sample t-tests were run for both sites to compare differences in total 

P. limitata recruitment on barnacle tests versus bare rock.  Recruitment data were square 

root transformed before statistical analysis to resolve high variance within treatments in 

the raw data. 

 Grazer Density, Species Assemblages, and Size Classes 

 Limpet species assemblages and size distributions appeared to differ between sites 

over the course of the experiment.  Several studies that focused on grazer effects on 

intertidal algal communities noted that grazer size and species identity played a role in 

the magnitude of these effects (Geller, 1991; Nicotri, 1977), so detailed data on limpet 

populations at each site were collected at the end of the experiment in Winter 2014.  

Limpets were counted, identified to species, and classified into three size classes in each 

treatment that included grazers.  The most common species present in these treatments 

were Lottia austrodigitalis-digitalis Rathke complex, L. paradigitalis Fritchman, L. 

scabra Gould, and L. pelta Rathke.  Size classes were defined based on intertidal 
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monitoring protocols provided by the Partnership for Interdisciplinary Studies of Coastal 

Oceans (PISCO) and were small (<5mm), medium (5-15mm), and large (>15mm).    

To examine trends in limpet densities over time between treatments where limpets 

were present, number of limpets/cm2 in each treatment were first calculated by dividing 

the total number of limpets in each plot by the total plot area, averaged within treatments 

and plotted.  Two-sample t-tests tested for differences in individual limpet species 

assemblages and limpet size classes between sites. 

 Humidity Measurements 

During the length of the experiment, water was occasionally observed collecting 

in the grazer exclusion plots after low tide at Soberanes Point (<5mm in depth observed), 

likely because it was not able to drain entirely from the enclosed copper fences.  This 

may have contributed to an increase in humidity in these plots.  A few studies showed 

that a steep increase in humidity and/or submersion in water could be deleterious to the 

germination success of fucoid spores of high-shore dwelling species such as Pelvetiopsis 

limitata (A.R.O Chapman, 1995; Rugg & Norton, 1987).  Very little P. limitata 

recruitment was observed in treatments with enclosed, copper fences over the course of 

the experiment, so humidity data were collected at the end of the experiment in order to 

test for potential effects of increased humidity in grazer exclusion treatments.  Humidity 

measurements were taken using a Fisher Scientific Traceable Hygrometer®.  

Measurements were taken in all treatments at both sites during a low tide series in Winter 

2014.  Using the random point contact (RPC) circular quadrat, random humidity 

measurements were taken in each treatment.  The strings on the RPC quadrat divided the 
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circle into ten sections (Figure 5).  These sections were labeled 1-10, and a random 

numbers generator assigned three out of ten sections in each treatment to take humidity 

measurements in.  Measurements were taken 1 cm from the rock surface in the middle of 

each section.  These measurements were taken in all treatments at two separate times 

during the low tide to capture changing physical conditions over the course of the tide.  

The three measurements were averaged to get average humidity in each treatment.  A 

randomized block ANOVA tested for confounding by uncontrollable variables of the 

main treatment effects on humidity.  

 

 

 

 

 

 

 

 

 

 

Figure 5. The 30 cm diameter circular quadrat with numbered quadrants, 1-10.  A 
random numbers generator was used to select 3 out of the 10 sections to take humidity 
measurements in.  
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Results 

Pelvetiopsis limitata Recruitment and Settlement Substrate 

 Waddell Creek 

Pelvetiopsis limitata recruitment was observed at both sites year round, but 

showed a clear seasonal trend with peak recruitment occurring during the spring sampling 

dates in 2013 and 2014.  At Waddell Creek, the highest overall recruitment at each time 

point was observed in plots where barnacles were present, and little to no recruitment was 

observed in plots where barnacles were absent, regardless of the presence or absence of 

grazers (Figure 6).   

Figure 6. Pelvetiopsis limitata recruitment from April 2013-September 2014 at Waddell 
Creek.  Peak recruitment events were observed in May 2013 and April 2014. Each point 
is the average # of recruits/cm2 across 6 treatments and error bars are standard error. 
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At the time of peak recruitment in May of 2014 at Waddell Creek, P. limitata recruits 

were observed in three out of four treatments (Table 3).  

Table 3. Number of Pelvetiopsis limitata recruits in each treatment at the peak time of 
recruitment in April 2014 at Waddell Creek.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Treatment Block # of Recruits Mean ± SE 

 1 32  
1 2 6  

+Barnacles, +Grazers 3 1  
 4 27  
 5 9 15±6.11 

 1 4  
2 2 21  

+Barnacles, -Grazers 3 14  
 4 87  
 5 268 78.8±49.5 

 1 0  
3 2 0  

-Barnacles, +Grazers 3 0  
 4 0  
 5 0 0±0 

 1 0  
4 2 0  

-Barnacles, -Grazers 3 1  
 4 0  
 5 4 1±0.77 

 1 1 	
5 2 4 	

Artifact Control	 3 ND 	
	 4 6 	

	 5 ND 5.3±1.45 
 1 1 	6 2 2 	

Unmanipulated Control	 3 5 	

	 4 1 	

	 5 5 2.8±0.92 
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 No recruitment was observed in treatment 3, which excluded barnacles and 

included grazers.  In blocks 3 and 5, treatment 5 (artifact control) experienced so much 

recruitment that individual recruits were impossible to isolate and count, so data were not 

collected and these two plots were excluded from the analysis.  The randomized block 

ANOVA was not significant (p=0.26).  No interaction between block and treatment is 

assumed in randomized block analysis, so there was no interaction term.  A one-way 

ANOVA testing the main effect of treatment on P. limitata recruitment was significant 

(F4,18= 3.87, p=0.02) (Figure 7). 

 

 
Figure 7. Bar graph of # of Pelvetiopsis limitata recruits/cm2 averaged across each 
treatment and square root transformed.  Means that share letters are not significantly 
different.  Error bars are standard error. 
 

 Multiple comparisons (Tukey’s HSD) showed significant differences between 
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4).  Recruitment was significantly higher in the absence of grazers when barnacles were 

present. 

Table 4. Multiple Comparisons (Tukey’s HSD) of treatment effects at Waddell Creek. 
 

Treatment  I Treatment  J Mean Difference (I-J) P 
  2 -0.14 0.2 
1 4 0.108 0.5 

+Barnacles, +Grazers 5 0.062 0.9 
  6 0.071 0.8 
  1 0.141 0.2 

2 4 0.248 0.02 

+Barnacles, -Grazers 5 0.203 0.1 

  6 0.212 0.05 
  1 -0.108 0.5 
4 2 -0.248 0.02 

-Barnacles, -Grazers 5 -0.046 0.9 
  6 -0.037 0.9 

		 1 -0.062 0.9 
5 2 -0.203 0.1 

Artifact control 4 0.046 0.9 
		 6 0.009 1 
		 1 -0.071 0.8 

6 2 -0.212 0.05 
Unmanipulated Control 4 0.037 0.9 

		 5 -0.009 1 
 

The highest recruitment/cm2 at this site across treatments was observed on 

barnacle tests (𝑥=0.269±0.049) and little to no recruitment/cm2 was observed on bare 

rock (𝑥=0.007±0.004) (Figure 8).  Raw recruitment numbers on both barnacle and rock in 

each treatment are depicted in Table 5.  A two-sample t-test showed that recruitment on 

barnacles was significantly higher than on rock (t44= 6.66, p<0.0001). 
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Figure 8. Average Pelvetiopsis limitata recruits/cm2 across all treatments on barnacle and 
rock at the time of peak recruitment at Waddell Creek in April 2014.  Average # of 
recruits/cm2 on barnacles was 0.269±0.04. Average # of recruits/cm2 on rock was 
0.0008±0.0006.  Error bars are standard error. 
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Table 5. Number of Pelvetiopsis limitata recruits in each treatment and average 
recruitment within each treatment on barnacle and rock.  

*Treatments that exclude barnacles. 

 

 

Treatment Block 
# of Recruits  
on Barnacle Mean ± SE 

# of Recruits  
on Rock Mean ± SE 

  1 32   0   
1 2 6   0   

+Barnacles, +Grazers 3 1   0   
  4 27   0   
  5 9 15±6.11 0 0±0 
  1 4   0   
2 2 21   0   

+Barnacles, -Grazers 3 14   0   
  4 85   2   
  5 268 78.4±49.48 0 0.4±0.4 
  1 *   0   
3 2 *   0   

-Barnacles, +Grazers 3 *   0   
  4 *   0   
  5 * * 0 0±0 
  1 *   0   
4 2 *   0   

-Barnacles, -Grazers 3 *   1   
  4 *   0   
  5 * * 4 1±0.77 
  1 1   0   
5 2 2   0   

Artifact Control 3 N/D   0   
  4 1   0   
  5 N/D 1.33±0.33 0 0±0 
  1 4   0   

6 2 6   0   
Unmanipulated 

Control 3 1   0   
  4 5   0   

  5 5 4.2±0.86 0 0±0 
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 Soberanes Point 

At Soberanes Point, the highest recruitment at each time point was observed in 

plots where grazers were present, and little to no recruitment was observed in plots where 

grazers were absent regardless of the presence or absence of barnacles (Figure 9).   

Figure 9. Pelvetiopsis limitata recruitment from April 2013-September 2014 at 
Soberanes Point.  Peak recruitment events were observed in May 2013 and April 2014.  
Each point is the average # of recruits/cm2 across 5 treatments and error bars are standard 
error. 
 
 
At the time of peak recruitment at Soberanes Point, recruits were observed in all 

treatments (Table 6).   
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Table 6. Number of Pelvetiopsis limitata recruits in each treatment at the peak time of 
recruitment in April 2014 at Soberanes Point.  

 

Treatment Block # of Recruits Mean ± SE 
  1 19   
1 2 50   

+Barnacles, +Grazers 3 79   
  4 10   

  5 17 35±12.97 
  1 0   
2 2 1   

+Barnacles, -Grazers 3 0   
  4 0   

  5 0 0.2±0.2 
  1 12   
3 2 19   

-Barnacles, +Grazers 3 8   
  4 10   

  5 3 10.4±2.62 
  1 0   
4 2 0   

-Barnacles, -Grazers 3 0   
  4 0   

  5 7 1.4±1.4 
  1 18 		

5 2 1 		

Artifact Control 3 3 		

  4 5 		

  5 0 5.4±3.26 

	
1 9   

6 2 13   
Unmanipulated Control 3 2   

  4 41   

  5 10 15±6.75 



	 27	

A randomized blocked ANOVA was not significant (p=0.9).  No interaction between 

block and treatment is assumed in randomized block analysis, so there was no interaction 

term.  A one-way ANOVA testing the main effects of treatment on P. limitata 

recruitment was significant (F5,24=8.64, p<0.0001) (Figure 10).  

Figure 10. Bar graph of # of Pelvetiopsis limitata recruits/cm2 averaged across each 
treatment and square root transformed.  Means that share letters are not significantly 
different.  Error bars are standard error. 
 

A multiple comparison test (Tukey’s HSD) revealed that treatment 1 (+barnacles, 

+grazers) was significantly different than treatments 2 (+barnacles, -grazers) (p<0.0001, 

4 (- barnacles, -grazers) (p<0.0001), and 5 (artifact control) (p=0.01) (Figure 10, Table 

7).  Comparisons between all other treatments were not significant.  Overall, recruitment 

was significantly higher in plots where grazers were present. 
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Table 7. Multiple Comparisons (Tukey’s HSD) of treatment effects at Soberanes Point. 
 
 

 
 
 

 

Treatment  I Treatment  J Mean Difference (I-J) P 

	
2 0.2 <0.0001 

1 3 0.091 0.164 
+Barnacles, +Grazers 4 0.188 <0.0001 

  5 0.138 0.01 
  6 0.075 0.3 

		 1 -0.2 <0.0001 
2 3 -0.109 0.06 

+Barnacles, -Grazers 4 -0.012 0.9 
  5 -0.062 0.5 
  6 -0.125 0.02 

		 1 -0.091 0.1 
3 2 0.109 0.06 

-Barnacles, +Grazers 4 0.097 0.1 
  5 0.048 0.7 
  6 -0.015 0.9 

		 1 -0.188 <0.0001 
4 2 0.012 0.9 

-Barnacles, -Grazers 3 -0.097 0.1 
  5 -0.049 0.7 
  6 -0.112 0.05 

		 1 -0.138 0.01 
5 2 0.062 0.5 

Artifact Control 3 -0.048 0.7 
  4 0.049 0.7 
  6 -0.063 0.5 

		 1 0.075 0.3 
6 2 0.124 0.02 

Unmanipulated Control 3 0.015 0.9 
  4 0.112 0.05 

		 5 0.063 0.5 
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Recruitment across treatments at this site was observed on both barnacle 

(𝑥=0.03±0.014) and rock, but was higher on rock overall (𝑥=0.08±0.018) (Figure 11).  

 

 

Figure 11. Average Pelvetiopsis limitata recruits/cm2 across all treatments on barnacle 
and rock at Soberanes Point at the time of peak recruitment in April 2014.  Average # of 
recruits/cm2 on barnacle was 0.03±0.014.  Average # of recruits/cm2 on rock was 
0.08±0.018.  Error bars are standard error. 
 
Raw recruitment numbers on both barnacle and rock in each treatment are depicted in  

Table 8.  A two-sample t-test showed that recruitment on rock was significantly higher 

than on barnacles (t48=-2.17, p=0.03). 
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Table 8. Number of Pelvetiopsis limitata recruits in each treatment and average 
recruitment across each treatment on barnacle and rock. 
 

Treatment Block # of Recruits 
on Barnacle Mean ± SE # of Recruits 

on Rock Mean ± SE 

1 1 5   14   
+Barnacles, +Grazers 2 3   47   

  3 35   44   
  4 8   2   

  5 10 12±5.83 7 22.8±9.47 

2 1 0   0   
+Barnacles, -Grazers 2 1   0   

  3 0   0   
  4 0   0   

  5 0 0.2±0.2 0 0±0 

3 1 *   12   
-Barnacles, +Grazers 2 *   19   

  3 *   8   
  4 *   10   

  5 * * 3 10.4±2.62 
4 1 *   0   

-Barnacles, -Grazers 2 *   0   
  3 *   0   
  4 *   0   

  5 * * 4 0.8±0.8 

  1 0   0   
5 2 0   0   

Artufact Control 3 0   0   
  4 0   0   

  5 0 3±2.51 0 0±0 

  1 3   13   
6 2 13   0   

Control 3 2   1   
  4 37   1   

  5 9 12.8±6.37 0 0±0 
*Treatments that exclude barnacles. 
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Grazer Density, Species Assemblages, and Size Classes 

Average limpet densities over time were higher at Soberanes Point than Waddell 

Creek (Figure 12).  Overall, limpet densities were higher in plots where barnacles were 

present at Waddell Creek, and higher in treatments where barnacles were absent at 

Soberanes Point. 

Species assemblages between sites also differed (Table 9).  The dominant species 

at Waddell Creek was Lottia paradigitalis where 96 individuals were observed across 

treatments at the end of the experiment.  Lottia scabra was the dominant species at 

Soberanes Point where 265 individuals were observed across treatments. 

Table 9.  Limpet species assemblages and size classes at Waddell Creek and Soberanes 
Point counted and identified at the end of the experiment.  Medium sized limpets of all 
observed species (5-15mm) dominated at both sites.   

Waddell Creek 
    

Species 
Small 

(<5 mm) 
Medium 

(5-15 mm) 
Large 

(>15mm) Total 

Lottia digitalis/austrodigitalis 3 63 5 71 

Lottia paradigitalis 14 82 0 96 

Lottia scabra 6 25 0 31 

Lottia pelta 1 1 1 3 

     Soberanes Point 
    

Species 
Small 

(<5 mm) 
Medium 

(5-15 mm) 
Large 

(>15mm) Total 

Lottia digitalis/austrodigitalis 4 201 0 205 

Lottia paradigitalis 3 2 0 5 

Lottia scabra 52 205 8 265 

Lottia pelta 0 1 0 1 
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Figure 12. Average limpet densities over time at Waddell Creek and Soberanes Point. 
Each point is the average # of limpets/cm2 across 5 treatments. Error bars are standard 
error. 
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 The results of two-sample t-tests testing differences in individual species densities 

between sites (Figure 13) are as follows: Lottia digitalis/austrodigitalis densities were 

significantly higher at Soberanes Point  (t28=2.74, p=0.009), L. paradigitalis densities 

were significantly higher at Waddell Creek (t28=-3.16, p=0.003), L. scabra densities were 

significantly higher at Soberanes Point (t28=5.94, p<0.0001), and L. pelta densities were 

not significantly different between sites (t28=-0.874, p=0.44).   

 

Figure 13. Average limpet densities in all treatments of each species at Waddell Creek 
and Soberanes Point.  Counts were taken at the end of the experiment. Error bars are 
standard error. 
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higher at Soberanes Point (t158=3.05, p=0.003), and density of large (>15mm) limpets 

between sites was not significantly different (t158=0.384, p=0.701). 

 

 

Figure 14. Average # of limpets separated by size class in all treatments at Waddell 
Creek and Soberanes Point.  Error bars are standard error. 
 
 
 
 
 
 
 
 
 
 

 

 

 

Small Medium Large
0

1

2

3

4

5

6

7
Waddell Creek 
Soberanes Point 

Size class 

A
ve

ra
ge

 #
 o

f L
im

pe
ts

 



	 35	

Humidity Measurements 

 Because of the significant effect of the artifact control on Pelvetiopsis limitata 

recruitment at Soberanes Point, further examination of possible factors, such as humidity 

levels, contributing to this effect were tested.   Randomized block ANOVAs tested for the 

effects of treatment and any variation in response between blocks on relative humidity 

(Figure 15).    

Figure 15. Average relative humidity per plot at Waddell Creek and Soberanes Point.  
Error bars are standard error. 
 
 
Block had a significant effect on humidity levels at both sites: Soberanes Point: 

F4,12=34.59, p<0.0001 and Waddell Creek: F4,12=10.51, p=0.001. Treatment had no 

significant effect on humidity at both sites (Soberanes Point: F3,12=1.25, p=0.34; Waddell 

Creek: F3,12=0.57, p=0.74). 

 

+Barnacle, +Grazer +Barnacle, -Grazer -Barnacle, +Grazer -Barnacle, -Grazer
0

10

20

30

40

50

60

70

80
Soberanes Waddell

Treatment 

A
ve

ra
ge

 R
el

at
iv

e 
H

um
id

ity
 



	 36	

Discussion 

Studies focused on defining rocky intertidal species interaction webs have 

provided insight into the structure and functionality of many ecological communities, 

both marine and terrestrial (Connell & Slatyer, 1977; Hacker & Gaines, 1997; Maggi, 

Bertocci, Vaselli, & Benedetti-Cecchi, 2011; R.T. Paine, 1977).  In a 1971 study on 

competition and space partitioning in the rocky intertidal, Dayton defined a number of 

paradigms for the ecological interactions occurring in this system.  Dayton’s (1971) study 

inspired others to further explore the complicated interactions occurring between 

intertidal organisms, and how these interactions drive succession, recovery following a 

disturbance, and community structure.  Dayton (1971) concluded that competition 

between species for space and other resources was thought to be the main driver behind 

many interactions between organisms, but studies that followed began to explore positive 

interactions and facilitation as important drivers shaping interaction webs (Bertness & 

Callaway, 1994; Bruno et al., 2003; Bulleri, 2009; Jernakoff, 1983; Kim, 1997; 

Lubchenco, 1983; Stachowicz, 2001).  The interaction web guiding my research (Figure 

16a) was a product of the combined results from these studies, and defined the 

interactions thought to occur between barnacles, macroalgae (usually a fucoid), and 

invertebrate grazers in the high intertidal. 

Although what seems like an exhaustive collection of literature exists on this 

interaction web, little research has been done on how these webs shift due to geographic 

location or variation in exposure to physical factors.  This study aimed to provide novel 

insights about a commonly studied interaction web in the high intertidal in central 
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California, and how this web responds to changes in the physical environment, primarily 

variation in the underlying rock type.   

Past studies on the barnacle assemblage were primarily conducted on smooth 

substrates, polished and worn away by glacial activity (Dayton, 1971; Jernakoff, 1985; 

Kim, 1997) or sedimentary in nature such as sandstone (Dungan, 1986; Lubchenco, 

1983).  Santa Cruz Mudstone, a relatively smooth, marine bedded sedimentary rock, is 

the dominant substrate type in the rocky intertidal at Waddell Creek in the northern part 

of the Monterey Bay region, so Waddell Creek was chosen as a study site to confirm the 

paradigm in central California.  Experimentally altering the presence and absence of both 

barnacles and grazers in study plots helped reveal what roles these species played in 

Pelvetiopsis limitata colonization in the high intertidal, and a site-specific interaction web 

was created (Figure 16b).  Recruitment occurred almost exclusively in plots where 

barnacles were present, regardless of the presence or absence of grazers, which suggests 

that barnacles are a driving factor in recruitment of P. limitata at Waddell Creek and that 

limpet grazers have little to no effect.  Results of a one-way ANOVA testing the effects 

of experimental manipulations on P. limitata recruitment were significant, and multiple 

comparisons that tested differences between individual treatments further support this 

conclusion, as treatments that excluded limpet grazers (treatments 2 and 4) were 

significantly different from one another (Table 4).  Recruitment in treatment 2 

(+barnacles, -grazers) was significantly higher than recruitment in treatment 4 (-

barnacles, -grazers).  The primary difference between these plots was the presence or 

absence of barnacles.  If interactions between P. limitata recruits and limpet grazers at 
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Waddell Creek mirrored the current paradigm, recruitment should have occurred in both 

treatments that excluded grazers, and this was not observed at this site. 

 

Figure 16. Species interactions webs that depict interaction webs for a) the current 
paradigm and interactions that occurred at b) Waddell Creek and c) Soberanes Point.  
Lottia spp. is pictured at the top, Pelvetiopsis limitata is pictured in the bottom left, and 
Balanus glandula is pictured in the bottom right in each web. Each arrow represents a 
single interaction, and points towards the species affected by that interaction. 
 

 A clear pattern that further supports the conclusion that the presence of barnacles 

is likely driving the recruitment of P. limitata at Waddell Creek emerges when the raw 

data are examined.  Not only did the highest recruitment occur in plots where barnacles 

were present regardless of the presence or absence of limpet grazers, but P. limitata 
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recruits were almost always observed attached directly to barnacle tests.  This suggests a 

direct, positive interaction exists between the barnacle, B. glandula and juvenile P. 

limitata, and that grazers do not appear to have an effect on P. limitata recruitment, 

suggesting no interaction occurs between these species at this site (Figure 16b).  Again, 

this does not adhere to the current paradigm that grazers have an overall negative effect 

on macroalgal recruitment.  If this were the case, P. limitata recruitment would have 

occurred in all plots excluding grazers regardless of the presence or absence of barnacles.  

It is likely that P. limitata spores are settling both on barnacle and bare rock, but not 

surviving on bare rock.  The smooth surface of the Santa Cruz Mudstone may not provide 

the same advantages as the barnacle tests—a refuge from exposure to physical factors or 

the optimal substrate for algal spore attachment. 

 Further examination of limpet densities at Waddell Creek show that limpets were 

most abundant in plots where barnacles were present (Figure 12).  Limpet densities 

nearly crashed in plots immediately following the removal of barnacles for experimental 

manipulation (Figure 12).  This suggests that there was a positive interaction occurring 

between B. glandula and limpet grazers, an observation that again challenges the current 

paradigm that B. glandula has a negative effect on limpet grazers by altering the substrate 

and making it difficult to graze.  In examining the limpet species data (Table 10), L. 

paradigitalis and L. digitalis/austrodigitalis were the most common species present at 

Waddell Creek.  These species were often observed associating with B. glandula in plots 

where barnacles were present, and were either directly on the barnacle tests, or attached 

to substrate close to the bases of barnacle tests.  Perhaps the barnacles provide a refuge to 
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the limpets during low tide, sheltering them from desiccation stress and extreme 

temperature shifts.  A few studies showed that vertical surfaces are actually cooler than 

horizontal surfaces in the intertidal zone, and that limpets attached to vertical surfaces 

during low tide were less likely to experience heat-related mortality (Miller, Harley, & 

Denny, 2009; Williams & Morritt, 1995).  Attaching to the vertical side of a barnacle test 

may help regulate limpet body temperature and keep the organism cooler during low tide 

than attaching to the horizontal surface of the bare rock.  

 On a smooth substrate, like the Santa Cruz Mudstone at Waddell Creek, the 

barnacles also provide a more complex habitat structure and increased surface area, 

thereby creating more space for occupation by other organisms such as macroalgae and 

limpets (Creese, 1982).  In environments such as the rocky intertidal where space is a 

limiting factor, increasing the available space for occupation by organisms could play an 

important role in structuring the community, especially when the underlying rock lacks 

surface complexity. 

 Similar studies inspired by Dayton’s (1971) work on rocky intertidal community 

structure conducted primarily on smooth substrates like the mudstone at Waddell Creek, 

almost always concluded that grazers directly, negatively impacted macroalgal 

colonization in the rocky intertidal and that barnacles had a negative impact on grazer 

activity (Anderson, 1999; Brock et al., 2007; A. R. O. Chapman, 1989, 1990; Dayton, 

1971; M.N. Dethier & Duggins, 1984; Megan N. Dethier et al., 2005; Duffy & Hay, 

1990; Dungan, 1986; Geller, 1991; Jernakoff, 1983, 1985; Kim, 1997; Lubchenco, 1983).  

Each study that experimentally manipulated the presence and absence of grazers in 
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treatment plots observed macroalgal recruitment in plots that excluded grazers, both on 

bare rock or other organisms such as barnacle tests.  At Waddell Creek, conclusions 

painted an alternate picture, and eliminated interactions as well as added a novel 

interaction (Figure 16b) between these organisms to the previously established interaction 

web (Figure 16a).  P. limitata recruitment almost never occurred on bare rock even when 

grazers were excluded, and recruitment occurred in all treatments that included barnacles 

even when grazers were present.  Limpet grazers had little to no effect, neither negative 

nor positive, on macroalgal recruitment in the high intertidal zone at Waddell Creek, and 

B. glandula did not appear to be negatively affecting the grazing activity of the limpets, 

as limpet densities were highest in treatments that included barnacles.  Because limpets 

had no effect on P. limitata recruitment at Waddell Creek, the role of the barnacle as a 

grazer refuge became obsolete, thereby eliminating the indirect, positive interaction 

between the alga and the barnacle.  The refuge from physical factors and optimal 

attachment substrate provided by the increase in surface heterogeneity created by the 

barnacle tests is the likely driver of the interaction between B. glandula and P. limitata.  

The interactions between B. glandula and limpet grazers in turn shift, as the negative 

interaction between these species in treatments where both these organisms were present 

is eliminated and actually turns positive.  Again, the increased surface complexity 

provided by the barnacle tests is likely creating refuge from physical factors for the 

limpet grazers.  The barnacle-fucoid-grazer interaction web at Waddell Creek is shaped 

by the presence of the barnacle because of the habitat the barnacle tests provides that the 

smooth mudstone does not, which presents a question:  What would happen to this 



	 42	

interaction web if an increase of small-scale heterogeneity and complexity of the 

underlying rock surface provided similar habitat structure as the barnacle tests? 

 To examine the potential effects of the variation in substrate type and geographic 

location on this species interaction web, the experiment was replicated at Soberanes 

Point.  The intertidal bench at this site is composed of granodiorite, an igneous rock 

boasting more small-scale surface complexity (cm-mm) than the mudstone that occurs at 

Waddell Creek.  Testing the effects of experimental manipulations of the presence and 

absence of barnacles and limpet grazers on P. limitata recruitment helped shape a species 

interaction web specific to Soberanes Point (Figure 16c), which looks much different 

than the web occurring at Waddell Creek, and again challenges the established paradigms 

for this interaction web.  Results of a one-way ANOVA testing the main effects of 

experimental manipulations on P. limitata recruitment were significant (Figure 10), and 

multiple comparisons showed significant differences between treatment 1 (+barnacles, 

+grazers) and treatments 2 (+barnacles, -grazers) and 4 (-barnacles, -grazers) (Table 7).  

Observations showed that the highest recruitment almost always occurred in plots where 

grazers were present (Figure 9), regardless of the presence or absence of barnacles, which 

suggests a positive interaction exists between grazers and P. limitata recruits.  Barnacles 

don’t appear to have an effect, which eliminated the direct and indirect, positive 

interactions between the barnacle and the alga.  Whether the interaction between grazers 

and P. limitata recruits is direct or indirect cannot be definitively determined, although 

certain observations suggest that this interaction is indirect.  Past studies showed that 

invertebrate grazers may have an indirect, positive effect on macroalgal colonization in 
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certain zones of the intertidal, particularly at sites that experience development of 

microfilm on the rock surface, usually caused by the deposition of diatoms during 

increased upwelling events (Bruce Menge & Menge, 2013).  Limpets graze these 

microfilms, which could free up space for macroalgal spores to settle and develop 

(Connell, 1972; Bruce Menge, 2000; Sousa, 1979).  Diatom microfilm was often 

observed building up in grazer exclusion treatments at Soberanes Point over the length of 

the experiment.  This microfilm could have had a deleterious effect on P. limitata 

recruitment in these plots.  In areas surrounding these treatments, where limpets were 

present and freely grazing, the rock was clear of diatom microfilm, and P. limitata 

recruits were often observed.  Previous experiments conducted just up coast at this site 

showed a decrease in P. limitata recruitment in areas where microfilm and ephemeral 

macroalgae were allowed to colonize space (Szoboszlai, 2008).  In many rocky intertidal 

habitats when space is freed up by a disturbance, successional stages follow an 

established pattern (Connell & Slatyer, 1977; Dayton, 1971; Murray & Littler, 1978; 

Sousa, 1979).  Generally, ephemeral micro and macro algae settle in newly freed space 

first, and grazers clear this algae freeing up space for the establishment of perennial algae 

such as P. limitata.  By excluding grazers at Soberanes Point, the successional step after 

the settlement of ephemeral algae did not occur, thereby halting succession and the 

establishment of perennial algae.  Diatom microfilm was not observed accumulating at 

Waddell Creek; so excluding grazers did not produce this effect. 

 Recruitment in treatment 5 (artifact control) at Soberanes Point was significantly 

lower than treatment 1 (+barnacles, +grazers), which suggests that the copper fences had 
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an effect on P. limitata recruitment.  However, the artifact control did not have an effect 

on P. limitata recruitment at Waddell Creek.  In fact, the two plots that experienced the 

highest recruitment, so high they couldn’t be accurately counted, were both artifact 

controls, so it is unlikely that the copper fences were directly affecting recruitment at 

Soberanes Point, and other underlying factors induced by the presence of the copper 

fences are likely to blame for the results.  As water was often seen collecting in the 

treatments with enclosed copper fences at Soberanes Point, the potential effect of 

increased humidity on P. limitata recruitment was addressed.  Submersion in water has 

been shown to cause increased mortality of P. limitata spores and other high intertidal 

algae (A.R.O Chapman, 1995; Rugg & Norton, 1987).  Humidity measurements between 

treatments and between sites were compared and showed no effect, so the potential 

influence of increased humidity in the grazer exclusion plots on P. limitata recruitment 

was ruled out.   

 In examining the limpet density data at Soberanes Point, there were fewer limpets 

over time in the treatment control plots than the plots that didn’t have fences, suggesting 

that just the presence of the copper deterred some grazers from entering artifact control 

plots, thereby driving limpet densities down in these plots.  Because previous studies on 

succession and the results of this study suggested that presence of limpets might 

indirectly benefit P. limitata recruitment after a disturbance (Connell & Slatyer, 1977; 

Murray & Littler, 1978), the copper could have had a negative, indirect effect on P. 

limitata recruitment by deterring grazers.  Limpet densities in artifact controls at Waddell 

Creek were similarly low, but because limpets didn’t appear to have any effect on P. 
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limitata recruitment at that site, there was not a significant difference between the artifact 

control and other treatments.  Although the effects of the copper fences couldn’t be 

definitively separated from actual effects, observations suggests that the copper fences 

were not the main cause behind the observed results, and conclusions about species 

interactions at Soberanes Point can still be reached. 

 In comparing the interaction web from Waddell Creek to Soberanes Point, it is 

clear that the interactions between these species differed geographically.  Neither 

interaction web adheres to the published interaction paradigm (Anderson, 1999; Brock et 

al., 2007; A. R. O. Chapman, 1989, 1990; Dayton, 1971; M.N. Dethier & Duggins, 1984; 

Megan N. Dethier et al., 2005; Duffy & Hay, 1990; Dungan, 1986; Geller, 1991; 

Jernakoff, 1983, 1985; Kim, 1997; Lubchenco, 1983) between these species (Figure 16).  

New interactions were established, and previously described interactions were eliminated 

from the paradigm of the barnacle-fucoid-grazer interaction web in both site-specific 

webs (Figure 16b,c).  Results of this study are surprising given that previous studies often 

occurred in vastly different geographic regions, but came to the same conclusions about 

similar species assemblages.  Observations stress the importance of determining 

interaction webs involving the same set of species at any given site before proceeding to 

the examination of the potential physical and biological drivers of these interactions. 

 The substrate type is one of the primary differences in physical factors between 

Waddell Creek and Soberanes Point that could be contributing to the variation in 

interactions between these species.  The small-scale surface complexity of the underlying 

rock at each site on an mm-cm scale is visibly different (personal observation, 2012).  
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Observations depicted in Figures 8 and 11 show that P. limitata recruits are utilizing the 

available settlement substrates, primarily bare rock and barnacles, differently between 

sites.  At Waddell Creek, recruits were almost exclusively observed settled on barnacle 

tests, despite the sufficient space on bare rock available.  Statistical tests confirmed a 

significant difference between P. limitata recruitment on barnacles versus rock.  At 

Soberanes Point, P. limitata recruits were observed on both barnacles and rock, and more 

commonly settled directly on rock even though space on barnacles was available. 

Statistical tests showed no difference in P. limitata recruitment between substrates, 

suggesting that barnacle tests and bare rock provide a similar habitat for macroalgal 

recruits.  One of the physical features of granodiorite, the most common rock type at 

Soberanes Point, is embedded crystals, usually composed of feldspar (Howard, 1979).  

These crystals are often a similar size and sometimes shape as that of the barnacle B. 

glandula (personal observation 2012) and could be providing a similar settlement habitat 

as the barnacle test for macroalgal recruits.  Benefits of a more rugose settlement habitat 

provided by either the rock surface or barnacle tests could provide protection from wave 

force or desiccation (Kim, 1997; Lubchenco, 1983), among other physical stressors.  

Interactions between barnacles and macroalgae would thereby be stronger at sites like 

Waddell Creek where the rock type provides little to no habitat complexity on the mm-

cm scale, and less important at sites like Soberanes Point where the actual rock 

essentially plays the role of the barnacle in the interaction web.   

 Variation in rock type could also be influencing the differences in interactions 

between limpet grazers and P. limitata recruits between sites.  The most obvious 
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difference in limpet population structure at both sites was overall limpet abundance 

(Table 9).  Limpets were much more abundant at Soberanes Point.  Although 

experimental plots were the same circumference at both sites, the actual 3-D surface area 

is potentially higher at Soberanes Point than at Waddell Creek because of the increased 

surface complexity of the rock.  A few studies have shown that the surface area of rock 

types with increased surface complexity is greater than rock types with a less complex 

surface (Barrett, 2006; Fischer & Reinhard, 2004).  More surface area means more 

overall space for occupation by intertidal organisms such as limpets, thereby increasing 

the abundance of organisms in any given area (Beck, 2000; Kostelyv, Erlandsson, Ming, 

& Williams, 2005).  This increase in surface area of the underlying substrate could play 

an important role in structuring communities like the rocky intertidal where space is one 

of the main limiting factors.   

Small-scale surface complexity may also be one of the factors structuring 

differences between limpet species abundances amongst sites.  Limpet radula 

morphology is often used to distinguish and identify species (Lindberg, 1981).  Shape 

and dimension can vary greatly, even between closely related species of limpets 

(Lindberg, 1981).  Past studies, primarily conducted on freshwater limpets, note that 

differences in radula morphology may drive resource partitioning in different species 

occupying the same space (Blinn, Truitt, & Pickert, 1989; Hawkins et al., 1989).  A 

recent study conducted in the Monterey Bay area on limpets in the high rocky intertidal 

focused on how radula morphology affects resource partitioning between species 

occupying the same zone, and suggests that small-scale surface complexity and substrate 
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hardness may be a factor in grazing behavior of invertebrate grazers (LaScala-

Gruenewald, in prep).  Past research has shown that less force is required to remove 

microalgae from harder surfaces, so perhaps limpets graze more efficiently on harder 

substrates (Padilla, 1985), such as the granodiorite at Soberanes Point. 

 

Conclusion 

Species interactions and the abiotic factors that affect them play an important role 

in structuring communities (Connell, 1972; Dayton, 1971; Harley, 2008; Harley & 

Helmuth, 2003).  The novel results presented in this study stress the importance of 

defining interaction webs before making conclusions on how physical factors influence 

web structure.  Results demonstrate that the same species interact with each other in 

dissimilar capacities across intertidal sites, and further exploration of the factors driving 

these differences is required.  Pelvetiopsis limitata colonization in the high intertidal 

appears to be dependent on different factors at both sites, which implies that recovery and 

succession, and shifts in community structure in the high intertidal could be occurring at 

different rates and through dissimilar processes at each site.  At Waddell Creek, the 

presence of barnacles appears to be driving P. limitata recruitment, while high densities 

of limpet grazers positively affect recruitment at Soberanes Point.   

One of the glaring differences in physical factors between these sites is substrate 

type.  This is common throughout California, and rock type can change over very small 

distances.  Results showed that the targeted species, primarily P. limitata and limpet 

grazers, were utilizing the substrate differently at both sites, which could help explain the 
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contrasting interaction webs.  Quantitatively defining small-scale complexity of the rock 

types composing intertidal systems along the California coast is an essential next step in 

scientifically linking substrate type to intertidal community structure. 

Often, interaction webs are built on the assumption that if species co-exist in an 

ecosystem, interactions, either direct or indirect, between these species are assumed to 

occur simply because they share space.  Results of this study suggest that co-existing 

species may not always interact, especially at certain life-history stages (i.e. recruitment 

stage of P. limitata), which is surprising given that both the presence or absence of 

barnacles and grazers in this system are thought to drive the distribution of macroalgae in 

the high intertidal zone.   Eliminating one organism at any given site could have very 

different effects than eliminating the same organism at another site, an important factor to 

consider when addressing community response to a changing environment across broad 

geographical ranges. 
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