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ABSTRACT

Laure Marie-Louise Jeanne Noél

Species Interactions During Succession In Rockpools:

Role Of Herbivores And Physical Factors

Positive interactions are increasingly recognised to be important as community structure
processes. Bertness and Callaway’s model predicts positive interactions to be important under high
consumer pressure or high environmental stress. Associational defences between organisms, when
palatable algae take advantage of living with less palatable ones, will be the dominant structuring
forces under high consumer pressure and low physical stress. Habitat ameliorations become more
important under harsh physical conditions and low consumer pressure. This model was tested at
Wembury Bay, Deven, Southwest England, using rockpools and emergent rock habitats distributed
over the vertical height of the shore to generate gradients of environmental siress.

Relationships between rockpool physico-chemical parameters and assemblage composition
were investigated across the shore. Highest rockpool communities on the shore experienced the
harshest environmental stress. Consumer pressure measured in rockpools was twice that recorded
on emergent rock owing to high tide limpet movements from the surroundings into the pool rather
than herbivore densities. Over these gradients, experimental plots were maintained at natural and
reduced grazer density Lo control consumer pressure. Species interactions during succession were
examined. Experimental plots distributed at three shore heights (high, mid, low) were scraped
in both habitats to initiale succession and were then sampled regularly over a 2 year period.
Species susceptibility to grazing drove different trajectories of succession under high and low
consumer pressure suggesting that palatability influences species interactions. Physical stress
affected species recruitment and development of the successional sequence in both habitats and
over the intertidal gradient. Selective removal of early ephemeral and later perennial colonising
algal species provided some evidence of positive interactions under both elevated levels of physical
stress and high consumer pressure. These results are discussed in the context of the Bertness and

Callaway model with which they are consistent and other models of succession.



RESUME

Laure Marie—Louise Jeanne Noél

Interactions Entre Espéces Durant La Succession Des Cuvettes Rocheuses:

Le Rdéle Des Herbivores Et Des Facteurs Physiques

L’importance des inleractions positives, en tant que processus structurant les communautés,
csl de plus en plus reconnue. Le modele de Bertness et Callaway prédit une dominance des
interactions positives dans les milieux soumis & un fort stress environnemental ou de la part des
consommateurs. Lorsque des algues sensibles aux herbivores se dévelopent parmi des algues
moins comestibles, elles beneficient d'une protection définie comme défense associative. Ces
associations structurent majoritairement les milicux soumis 3 de fortes pressions herbivores et a
un faible stress physique. Des améliorations de I’habitat par certaines espéces sont communes aux
milieux présentant des conditions physiques extrémes et une faible pression herbivore. Ce modele
a été testé & Wembury Bay, Devon, au sud-ouest de I’ Angleterre, en utilisant comme habitat les
cuvettes rocheuses et le rocher émergent repartis le long de I’estran afin d’obtenir un gradient de
stress environnemental.

Les relations entre les paramétres physico-chimiques et la composition des assemblages des
cuvettes ont été étudiées sur la hauteur de |'estran. Les communautés des cuvettes situées en haut
de I’estran sont soumises d un plus fort stress environnemental. La pression herbivore mesurée
dans les cuvetles est deux fois plus importante que sur le rocher émergent. Ce résultat s’explique, a
marée haute, par une intrusion dans les cuveltes des patelles avoisinantes et non par une abondance
plus élevée d’herbivores. Afin d’examiner les interactions entre especes lors de la succession
en fonction d’un gradient de stress herbivore, les sites expérimentaux oni été maintenus a une
densité naturelle et réduite de brouteurs. Dans les deux habitats (cuvettes et émergent), des cadrats
expérimentaux distribués a trois hauteur sur I’estran (haut, milieu, bas) ont i€ neltoyés pour initier
la succession et ont é1é échantillonés régulidrement durant une période de deux ans. La sensibilité
des espéces au broutage a généré différentes trajectoires de succession en fonction de la pression

herbivore (forte ou faible) suggérant une influence de la comestibilité des espéces sur la nature de



leurs interaclions. Le stress physique a affecté le recrutement des espéces ainsi que le déroulement
de la succession dans les deux habitats et le long du gradient intertidal. La suppression sélective
des algues colonisatrices, soit des espéces éphémeres précoces, soit des espéces pérennes l-ardivcs,
a montré I'exsistence d’interactions positives liées & un fort stress physique ou A une pression
herbivore élevée. Ces résultats sont discutés par rapport au modele de Bertness et Callaway et aux

autres modeles de succession.
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2.3. RESULTS
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Figure 2.8: WINTER 2005. Salinity mean value (£SE) measured every hour in rockpools of 3 replicate
sampling days over an emersion period in February 2005 at the 3 shore levels (High, Mid, Low) for the
3 treatments (reduced grazer density stated in summer 2002: -G, reduced grazer densily started 6 months
later in winter 2003: -G 6 months, natural grazer density: +G). Seawater salinity was 34.65 ppt £0.06 SE

Table 2.8: Pearson correlation coefficient for abiotic factors (Surface area (Surface), maximum depth
(Depth), pH, Temperaiure (Temp), Salinity and disolved oxygen (DO)) in Summer 2004 and Winter 2005.
In bold: significant correlation coefficient (i-test, p<0.1), (n=18). Cormresponding Draftman plots are
presented in the appendix B.

Summer 2004 Winter 2005
Surface Depth pH Temp Surface Depth pH Temp Salimity
Depth -0.09 -0.09
pH 0.28 -0.45 026 0.08
Temp 0.16 -0.45 0.62 0.43 -0.06 0.54
Salinity 047 -0.40 0.82 0,63 0.18 -0.60 0.05 0.13
DO -0.14 0.47 .43 0.09 -0.48
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Figure 2.9: WINTER 2005. Production of dissclved oxygen (DO) per surface area. Mean value {£+SE)
measured every hour in rockpools of 3 replicate sampling days over an emersion period in February 2005 at
the 3:shore levels (High, Mid, Low}) for the 3 treatments (reduced grazer density stated in summer 2002: -G,
reduced grazer density started 6 months later in winter 2003: -G6, natwural grazer density: +G). Seawater
dissolved oxygen was 12.18 mg.I=! 4+0.32 SE.

the difficulty of reaching all pools immediately afler emersion, differences between measurements
at the beginning of the low tide were recorded (see time 0 in fig. 2.9 and in table 2.10). At all shore
levels, oxygen production at the end of the low water period was greater in pools where grazer
density was reduced compared to pools at natural grazer density (fig. 2.9, table 2.10). The oxygen
values in pools where grazers were removed 6 months after the start of the experiment (-G6)
varied among shore levels. There was a gelneral pattern of greater production on the low shore,
which declined with shore height. However, the precise ranking. of shore levels varied among
treatments. A gradient in oxygen production was observed in pools at natural grazer density (+G)
which decreased with shore height (table 2.9 and table 2.10, SNK). In addition, dissolved oxygen
was positively correlated with pool depth aﬁd pH and negalively correlated with salinity (table

2.8).
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2.3. RESULTS

Table 2.9: Winter 2005. Average abiotic values (+SE) of pH, temperature (Degree Celsius), salinity
(ppt) and dissolved oxygen (DO) for each shore level (Low, Mid, High) at natural (+G) and reduced grazer
density (-G) measured at the end of the low tide period (afier 4-5 hours of disconnection from the sea).
(n=2). In bold: extreme values.

pH Temperature
Grazer High Mid Low High Mid Low
-G 9.0310.07 9.201+0.07 9.351+0.09 5.70+0.35 7.1240.41 7.13+0.32
+G 8.89:£0.03 $.54:£0.09 9.181+0.07 6.8210.21 7.6310.45 7.9010.50
Salinity DO
Grazer High Mid Low High Mid Low
-G 35.0540.18 34.836+0.23 35.13£0.18 20.00+0.00 20.00+0.18 19.3810.63
+G 35.3140.25 35.00+0.33 35.10£0.13 14.63+0.52 19.83£0.16 19.63+0.38

Table 2.10: Winter 2005. 2-way Anova for effects of grazer manipulation and shore heights on dissolved
oxygen (DO) mean values for the rockpools sampled at 3 shore levels (Le: High, Mid, Low) for the 3
treatments (Tr: reduced grazer density stated in summer 2002 (-G), reduced grazer density started 6 months
later in winter 2003 (-G6), natural grazer density (+G) at time 0 and at time 3 hours at the end of the low
tide on 3 consecutive days (n=3).(Cochran'’s test non significant). ns: non significant; * * : P<0.001;
+x: P<0.01; = P<0.05. SNK: factor levels of the same group are represented with: =, factor levels with
significant differences are represented with < or > according to their rank order.

Time 0 Time 3
DO DF MS F P MS F P
Levels (Le)} 2 32.83 711.21 T 48.61 1266.89 ok k
Treatment {Tr) 2 25.42 550.73 ¥ %ok 61.36 1599.10 ko
LexTr 4 11.48 248.49 *x 19.21 500.49 xxw
Residual 18 0.05 0.04
SNK (LexTr) Time 0 Time 3
Le(Tr) -G: High<Mid=Low Le(Tr) -G: High<Mid>Low
-G6: High=Mid<Low -G6: High>Mid<Low
+G: High<Mid=Low +G: High<Mid<Low
Tr(Le) High: -G6<+G<-G Tr(Le) High: -G6<+G<-G
Mid: -Go<+G<-G Mid: -Go<+G<-G
Low: +G<-G<-G6 Low: +G<-G<-G6

2.3.2.4 Relating functional groups and physico-chemical variables

The BIOENYV procedure showed weak correlations between the physico-chemical variables, such
as depth, pH and temperature measured in summer 2004 and pH, temperature and dissolved

oxygen measured in winter 2005, to explain the functional group assemblages (table 2.11).

However, Pearson coefficients confirmed that these physico-chemical variables were
correlated with some of the functional groups. The correlations were not Bonferroni corrected for
multiple tests, since the aim was to explore possible associations. Caution was therefore to be taken
in interpreting these results. In summer 2004, foliose algae, leathery macrophyltes and animal

functional groups were negatively correlated with depth and the corticated macrophytes positively
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CHAPTER 2. ABIOTIC AND BIOTIC FACTORS IN ROCKPOOLS

Table 2.11: BIOENV analysis between abiotic factors (Surface area; maximum depth (Depth), pH,
Temperature, Salinity and dissolved oxygen (DO)) and functional group assemblages (Crustose, Articulated
calcareous, Filamentous, Foliose, Corticated macrophytes, Leathery macrophytes, Bare rock, Animals) in
rockpools in Summer 2004 and Winter 2005. Only the 3 best correlations between biotic assemblages and
the best combination of physico-chemical variables are presented (n=18).

Summer 2004 Winter 2005
Correlation Variables Correlation Variablcs
0.19 Depth 024 pH, Temperature
0.19 Depth, pH 0.23 pH. Temperature, DO
0.18 Depth, Temperature 0.22 pH

corrclated with depth (iable 2.12). A strong positive correlation was found between the foliose
group and pH and the articulated calcareous algae with temperature (table 2.12). In addition,
foliose algae were found to correlate positivély with salinity and the corticated rﬁucrophyles
.negatively with salinity (table 2.12). In winter 2005, the animals were also strongly negatively
correlated with depth (table 2.12), pH was negalively correlated with the crustose algae, positively
correlated with the filamentous algae and, in contrast to sum;ncr, positively correlated with foliose
algae (table 2.12). Temperalure was, as in summer, correlated positively wilh the articulated
calcareous algae and, in addition with foliose algae (table 2.12). Temperature was negatively
correlated with leathery macrophytes (table 2.12). Salinity was positively correlated with the
presence of animals in the pools (table 2.12). Finally, animals were negatively correlated with

dissolved oxygen (table 2.12).

Table 2.12; Pearson correlation coefficient for abiotic factors (Surface area (Surf.), maximum depth
(Depth), pH, Temperature (Temp), Salinity (Sal.) and dissolved oxygen (DQ)) and algal functional
group cover (Cruslose, Articulated calcareous (Articulated), Filamentous, Foliose, Corticated macrophytes
(Corticated), Leathery macropliytes (Leathery), Bare rock, Animals) in Surhmer 2004 and Winter 2005. Tn
bold: significant correlation coefficient (1-test, p<0.1), (n=18). Corresponding Draftman plots are presented
in the appendix B.

Summer 2004 _ Winter 2005

Surf.  Depih pH Temp Sal. Suel.  Depth pH Temp Sal. DO.
Crustose 2001 -0.03 -0.16 -0.20 0.05 0.22 -0.12 -0.51 -0.35 0.13 -0.36
Articulated 0.12 0.10 0.36 0.43 0.30 0.09 0.16 0.40 042 006 0.24
Filamantous 0.12 033 -003 0.09° -0.08 -0.29 -0.02 0.45 031 0.4 034
Foliose 0.10 -0.51 0.63 0:36 0.45 0.27 0.09 0.44 0.41 0.10 0.08
Corticated -0.13 0.62 -0.40 -0.18  -0.42 -0.40 0.31 -0.15 -0.22 -0.20 .05
Leathery -0.03 0.4 005 -0.20 06 -0.25 0.29 0.01 046 -0.03 0.09
Bare rock C.11 029 017 0.22 011 -0.05 030 -0.32 -0.32 040  -0.04

Animals 0.0t -0.60 0.29 0.24 0:12 0.18 -0.63 0.07 0.10 045  -0.54




2.4. DISCUSSION

2.4 Discussion

In rockpools of Wembury, the results showed the influence of shore elevation and herbivores on
macroalgal assemblages and also on physico-chemical parameters. Some reciprocal relationships
between physico-chemical parameters and the macroalgal community were alse apparent. Thus,
emphasing the fact that biotic and biotic parameters are interrelated and need to be studied
holistically. In recent years, ecologists have tended to overlock the important role that the
physical environment can play and therefore not consider its influence on the outcomes of species
interactions (Bertness and Callaway, 1994). Some previous work has pointed out the relationship
between macroalgal distribution and diversity, intertidal height and physico-chemical factors (e.g.
Huggett and Griffiths, 1986; Metaxas et al., 1994), but there is still limited understanding in this
area. Huggett and Griffiths (1986) related biotic and abiotic parameters, but did not test these
associations with formal statistics. Metaxas er al. {1994) did not look at chemical factors such
as pH, dissolved oxygen and salinity, but only at nutrients and rockpool physical features such as
surface, depth and volume.

Although low level rockpools had significantly greater volumes than mid and high shore
ones, the results of this study were still valid with respect to oxygen observations, as these were
corrected for volume. However, the differences observed between shore levels, particularly the
physico-chemical factors, have to be considered with care. A potentially confounding effect in
studies of rockpool community structure is that of pool size (Martins er al., 2007). Whilst efforts
were made to select rockpools of the same size, geomorphological processes seemed to have
shaped larger pools on the low shore: stronger wave action has been reported at low tide levels on

some shores by other studies (Dethier, 1984; Underwood and Jernakoff, 1984).

Changes in macroalgae and abiotic patterns were observed in rockpools over the intertidal
gradient, as documented in previous studies (Femino and Mathieson, 1980; Huggett and Griffiths,
1986; Wolfe and Harlin, 1988b; Kooistra et al., 1989). The preliminary survey showed
that rockpools across shore heights were characterized by different community assemblages.
Seaweed populations in high shore level pools were composed mostly of the encrusting alga,
Phymatolithon lenormandii, whereas the low intertidal pools were occupied by other encrusting
algae, Lithophyllum incrustans and Mesophyllum lichenoides and the turf species, Corallina

elongaia. Indeed, Phymatolithon lenormandii can be found from the eulittoral to the sublittoral
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CHAPTER 2. ABIOTIC AND BIOTIC FACTORS IN ROCKPOOLS

zone but generally occurs above Lithophyllun incrustans. Mesophylium lichenoides and Corallina
elongata are also known 1o be infralittoral species (Cabioc’h et _al 1992). Likewise, the distinct
vertical distribution of functional groups in rockpools was also apparent. The proportion of
leathery macrophytes decreased in pools down the shore, whereas articulated calcareous algae
and corticated macrophytes increased. Filamentous algae and crustose algae were most abundant
at mid shore level. In contrast, Metaxas et al. (1994) found a decrease in leathery macrophytes and
crustose aléae with increasing intertidal height in rockpools in Nova Scotia, but their study was
based frofn the mid shore upwards. The lower pools of Metaxas. er al. (1994) probably correspond
to high-mid shore: pools in the present study. On the shore at Wembury, crustose and articulated
calcareous algae followed the model of Steneck and Dethier (1994), with increasing productivity
potential at lower shore levels since in the present study crustose algae were replaced by larger
canopy forming species. My work showed the crustose functional group was composed of
different species with opposite distributions: Phymatolithon lenormandii characterized the higher
pools whereas Lithophyllum incrustans the lower ones. This pattern would have gone unnoticed
if community assemblage at only the functional group level had been looked at, reinforcing
the concerns of Padilla and Allen (2000). The mid level is clearly a transitional zone where
species characteristic of the high shore level are partially replaced by lower shore species. Species
diversity also increased with decreasing shore height associated with a reduction in environmental
stress (see also Femino and Mathieson, 1980; Huggett and Griffiths, 1986; Wolfe and Harlin,
1988b; Kooistra et al., 1989). According to Metaxas et al. (1994), less macroalgal species would
survive in high shore rockpools due to the harsh environment. Higher species diversity has
also been observed in large sized pools compared to the small ones; this pattern was ascribed
to differences in recruitment, or physical stress and disturbance that are influencing the pools,

depending on their depth and shape (Astles, 1993).

Herbivores played a major role in structuring the algal community, having a significant
_effect on algal abundance over the intertidal gradient as well as inducing an indirect effect on
physico-chemical factors. In the pools with normal grazer density, the crustose and articulated
calcareous algae were more abundant than in the pools with-reduced grazer density. The abundance
of corticated and leathery macrophytes and filamentous algae increased as a consequence of graze'r

removal. Indeed, they were the groups that were most affected by grazing. Filamentous algae (i.e.
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Cladophora spp.) and most corticated macrophytes, such as Ceramium spp., are palatable species
(Dethier, 1982; Padilla, 1984) and leathery macrophytes are slow growing species with small
Jjuveniles suceptible to herbivory (Benedetti-Cecchi and Cinelli, 1992b). Similar observations
were made by Steneck and Dethier (1994), with a change in dominant functional groups with
grazer removal. In Washington State, rockpools with crustose algae, low algal biomass and low
diversity became dominated by macrophytes with an increase in biomass and species diversity.
They showed that grazer removal in low level pools led to increasing abundance of leathery
macrophytes, as previously highlighted by Paine and Vadas (1969), and in mid level pools, an

increase in foliose and corticated macrophytes.

The present study showed that herbivores had an indirect effect on the physico-chemical
environment in pools by changing the macroalgal assemblage. There was a progressive increase
in oxygen levels in all the pools during low tide. However its effect was higher in pools with
reduced grazer density than in rockpools at normal grazer density. This can be explained by both
the increase in algal abundance, and therefore an increase in photosynthetic activity, as well as
the reduction in the proportion of animals, which reduced the respiratory consumption of oxygen.
The presence of animals was also negatively correlated with the level of dissolved oxygen. In
addition, higher dissolved oxygen was recorded at Wembury in mid level pools with reduced grazer
density, that also had the greatest abundance of highly productive filamentous algae. Production
of dissolved oxygen decreased with algal abundance and diversity as the shore height increased in
control pools, as shown by Huggett and Griffiths (1986) in South Africa. The asymptotic increase
of oxygen showed a reduction of the pholosynthetic aclivity at the end of the emerged period,
also recorded by Morris and Taylor (1983) and Griffin (pers. com.); this could be due to limiting

factors such as a decrease in light intensity at the end of the day.

The relationship between biotic and abiotic factors was also illustrated by related seasonal
changes. The percentage of leathery macrophytes, such as Sargassum muticum, corticated
macrophytes, such as Ceramium spp., and filamentous and foliose algae all decreased in winter
leaving crustose and articulated calcareous algae dominating rockpools. Reduction in algal
abundance can be explained by a decrease in water temperature and in incident light (Wolfe and
Harlin, 1988a; Dethier, 1982; Sze, 1982), but counteracted by a reduction in grazing activity

(Dethier, 1982). In the present study, low winter temperatures had a negative effect on the
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canopy-forming leathery macrophyte abundances which obscured the primary algal layer, such
as articulated calcareous algae, under estimated during summer sampling. This waé confirmed by
an indirecl positive effect of winter temperatures on articulaled calcareous species. In addition to
low winter temperatures, storm loss could' also accentuate the reduction of canopy cover. Lower
consumer pressure (littorinids) in winter was reported as a major factor in structuring the algal
community, with an increase iﬁ Ulva spp. (Dethier, 1982; Wolfe and Harlin, 1988b). However,
this pattern was not confirmed at Wembury as no increase of palatable species or photosynthetic
activity was recorded in winter either in pools at natural or reduced grazer density. In summer, the
results of the present investigation showed that rockpoql depth influenced assemblages structure,
as shown in recent work (Martins et al., 2007), with a negative effect on foliose algae, leathery

macrophyte and animal abundances, but little temperature effect on the biota was recorded .

Differences in the increase of pH, temperature and salinity, over the low water period, were
also recorded in the present study between summer and winter and grazer treatments. An alkaline
pH reflected high rates of photosynthesis which slowed down in summer at the end of the day,
limited by z; reduction in solar irradiance. Higher pH was expected in pools at reduced grazer
density, induced by greater algal biomass photosynthesis and corresponding 1o the higher oxygen
production observed in these pools. The range of pH was lower in reduced grazer pools at high
shore in both summer and winter. This correspond with. what was found in previous studies
(Morris and Taylor, 1983; Huggett and Griffiths, 1986). In the present investigation, temperature
was. dffected by environmental and biotic factors. Air temperature and light intensity influenced
rockpool temperatures in relation to pdol depth and:surface area in contact with the air, as shown in
previous studies (Ambler and Chapman, 1950; Femino and Mathieson, 1980; Martins et al., 2007),
with major increases in temperature in summer and reductions to below sea waler lemperature in
winter, due to colder air temperatures. In addition, greater algal biomass in pools at reduced
herbivore density caused a lower increase in lemperature, as suggested by Ambler and Chapman
(1950) who found that canopy cover reduced the light irradiance and water mixing. Although,
the increase in salinity over the low water period did not differ significantly between treatments, a
lower range appeared in pools with reduced consumer pressure, and particularly in winter. Greater
algal biomass, in particular canopy species, and cooler air temperatures in winter reduced the

increase in rockpool temperatures, therefore reducing the evaporation rate. Salinity was also
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affected by the depth and surface area of the pools. There were no seasonal effects of grazer
removal induced 6 months after the start of the experiment on algal recruitment, in contrast to
Benedetti-Cecchi (2000b) who found differences in algal colonisation.

No abiotic gradients over the shore heights were found. However, the most extreme
temperature values were recorded in the highest rockpools, with temperatures higher than seawater
in summer and lower in winter, as found by Fernandez (1999). In winter, a pH gradient was only
found in rockpools with reduced grazer densities with the lowest levels in high shore pools.

In summary, this study highlighted a reciprocal relationship between biotic and abiotic
parameters and an indirect effect of herbivores and seasonality on the physico-chemical
rockpool environment. Physical environmental parameters were found to affect physico-chemical
rockpool processes, with air temperature, surface area and depth affecting pool temperature
and therefore salinity value. Physico-chemical factors influenced biological processes, with
low temperature or depth negatively affecting algal assemblage abundances, and light intensity
affecting photosynthesis, and therefore oxygen production. In addition, higher algal cover,
induced by the removal of herbivores, affected the rockpool physico-chemical parameters such
as increasing oxygen production, or buffering temperature increase and therefore salinity. Finally,
the highest rockpool communities on the shore experienced the most extreme physico-chemical

values and therefore the harshest environmental and physiological stress.
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Chapter 3

Grazing intensity and foraging
behaviour of gastropods in and around

rockpools

3.1 Introduction

Herbivores have an important role in structuring the macroalgal community of rocky shores
(Lubchenco and Menge, 1978; Lubchenco and Gaines, 1981; Hawkins, 1981; Hawkins and
Hartnoll, 1983b; Underwood and Jernakoff, 1984; Sousa, 1985; Farrell, 1991; Sousa and Connell,
1992; Benedetti-Cecchi, 2000a). The most common herbiveres on the North-east Atlantic rocky
shores are the limpets Parella vulgata, Patella ulyssiponensis and Patella depressa, the trochids
Gibbula umbilicalis, Osilinus lineatus and the littorinids Littorina littorea, Litiorina obtusata
and Littorina saxatilis (Lewis, 1964; Hawkins and Hartnoll, 1983b). Their feeding pattern,
behaviour and the conseguences of such behaviour for community structure have been the subject
of numerous studies (see Hawkins and Hartnoll, 1983b; Norton et al., 1990, for reviews). The
predominant influence of patellid limpets in structuring the rocky shore community in North
West Europe has been widely demonstrated (Jones, 1948; Southward, 1964; Hawkins, 1981;
Hawkins et al., 1992; Jenkins er al., 2005; Coleman et al., 2006; Hawkins and Hartnoll, 1983b,
for reviews). By scraping microbiofilm from the rock surface using strong radula strokes that

often penetrate the substrate, limpets ingest diatoms, filamentous algae, cyanobacteria, macroalgal
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geﬁnlings and even macroalgae and barnacle shell (Underwood, 1979; Hawkins and Hartnoll,
1983b; Hawkins er af., 1989a; Hill and Hawkins, 1991). With continuous radula movements
(Santini and Chelazzi, 1996), limpets are completing a loop cenlered on a home scar. This loop
is composed of overlapping outward and homeward journeys with a maximum foraging phase in
the middle of the loop (Hartnoll and Wright, 1977; Little et al., 1988; Cook et al., 1969; Williams
and Morritt, 1991; Santina et al., 1995; Chelazzi et al., 1994). The timing of foraging in relation
to tidal and dial cycles varies among localities (see Branch, 1981; Hawkins and Hartnoll, {983b;
Little, 1989; Santina ef al., 1995; Chelazzi ef al., 1994; Santini and Chelazzi, 1996, lor revicws).
Evidence suggests fbraging is timed in order to limit the risk of mortality owing to predation
(starfish, crabs, birds) (Little et al., 1990; Ewans and Williams, 1991; Coleman et al., 1999), wave
action, physiological stress such as heat and desiccation, and competition for'home scars (Hartnoll
and Wright, 1977; Branch, 1981; Liitle, 1989; Ewans and Williams, 1991; Hawkins and Hartnoll,
1982; Williams er al., 1999).

The majority of studies on limpet activilty have been on emergent rock and the rockpool
environment has been relatively overlooked. The grazing intensity and movement of herbivores
in rockpools and in relation to the emergent rock have received little attention. Dethier
(1982), Lubchenco (1982} and Chapman (1990b) speculated that grazing pressure was higher
in rockpools than on emergent rock due to the ability of grazers to forage constantly in pools
(Dethier, 1982; Lubchenco, 1982) and/or a higher observed herbivore density (Lubchenco, 1982).
Investigations of limpet distribution on rocky shores in Ireland and Scotland confirmed that adult
Fatella ulyssiponensis were' confined Lo rockpools or damp arcas {Davies, 1969; Delany er al.,
1998). In addition, Pateila ulyssiponensis was also found predominantly in pools colonized by
Lithothamnion spp. (Lewis, 1964; Fretter and Graham, 1976). Delany er al. (1998) also suggested
that adult Patella vulgata migrated out of the tidepools after a nursery period, even though they

could tolerate rockpool conditions.

Herbivores usually g;raze’ when immersed (Underwood, 1979; Hawkins and Hartnoll, 1983b)
and therefore estimation of grazing intensity can be difficult. Various methods have been used o
assess feeding behaviour: estimates of grazer density, direct observation, photography, telemetry,
use of microphones-and quantification of grazing marks on wax discs (see Hartnoll, 1986; Chelazzi

et al., 1994; Thompson et al., 1997, for reviews). One of the most common methods is a direct
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estimate of grazer density which may not reflect actual grazing intensity. For example, Forrest
et al. (2001) found a correlation between the density and grazing intensity for the limpet Celiana
tramoserica but not for the neritid Nerita atramentosa. Local estimates of grazer density do not
take into account the behaviour of herbivores that may feed far from their low tide location (Leving
and Garrity, 1983; Hutchinson and Williams, 2003; Chelazzi et al., 1983, for review). Another
method of assessing grazing intensity relies on quantifying the radula scrapes left in the structure
of wax discs placed into the substratum (Thompson et al., 1997; Forrest et al., 2001). Assessing
grazing intensity with wax discs is an efficient and inexpensive method, which has been used
successfully to demonstrate spatial and temporal patierns in the grazing activity of patellid limpets
(Thompson ef al., 1997; Forrest et al., 2001; Hutchinson and Williams, 2003). It is based on
the assumption that when grazers move they are foraging (Vadas, 1985; Branch, 1971) and that
encounters belween grazers and the wax discs do not affect their behaviour (Thompson et al.,
1997; Jenkins and Hartnoll, 2001).

The overall aim of this study was to develop an understanding of the grazing intensity in the
rockpool habitat and to establish a comparison with the emergent rock largely using the indirect
wax disc method of Thompson et al. (1997) and some direct observations. The specific objectives
were: (1) lo test if grazing intensity was greater in rockpools than on emergent rock, and if it was
related to herbivore density. If it was not related to grazer abundance, as suggested by preliminary
observations, the aim was to investigate the possible causes of a greater consumer pressure in
rockpools by: (2) establishing if specific differences in grazing intensity existed between Patella
ulyssiponensis, which was constantly immersed in rockpools, and Patella vuigata which was
commonly found on emergent rock; (3) establishing whether herbivore movements occurred from
emergent rock into rockpools and quantify them; (4) if some movements were recorded, to test il

limpets fed preferentially in rockpools rather than on emergent rock.

3.2 Material and methods

Most of the field experimenls were conducted at Wembury Bay (Southwest England). The shore
at Wembury is moderately exposed with flat and smooth sloping bedrock, interrupted with small
sandy beaches. A further grazing behaviour experiment was set up at Downderry (N50:21:44

W4:22:00) and Wembury in order to study spatial variation in grazing. The shore at Downderry is
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situated 32 km west of Wembury with similar bedrock but with slightly greater exposure to wave
action. The most common herbivore species encountered on these shores were the limpets Parella
vulgata, Patella wlyssiponensis (previously P. aspera) and Patella depressa, the trochids Gibbula

umbilicalis and Osilinus lineatus, and the littorinids Littorina littorea and Litiorina saxatilis.

3.2.1 Grazing patterns in rockpools and on emergent rock

In order 1o establish whether there were differences in. grazing intensity between pools and
emergent substrata, and if grazing inlensity was related io herbivore density, six rockpools and six
cmergent rock plots of similar size and community composition were randomly selected at each
of three shore levels: high (3-4m above LAT), mid (1-3m above LAT) and low (0.5-1m above
LAT). An array of nine wax discs in an area of 40x40cm were deployed on open rock, avoiding
areas of erect algae, in each pool and on each emergent rock plots possessing similar barnacle
cover. Wax discs were deployed for a period of 15 days every three months from May 2002 to
March 2003 (see Thompson et al., 1997; Forrest et al., 2001, for method). At the time of cach
deployment, grazer density was counted in three replicate 20x20cm quadrats in each pool and
on each emergent rock plot. Following deployment, all discs were returned to the laboratory and
examined under a dissecting microscope. The percentage area scraped by radulae was estimated
with the help of a.circular acetate grid with twenty-five evenly spaced holes. All radula marks
encountered under these 25 holes were recorded and percentage cover of grazing marks estimated.
To allow easier distinction of the marks, a fine layer of printer toner powder was applied to the
discs with a-paint brush.

Grazing cffort per experimc;,mal unit was estimated by calculating the mean percentage cover
of grazing marks on wax discs deployed over the area studied (rockpools and emergent rock).
Analysis of variance (ANOVA) (Underwood, 1997) was used to determine differences among
experimental treatments. Grazing intensity and herbivore density were compared using a two-way
ANOVA with two fixed and orthogonal factors: habitat (rockpool and emergent rock) and shore
level (High, Mid and Low shore). In addition, Pearson’s correlation coefficient was calculated
to- fest if there was a relationship between grazer density and grazing intensity when looking
at the errall grazing pressure in rockpools and emergent rock. Cochran’s test was used prior

lo ANOVA to check the homosedastity of data and if necessary data were transformed (Winer,
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1971). When required, a post-hoc multiple comparisons of the means were undertaken using
Student-Newman-Keuls’s test (SNK) (Underwood, 1997). These analyses were carried out using

WinGmavS (Underwood and Qhapman 1997).

3.2.2 Causes of greater grazing intensity in rockpools
3.2.2.1 Influence of species specific environment on grazing intensity

To determine if greater grazing intensity in rockpools could be accounted [or solely by greater
grazing intensity of those grazers naturally found in rockpools (Patella ulyssiponensis) compared
to those on emergent rock (Patella vulgata), an experiment was carried out on two dates in
both winter 2004 and summer 2005. Five similar sized limpets of each species were enclosed,
using fences, in their respective environments (pools and open rocks). The fences were circular
{perimeter: _2m) made of folded chicken wire (diameter 13mm) fixed on the rock with screws and
washers. Ten wax discs were deployed in each fenced area for 15 days in 6 replicate rockpools, for
Patella ulyssiponensis, and 6 replicale areas of emergent rock for Patella vulgata. Limpet grazing
marks were counted in the laboratory to estimate grazing intensity.

Species specific grazing intensity was compared using a one-way ANOVA with a fixed factor,

species (Patella ulyssiponensis, Patella vulgata), for each trial date.

3.2.2.2 Grazer movements and spatial foraging distribution

Direct observation by snorkelling: Observations were made to test if there was any movement
of limpets between the emergent surrounding rock and rockpools when the pools were submerged
at high tide that could cause greater consumer pressure in rockpools than on emergent rock.
Positions of the limpet Parella vulgata, relative to the edges of the pool, were recorded. At the
beginning of September 2003, six rockpools at high shore level (3-4m above LAT) were selected
and examined by snorkelling during high neap tides. At this level, rockpool communities were
dominated by encrusting algae Phymatelithon spp. with small patches of Corallina spp. and
Chondrus crispus, while barmacles dominated the open rock. Herbivores were mostly Patella
ulyssiponensis, P. vulgata, P. depressa, Gibbula spp., Osilinus lineatus and Litforina spp. At the
beginning of the experiment, the density of grazers was recorded in three replicate quadrats of

20x20cm in each rockpool and on surrounding emergent rock to ensure herbivore homogeneity
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across the replicate pools. A total of 89 P. vulgata situated at the edges of the rockpools on
the emergent rock were tagged with coloured letters: and numbers (Helagrip PVC cable markers,
HellermannTyton) pasted on their shells with Subcoat S epoxy (Veneziani). Coding allowed the
limpets to be identified and recording of their home scar posiﬁons using their distance from
the border of the pools. The border of the pools was defined as the limit of the encrusting
Phymatolithon spp. Positions of limpets at high tide and the following low tide were studied
on four dates. Two distance categories were defined in relation to the limpet’s original home scar
position: limpets situated between O and 3.5 cm (Close) from the border of the pools (54 limpets
tagged for this category) and limpets between 3.6 and 25 cm (Far) (35 limpets tagged for this
category). For each tidal observation, the positions of the limpets were recorded by measuring
the minimum distance from the center of their shell to the Phymatolithon spp. limil. Positive
values were-attributed to limpets that remained on emergent rock and negative values for the ones
that entered the rockpool. Limpets were classified in three activity states: not moving ([nacliv'e);
active on-emergent rock (Active) and active entering the pool (Entering). The percentages of each
aclivity slate per rockpool were calculated for each tidal observation.

Data on the percentage of limpets entering pools, recorded by snorkelling, were analysed
using a two-way ANOVA with two fixed and orthogonal factors: ‘tide (High tide and Low tide),

and distance fromthe pdol border (Close and Far).

Indirect wax disc approach: In order to test if observed movement of limpets from the
emergent surrounding substrate to the rockpools was sufficient lo increase the grazing intensity
'in those rockpools, and to quantify it, six rockpools of similar size and community composition
were rar_ldomly selected at threc shore levels: high (3-4m above LAT), mid (1-3m above LAT)
and low (0.5-1m above LAT). Al each of the three shore levels, three of these pools were fenced
to block any movement of limpets between the emergent rock and the pools, and three others
were left open. Field observations had shown that fencing had little or no effect on movements
of non-patellid herbivores (trochids and littorinids). Therefore, it was anticipated that fenced and
non-fenced treatments would have similar abundances of non-patellid herbivores. No attempt was
made to control for fence effects on herbivores as the aim was to block their activities. Twenty
wax discs were deployed in:each pool at the beginning of November 2003 and left for fifteen days.

Grazer density was recorded in each pool in three replicate quadrats of 20x20 cm. All discs were
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5.4. CONCLUSIONS

the intertidal gradient as found in previous studies (Bertness and Grosholz, 1985; Lively and
Raimondi, 1987; Bertness, 1989; Stephens and Beriness, 1991; Bertness and Leonard, 1997)
were not observed between the three shore heights studied. This was probably a result of
biogeographic biases owing to differences in climate regimes (Bertness and Leonard, 1997). My
experiments were made at Wembury, South West England, in a temperate climate with mild
summer temperatures and therefore, physical stress across shore and maximum recorded heat
were not extreme enough to cause a switch from negative to positive interactions as the shore
height increased. Similar results but with an opposite effect were observed by Bertness ef al.
{1999b). They demonsirated habitat ameliorations in the high shore but neutral rather than negative
interactions in the low shore where a strong physical stress remained instead of an expected benign
environment. In that case, the buffering effect of the Fucus canopy on the understorey organisms
at high shore and switch from positive to negative interactions as the shore height decreased
could be predicted if the present experiments had run at southern latitudes as found by Leonard
(2000) or at the same latitude but in the future owing to global warming. However, differences
in environmental stress (i.e. desiccalion) between rockpools and emergent rock were sufficient to

thoroughly test the Bertness and Callaway model (1994).

5.4 Conclusions

The present investigation generally supporis the Bertness and Callaway model (1994) and
the predictions made from it, with positive interactions found at the most extremes of the
inversely related physical and consumer pressure stress gradients and neutral or negative ones
at intermediate stress levels. Mechanisms involved in those positive interactions were as predicted
by the model: associational defences occurred under high consumer pressure in rockpools and
habilat amelioration on the emergent rock under low consumer pressure. However, the strength
and the balance between positive and negative interactions depended on the intensity of consumer
pressure and abiotic stress. The model can be limited in application due to the climate regime
where investigations are made. In addition, my work revealed that greater consumer pressure could
swilch interactions from negative to positive associational defences involving the same species
and as previously demonstrated for abiotic stress (Bertness er al., 1999a,b; Leonard, 2000). This

is in favour of the simplified version of Bertness and Callaway model proposed by Bruno and
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Bertness (2001), who considered both environmental stress and consumer pressure acting in the
same manner on the balance between positive and negative interactions. However, mechanisms
by which positive interactions are mediated need to be stated (i.e. associational defences or
habitat ameliorations). [ also demonstrated that higher consumer pressure could also reverse the
order of species colonisation during succession with respect lo their palatability: resistant species
establishing first and followed by palatable ephemeral species under strong consumer pressure
with the opposite occurring under reduced grazing intensity.

Finally, my work has helped to refine predictions of positive interactions in intertidal habitats,
which could play an important role in community response to climate change (Bcrlnqss and
Leonard, 1997) but also on biodiversity and ecosystem functioning and stability (Patten and Odum,

1981).
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