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ABSTRACT: Herbivores can consume more nutrient rich algae than nutrient poor algae, and such
foraging behaviour may counter the negative effects of elevated nutrients on algal habitats. Under-
standing this phenomenon may be useful in understanding why some localities have greater persis-
tence and resilience than others in the face of sudden increases in nutrient loads (e.g. run-off from
storm events). We used 3 successive field experiments to test, and subsequently accept, the hypo-
theses that under intense regimes of herbivory (1) molluscs reduce a greater percentage cover of
opportunistic algae (turfs) exposed to elevated nutrients, and consequently these algae have less bio-
mass than those exposed to ambient nutrients, (2) turfs exposed to elevated nutrients attract greater
densities of herbivores, and (3) grazers exposed to sudden increases in nutrient rich algae reduce
algal biomass more when background nutrient loads are normally low (ambient nutrient conditions)
than when they are high (enriched nutrient conditions). Critically, these effects were greater under
oligotrophic conditions, suggesting that the response of grazers to sudden nutrient events would be
greater in systems where nutrient concentrations are usually low. However, grazers were not able to
control increased algal growth when nutrient enrichment occurred over a longer period (i.e.
eutrophic conditions). These observations support the idea that grazers may provide useful functions
in systems susceptible to human activities that reduce water quality over short periods (i.e. short-term
increase in nutrient availability), but that this mechanism may not be sufficient to reduce the long-

term effects of eutrophication.
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INTRODUCTION

Opportunistic algae can become competitive domi-
nants in the presence of elevated nutrients (Lotze et al.
2000), but grazers may counter this effect in some sys-
tems (Neckles et al. 1993, Hillebrand et al. 2000, Hille-
brand 2003, Roll et al. 2005) by consuming greater bio-
mass of plants and algae that are higher in nitrogen
content (Neckles et al. 1993, Williams & Ruckelshaus
1993, Karez et al. 2000, Silliman & Zieman 2001).
Greater consumption of algae may occur as a popula-
tion response (i.e. increased herbivory; Boyer et al.
2004, Karez et al. 2004, Roll et al. 2005) or through the
greater per capita consumption of nutrient enriched
biomass (e.g. Nicotri 1980, Arrontes 1990). As oppor-
tunistic algae are often fast growing and have physi-
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ologies enabling the rapid uptake of available nutri-
ents (Hein et al. 1995), grazers are likely to preferen-
tially consume such algae soon after eutrophication
events (e.g. runoff from storm events), possibly con-
straining outbreaks of fast growing algae (Lotze et al.
2000, Roll et al. 2005).

The way in which the nutrient status of a system (i.e.
oligotrophic versus eutrophic) affects the food prefer-
ence of herbivores is not well understood (Watson &
Norton 1985). Studies of food preference demonstrate
that the feeding history and nutritional status of herbi-
vores can determine feeding behaviour and food pref-
erence (Watson & Norton 1985, Norton et al. 1990,
Bamstedt et al. 1999). When given a choice between
food of different nutritional values, herbivores are
more likely to consume those with higher nutritional
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value (Watson & Norton 1985, Arrontes 1990, Boyer et
al. 2004, Goecker et al. 2005, Loney et al. 2006). In con-
trast, when only low nutrient food is available, herbi-
vores often consume greater quantities to compensate
for the low nutrient value (e.g. Berner et al. 2005, Fink
& Von Elert 2006, Huberty & Denno 2006). It may be
expected, therefore, that although individuals may
consume smaller quantities of nutrient rich food, herbi-
vore populations with historical access to low nutrient
food (i.e. on oligotrophic coasts) would preferentially
consume greater quantities of nutrient rich food than
populations with historical access to food of high nutri-
ent value (i.e. on eutrophic coasts).

Although individual herbivores may display a pref-
erence for nutrient rich algae, there is conflicting evi-
dence as to whether populations of herbivores can
(Neckles et al. 1993, Hillebrand et al. 2000, Hillebrand
2003, Roll et al. 2005) or cannot control increased
algal growth associated with elevated nutrients (e.g.
Lotze et al. 2001, Lotze & Worm 2002, Worm & Lotze
2006). It is possible that herbivores may not be able to
counteract the effects of elevated nutrients if there
is no population response (i.e. individual consumption
does not increase; Worm & Lotze 2006) or if nutrients
rise above threshold concentrations (e.g. Hauxwell et
al. 1998, Lotze & Worm 2002). This would mean that
whilst nutrients may have disproportionately greater
effects on oligotrophic coasts (Russell et al. 2005), any
compensatory response of grazers may only reduce
the effects of elevated nutrients over short periods
(Boyer et al. 2004), but not when there is long-term
eutrophication.

In South Australia, turf-forming algae appear to form
competitive dominants on subtidal rock adjacent to
heavily urbanised coast (Gorgula & Connell 2004) and
constitute a large part of the diet of many of the herbi-
vorous molluscs (Clarkson & Shepherd 1985), which
are the most abundant benthic macrograzers of this
region (D. Gorman & S. D. Connell, unpubl. data).
Under naturally intense regimes of

MATERIALS AND METHODS

Natural patterns and experimental reefs. Experiments
were done on experimental reefs in Abalone Cove, West
Island, South Australia (35°36'S, 138° 35" E). The study
site consists of a sloping boulder reef that terminates in
sand at ~5 m depth and supports diverse assemblages of
algae (Shepherd & Womersley 1970) and dense pop-
ulations of molluscan grazers (Clarkson & Shepherd
1985) which were 2 to 100 times greater than those
observed at 6 sites on adjacent coastal areas (Fleurieu
Peninsula; D. Gorman & S. D. Connell, unpubl. data,
Table 1). Experiments focused on the most common and
abundant species: Clanculus spp., Turbo spp., and
Astralium aureum. Other benthic grazers (e.g. echinoids,
Heliocidaris erythrogramma) are rarely observed on
the adjacent coast of the mainland (Fleurieu Peninsula)
and westward through to the Great Australian Bight
(D. Gorman & S. D. Connell, unpubl. data). The turf-
forming algae quantified in this study comprised annual,
fine filamentous thalli that can form close-knit ‘turfs’
<2 cm in vertical height. The most abundant members
of the turf were Feldmannia spp.

The experimental reefs used for all 3 experiments
were set on sand (~5 m depth) at least 10 m from the
natural reef. Each reef was constructed from 2 square
60 X 60 cm metal frames, each with a concrete base
(60 x 60 cm). The lower base was set on the sand. The
upper base, 20 cm above the lower base, created a
platform for boulders (see Shepherd & Turner 1985 for
a photograph of the experimental reefs). Each reef
contained approximately 9 boulders, 7 of which were
taken from natural reef and placed on the experimen-
tal reefs, leaving a gap in the middle of each reef for 2
‘experimental’ boulders (see next 2 subsections for
treatments). This design has been successfully used to
test for the effects of molluscan grazers because the
20 cm space between the concrete bases restricts
movement of molluscs, making it possible to control

herbivory, we tested the hypotheses
that (1) molluscs reduce a greater per-
centage cover of turf-forming algae
exposed to elevated nutrients, and
consequently, these turf-forming al-
gae have lower biomass than those
exposed to ambient nutrients, (2) a
greater density of herbivores graze
algae exposed to elevated nutrients,
and (3) grazers exposed to sudden
increases in nutrient rich algae reduce
algal biomass more when nutrient
loads are normally low (ambient nutri-
ent condition) than when they are
high (enriched nutrient conditions).

Table 1. Comparison of natural nutrient concentrations (DIN: dissolved inorganic
nitrogen = ammonium + nitrate + nitrite; ymol 1!) and mollusc abundances
(ind. m~?) at different sites within South Australia

Nutrient concentration = Mollusc abundance

DIN
West Island 0.29° 113°
Experimental reefs (high density) 0.15°¢ 111°¢
Experimental reefs (low density) No data 464
Adjacent coast No data 1-25°¢
Adelaide Metropolitan 6.00? 4-54°¢

3Gorgula & Connell 2004 (sampled in March); "Clarkson & Shepherd 1985;
‘Russell & Connell 2005 (sampled in February); ‘this study; ®°D. Gorman &
S. D. Connell, unpubl. data
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the number of molluscan grazers on each experimental
reef (see Russell & Connell 2005). The density of graz-
ers was manipulated at the start of each experiment by
either adding (from the natural reef) or removing mol-
luscs. At the beginning of each of the 3 successive
experiments, boulders similar to those on experimental
reefs, but devoid of obvious macroscopic marine life,
were placed in the gap left between the other boulders
at the centre of each reef.

Effects of nutrients on grazing. In February 2003,
10 experimental reefs with high densities of grazing
molluscs (111 + 9.6 SE m™?) were used to test whether
the percentage cover of grazing marks of molluscs was
greater on reefs exposed to short-term elevated con-
centrations of nutrients (n = 5 reefs) than on reefs
with ambient concentrations of nutrients (n = 5 reefs).
Percentage covers were quantified approximately
4 wk after addition of nutrients by placing a 100 mm X
100 mm grid containing 25 points over the boulder and
recording the presence of either turf-forming algae or
grazing scars directly beneath each point (Drummond
& Connell 2005). Molluscs consumed small filamentous
algae down to the substratum (Clarkson & Shepherd
1985), leaving defined grazing scars, which were eas-
ily quantified. The effects of grazing were striking in
their support of the hypothesis (see Results), but we
were less confident about this effect at sparser densi-
ties of grazers (i.e. <50 % of initial densities). To reduce
this uncertainty, we re-tested this hypothesis at sparser
densities of grazers (46.7 + 5.4 SE m2 0.8 to 43 times
greater than 6 sites on the adjacent peninsula), using
an extra replicate (n = 6 reefs per treatment) to detect a
potentially smaller effect-size, whilst also quantifying
the biomass of turf-forming algae in addition to their
percentage cover. This second experiment was run for
4 wk in December 2003. Algal biomass was sampled
by placing the opening of a plastic jar (surface area of
14.52 cm?) over the experimental boulder and remov-
ing all visible algae off the rock and into the jar. Algae
were oven dried (70°C) for 48 h to constant weight
before being weighed. These experiments focused on
the early and rapid phase of growth by turfs, the phase
most likely to be affected by sudden increases in nutri-
ent concentrations, and either overwhelmed by the
effects of grazers or subject to their control.

Response of grazers to short-term nutrient pulses
under long-term ambient and enriched conditions.
The effects of long-term nutrient conditions (ambient
versus enriched) and short-term nutrient pulses (ambi-
ent versus elevated) on grazing were tested together in
a crossed design (n = 6 per treatment) (Fig. 1). In Janu-
ary 2004, grazers were isolated on reefs with either
ambient (low) or enriched (high) conditions for 3 mo
(long-term nutrient status) before being presented
with algae with ambient (low) and elevated (high) con-
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Fig. 1. Schematic diagram showing how we created the con-
ditions needed to test for the effects of nutrient condition
and sudden nutrient pulse on grazing. Initially, grazers were
isolated with algae associated with (a) reefs of either ambi-
ent or enriched nutrient conditions before (b) being pre-
sented with algae associated with both elevated (black oval)
and ambient (gray oval) concentrations of nutrients (i.e.
sudden pulse of nutrients)

centrations of nutrients (i.e. short-term pulse in nutri-
ent status). The translocated algae were cultured on
boulders, devoid of obvious macroscopic marine life,
that had been placed on experimental reefs without
herbivorous molluscs. Algae were allowed to grow for
4 wk before these boulders were moved to experimen-
tal reefs that contained molluscs (46.7 + 5.4 m™2) asso-
ciated with either long-term ambient or enriched
conditions. Two boulders were placed at the centre of
each experimental reef: one that had been exposed to
ambient nutrients and one that had been exposed to
elevated nutrients (i.e. sudden change in nutrients).
Four weeks after the boulders were moved onto the
experimental reefs, biomass of algae was sampled as
above (see 'Effects of nutrients on grazing’').

To test the hypothesis that greater densities of mol-
luscs graze on turf-forming algae exposed in the short-
term to elevated nutrients as compared to ambient
nutrients, we counted the number of molluscs ob-
served grazing each experimental boulder on 2 occa-
sions, viz. 2 wk after commencement and the night
before biomass samples were collected. Counts were
done an hour after sunset because the molluscs at the
field site were more active at night. As all boulders on
experimental reefs were selected to be of similar size,
the number of molluscs is expressed per boulder (i.e.
number ~300 cm™?).
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The biomass of algae and number of grazers on the
experimental boulders (short-term nutrient pulse:
ambient versus elevated) were initially analysed using
a randomised block ANOVA within each level of long-
term reef nutrient condition (ambient or enriched);
treatments were reef (random blocks) and nutrient
pulse (fixed and orthogonal). A 2-factor ANOVA was
then used to test for the effects of long-term reef nutri-
ent condition (ambient versus enriched; fixed and
orthogonal) and nutrient pulse (ambient versus ele-
vated; fixed and orthogonal). Although in the strictest
sense the 2 treatment boulders on each reef were not
independent (violating the assumptions of ANOVA),
there were 9 boulders on each reef, so grazers had the
choice of grazing on more than the 2 experimental
boulders (i.e. the total number of grazers on the treat-
ment boulders was not the same as the total number of
grazers on each reef), so we have interpreted the 2-fac-
tor ANOVA because the density of grazers on one
boulder did not depend on the density on the other
boulder.

Nutrient content of algae. To test the explicit assump-
tion that nutrient content of algae exposed in the short-
term to elevated nutrients was greater than in algae
exposed to ambient nutrients, samples of turf-forming
algae were collected from boulders in January 2004
(ambient versus elevated; n = 6). Samples were dried us-
ing the same method as for biomass samples from previ-
ous experiments (see above). Samples were ground us-
ing a sterile porcelain mortar and pestle, weighed to the
nearest 0.1 mg and analysed for percentage nitrogen
content using a GV Isoprime mass spectrometer.

Nutrient addition. Nutrients were supplied as 12 g of
Osmocote Plus® slow release fertilizer per nutrient
boulder (6 mo release: 15, 5, 10 N-P-K). At the begin-
ning of the experiments, 4 nylon mesh bags (1 mm mesh
size) were each filled with equal amounts of Osmo-
cote® pellets and attached to the 4 sides of the experi-
mental boulder using cable ties. Each bag was ~2 cm in
diameter and was situated slightly below the top sur-
face of the experimental boulder. This configuration of
deployment does not modify water flow or increase
habitable surface on the boulder, and explicit tests for
artefacts associated with this experimental protocol
have shown that treatments do not confound the inter-
pretation of experiments by artefacts (Gorgula & Con-
nell 2004). Moreover, this approach has been tested
against other experimental protocols and suggested to
be the most appropriate method of elevating nutrients
in subtidal experiments (Worm et al. 2000). In this
study, water samples were not collected for nutrient
analysis because the same weight of fertilizer (12 g per
boulder) has been used twice to successfully increase
water nutrient concentrations at the same study site at
the same time of year; nitrate concentrations were ele-

vated by approximately 87 % above ambient (Russell
& Connell 2005) and nitrate and phosphorus by approx-
imately 90 and 38 %, respectively (Gorgula & Connell
2004).

RESULTS
Eifects of nutrients on grazing

Molluscs consumed more algae when nutrients were
elevated over the short-term. In February 2003, the
percentage cover of grazing scars of molluscs was
greater on boulders that were exposed to elevated
nutrients than those exposed to ambient nutrients
(mean =+ SE; 31 + 5.6%; 14 + 2.7%, respectively;
ANOVA: F, g = 735, p = 0.027). We re-tested this
hypothesis in January 2004 using lower densities of
grazers and more replicates and detected a greater
proportion of grazing marks on boulders exposed to
elevated nutrients (Fig. 2a, ANOVA: F, ;o = 31.62, p <
0.001). Moreover, this pattern translated into lower
biomass of turf-forming algae on boulders exposed to
elevated nutrients (Fig. 2b, ANOVA: F; 1o = 12.17, p <
0.01). These biomass sample data were In-transformed

to meet assumptions of variance homogeneity
(Cochran's C-test) (Underwood 1997).
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Fig. 2. (a) Percentage cover (mean +SE) of grazing marks of

molluscs and (b) biomass (mg; mean + SE) of turf-forming

algae exposed in the short-term to ambient (gray bars) or
elevated (black bars) nutrient concentrations
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Response of grazers to short-term nutrient pulses
under long-term ambient and enriched conditions

A short-term increase in nutrient concentration (ele-
vated) had negative effects on the biomass of turf-
forming algae in the presence of grazers under long-
term ambient, but not enriched conditions (Fig. 3,
Table 2a). On reefs with long-term ambient conditions,
mean biomass of turf-forming algae was an order of
magnitude less on boulders exposed to a short-term
pulse of elevated nutrients (mean + SE; 4.5 + 0.9 mg,
Fig. 3) than on boulders exposed to ambient nutrients
(38.9 = 13.4 mg, Fig. 3). On reefs with long-term
enriched conditions, differences in the short-term
pulse of nutrients (ambient versus elevated) had no
detectable effect on biomass of algae (Fig. 3, Table 2b).
In contrast to the short-term nutrient pulse, long-term
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Fig. 3. Biomass (mg; mean + SE) of turf-forming algae exposed

to a sudden nutrient pulse (ambient versus elevated) following

long-term exposure to ambient or enriched nutrient conditions
after grazing by molluscs

Table 2. Randomised block ANOVAs testing for effects of
short-term nutrient pulse (ambient versus elevated) on the
biomass of turf-forming algae on boulders after grazing by
molluscs on reefs exposed to long-term (a) ambient and
(b) enriched conditions. Bold: significant. Ln(x) transfor-
mation was used to meet assumptions of homogeneity of
variances (Cochran's C-test) (Underwood 1997%)

Source of variation df MS F p

(a) Ambient conditions
Reef 5 0.11 0.45 0.800

Nutrient pulse 1 1.82 7.09 0.045
Residual 5 0.27

(b) Enriched conditions
Reef 5 1.20 2.12 0.214
Nutrient pulse 1 0.77 1.37 0.295
Residual 5 0.56

nutrient condition had a positive effect on biomass of
algae, so that there was a greater biomass of algae
under enriched conditions than under ambient condi-
tions (Fig. 3, Table 3). On reefs with long-term ambient
conditions, a greater number of molluscs was present
on boulders exposed to short-term elevated nutrients
rather than those exposed to ambient nutrients after
2 (Fig. 4a, block ANOVA: F, ; = 10.55, p = 0.023)
and 4 wk (Fig. 4b, F; 5 = 9.40, p = 0.028). In contrast,
there was no difference in the number of grazers

Table 3. Two-factor ANOVA testing for the interactive effects

of long-term nutrient condition (ambient versus enriched)

and short-term nutrient pulse (ambient versus elevated) on

the biomass of turf-forming algae on boulders after grazing

by molluscs. Bold: significant. Ln(x) transformation was used

to meet assumptions of homogeneity of variances (Cochran's
C-test) (Underwood 1997)

Source of variation df MS F P

1 16.62 5.89 0.025
1 13.12 4.65 0.040
1 0.59 0.21 0.650

Nutrient condition
Nutrient pulse
Condition x Pulse

Residual 20 2.82
5
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Fig. 4. Number of molluscs (mean + SE) grazing on algae ex-

posed to a sudden nutrient pulse (ambient versus elevated)

following long-term exposure to ambient nutrient conditions
(a) after 2 wk and (b) after 4 wk
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between boulder treatments on reefs with long-term
enriched conditions after either 2 or 4 wk (Figs. 4a,b;
all F; 5 <5.46, p > 0.05).

Nutrient content of algae

The mean nitrogen content of turf-forming algae
was greater in treatments with elevated nutrients
(mean + SE; 0.48 + 0.04 %) than in those with ambient
nutrients (0.37 + 0.01 %), but the test for the difference
between these means was marginally non-significant
(ANOVA: F, 1o = 4.32, p = 0.06). We re-tested for dif-
ferences after removing an outlying sample (i.e. a low
concentration from the treatment of elevated nutrients)
and significant differences between the means were
detected (elevated 0.51 + 0.04%, ambient 0.37 =+
0.01%; ANOVA: F, 4 = 7.89, p = 0.02). We report
both analyses so that the reader can assess whether the
2 reported means are likely to represent real differ-
ences (using o = 0.05).

DISCUSSION

Our key finding was that herbivorous molluscs under
long-term low nutrient conditions (i.e. ambient)
reduced algal biomass at a greater rate when pre-
sented with a short-term pulse of algae with elevated
rather than ambient nutrients. It is important to note,
however, that grazers were unable to reduce algal bio-
mass when nutrient concentrations were elevated over
a longer period (i.e. enriched versus ambient nutrient
condition). Grazers may indeed exert some control
over the effects of increasing nutrients, but not over
longer periods, as they may not increase consumption
at some locations exposed to long-term eutrophication
(Worm & Lotze 2006). Therefore, any compensatory
response of grazers is likely to only reduce the effects
of pulse elevation of nutrients (e.g. storm run-off) and
not increase resilience of coasts in the face of long-
term eutrophication (e.g. urbanisation), leading to the
habitat switches observed on many human-impacted
coasts (Jackson 2001, Eriksson et al. 2002).

Importantly, grazers exposed to a short-term pulse in
nutrient rich algae responded more strongly when
long-term nutrient condition was low (ambient) than
high (enriched). It appears that molluscs in low nutri-
ent conditions consumed more algae when exposed to
sudden increases in nutrients. The feeding history of
herbivores affects food choice (Watson & Norton 1985);
hence, food with greater nutrient content is likely to be
preferentially consumed by herbivores with previous
access to low nutrient food. Grazers have been shown
to consume more biomass of algae of greater nitrogen

content (Neckles et al. 1993, Williams & Ruckelshaus
1993, Karez et al. 2000). Greater consumption of fast
growing, opportunistic algae on oligotrophic coasts
could be an important check on the effects of sudden,
but short-term elevation of nutrients (e.g. storm
run-off), as it is possible that grazers in these areas are
likely to consume the nutrient rich opportunistic algae
at greater rates.

Increased consumption may occur due to either an
increase in the attraction of consumers to prey or
greater per capita consumption (Connell 2000). While
consumers can increase in number through immigra-
tion, the experimental reefs used in this study
prevented the immigration of molluscs (Russell & Con-
nell 2005); hence, grazing pressure on reefs is most
likely to have increased through greater per capita
consumption. In salt marshes, molluscs remove greater
biomass of plant matter that has been exposed to ele-
vated nutrients (Silliman & Zieman 2001). Some herbi-
vores, however, may consume greater quantities of
poor quality food in order to meet nutritional require-
ments (Cruz-Rivera & Hay 2001, Berner et al. 2005,
Fink & Von Elert 2006), while others do not change
feeding rate across nutrient gradients (Worm & Lotze
2006). Further work is required in our system to distin-
guish between redistribution of foraging activity and
increased per capita consumption. Regardless of the
mechanism, our results suggest that changes in for-
aging effort are likely to be important for the con-
sequences of nutrient driven changes to benthic
habitats.

Although grazing in the presence of elevated nutri-
ents can cause a switch in the relative dominance of
algae (e.g. Lotze et al. 2001, Russell & Connell 2005), it
still remains to be shown whether our small-scale
results are relevant at broad scales. The influence of
grazers can be variable over broad scales (Connell &
Vanderklift 2007) and respond differently to nutrient
levels across broad geographic areas (Hauxwell et al.
1998, Worm & Lotze 2006). Therefore, it would be use-
ful to understand whether the relative abundance of
algae on large expanses of coast subjected to elevated
nutrients can be held in check by grazers, and whether
the lack of grazers on some reefs can explain shifts
from perennial to opportunistic algae (e.g. Gorgula &
Connell 2004).

We emphasise 3 issues that indicate a need for care-
ful interpretation of the ability of grazers to absorb the
effects of enriched nutrient loads. First, tissue analysis
and interpretation of nutrient status of turf-forming
algae is not straightforward. In general, small filamen-
tous algae with simple cellular structure (such as the
turf-forming algae in this study) have high turnover of
biomass, high growth rates, and are likely to store less
nutrients in their tissues than longer-lived species
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(Hein et al. 1995, Pedersen & Borum 1996, Copertino et
al. 2005), so differences in tissue nutrient concentra-
tions are often small and difficult to detect. Second, we
did not quantify any shift in the species composition of
the algal turfs, which could be an important considera-
tion for future research, as some studies have shown
shifts in algal dominance under varying nutrient
regimes (e.g. Lotze et al. 2001). Third, the locations
and spatial extent at which herbivores confer
resilience to nutrient driven change are likely to vary
with the feeding mode of herbivores. Large sections of
coast can lack dense populations of grazers that are
associated with strong control of benthic habitat (Con-
nell & Vanderklift 2007). Furthermore, the response of
grazers to different nutrient levels can vary among
regions (Hauxwell et al. 1998, Worm & Lotze 2006). In
order to increase generality in our understanding of
the effects of eutrophication, marine ecologists may
need to recognise such biogeographic differences so
that the importance of grazing is recognised, but not
overstated.

In conclusion, the concomitant increase in coastal
nutrient loads (Vitousek et al. 1997) and loss of con-
sumers (Hughes et al. 2005) are associated with an
increase in the rate at which systems switch from
larger and longer-lived habitats (e.g. kelps that form
forests, corals that build reefs) to alternate habitats
with less physical structure and shorter life (e.g. turtf-
forming algae) (Connell 2007). Increased grazing in
the presence of elevated nutrients may resist blooms of
fast growing macroalgae by reducing (Roll et al. 2005),
if not counteracting, their effects. Herbivores can
respond to elevated nutrient concentrations by remov-
ing greater amounts of turf-forming algae, possibly as
a function of increased per capita consumption. Impor-
tantly, molluscs responded positively to sudden
increases in nutrient rich algae, and this response was
greater on reefs with oligotrophic conditions, suggest-
ing that grazers may show greater responses to in-
creased nutrient concentrations on oligotrophic coasts
where small increases in nutrient loads can have dis-
proportionately large effects on opportunistic algae
(Lotze et al. 2001, Russell et al. 2005). By preferentially
consuming the more opportunistic, fast growing algae,
molluscs may resist the effects of elevated coastal
nutrients by creating space for other, longer-lived spe-
cies to colonise. This compensatory response of herbi-
vores to the effects of nutrients deserves to be tested
over broader scales to understand its potential rele-
vance to coastal management, particularly because
human harvesting of herbivores tends to be greater in
locations of greater nutrient run-off (i.e. human-domi-
nated coasts). The combined loss of grazers and
increase in nutrients may make some coastal systems
more vulnerable to change (Eriksson et al. 2007),

depending on both the nutrient condition (oligotrophic
versus eutrophic) and loss of functional groups of graz-
ers, and thereby account for observations that some
localities have greater persistence and resilience.
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