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INTRODUCTION

Both consumer pressure and nutrient availability are
important drivers of benthic marine community struc-
ture and dynamics (Menge 2000, Nielsen 2001). These
top-down and bottom-up processes can also interact to
influence organisms’ distributions and abundances.
For example, subsidies of nutrients, phytoplankton,
and larvae associated with nearshore oceanographic
conditions influence the magnitudes of species inter-
actions in intertidal systems (Menge et al. 2003, 2004).
Similarly, local-scale factorial manipulations of con-
sumer abundance and nutrient availability in rocky

intertidal communities suggest that the strength of top-
down processes depends on the productivity of a site
(Worm et al. 2002).

Because consumers influence nutrient availability
(Porter 1976, Sterner 1986), top-down processes can
also affect bottom-up processes. For example, marine
invertebrates excrete inorganic nitrogen, primarily as
ammonium, thereby enhancing the diversity and
abundance of seaweeds in intertidal and nearshore
communities (Williamson & Rees 1994, Bracken 2004,
Bracken & Nielsen 2004). In some cases, there is a
direct coupling between nitrogen excretion by an her-
bivore and nitrogen uptake by the algae it consumes,
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such that grazers simultaneously influence communi-
ties from both the top-down and from the bottom-up
(Asmus & Asmus 1991, Plagányi & Branch 2000).

While consumers can clearly have positive effects on
nutrient availability in marine ecosystems via nitrogen
excretion, the negative impacts of consumers on bot-
tom-up processes are less well understood. One way in
which herbivores may negatively influence bottom-up
processes is by selectively consuming the tissues or
structures that are responsible for mediating these pro-
cesses. For example, when mesograzers such as small
crustaceans consume large macroalgae, they often tar-
get apical regions and small blades which are less mor-
phologically or chemically defended (e.g. Pavia et al.
1999, Taylor et al. 2002). These structures are often
characterized by high growth rates and surface area to
volume ratios relative to other regions of the thallus,
and they are therefore disproportionately responsible
for seaweeds’ nutrient uptake and photosynthesis
(Wallentinus 1984, Hein et al. 1995, Stewart & Carpen-
ter 2003). Thus, even though mesograzers may remove
relatively little biomass, their impact is often concen-
trated on tissues that are disproportionately important
for nutrient uptake. As a result, their total effect on
seaweed growth and fitness may be greater than cur-
rently appreciated.

We studied the interaction between kelp crabs Puget-
tia producta Randall and the kelp Egregia menziesii
(Turner) Areschoug to evaluate the impacts of selective
herbivory on macroalgal nitrogen uptake. We speci-
fically quantified the effects of herbivory on nitrate
uptake, because nitrate is the primary form of inorganic
nitrogen available to low-intertidal macroalgae on wave-
swept northeastern Pacific shores (Fujita et al. 1989,
Pfister & Van Alstyne 2003), especially during the sum-
mer upwelling season when maximum E. menziesii
growth occurs (Blanchette et al. 2002). Juvenile P. pro-
ducta are often abundant on northern California rocky
shores (Hines 1982), where they preferentially consume
and live on E. menziesii thalli (Morris et al. 1980). In
this study, we used field observations, outdoor mesocosm
experiments, and laboratory measurements of nitrate
uptake to quantify the effects of P. producta on E. men-
ziesii biomass, morphology, and nitrogen uptake ability.
Together, these measurements allowed us to character-
ize the top-down modification (selective grazing by
P. producta) of a bottom-up process (nitrate uptake by
E. menziezii) in a rocky intertidal community.

MATERIALS AND METHODS

Site characteristics and field surveys. Field surveys
and collections were conducted on wave-exposed
rocky intertidal reefs in the Bodega Marine Reserve,

which is located on the northern California coast, USA
(38°19.0’N, 123°4.1’W). Surveys of Pugettia producta
abundance and Egregia menziesii morphology were
conducted along 10 m transects at 2 sites in the
reserve: the West Channels (WC) and Horseshoe Cove
(HC). We conducted these measurements in low-inter-
tidal surge channels, where we counted every E. men-
ziesii individual in the channel along each transect and
measured the length of the longest frond growing out
of each holdfast. We also quantified the number of E.
menziesii individuals at each site that exhibited con-
siderable grazing damage (Fig. 1). E. menziesii abun-
dances were then normalized by channel area, which
was determined by measuring the width of each
channel at 1 m intervals and determining the area of
the resulting polygon. We determined the number of P.
producta per E. menziesii thallus at each of the 2 sites
in the reserve by carefully lifting each frond and
removing all attached crabs. Despite careful searching
on other algae and on the substratum, kelp crabs were
only found on E. menziesii thalli.

Algal morphology. We assessed whether differences
in crab densities between sites were associated with
differences in seaweed morphology that might affect
the ability of seaweeds to take up nitrogen. We quanti-
fied variation in Egregia menziesii morphology by
measuring the surface area to volume ratio (SA:V,
in cm2 ml–1) of randomly collected individuals (n = 12
site–1). The volume of each algal thallus (ml) was de-
termined by displacement of water in a graduated
cylinder, and the surface area was determined using a
dye-coating technique (Stewart & Carpenter 2003).
Individual thalli were dipped for 15 s in a receptacle
containing 1.6 g methylene blue and 20 ml of Triton
10× detergent in 2000 ml of de-ionized water. Algae
were then spun briefly in a salad spinner (until no
excess dye dripped off) and placed in a glass chamber
containing 1500 ml of de-ionized water. Algae were
left in the chambers until all dye had diffused into the
water (~15 min). The concentration of dye was then
read at 620 nm on a spectrophotometer. A calibration
of dye concentrations based on known surface areas of
blades of the red alga Mazzaella flaccida was used to
calculate the surface area (cm2) of each E. menziesii
thallus (Stewart & Carpenter 2003).

Effects of Pugettia producta on algal biomass and
morphology. Ungrazed Egregia menziesii thalli (n =
30; 168.8 ± 1.4 g wet tissue mass) and juvenile P. pro-
ducta (31.0 ± 1.1 mm carapace width) were collected
from the West Channels. E. menziesii were randomly
assigned to treatments (+crab and –crab) and placed in
5.7 l mesocosms. Mesocosms had plastic mesh sides to
allow water flow and clear plastic tops to maximize
light penetration. Mid-day photosynthetically active
radiation within the mesocosms was 1138.2 ± 61.7 μmol
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m–2 s–1. Crabs (n = 1 or 2 to ensure constant consumer
mass across treatments) were placed in +crab meso-
cosms, and mesocosms were randomly placed in 5 out-
door running seawater tanks (10.5 ± 0.1°C), with equal
numbers of +crab and –crab treatments in each tank.
We weighed each alga (wet tissue mass) every 4 d for
24 d. The influence of P. producta grazing on E. men-
ziesii morphology was determined by quantifying the
SA:V of seaweeds from the mesocosm experiment on
Day 24.

Effects of grazing on nitrate uptake by Egregia
menziesii. Maintaining kelps for 24 d in the reduced-
flow conditions in our mesocosms dramatically altered
their nitrate-uptake capabilities (M. Bracken & J. Sta-
chowicz unpubl. data). Therefore, in order to evaluate
the influences of Pugettia producta grazing on nitrate
uptake, we collected fresh E. menziesii thalli (n = 30)
from the field. We removed the bladelets from half of
the E. menziesii individuals with scissors, to produce
thalli that mimicked those naturally grazed by P. pro-
ducta (Fig. 1). We then compared the nitrate uptake
abilities of the ungrazed and artificially grazed individ-
uals. To quantitatively assess the morphological effects
of grazing by kelp crabs versus manual removal of
bladelets, we compared the SA:V ratios of 15 ungrazed
and 15 simulated-grazed individuals with the SA:V

ratios of the grazed and ungrazed thalli from the P.
producta grazing experiment (see above). Manual
removal altered SA:V in a quantitatively similar man-
ner to actual grazing (see ‘Results’), so manual removal
adequately mimicked the morphological effect of
P. producta grazing.

Because wounding seaweeds, even without remov-
ing tissues, can influence their physiological rates
(Knoop & Bate 1988), we conducted a second set of
experimental trials to evaluate the effects of tissue
damage on nitrate uptake. We collected additional
individuals of Egregia menziesii (n = 30) from the
Bodega Marine Reserve. We nicked the bladelets of
half of the individuals with scissors, which caused
roughly the same degree of tissue damage but had no
effect on SA:V (see ‘Results’). We then compared the
nitrate-uptake abilities of the undamaged and dam-
aged individuals. Because efflux of nitrate from dam-
aged bladelet tissues (see ‘Results’) confounded our
ability to measure initial nitrate concentrations and
calculate Michaelis-Menten nitrate uptake parame-
ters, we conducted a second set of nitrate uptake tri-
als on the same individuals 40 h after damaging
them.

All nitrogen uptake trials were conducted in a tem-
perature-controlled room, and experimental chambers
were partially submerged in a running seawater bath,
which maintained temperatures at 15.7 ± 0.3°C during
the experiment. While the halogen lamps used to illu-
minate the chambers (see below) caused the chambers
to be slightly warmer than average ambient seawater
temperatures, they were still within the range of typi-
cal seawater temperatures in northern California near-
shore waters (recorded at the Bodega Ocean Ob-
serving Node; www.bml.ucdavis.edu/boon/). Aquarium
pumps (Aquarium Systems) were used to recirculate
the water within each chamber, and they created tur-
bulent flows of 9.7 ± 0.1 cm s–1, which was sufficient to
ensure maximum rates of nitrate uptake (Wheeler
1982). Water velocities were measured in the middle of
each chamber using a Vectrino Velocimeter (Nortek
AS). These velocities are sufficient (>3 cm s–1) to gen-
erate turbulence over fronds of Egregia menziesii
(Hurd & Stevens 1997). The turbulent nature of the
flow environment was verified by calculating the tur-
bulence intensity (I):

where σ2¯¯¯¯ is the mean square of the standard deviations
of the flow vectors and u is the velocity. In this case, I =
1.4, suggesting that the flow was, indeed, turbulent.
Four Luma-Pro 500 W quartz halogen lamps (Grainger
International) provided 498.5 ± 35.8 μmol m–2 s–1 of
photosynthetically active radiation.

I
u

= σ2
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A. Ungrazed thallus B. Grazed thallus

15 cm

Fig. 1. Egregia menziesii. Variation in thallus morphology
associated with kelp crab Pugettia producta grazing. Photos
are of (A) an ungrazed thallus and (B) a heavily grazed thal-
lus, both of which were collected from the West Channels,
Bodega Marine Reserve. The ungrazed thallus is character-
ized by numerous bladelets on a central main stipe (rachis),
whereas the bladelets have been selectively removed from 

the grazed thallus, and only the rachis remains
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We added nitrate as NaNO3 to 15 cylindrical glass
chambers containing 2 l of nitrogen-free artificial sea-
water, supplying Egregia menziesii thalli with initial
nitrate concentrations of approximately 2, 6, 12, 20,
and 30 μmol l–1. These nitrate concentrations spanned
the range of concentrations typically available in the
nearshore waters of the Bodega Marine Reserve. For
each treatment (ungrazed and artificially grazed), we
measured nitrate depletion rates of individual E. men-
ziesii thalli in 3 replicate chambers at each initial nitro-
gen concentration. We collected 5 ml water samples at
15 min intervals for 75 min and analyzed the samples
for nitrate concentrations using a nutrient autosampler
(Lachat Instruments). We then used the rate of nitrate
depletion and the dry tissue mass of each thallus (dried
at 60°C to constant mass) to evaluate the biomass-
specific nitrate uptake rate of each thallus (μmol h–1

g–1) as a function of initial nitrate concentration. We
also evaluated changes in nitrate concentration in con-
trol chambers, which were identical to the experimen-
tal chambers, but lacked E. menziesii. We never
detected changes (either increases or decreases) in
nitrate concentrations in the control chambers, regard-
less of initial nitrate concentration (t < 1.36, p > 0.19), so
the uptake values we present are based strictly on
depletion of nitrate from the water column. We related
nitrate concentration to nitrate uptake using the
Michaelis-Menten equation (Lobban & Harrison 1994).
We compared Michaelis-Menten and linear relation-
ships for both grazed and ungrazed thalli, and found
that the Michaelis-Menten equation provided a better
fit to the data based on the variance explained (F1,58 =
4.22, p = 0.044), indicating that nitrate uptake satu-
rated with increasing initial concentration.

Statistical analyses. Most analyses were conducted
using general linear models (GLMs) and t-tests in SAS
v. 9.1 (SAS Institute). GLMs included analyses of vari-
ance (ANOVAs) and repeated-measures ANOVAs.
Some of the field survey data (Pugettia producta abun-
dances and Egregia menziesii SA:V) were either not
normally distributed or variances were not homoge-
neous, so we used Wilcoxon nonparametric, 2-sample
tests to compare the sampled populations.

RESULTS

Effects of Pugettia producta on Egregia menziesii
biomass and morphology

Egregia menziesii was abundant at both sites (WC:
3.9 ± 1.2 thalli m–2; HC: 5.2 ± 2.3 thalli m–2), and sites
did not differ with respect to E. menziesii density (F1,18

= 0.27, p > 0.60) or average length (F1,28 = 0.49, p =
0.49), suggesting that patterns of Pugettia producta

distribution were not associated with differences in the
amount of (pre-grazing) habitat available to them. P.
producta were more abundant at WC than at HC
(Wilcoxon 2-sample test: Z = 2.01, p = 0.045) (Fig. 2A).
We found a crab on 1 out of every 7 thalli at WC, ver-
sus 1 out of every 55 thalli at HC. These differences in
crab abundances were correlated with differences in
E. menziesii morphology, consistent with more intense
grazing at WC. Algae from WC had lower mean SA:V
ratios than those at HC (Wilcoxon 2-sample test: Z =
2.03, p = 0.043) (Fig. 2B). At WC, 33% of thalli exhib-
ited appreciable grazing damage (rachises without
bladelets; Fig. 1B), whereas at HC, only 11% of thalli
were heavily grazed. When these heavily grazed indi-
viduals were excluded from the analysis, E. menziesii
from the 2 sites were morphologically indistinguish-
able (F1,17 = 0.58, p = 0.455), suggesting that grazing,
and not some other site-specific factor, was responsible
for the differences described above.

When we enclosed Pugettia producta with Egregia
menziesii thalli in mesocosms, the crabs consumed
algal biomass, altering the kelps’ morphology. E. men-
ziesii masses in +crab and –crab treatments were indis-
tinguishable on Day 0 (F1,28 = 0.27, p = 0.605), but graz-
ing by P. producta resulted in appreciable declines in
biomass by Day 4 (F1,28 = 20.72, p < 0.001), a trend
which continued throughout the duration of the exper-
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iment (repeated-measures ANOVA: time × crabs inter-
action; F6,168 = 144.5, p < 0.001). In the absence of
crabs, seaweed biomass increased, whereas, where
crabs were present, seaweeds lost biomass, resulting
in a 62% difference in biomass between the treatments
after 24 d (Fig. 3). Further, we found that kelp crabs
selectively removed the bladelets from the rachis,
resulting in a dramatic (66%) decline in SA:V (F1,28 =
37.39, p < 0.001) (Fig. 4).

Effects of grazing on nitrate uptake by
Egregia menziesii

When grazing was simulated by manually removing
bladelets from the rachis of each ‘grazed’ individual,
changes in SA:V were similar to those associated with
Pugettia producta grazing in the outdoor mesocosms.
Morphologically, thalli subjected to manual bladelet
removals were indistinguishable from those grazed by
P. producta (F1,28 ≤ 0.15, p ≥ 0.698) and exhibited a sim-
ilar (68%) reduction in SA:V relative to unclipped con-
trols (F1,28 = 61.28, p < 0.001; Fig. 4). Removal of the
bladelets decreased the ability of Egregia menziesii to
utilize nitrate (Fig. 5). When bladelets were removed,
the Michaelis-Menten half-saturation constant (Ks)
increased from 12.4 ± 0.3 to 20.0 ± 0.5 μmol l–1 (t =
13.27, df = 28, p < 0.001), and the maximal uptake
velocity (Vmax) decreased from 1.4 ± 0.3 to 0.6 ±
0.1 μmol h–1 g–1 (t = 2.34, df = 28, p = 0.027). Bladelet
removal thus resulted in a 4-fold reduction in the
nitrate uptake coefficient (α = Vmax/Ks; Harrison et al.
1989) from 0.11 ± 0.02 to 0.03 ± 0.01 (t = 3.29, df = 28,

p = 0.003). Furthermore, uptake rates of individuals
whose bladelets were removed actually declined over
time (F4,52 = 40.08, p < 0.001), suggesting that they do
not have the potential to recover from this damage, at
least on a short-term basis. Based on these measure-
ments and local seawater nitrate concentrations during
the summer upwelling season (11.4 to 33.8 μmol l–1;
M. Bracken unpubl. data), grazing has the potential to
reduce the amount of nitrate available to E. menziesii
by up to 65%.

Damaging the bladelets without removing any algal
tissue did not alter the SA:V of the algal thalli relative
to undamaged controls (t = 1.697, df = 28, p = 0.101). In
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fact, the SA:V of damaged individuals was slightly
higher than that of the controls. However, in contrast to
controls, nicking the bladelets resulted in an immedi-
ate increase in water-column nitrate levels. This initial
nitrate efflux, which averaged 2.03 ± 0.86 μmol h–1 g–1

(t = 2.36, df = 14, p = 0.033), lasted approximately
30 min, after which time the seaweeds began taking
up nitrate at an average rate of 1.67 ± 0.21 μmol h–1 g–1,
which was actually higher than that of the undamaged
controls (0.50 ± 0.06 μmol h–1 g–1; t = 2.68, df = 28, p =
0.012). Nitrate uptake by those same damaged individ-
uals was measured 40 h after wounding to assess their
subsequent recovery. Michaelis-Menten uptake para-
meters of seaweeds with damaged, but unremoved,
bladelets (Ks = 13.2 ± 0.3 and Vmax = 2.3 ± 0.4) were
comparable to (and slightly higher than) those of
undamaged individuals (t ≤ 1.89, df = 28, p ≥ 0.070).

DISCUSSION

Our results suggest that consumption of Egregia
menziesii by Pugettia producta influences not only E.
menziesii biomass (Fig. 3), but also the subsequent
physiological performance of the seaweed. Specifi-
cally, kelp crabs selectively removed E. menziesii
bladelets, specialized regions of the algal thallus which
are disproportionately responsible for nitrate uptake
due to their high SA:V (Fig. 4). This selective herbivory
reduced the biomass-specific nitrate uptake ability of
E. menziesii thalli by >60% (Fig. 5). Because assimila-
tion of nitrate is an energetically expensive process
(Lobban & Harrison 1994), the reduced ability of
grazed individuals to take up nitrate was likely associ-
ated with both direct effects of lower SA:V on the sea-
weeds’ abilities to transport nitrate and with indirect
effects on nitrate assimilation due to lower rates of
photosynthesis. Because nitrogen is the primary
growth-limiting nutrient in temperate coastal ecosys-
tems (Ryther & Dunstan 1971), this reduction in the
ability of E. menziesii to effectively obtain nitrate is
likely to have profound impacts on the seaweed’s
recovery from grazing and its subsequent growth.

Our measurements of initial transient nitrate efflux
by individuals that were damaged without changing
their SA:V supports earlier findings that wounding can
influence the physiological rates of seaweeds (Knoop &
Bate 1988). The increases in water-column nitrate con-
centrations associated with nicking the bladelets were
probably caused by the physical disruption of internal
pools of nitrate (Chapman & Craigie 1977). This stored
nitrate is likely to be localized in the bladelets, where
the majority of nitrate uptake occurs. The rapid recov-
ery of these individuals suggests that the effects of
wounding, per se, on nitrate uptake are short-lived. In

contrast, the reduction in SA:V associated with
removal of bladelets by P. producta is likely to have
longer-term negative impacts on the ability of E. men-
ziesii to take up nitrate.

Our mesocosm-based experimental approach likely
overestimated the impacts of Pugettia producta in the
field. Although we occasionally counted several indi-
vidual P. producta on a single thallus, we found a kelp
crab on an average of only 1 out of every 7 thalli at the
West Channels, where abundances were highest.
We placed 1 or 2 P. producta individuals (depending on
biomass) and 1 macroalgal thallus in each +crab meso-
cosm, so our results reflect maximum, rather than aver-
age, potential impacts of P. producta on E. menziesii
morphology and nitrate uptake. Furthermore, her-
bivory rates are likely to be somewhat lower under
field conditions due to the difficulty of feeding in high-
flow surge channels relative to low-flow mesocosms
(Nielsen 2001). Despite these limitations, the pre-
valence of heavily grazed thalli in the field (Fig. 1),
especially in the West Channels, and the observed
relationship between higher P. producta abundances
and reduced E. menziesii SA:V (Fig. 2) suggest that the
interaction we describe here does occur on wave-
swept rocky shores.

While this is the first demonstration, to our knowl-
edge, of an herbivore’s effect on nutrient uptake by a
seaweed, similar impacts of herbivory on nutrient up-
take and photosynthesis have been identified in
terrestrial and nearshore marine ecosystems. For exam-
ple, sublethal defoliation of terrestrial plants can alter
transpiration rates and root biomass, which can de-
crease nitrogen and phosphorus uptake from the soil
(Chapin & Slack 1979, Brown 1994). Similarly, selective
grazing by limpets on marine angiosperms (Zostera
marina in soft-sediment habitats and Phyllospadix
scouleri in rocky intertidal systems) reduces photosyn-
thetic rates and alters growth and productivity (Barbour
& Radosevich 1979, Zimmerman et al. 1996). In both
seagrass species, limpets selectively remove the epider-
mis, which comprises <10% of the leaf biomass in Z.
marina, but >90% of the chlorophyll. Furthermore, be-
cause grazers often target high SA:V tissues because of
their low toughness or high nutritive value (Pavia et al.
1999, Taylor et al. 2002), we suspect that sublethal ef-
fects of herbivory on bottom-up processes may be an
important aspect of community dynamics in many
different systems. While small grazers may also have
positive effects via nutrient recycling (Taylor & Rees
1998), such benefits may be diminished if direct grazing
removes structures that facilitate nutrient uptake.

Our results highlight how mesoherbivores can influ-
ence the structure and dynamics of marine communi-
ties in ways that are greater than predicted by the
grazers’ abundances or biomass consumption. Remo-
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val of large amounts of macroalgal or epiphyte biomass
by mesoherbivores does occur (e.g. Brawley & Fei
1987, Ruesink 2000, Graham 2002), but may be rela-
tively uncommon, because densities of grazers are
often kept to low levels by their predators (Nelson
1979, Duffy & Hay 2000). However, by grazing selec-
tively on disproportionately important tissues, meso-
herbivores can have large per capita negative effects
on kelps and other large, dominant macrophytes. In
our study, Pugettia producta reduced the biomass-
specific nutrient-uptake capability of Egregia men-
ziesii via selective removal of bladelets, but a wide
range of mechanisms may underlie strong per capita
mesograzer effects. For example, the subtidal snail
Lacuna vincta removes very little biomass from kelp
stipes, but causes greatly increased rates of stipe
breakage in low to moderate flows (Duggins et al.
2001). Furthermore, mesograzers are known to prefer-
entially feed on the reproductive structures of inter-
tidal macroalgae (Gaines 1985, Buschmann & San-
telices 1987) and may thereby have impacts on algal
fitness that are greater than predicted by the amount of
biomass they consume. In E. menziesii, sporophylls are
interspersed among the vegetative bladelets, are mor-
phologically similar to them (Abbott & Hollenberg
1976), and were also readily consumed by the crabs
(M. Bracken pers. obs.). P. producta may therefore
negatively affect E. menziesii both by modifying the
seaweed’s ability to take up nitrogen and also by
removing reproductive structures.

In summary, we have demonstrated that a mesoher-
bivore, the kelp crab Pugettia producta, selectively
feeds on Egregia menziesii by removing the bladelets,
which are disproportionately responsible for the
majority of the seaweed’s nitrate uptake. Based on
these results, we suggest that the influences of grazers,
especially mesoherbivores, on nutrient uptake may
represent an important, often overlooked factor influ-
encing the structure and functioning of intertidal com-
munities and ecosystems.
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