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Abstract Studying historic invasions can provide
insight into the ongoing invasions that threaten
global biodiversity. In this study, we reconsider
the impacts of Littorina littorea and Carcinus
maenas on the rocky intertidal community of the
Gulf of Maine. Past research using invader-
removal experiments demonstrated strong top-
down effects of L. littorea on algal community
structure; however, such removal experiments
may overlook the long-term effects of niche shifts
and local extinctions caused by invasive species.
We considered how a niche-shift in the native
littorine, Littorina saxatilis, may change the
interpretation of L. littorea impacts. Using a fac-
torial experiment crossing predator presence/ab-
sence with L. littorea presence/absence, we found
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that L. saxatilis is able to exert top-down control
on ephemeral algae similar to that exerted by
L. littorea and that both competition by L. littorea
and predation by C. maenas have strong, negative
impacts on L. saxatilis. We also found higher
predation rates on protected shores and at lower
tidal heights and preferential predation on
L. saxatilis compared to L. littorea. While move-
ment experiments demonstrate that behavioral
response to tidal height is the proximate cause of
L. saxatilis exclusion from the lower intertidal,
our study suggests that the ultimate causes are the
additive effects of competition from and preda-
tion by invasive species.

Keywords Carcinus maenas - Competition - Gulf
of Maine - Invasive species - Littorina littorea
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Top-down effects - Trophic interactions

Abbreviations
GOM Gulf of Maine

Introduction

Invasive species are a growing threat to global
biodiversity (Mack et al. 2000). Understanding
the impacts of historical invasions can help us to
predict the course of current invasions, because
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the ecological effects of invasive species may
change over time (Holway et al. 2002). Studies of
past introductions demonstrate that the effects of
invasive species are complex (Zavaleta et al.
2001) and can permanently alter the structure of
communities (Carlton 2003) through niche shifts
(Levin 2003), local extinctions (Dulvy et al.
2003), and changes in ecosystem processes (Sim-
berloff and VonHolle 1999; Mack and D’ Antonio
2003). The impacts of past invasions can be par-
ticularly challenging to interpret when multiple
species have been introduced and native com-
munities are changed through the additive
or synergistic effects of interacting invaders
(Simberloff and VonHolle 1999; Levin et al.
2002). Invader-removal experiments are a com-
mon approach (e.g., Bertness 1984; Mack and
D’ Antonio 2003) and a powerful tool for studying
invader impacts; however, these experiments can
neglect long-term changes, such as niche shifts
and local extinctions, if the time scale of the
experiment is short or the time since invasion is
long.

In the Gulf of Maine (GOM), several intro-
duced species have become numerically domi-
nant, including the intertidal gastropod Littorina
littorea and the European green crab Carcinus
maenas. L. littorea arrived in New England in the
mid-1800s, moving south from Nova Scotia,
where it was either introduced from Europe
(Bertness 1984; Carlton 1992; Ganong 1886) or
emerged from glacial refugia in the North
Atlantic (Wares et al. 2002). Today its population
far surpasses that of any other herbivorous snail
in the GOM (Lubchenco 1978) and several
influential studies have demonstrated top-down
control of the algal community by L. littorea on
sheltered and wave-exposed shores (Bertness
1984; Lubchenco 1978; Lubchenco and Menge
1978). On rocky intertidal benches where preda-
tors control the abundance of the blue mussel
Mpytilus edulis, hardy perennial algae such as
Chondrus crispus are the dominant space-holders.
However, when L. littorea is removed, ephemeral
algae overgrow the perennial algae (Lubchenco
1978; Lubchenco and Menge 1978) because
L. littorea prefers to graze on the sporelings of
ephemeral algae (Lubchenco 1978). Due to the
dramatic changes in sedimentation and algal
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cover with the removal of L. littorea (Lubchenco
1978; Lubchenco and Menge 1978; Bertness
1984), it is widely argued that the establishment of
L. littorea caused profound top-down changes in
the intertidal community (Bertness 1998; Carlton
1992; Vadas and Elner 1992). While this is cer-
tainly true, these conclusions are based on
L. littorea removal experiments nearly 150 years
after L. littorea introduction and may not account
for long-term changes in the GOM community.
Long-term changes, such as niche shifts and local
extinctions in response to the arrival of L. littorea
and the subsequent introduction of C. maenas,
complicate the interpretation of removal experi-
ments. In this paper, we reconsider the
impacts of L. littorea in light of broader potential
changes in the GOM community. We suggest that
L. littorea’s current, dominant role in top-down
control of the intertidal algal community might
not be a new community process, but that the
arrival of L. littorea and C. maenas may have
displaced native grazers in that role. In particular,
we consider the possibility of a niche shift in the
native gastropod Littorina saxatilis.

Today in the GOM, L. saxatilis inhabits rock
crevices in the high intertidal spray and barnacle
zones and is found only rarely in the lower
intertidal zone (Lubchenco and Menge 1978;
Behrens Yamada and Mansour 1987; personal
observation). However, several lines of evidence
indicate that L. saxatilis had a more extensive
tidal range before the arrival of L. littorea and
C. maenas. First, transplant experiments in New
England have shown that, in the absence of
competition from L. littorea, L. saxatilis grows
~6 x faster in the low intertidal than in the high
intertidal where it is most abundant (Behrens
Yamada and Mansour 1987), suggesting that
L. saxatilis could have occupied a more extensive
tidal range in the absence of L. littorea. Second, in
the northern part of its range where L. littorea
and C. maenas do not occur, higher densities of
L. saxatilis extend to the middle intertidal
(Johannesson and Johannesson 1990; Reid 1996,
p. 326) and subtidal (Reid 1996, p. 326; Gilkinson
and Methven 1991). Third, Ganong (1886) reports
that native littorines declined dramatically with
the expansion of L. littorea. Other native litto-
rines, such as Littorina obtusata and Lacuna
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vincta, may also have been more abundant in the
low intertidal before L. littorea arrived. Currently,
Lacuna vincta grazes on kelp and other brown
algae, primarily in the subtidal (Johnson and
Mann 1986; Thomas and Page 1983); at high
abundance, it can have negative impacts on local
populations of algae (Thomas and Page 1983;
Fralick et al. 1974). Currently, Littorina obtusata
occurs almost exclusively on Ascophyllum nodo-
sum and other fucoid algae in the mid-intertidal
(Hadlock Seeley 1982, abstract only). In this
study, we focused on the possibility of a niche
shift in the native grazer L. saxatilis because it
occurs across a wider variety of habitats than any
other Littorina species (Reid 1996, p. 324) and it
shows strong local adaptation to these habitats
(Johannesson and Johanesson 1990). If native
littorines, such as L. saxatilis, exerted top-down
control on the algal community before the arrival
of L. littorea, then the community impacts of
L. littorea must be reinterpreted: instead of a
dramatic shift in the algal community, L. littorea
may have brought a dramatic shift in the distri-
bution of the native grazers. While it is impossible
to definitively determine whether L. saxatilis or
other native littorines experienced niche shifts in
the wake of L. littorea expansion (we have
reviewed early accounts and know of no data on
L. saxatilis distribution in the North American
intertidal before the expansion of L. littorea), we
can determine whether L. saxatilis is capable of
top-down control on the algal community similar
to that demonstrated by L. littorea.

A second invader may also exclude L. saxatilis
from the lower intertidal: Carcinus maenas, the
European green crab, was introduced to eastern
North America in the early 1800s and expanded
its range north of Cape Cod in the early 1900s
(Grosholz and Ruiz 1996; Vermeij 1982).
C. maenas has the highest per capita prey con-
sumption rate of any intertidal predator on the
New England coast (Menge 1983), and its intro-
duction affected other native organisms, including
the rapid decline in populations of Mya arenaria
(Ropes 1968) and a change in the shell mor-
phology of Littorina obtusata (Hadlock Seeley
1986; Trussell and Smith 2000). Notably, the
arrival of C. maenas had little effect on L. littorea,
resulting in an increase in the rate of shell repair,

but no change in shell thickness (Vermeij 1982).
Vermeij (1982) suggests two hypotheses to ex-
plain this: (i) L. littorea and C. maenas share a
long evolutionary history in Europe; if L. littorea
was introduced from Europe, then it had little
time to adapt to a low predation environment
before the introduction of C. maenas. (ii) “Geo-
graphically haphazard” variation in predation
pressure combined with widely dispersed pelagic
larvae could prevent local adaptation to preda-
tion. The situation is different for North Ameri-
can populations of the native grazer, L. saxatilis,
which is ovoviviparous, has a long history in
North America without C. maenas, and exhibits
strong local adaptation (Johannesson and Johan-
nesson 1990; Johannesson 2003). These charac-
teristics suggest the possibility of a niche shift in
response to C. maenas introduction. In addition,
in the northern part of L. saxatilis’ range where
C. maenas is absent, L. saxatilis distribution
extends into the mid- and lower intertidal (Reid
1996, p. 326). Predation by C. maenas could
reinforce the exclusion of L. saxatilis from the
lower intertidal additively, through direct preda-
tion, or synergistically, if L. littorea supports
higher densities of C. maenas (i.e., apparent
competition) and/or if C. maenas prefers
L. saxatilis to L. littorea.

In this study, we investigated the impact of
L. littorea and C. maenas on the GOM intertidal
community, asking: (1) is L. saxatilis capable of
top-down control of the algal community, similar
to the effect exerted by L. littorea? and (2) how
do competition by L. littorea and predation by
C. maenas contribute to the exclusion of
L. saxatilis from the lower intertidal?

Materials and methods
Field experiment

To investigate the relative effects of competition
and predation on L. saxatilis, we added L. saxa-
tilis to four caged treatments crossing competition
(L. littorea included/excluded) with predation
(predators excluded/not excluded) and measured
L. saxatilis growth and mortality in each treat-
ment. To compare the effect of L. saxatilis and
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L. littorea grazing on the algal community, we
measured the change in algal composition in
each of these four treatments and in three addi-
tional controls: no cage with natural density of
L. littorea, cage control with natural density of
L. littorea, and full cage with L. littorea removed.
There were seven treatments in total (Table 1).
The experiment was conducted from July 10 to
August 7, 2004, on the sheltered northeast shore
of Appledore Island, a 38.44-ha island in the Isles
of Shoals, Maine (42°58" N, 70°37" W). We used a
randomized, complete-block design with each
treatment replicated once in each of seven blocks;
this design controls for between-block variability
but precludes the analysis of block X treatment
interactions (Neter et al. 1996; Underwood 1997,
Gotelli and Ellison 2004). We set up the seven
experimental blocks on flat, rock benches in the
Chondrus/Mastocarpus zone between 0.15 m and
0.6 m MLLW; each block contained one replicate
each of seven treatments (Table 1). All treat-
ments were circular plots (30 cm diameter) and
cages were constructed of galvanized wire (13 cm
tall, 1.27 cm x 1.27 cm mesh) with a flange that
was bolted into the rocky bench. Cages were
effective at including and excluding L. littorea,
but L. saxatilis were small enough to fit through
the mesh; therefore, all L. saxatilis were tethered
to a lag screw secured in the middle of each cage
(Rochette and Dill 2000). Predator-exclusion
treatments were complete cages with galvanized
wire lids while predator-access treatments were
partial cages without lids and with windows cut in
the sides. Every other day, cages were sampled to
untangle the tethered snails, check for L. saxatilis

Table 1 The seven treatments used in the field experiment

mortality, and add/remove L. littorea to maintain
treatment densities.

Grazer impacts on algae

To measure the effect of grazers in different
treatments, we performed initial and final algal
surveys four weeks apart. A grid of 45 points was
sampled in each treatment; if algae were layered
or epiphytic, both species were recorded.
For analysis, species were grouped into ‘“edible
algae” (Ulva lactuca, Rhizoclonium tortusosum,
Dumontia contorta, Polysiphonia sp., Ceramium
sp., Porphyra sp., Spongomorpha, Acrosiphonia
arcta, and Claudophora sericea; ephemeral
species ranked ‘“‘high” preference in Lubchenco
1978) and ‘“‘unpreferred algae” (Chondrus cris-
pus, Mastocarpus stellatus, Coralina officinalis,
Codium fragile subsp tomentossoides, and Fucus
sp; species ranked ‘“‘medium” and ‘“low” prefer-
ence in Lubchenco 1978). Our response variable
was the change in percent cover of edible algae.
We analyzed this experiment as a two-way main-
effects ANOVA with block as a random main-
effect and treatment as a fixed-effect in JMP
version 5.1; this is the appropriate analysis for a
randomized complete-block design, which con-
trols for between-block variance but precludes
the analysis of a block X treatment interaction
(Neter et al. 1996; Gotelli and Ellison 2004). We
used planned comparisons with Bonferonni cor-
rection to (i) test the effect of caging (Treatment
1 vs. Treatment 2), (ii) repeat past experiments on
the effects of L. littorea removal on algal popu-
lations (Treatment 1 vs. Treatment 3), and (iii)

Treatment Predator manipulation L. saxatilis density L. littorea density
1 control Allowed: no cage 0 natural

2 cage control Allowed: partial cage with lid 0 natural

3 L. littorea removal Allowed: complete cage without lid 0 0

4 +competition, +predation Allowed: partial cage without lid 15 15

S - competition, +predation Allowed: partial cage without lid 30 0

6 +competition, — predation Excluded: complete cage with lid 15 15

7 - competition, — predation Excluded: complete cage with lid 30 0

Treatments were blocked at seven sites; each site contained one of each treatment (n = 7). Predator exclusion cages had lids
and complete sides; predator access cages had no lids and three windows cut into the sides. Even with windows, the cages
were effective at retaining L. littorea; L. littorea densities were checked and adjusted every other day
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test whether the top-down effect exerted by
L. saxatilis is similar to that exerted by L. littorea
(Treatment 7 vs. Treatment 3 and Treatment 7 vs.
Treatment 2).

Snail growth and mortality

To test the effects of competition and predation
on L. saxatilis growth, we measured, tagged, and
randomly assigned L. saxatilis to treatments in
each block (Table 1). Snails were tagged at the
edge of the aperture and growth was measured
by growth beyond the tag (“lip increment”, see
Behrens Yamada and Mansour 1987). We aver-
aged lip increment per unit length across all
snails in each cage and compared treatments
using ANOVA with block as a random main
effect and competition and predation as fixed,
crossed factors. To test for the effects of com-
petition and predation on L. saxatilis survivor-
ship, we recorded mortality every other day.
Mortality included obvious predation by crabs
(crushed or peeled shell fragments) and missing
individuals. Restricting the analysis to crushed
and peeled snails did not change the patterns of
significance and probably underestimates preda-
tion; therefore, we report total mortality. Using
a multiplicative risk model for competition and
predation (Sih et al. 1998), we compared
log(x+1)-transformed snail survival using ANO-
VA with block as a random main effect and
competition and predation as fixed, crossed fac-
tors. We designed this experiment to compare
the effects of interspecific competition and pre-
dation on the growth and mortality of L. saxatilis
and not to compare intra- and inter-specific
competition. (To compare intra- and inter-spe-
cific competition, a symmetric design would be
preferred, though the strong competitive domi-
nance of L. littorea over L. saxatilis makes this
comparison possible even in the asymmetrical
case (Underwood 1997)).

Tethering control
To test for a tethering artifact, we performed

tethering controls in the lab. Ten tethered and ten
untethered L. saxatilis were placed in each of four

large containers with a male C. maenas (40—
45 mm in carapace width) that had been starved
for 48 h. Snail mortality was tracked for 18 h or
until all snails had been consumed. Survival of
tethered and untethered snails was compared
using a Cox proportion hazards model (Hosmer
and Lemeshow 1999); there was no effect of
tethering on survival (P = 0.38).

Predation by exposure, tidal height, size, and
species

To test for the effect of wave exposure and tidal
height on predation pressure, fifty L. saxatilis,
collected at 4 m MLLW from Broad Cove on
Appledore Island were tethered in sheltered and
wave-exposed areas at low and high tidal heights
(low = 0.5 m, tidal height of the main experi-
ment; high = 4 m, approximate height of peak
L. saxatilis density on Appledore Island). Very
few L. saxatilis are currently found near 0.5 m on
Appledore Island (personal observation).
Mortality on the tethers was monitored every day
for six days and survival was compared across
tidal height and exposure using a Cox propor-
tional hazards survival analysis (Hosmer and
Lemeshow 1999).

To compare the predation on L. saxatilis and
L. littorea of different sizes along a depth gra-
dient, individuals of both species were tethered
to bricks placed at each of four depths (- 4, -2,
0, and 0.5 m MLLW). At each depth, we teth-
ered two L. saxatilis (one small, 7-9 mm, and
one large, 11-14 mm) and three L. littorea (one
small, 813 mm, one medium, 15-19 mm, and
one large, 20-25 mm); for analysis, all L. littorea
>15 mm were classified as ‘large”. Bricks
were checked at dawn and dusk for seven days.
We performed a Cox proportional hazard
survival analysis to test the effect of size
class, species, size class X species, and depth
on survival; preliminary analysis indicated no
interactions with depth (P > 0.3). Since size
class and species are confounded, we
also compared survival of small L. littorea
(8-13 mm) and all L. saxatilis (7-9 mm and
11-14 mm) using a planned contrast (Hosmer
and Lemeshow 1999).
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Snail movement

To assess the proximate cause of L. saxatilis dis-
tribution, fifty L. saxatilis were collected at 5 m,
marked, and released at each of three tidal
heights: 0.15, 5, and 7 m. Snails were transported
to release sites in water and the release sites were
moistened if dry. Twenty-four hours later, we
searched within 3 m of the release point for
marked snails and shell fragments (a pilot study
indicated that no snail moved more than 2.2 m
during a 24 h release period). For each recapture,
we measured the total distance and the vertical
distance moved from the release point and com-
pared groups using a one-way ANOVA. Because
no snails moved vertically in the 7 m treatment,
there was heteroscedasticity among tidal heights
despite log(x+1) transformation. However,
removing the 7 m group from the analysis did not
affect the conclusions; therefore, we present the
analysis on the entire dataset.

Results
Field experiment
Grazer impacts on algae

Edible algae responded to grazer density
(Fs36 =420, P =0.003, Fig. 1): the treatment

15 *

Change in % Cover of Edible Algae

Cage Control +L. littorea, +Llittorea,
-3 +predation —predation
Control L. littorea —Llittorea, ~Llittorea,
removal +predation —predation
— _

no L. saxatilis added L. saxatilis added

Fig. 1 Change in percent cover of edible algae after four
weeks. The L. littorea treatment was different from all
other treatments. Treatments 4-7 include L. saxatilis (see
Table 1). The error bars represent + standard error
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with no snails had more edible algae than all
other treatments (Treatment 3 vs. all other
treatments, P < 0.001). Edible algae increased in
response to L. littorea removal compared to the
control (Treatment 3 vs. Treatment 1, P = 0.001)
and the presence of L. saxatilis prevented this
increase (Treatment 3 vs. Treatment 7,
P < 0.002). There was no difference in algal
community response between cages with L. litto-
rea and those with L. saxatilis (Treatment 2 vs.
Treatment 7, P = 0.77). Caging did not affect
algal growth (Treatment 2 vs. Treatment 1,
P = 0.45) but algal growth varied from block to
block (Fg36=4.52, P = 0.0015).

Snail growth and mortality

Competition with L. littorea reduced L. saxatilis’
growth rate in field cages by 44% (Fj1s =29.3,
df =1, P < 0.0001) and predation reduced
L. saxatilis growth by 43% (F;15=42.5,
P < 0.0001) (Fig.2a). However, there was an
interaction between predation and competition
moderating the effect of each in the presence

0.037 9
- - Predators Included ~—=— Predators Excluded
0.025-

0.02
0.015-

0.01+ %

0.005 %

Present Absent
Competition from L. littorea

100 b - - -Predators Included—s— Predators Excluded

80 R PR T R 3
60
40
20 — it
¥ _
04 .
Present Absent

Competition from L. littorea

Fig. 2 The effects of competition and predation on growth
(a) and survivorship (b) of L. saxatilis. The error bars
represent =+ standard error
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of the other (Fj;5=525 P =0.03, Fig. 2a).
The combined effects of predation and compe-
tition produced an overall reduction in growth
rate of 65%. Mortality rate was four-times
higher in cages open to predation (Fj15=127,
P < 0.0001), while there was no effect of
competition on mortality (£ 15=0.027, P = 0.87)
(Fig. 2b).

Predation by exposure, tidal height, size, and
species

L. saxatilis in sheltered habitat were eaten at
twice the rate of those in exposed habitat
(P = 0.004). Snails in the low intertidal were ea-
ten at four times the rate of those in the high
intertidal (P < 0.001) (Fig. 3). The effect of tidal
height was marginally stronger on sheltered
shores (P = 0.054).

The trend of increasing predation with decreas-
ing tidal height continued into the subtidal (Fig. 4).

80

60 1
—a— Exposed, high

% Survival

401 —0— Exposed, low

20 { —a—Sheltered, high

—a— Sheltered, low
0 T T T T |
0 24 48 72 96 120

Time (h)

Fig. 3 Survivorship of L. saxatilis tethered on the exposed
(dashed lines) and sheltered (solid lines) sites at low
(squares) and high (triangles) tidal heights

Snail survival rate decreased 14% every meter into
the subtidal from 0.5 m MLLW to — 4 m MLLW.
Overall, L. saxatilis are 55% more likely to die than
L. littorea (P = 0.008) (Fig. 4, a and c vs. b and d)
and large size class snails die at a rate 38% lower
than small size class snails (P = 0.003) (Fig. 4, a and
b vs. ¢ and d). However, there was no difference in
hazard rate between small L. littorea and all

10 10
(a) b (b)
— +0.5m
0.8 08t .
=2 — 0.0m =3
b — -2.0m ‘
% 06 — -4.0m 06} —_
0’) I
z | |
S L -
£ 04 ‘ 04} |
(=] —
=) g ‘I—I
% 02 — | 02} :|:| i
I =1
L_'l—[—l | L
0.0 0.0
0 24 43 72 96 120 144 0 24 48 72 96 120 144
10 10
0.8 08t
[
=
=
5 o6 06t
=
w
S 04 04}
=
o
o
2 o2 02t
o
0.0 0.0
0 24 43 72 96 120 144 0 24 48 72 96 120 144

Survival Time (h)

Survival Time (h)

Fig. 4 Survivorship of (a) small L. saxatilis, (b) small L. littorea, (¢) large L. saxatilis, and (d) large L. littorea plotted for
each depth. Overall survival decreased 14% for every meter into the subtidal
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L. saxatilis (planned comparison, P = 0.93), indi-
cating that the interspecific difference in hazard
rate is largely due to the interspecific size differ-
ence. Within species, smaller size was marginally
more important in L. saxatilis (38% increase in
mortality) than in L. littorea (5% increase in mor-
tality) (P = 0.06, Fig. 4).

Snail movement

In the mark-recapture study, 60%, 74%, and
100% of L. saxatilis released at the 0.15, 5, and
7m were recovered, respectively. Concurrent
tethering experiments indicated that the over-
night mortality rate at the site was 30% and 8% at
0.5 and 5 m, respectively, accounting for most of
the unrecovered snails. Snails released at 7 m
moved very little (<1 cm), traveling a smaller
total distance than those released at either 0.15 m
(152cm) or 5m (124 cm) (Tukey HSD,
P =0.0001, Fig. 5). L. saxatilis released at 0.15 m
traversed more vertical distance (103 cm) than
those released at S m (- 15 cm) and 7 m (0 cm)
(Tukey HSD, P =0.0001, Fig. 5). No snails re-
leased at 0.15 m moved down; snails released at
5 m moved both up and down but had a net
downward movement.

Discussion

Removing L. littorea increased the amount of
edible algae, in accord with previous studies
(Bertness 1984; Lubchenco 1978) (Fig. 1). The
addition of L. saxatilis prevented this increase in
edible algae (Fig. 1), indicating that L. saxatilis

180 - O Vertical Distance ETotal Distance
150
120 4

0 0388

0 T |—I—, T 1

0.15m Sm Tm
Tidal Height at Release Point

Distance Traveled (cm)
o
[=}
1

Fig. 5 The distance traveled by L. saxatilis at three
different tidal heights (0.15, 5, and 7 m). The error bars
represent + standard error

@ Springer

and L. littorea grazing have similar top-down ef-
fects on the algal community. Therefore, if
L. saxatilis inhabited the lower intertidal region of
the GOM before the arrival of L. littorea,
L. saxatilis could have exerted top-down control
on the algal community, precluding the dramatic
shifts in the algal community of rocky benches
suggested by L. littorea removal experiments
alone.

Both competition and predation had strong
negative effects on L. saxatilis (Fig. 2a, b). Com-
petition decreased L. saxatilis growth rate by 44%
(Fig. 2a) while predation decreased both growth
rate (43%) (Fig. 2a) and survival (75%) (Fig. 2b).
While Ganong (1886) links the decline of native
littorines to increases in L. littorea, the sub-
sequent northward expansion of C. maenas has
reinforced this decline. Now that L. littorea and
C. maenas are both abundant in the GOM,
C. maenas may be more important than L. littorea
in enforcing the lower boundary of L. saxatilis’
distribution due to pronounced effects on both
L. saxatilis growth and mortality (Fig. 2).

Our transplant experiment suggests that the
proximate cause of current L. saxatilis distribu-
tion in the GOM is primarily behavioral. When
moved to a lower tidal height, L. saxatilis moves
vertically to regain its original tidal height
(Fig. 5). Rochette and Dill (2000) found similar
behavior in the intertidal littorines L. sitkana and
L. scutulata, which moved shoreward when re-
leased subtidally. However, the ultimate factors
excluding L. saxatilis from the lower intertidal
include both competition and predation (Fig. 2).
Previous research in New England (Behrens Ya-
mada and Mansour 1987) demonstrated that in
the absence of L. littorea, L. saxatilis grow 6 X
faster at lower tidal heights than at the higher
tidal heights where they are usually found. In our
study, L. saxatilis growth rate was reduced dra-
matically due to competition with L. littorea
(Fig. 2a), and this reduced growth rate leaves
L. saxatilis more susceptible to predation by
C. maenas as the crabs prefer to prey upon
smaller snails (Fig. 4a and b vs. ¢ and d). Simi-
larly, Elner and Raffaelli (1980) compared pre-
dation by C. maenas on L. saxatilis (= L. rudis)
and L. compressa (=L. nigrolineata) in the
northeast Atlantic and found that L. saxatilis, the
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smaller species, was more likely to be consumed;
correspondingly, they found that L. saxatilis is
higher on the shoreline than L. compressa in
areas of high crab density. Predation is both a
proximate and ultimate cause of L. saxatilis dis-
tribution: predators quickly consume any
L. saxatilis that descend into the lower intertidal
and predation negatively impacts both growth
and survival of L. saxatilis (Fig. 2a, b). Rapid
behavioral adaptation to higher competitor
and predator pressure is possible in this spe-
cies: L. saxatilis reproduces viviparously and
studies of L. saxatilis have demonstrated strong
local adaptation along tidal gradients (e.g.,
Johannesson 2003; Rolan-Alvarez et al. 1997).

Predators can decrease the growth rate of prey
through behaviorally mediated indirect effects
(reviewed in Werner and Peacor 2003). Our study
demonstrates a 43% decrease in L. saxatilis
growth rate in predator-access cages. Trussell
et al. (2003) found that L. littorea and Nucella
lapillus fed less and had reduced growth rates in
the presence of C. maenas feeding on conspecific
snails. Similarly, the presence of Cancer produc-
tus reduced the growth rate of Littorina sitkana
only when C. productus was feeding on conspe-
cifics (Behrens Yamada et al. 1998). All snails in
our field experiment were exposed to ambient
cues from local crab predators, but only those in
predator-access cages were exposed to chemical
signals from crushed conspecifics, likely leading to
reduced growth rate.

Predation intensity varied by exposure and ti-
dal height. Predation was higher at sheltered sites
compared to exposed sites (Fig. 2b), which cor-
responds with previous observations that crab
predators are at lower densities at more wave
exposed sites (Grosholz and Ruiz 1996). Preda-
tion increased with decreasing tidal height, similar
to Littorina sitkana and Littorina scutulata in the
northeast Pacific, which experienced higher pre-
dation tethered in the lower intertidal than con-
specifics tethered in their normal range, which is
higher in the intertidal (Behrens Yamada and
Boulding 1996; Rochette and Dill 2000). The
upper intertidal provides a refuge from many
marine predators, which are less tolerant to
emersion (Behrens Yamada and Boulding 1996).
Of the potential predators for L. saxatilis in the

GOM, only C. maenas may be found foraging
above the waterline (personal observation). There
are also native predators, including Cancer bore-
alis (Jonah Crab), Cancer irroratus, Homarus
americanus (American lobster), and Tautogola-
brus adspersus (cunner), all of which were vid-
eotaped eating tethered snails at — 2 m MLLW
(K. Perez, personal communication). However,
the relative densities, feeding rates, and exposure
tolerance of these predators make C. maenas
the most important intertidal consumer of snails:
C. maenas is 9x more abundant than
either C. borealis or C. irroratus between 0 m
and -3 m MLLW around Appledore Island
(M. Wood, J. Ellis, and M. Shulman unpublished
data), and C. maenas is the most voracious of the
three crab predators (Menge 1983).

This study indicates that the historical effects of
invasions can be difficult to reconstruct. Niche
shifts are a common and important effect of
invaders on native communities (Levin 2003);
however, they can be difficult to identify in old
invasions because native species may adapt to new
constraints and secondary invaders may reinforce
these shifts. A straightforward invader-removal
experiment apparently reveals the dramatic effects
of L. littorea expansion on the rocky intertidal al-
gal community (Bertness 1984; Fig. 1: Treatments
1vs. 3). However, considering that native littorines
were dramatically reduced in the wake of L. litto-
rea expansion (Ganong 1886) and that L. saxatilis
can regulate algal populations (Fig. 1), we should
consider the possibility of niche shifts in L. saxatilis
and other native species when interpreting the
impacts of L. littorea. The evidence provided here
suggests that such a niche shift was possible, but
historical changes in L. saxatilis shell morphology
would provide direct evidence. Evaluating histor-
ical changes in L. saxatilis morphology is the sub-
ject of our current work.
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