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Abstract.   Predator chemical cues can elicit behavioral changes in prey to minimize predation risk. Re-
cent field studies have shown that such predator nonconsumptive effects (NCEs) can ultimately affect prey 
demography. The environment is known to modulate predator consumptive effects on prey demography, 
but the environmental modulation of predator NCEs on prey demography remains unstudied. We inves-
tigated this knowledge gap using an intertidal predator–prey system. Dogwhelk (Nucella lapillus) chem-
ical cues can limit barnacle (Semibalanus balanoides) recruitment by limiting larval settlement. As waves 
disperse chemicals in coastal environments, we experimentally tested the hypothesis that wave exposure 
limits dogwhelk NCEs on barnacle recruitment. Shortly before the barnacle recruitment season of 2013 
(May–June), we established cages in rocky intertidal habitats in Atlantic Canada under two levels of wave 
exposure. The cages were used to manipulate the presence and absence of dogwhelks. At the center of each 
cage, we installed a tile where barnacle pelagic larvae could settle and develop into recruits. Mesh prevent-
ed caged dogwhelks from accessing the tiles, but allowed their waterborne cues to reach the tiles. Data 
collected at the end of the recruitment season indicated that dogwhelk cues limited barnacle recruitment in 
wave- sheltered habitats but had no effect on recruitment in wave- exposed habitats. These findings suggest 
that predicting predator NCEs on prey demography may require environmental information related to the 
ability of prey to locate predators.
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IntroductIon

Predators regulate prey populations through 
direct consumption, but they also have a variety 
of nonconsumptive effects (NCEs) on prey. For 
instance, when prey species detect chemical cues 
from nearby predators, immediate responses of-
ten include moving away or decreasing feeding 
activities to reduce predation risk (Trussell et al. 
2003, Keppel and Scrosati 2004, Large et al. 2011, 
Molis et al. 2011, Johnston et al. 2012, Orrock 
et al. 2013). Such chemically mediated NCEs are 
common in aquatic and terrestrial predator–prey 

systems (Hermann and Thaler 2014, Matassa and 
Trussell 2015). As predator chemical cues can be 
detected by many prey individuals simultane-
ously, the resulting NCEs on prey populations 
can be extensive (Preisser et al. 2005, Pangle et al. 
2007, Matassa and Trussell 2011, Peacor et al. 
2013).

Studies on predator NCEs have evaluated 
behavioral prey responses far more often than 
demographic responses (Ferrari et al. 2010, Brön-
mark and Hansson 2012, Weissburg et al. 2014). 
This disparity may have resulted from the lon-
ger duration of experiments needed to study 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/


2 July 2016 v Volume 7(7) v Article e01402 v www.esajournals.org

  ELLRiCH AND SCROSATi

demographic changes compared with experi-
ments that evaluate behavior, which is a quicker 
response. This knowledge gap needs to be 
addressed to better understand prey population 
dynamics. The few studies on predator NCEs on 
prey demography have been done mainly with 
aquatic invertebrates. For example, waterborne 
predator cues can limit prey larval settlement 
(Johnson and Strathmann 1989, Welch et al. 1997, 
Tapia- Lewin and Pardo 2014) and subsequent 
recruitment (Ellrich et al. 2015a, b), as many lar-
vae move away when predator cues are detected 
to limit future predation risk (Banks and Dinnel 
2000, Metaxas and Burdett- Coutts 2006). Recruit-
ment is an important demographic rate that often 
influences population persistence (Menge and 
Menge 2013).

A comprehensive understanding of predator 
NCEs on prey demography will need to evaluate 
the environmental context. The environment has 
long been known to affect the intensity of pred-
ator consumptive effects on prey demography 
(Menge and Sutherland 1987). Recent studies 
have shown that the environment may also affect 
the intensity of predator NCEs on prey behavior. 
For instance, water motion disperses waterborne 
predator cues, thereby decreasing the ability of 
prey to detect predators and weakening NCEs on 
prey behavior (Smee and Weissburg 2006, Smee 
et al. 2008, Large et al. 2011). Therefore, water 
motion might ultimately limit predator NCEs 
on prey demography. This study tested this pos-
sibility experimentally for the first time, using 
intertidal dogwhelks and barnacles as a model 
predator–prey system.

Barnacles are sessile organisms with pelagic 
larvae and are common in intertidal habitats 
worldwide. Dogwhelks are benthic predatory 
snails that frequently feed on intertidal barna-
cles. Chemical cues from nearby dogwhelks limit 
barnacle recruitment (Ellrich et al. 2015a, b) by 
limiting larval settlement (Ellrich et al. 2016a). 
in barnacles, settlement refers to the permanent 
contact with the substrate established by pelagic 
larvae (Jenkins et al. 2000), while recruitment is 
the appearance of new benthic individuals that 
have metamorphosed from the settled larvae 
(Cole et al. 2011). Water motion caused by waves 
is a major dispersal agent in intertidal environ-
ments (Denny and Wethey 2001, Blanchette et al. 
2008) and can disperse waterborne predator cues 

in ways that make predator location difficult for 
mobile organisms (Ferner and Weissburg 2005), 
such as barnacle larvae. Therefore, we conducted 
a field experiment to test the hypothesis that 
wave- generated water motion limits the negative 
NCEs that dogwhelks have on barnacle recruit-
ment.

Methods

We did the experiment in Deming island 
(45°12′45″ N, 61°10′26″ W), located near White-
head, on the Atlantic coast of Nova Scotia 
(Canada), during the barnacle recruitment season 
(May–June) of 2013. We used intertidal habitats 
composed of stable bedrock. We selected wave- 
exposed habitats, which face the open ocean 
directly, and wave- sheltered habitats, which are 
protected from oceanic swell by natural rocky 
formations. For both habitat types, we measured 
water motion using gypsum blocks (Boizard and 
DeWreede 2006) and maximum water velocity 
using dynamometers (Bell and Denny 1994). To 
select both habitat types, we measured maximum 
water velocity in April. To ensure that exposure 
differences between both habitat types persisted 
throughout the experiment, we measured water 
motion and maximum velocity during the first 
half (9–27 May) and second half (28 May–25 
June) of the barnacle recruitment season. intertidal 
temperature measured every 30 min with sub-
mersible loggers (HOBO Pendant Logger; Onset 
Computer, Pocasset, Massachusetts, USA) during 
the barnacle recruitment season was similar in 
exposed (9.7° ± 0.2°C, mean ± SE, N = 5 loggers) 
and sheltered (9.9° ± 0.2°C, N = 6 loggers)  habitats, 
with temperatures not exceeding 20°C during 
low tides.

On the studied coast, Semibalanus balanoides is 
the only intertidal barnacle species (Scrosati and 
Heaven 2007, Watt and Scrosati 2013). it is a cross- 
fertilizing hermaphrodite that broods once per 
year (Bousfield 1954). in Atlantic Canada, S. bal-
anoides mates in early autumn, breeds in winter, 
and releases pelagic larvae in spring (Bousfield 
1954, Crisp 1968). Larvae develop over 5–6 weeks 
in coastal waters (Bousfield 1954). in northern 
Nova Scotia, barnacle recruits appear in  intertidal 
habitats in May and June (Cole et al. 2011, Beer-
mann et al. 2013). The dogwhelk Nucella lapillus 
is the main predator of S. balanoides on this coast. 
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On the Atlantic coast of Nova Scotia, N. lapillus 
becomes active in April (Hughes 1972, Hunt and 
Scheibling 1998).

Barnacles and dogwhelks were common 
organisms under the two studied levels of 
wave exposure at the elevation where we set 
up the experiment (two-thirds of the full inter-
tidal range, which is 1.8 m on this coast). Other 
organisms common under both exposure levels 
were canopy- forming macroalgae (mainly Fucus 
vesiculosus) and periwinkles (mostly Littorina lit-
torea). Mussels (Mytilus spp.) were present but in 
very low abundance. To standardize conditions 

for our experiment, fucoid algae, wild barna-
cles, and free- living dogwhelks were dealt with 
as explained below, the few existing mussels 
were removed and relocated elsewhere, and the 
periwinkles were left in place, as they have no 
chemical influence on barnacle larval settlement 
(Holmes 2002).

To test our hypothesis, we used the compar-
ative–experimental method (Menge et al. 1994, 
Vinueza et al. 2014). We manipulated dogwhelk 
presence in sheltered and exposed habitats and 
recorded responses in barnacle recruitment. The 
experimental unit included a cage (Fig. 1) made 
of a PVC ring (25 cm in diameter and 2.5 cm tall) 
and plastic mesh (0.5 cm × 0.5 cm of opening size). 
Each cage was subdivided by mesh into a cen-
tral compartment (12 cm × 12 cm) and a periph-
eral compartment (area = 347 cm2). We used the 
peripheral compartment to manipulate dog-
whelk presence by either excluding dogwhelks or 
by enclosing 10 dogwhelks (2.1–2.3 cm long) col-
lected locally. This density (~3 dogwhelks/dm2) 
represented high natural values, as indicated by 
60 random quadrats (40 cm × 40 cm) measured 
on the studied coast. The central compartment 
of a cage included a PVC tile (8.9 cm × 4.6 cm) 
covered with black tape with a sandpaper tex-
ture (Permastik self- adhesive anti- skid safety 
tread; RCR international, Boucherville, Quebec, 
Canada) to offer a suitable surface for barnacle 
recruitment. We tightened the tile to the bottom 
mesh of its cage with a plastic screw, a wing nut, 
and a washer.

We established 12 cages of each dogwhelk 
treatment in sheltered habitats and 12 cages of 
each treatment in exposed habitats (48 cages in 
total). For each exposure level, we arranged the 
cages following a randomized complete block 
design (Quinn and Keough 2002) in which each 
dogwhelk treatment was replicated twice in each 
of six blocks (12 blocks in total for the experi-
ment). The blocks for the two exposure levels 
were interspersed along the coastline. Block 
size was 16.5 ± 2.8 m2 (mean ± SE, N = 12 blocks) 
and cages within blocks were separated by at 
least 0.5 m. We established the cages on gently 
sloped substrate using screws, washers, and 
plastic anchors placed into holes drilled into the 
substrate. Caged dogwhelks could move freely 
inside the peripheral compartment and approach 
the recruitment tile up to 1.5 cm. Thus, settling 

Fig. 1. Experimental unit. (A) Side view of a cage, 
showing its limited height (2.5 cm). (B) Top view of a 
cage, showing (a) the PVC ring of 25 cm in diameter, 
(b) the central compartment with (c) the barnacle 
recruitment tile, and (d) the peripheral compartment 
with (e) the dogwhelks. The (f) top mesh of the central 
compartment is shown open to improve viewing of 
the recruitment tile, but it remained closed with plastic 
cable ties during the experiment. The cage was secured 
with (g) screws to the substrate. Photographs by J. 
Ellrich.
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cyprids and recruits of barnacles in the central 
compartment were exposed to dogwhelk cues 
but not to physical contact with these predators. 
To exclude cyprid attraction by nearby adult bar-
nacles (Chabot and Bourget 1988, Bertness et al. 
1992, Ellrich et al. 2016b), we removed all adult 
barnacles from 40 cm × 40 cm areas around the 
center of each cage. To exclude influences of 
fucoid canopies such as mucus release (Johnson 
and Strathmann 1989), water flow barriers at high 
tide (Jenkins et al. 1999), and thermal and humid-
ifying effects at low tide (Beermann et al. 2013), 
we removed canopies near the cages. We did not 
feed the caged dogwhelks during the experiment 
but, to prevent their starvation, we replaced them 
every two weeks, releasing the removed individ-
uals hundreds of meters away. We also periodi-
cally removed any free- living dogwhelks found 
around the cages. We started the experiment by 
installing the cages on the shore in late April.

Barnacle recruits started to appear on the tiles 
on 9 May and ceased to appear on 25 June, indi-
cating the end of the 2013 recruitment season. 
On 27 May and on 25 June, we took digital pic-
tures of all tiles to enable the accurate counting 
of recruits on a computer. We tested the effects 
of dogwhelk presence (fixed factor with two 
levels: presence vs. absence) and block (random 
factor with six levels) on barnacle recruit density 
through analyses of variance (ANOVA) applied 
to sheltered and exposed habitats and to the 
May and June data sets. The significance level 
was set at 0.05 for each ANOVA, following the 
rationale of Hurlbert and Lombardi (2012) and 
in agreement with other studies that applied 
the comparative–experimental method (Menge 
et al. 1994, Vinueza et al. 2014). Before the ANO-
VAs, data were log10- transformed to meet the 
homoscedasticity and normality assumptions, 
which we  confirmed through Cochran’s C- test 
and the Kolmogorov–Smirnov test, respectively 
(Quinn and Keough 2002). We conducted the 
analyses with  STATiSTiCA 12.5 (Statsoft, Tulsa, 
 Oklahoma, USA).

results

Maximum water velocity was significantly 
higher in wave- exposed habitats than in wave- 
sheltered habitats shortly before the barnacle 
recruitment season (t24 = 2.07, P = 0.049, N = 13 

per exposure level), as well as in the first half 
(t28 = 2.06, P = 0.049, N = 15) and second half 
(t62 = 2.28, P = 0.026, N = 32) of the recruitment 
season (Fig. 2). Water motion, measured as the 
percent mass loss in gypsum blocks, was sig-
nificantly higher in exposed habitats than in 
sheltered habitats both in the first half 
(t18 = 2.22, P = 0.040, N = 10 per exposure 
level) and in the second half (t26 = 4.67, P < 0.001, 
N = 14) of the recruitment season (Fig. 2).

in wave- sheltered habitats, the nearby pres-
ence of dogwhelks significantly limited barnacle 
recruit density as measured both at the middle 
(27 May) and at the end (25 June) of the recruit-
ment season (Table 1, Fig. 3). in exposed habitats, 

Fig. 2. (A) Maximum water velocity (mean ± SE) in 
sheltered and exposed habitats before and during the 
2013 barnacle recruitment season in Nova Scotia, 
Canada. (B) Water motion (mean ± SE) in sheltered 
and exposed habitats during the same barnacle 
recruitment season. Asterisks (*) indicate a significant 
difference (P < 0.05) between both habitat types.
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however, barnacle recruit density was unaffected 
by dogwhelk presence both at the middle and at 
the end of the recruitment season (Table 1, Fig. 3). 
The block factor was significant in exposed 

 habitats at the middle and end of the recruitment 
season (Table 1). However, those results merely 
indicate that overall recruit density combin-
ing both dogwhelk treatments differed among 
blocks. The important result is that the dog-
whelks × block interaction was never significant 
for exposed habitats (Table 1), indicating that the 
lack of dogwhelk NCEs on barnacle recruitment 
was spatially consistent in such habitats. in shel-
tered habitats, neither the block factor nor the 
dogwhelks × block interaction was significant 
at the middle and end of the recruitment season 
(Table 1), indicating that the negative dogwhelk 
NCEs on barnacle recruitment were spatially 
consistent in such habitats.

dIscussIon

Our field experiment has revealed that the 
nonconsumptive limitation that dogwhelks can 
exert on barnacle recruitment (Ellrich et al. 
2015a) depends on water motion. Thus, this 
study indicates that water motion can decrease 
the intensity of predator NCEs not only on 
prey behavior (Smee and Weissburg 2006, Smee 
et al. 2008, Large et al. 2011) but also on prey 
demography as well. This is important because, 
ultimately, predator NCEs must be understood 
in terms of prey abundance changes to evaluate 

Table 1. Results of the ANOVAs that tested the effect of dogwhelk nearby presence on barnacle recruitment 
at the middle (May) and end (June) of the 2013 barnacle recruitment season in wave- sheltered and wave- 
exposed habitats in Nova Scotia, Canada.

Exposure and 
month Source of variation df SS MS F P

Sheltered (May) Dogwhelks 1 3.10 3.10 31.19 0.003
Block 5 0.77 0.15 1.54 0.323
Dogwhelks × Block 5 0.50 0.10 0.37 0.859
Residual 12 3.21 0.27

Exposed (May) Dogwhelks 1 0.69 0.69 5.83 0.060
Block 5 7.47 1.49 12.69 0.007
Dogwhelks × Block 5 0.59 0.12 0.55 0.734
Residual 12 2.56 0.21

Sheltered (June) Dogwhelks 1 0.95 0.95 13.60 0.014
Block 5 0.88 0.18 2.51 0.167
Dogwhelks × Block 5 0.35 0.07 0.44 0.810
Residual 12 1.89 0.16

Exposed (June) Dogwhelks 1 0.01 0.01 0.14 0.724
Block 5 0.85 0.17 8.72 0.016
Dogwhelks × Block 5 0.10 0.02 0.58 0.714
Residual 12 0.40 0.03

Note: Significant results (P < 0.05) are highlighted in boldface.

Fig. 3. Barnacle recruit density (mean ± SE) at the 
middle (May) and end (June) of the 2013 barnacle 
recruitment season in sheltered and exposed habitats 
in Nova Scotia, Canada, depending on the nearby 
presence or absence of dogwhelks. Asterisks (*) 
indicate a significant difference (P < 0.05) between both 
dogwhelk treatments, while “ns” indicates a nonsig-
nificant result.
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wider impacts on communities (Weissburg et al. 
2014, Madin et al. 2016).

The lack of dogwhelk NCEs found in exposed 
habitats is consistent with a model of cue disper-
sion under high water velocity and turbulence 
(Finelli et al. 2000), as such conditions decrease 
the ability of mobile organisms (such as barnacle 
larvae) to locate cue sources (Ferner and Weiss-
burg 2005, Robinson et al. 2011). However, high 
water flow also favors the supply of barnacle lar-
vae to the intertidal zone (Bertness et al. 1992), 
which was reflected in exposed habitats exhibit-
ing a higher barnacle recruitment than sheltered 
habitats in our study. Barnacle recruits attract 
conspecific larvae that are seeking settlement 
through surface- bound chemical cues, which 
pelagic larvae detect when exploring the sub-
strate (Knight- Jones 1953, Wethey 1984, Hills and 
Thomason 1998, Shanks 2009). Thus, through an 
abundance of positive cues, high barnacle recruit 
densities can prevent dogwhelk NCEs on barna-
cle recruitment (Ellrich et al. 2015a), suggesting 
that the absence of NCEs observed in exposed 
habitats at the end of the recruitment season may 
have occurred also as a result of the flow- driven 
high recruit density. However, barnacle recruit 
density in exposed habitats at the middle of the 
recruitment season was similar to recruit density 
in sheltered habitats at the end of the recruitment 
season, but NCEs occurred only in the second 
case. This comparison reinforces the conclusion 
that water motion limits dogwhelk NCEs on bar-
nacle recruitment.

Environmental conditions are spatially and 
temporally variable. Thus, studying the environ-
mental modulation of predator NCEs on prey 
demography could become a central theme in 
NCE ecology. The dogwhelk–barnacle system 
is particularly useful to advance theory on this 
because the small body sizes and ease of habi-
tat access facilitate field experiments. Conclu-
sions using this system could be applicable, in 
broad terms, to aquatic predator–prey systems in 
which benthic prey have pelagic larvae. Specifi-
cally regarding water motion, it would be inter-
esting to test if very low water motion (such as in 
enclosed bays) could decrease dogwhelk NCEs 
on barnacle recruitment compared with the wave- 
sheltered habitats that we studied. Calm waters 
limit the dispersal of chemical cues (Finelli et al. 
2000, Pasternak et al. 2004),  reducing the ability 

of prey to detect cues from predators occurring 
beyond a small distance (Smee and Weissburg 
2006, Large et al. 2011). Thus, for the dogwhelk 
density and distance to tiles used for our study, 
very low water motion could limit dogwhelk 
NCEs on barnacle recruitment, suggesting a 
possible unimodal relationship between water 
motion and NCE intensity.

From basic similarities between air and water, 
this study could have wide- ranging implications 
for NCE ecology. Animal chemical cues are dis-
seminated through both air and water, and wave- 
generated water motion has its equivalent in air 
through winds (Zimmer and Zimmer 2008). As 
yet, no studies have investigated wind influences 
on chemically mediated predator NCEs on prey. 
However, wind has been shown to affect chem-
ically mediated location of mates (Nakamura 
1976, Willis et al. 2008) and hosts (Brady et al. 
1995) in insects and visually mediated location of 
potentially threatening moving stimuli in birds 
(Carr and Lima 2010). Therefore, our findings 
suggest that, eventually, predator NCEs on prey 
may be found to depend on air motion in terres-
trial environments. Overall, performing exper-
imental research using aquatic and terrestrial 
predator–prey systems should lead to building 
a general theory on how the fluid environment 
influences predator NCEs on prey demography.

AcknowledgMents

We thank Katharina Romoth, Lorena Arribas, and 
Willy Petzold for field assistance, David Risk, Steven 
MacDonald, and Vince Arsenault for laboratory as-
sistance, and Markus Molis, Russell Wyeth, and an 
anonymous reviewer for constructive comments. This 
study was funded through grants awarded to R. 
Scrosati by the Canada Research Chairs Program 
(CRC), the Canada Foundation for innovation (CFi), 
and the Natural Sciences and Engineering Research 
Council (NSERC, Discovery Grant). Authors have 
no conflict of interest to declare.

lIterAture cIted

Banks, J., and P. Dinnel. 2000. Settlement behavior of 
Dungeness crab (Cancer magister Dana, 1852) mega-
lopae in the presence of the shore crab, Hemigrapsus 
(Decapoda, Brachyura). Crustaceana 73:223–234.

Beermann, A. J., J. A. Ellrich, M. Molis, and R. A. 
Scrosati. 2013. Effects of seaweed canopies and 



7 July 2016 v Volume 7(7) v Article e01402 v www.esajournals.org

  ELLRiCH AND SCROSATi

adult barnacles on barnacle recruitment: the inter-
play of positive and negative influences. Journal 
of Experimental Marine Biology and Ecology 
448:162–170.

Bell, E. C., and M. W. Denny. 1994. Quantifying “wave 
exposure”: a simple device for recording maxi-
mum velocity and results of its use at several field 
sites. Journal of Experimental Marine Biology and 
Ecology 181:9–29.

Bertness, M. D., S. D. Gaines, E. G. Stephens, and P. O. 
Yund. 1992. Components of recruitment in popu-
lations of the acorn barnacle Semibalanus balanoides 
(Linnaeus). Journal of Experimental Marine Biol-
ogy and Ecology 156:199–215.

Blanchette, C. A., M. J. O’Donnell, and H. L. Stewart. 
2008. Waves as an ecological process. Pages 3764–
3770 in S. E. Jørgensen and B. D. Fath, editors. 
Ecological processes. Volume 5 of Encyclopedia of 
ecology. Elsevier, Oxford, UK.

Boizard, S. D., and R. E. DeWreede. 2006. inexpen-
sive water motion measurement devices and tech-
niques and their utility in macroalgal ecology: a 
review. ScienceAsia 32:43–49.

Bousfield, E. L. 1954. The distribution and spawning 
seasons of barnacles on the Atlantic coast of Can-
ada. Bulletin of the National Museum of Canada 
132:112–154.

Brady, J., N. Griffiths, and Q. Paynter. 1995. Wind 
speed effects on odour location by tsetse flies (Glos-
sina). Physiological Entomology 20:293–302.

Brönmark, C., and L. A. Hansson. 2012. Chemical ecol-
ogy in aquatic systems. Oxford University Press, 
Oxford, UK.

Carr, J. M., and S. L. Lima. 2010. High wind speeds 
decrease the responsiveness of birds to potentially 
threatening moving stimuli. Animal Behaviour 
80:215–220.

Chabot, R., and E. Bourget. 1988. influence of substra-
tum heterogeneity and settled barnacle density 
on the settlement of cypris larvae. Marine Biology 
97:45–56.

Cole, S. W. B., R. A. Scrosati, J. C. Tam, and A. V. 
Sussmann. 2011. Regional decoupling between 
NW Atlantic barnacle recruit and adult density is 
related to changes in pelagic food supply and ben-
thic disturbance. Journal of Sea Research 65:33–37.

Crisp, D. J. 1968. Differences between North American 
and European populations of Balanus balanoides 
revealed by transplantation. Fisheries Research 
Board of Canada 25:2633–2641.

Denny, M. W., and D. S. Wethey. 2001. Physical pro-
cesses that generate patterns in marine communi-
ties. Pages 3–37 in M. D. Bertness, S. D. Gaines, and 
M. E. Hay, editors. Marine community ecology. 
Sinauer, Sunderland, Massachusetts, USA.

Ellrich, J. A., R. A. Scrosati, and M. Molis. 2015a. Pred-
ator nonconsumptive effects on prey recruitment 
weaken with recruit density. Ecology 96:611–616.

Ellrich, J. A., R. A. Scrosati, and W. Petzold. 2015b. 
Predator density affects nonconsumptive predator 
limitation of prey recruitment: field experimental 
evidence. Journal of Experimental Marine Biology 
and Ecology 472:72–76.

Ellrich, J. A., R. A. Scrosati, C. Bertolini, and M. Molis. 
2016a. A predator has nonconsumptive effects on 
different life- history stages of a prey. Marine Biol-
ogy 163:5.

Ellrich, J. A., R. A. Scrosati, K. Romoth, and M. Molis. 
2016b. Adult prey neutralizes predator noncon-
sumptive limitation of prey recruitment. PLoS One 
11:e0154572.

Ferner, M. C., and M. J. Weissburg. 2005. Slow- moving 
predatory gastropods track prey odors in fast and 
turbulent flow. Journal of Experimental Biology 
208:809–819.

Ferrari, M. C. O., B. D. Wisenden, and D. P. Chivers. 
2010. Chemical ecology of predator prey interac-
tions in aquatic ecosystems: a review and prospec-
tus. Canadian Journal of Zoology 88:698–724.

Finelli, C. M., N. D. Pentcheff, R. K. Zimmer, and D. 
S. Wethey. 2000. Physical constraints on ecological 
processes: a field test of odor- mediated foraging. 
Ecology 81:784–797.

Hermann, S. L., and J. S. Thaler. 2014. Prey perception 
of predation risk: volatile chemical cues mediate 
non- consumptive effects of a predator on a herbiv-
orous insect. Oecologia 176:669–676.

Hills, J. M., and J. C. Thomason. 1998. The effect of 
scales of surface roughness on the settlement of 
barnacle (Semibalanus balanoides) cyprids. Biofoul-
ing 12:57–69.

Holmes, S. P. 2002. The effect of pedal mucus on barna-
cle cyprid settlement: A source for indirect interac-
tions in the rocky intertidal? Journal of the Marine 
Biological Association of the United Kingdom 
82:117–129.

Hughes, R. N. 1972. Annual production of two Nova 
Scotian populations of Nucella lapillus (L.). Oecolo-
gia 8:356–370.

Hunt, H. L., and R. E. Scheibling. 1998. Effects of whelk 
(Nucella lapillus (L.)) predation on mussel (Myti-
lus trossulus (Gould), M. edulis (L.)) assemblages 
in tidepools and on emergent rock on a wave- 
exposed rocky shore in Nova Scotia, Canada. Jour-
nal of Experimental Marine Biology and Ecology 
226:87–113.

Hurlbert, S. H., and C. M. Lombardi. 2012. Lopsided 
reasoning on lopsided tests and multiple compar-
isons. Australian and New Zealand Journal of Sta-
tistics 54:23–42.



8 July 2016 v Volume 7(7) v Article e01402 v www.esajournals.org

  ELLRiCH AND SCROSATi

Jenkins, S. R., T. A. Norton, and S. J. Hawkins. 1999. Set-
tlement and post- settlement interactions between 
Semibalanus balanoides (L.) (Crustacea: Cirripedia) 
and three species of fucoid canopy algae. Journal of 
Experimental Marine Biology and Ecology 236:49–67.

Jenkins, S. R., et al. 2000. Spatial and temporal varia-
tion in settlement and recruitment of the intertidal 
barnacle Semibalanus balanoides (L.) (Crustacea: Cir-
ripedia) over a European scale. Journal of Experi-
mental Marine Biology and Ecology 243:209–225.

Johnson, L. E., and R. R. Strathmann. 1989. Settling 
barnacle larvae avoid substrata previously occu-
pied by a mobile predator. Journal of Experimental 
Marine Biology and Ecology 128:87–103.

Johnston, B. R., M. Molis, and R. A. Scrosati. 2012. 
Predator chemical cues affect prey feeding activity 
differently in juveniles and adults. Canadian Jour-
nal of Zoology 90:128–132.

Keppel, E., and R. Scrosati. 2004. Chemically mediated 
avoidance of Hemigrapsus nudus (Crustacea) by 
Littorina scutulata (Gastropoda): effects of species 
coexistence and variable cues. Animal Behaviour 
68:915–920.

Knight-Jones, E. W. 1953. Laboratory experiments on 
gregariousness during setting in Balanus balanoides 
and other barnacles. Journal of Experimental Biol-
ogy 30:584–598.

Large, S. i., D. L. Smee, and G. C. Trussell. 2011. Envi-
ronmental conditions influence the frequency of 
prey responses to predation risk. Marine Ecology 
Progress Series 422:41–49.

Madin, E. M. P., L. M. Dill, A. D. Ridlon, M. R. Heithaus, 
and R. R. Warner. 2016. Human activities change 
marine ecosystems by altering predation risk. 
Global Change Biology 22:44–60.

Matassa, C. M., and G. C. Trussell. 2011. Landscape 
of fear influences the relative importance of con-
sumptive and nonconsumptive predator effects. 
Ecology 92:2258–2266.

Matassa, C. M., and G. C. Trussell. 2015. Effects of pre-
dation risk across a latitudinal temperature gradi-
ent. Oecologia 177:775–784.

Menge, B. A., and D. N. L. Menge. 2013. Dynam-
ics of coastal meta- ecosystems: the intermittent 
upwelling hypothesis and a test in rocky intertidal 
regions. Ecological Monographs 83:283–310.

Menge, B. A., and J. P. Sutherland. 1987. Community 
regulation: variation in disturbance, competition, 
and predation in relation to environmental stress 
and recruitment. American Naturalist 130:730–757.

Menge, B. A., E. L. Berlow, C. A. Blanchette, S. A. 
Navarrete, and S. B. Yamada. 1994. The keystone 
species concept: variation in interaction strength in 
a rocky intertidal habitat. Ecological Monographs 
64:249–286.

Metaxas, A., and V. Burdett-Coutts. 2006. Response of 
invertebrate larvae to the presence of the cteno-
phore Bolinopsis infundibulum, a potential predator. 
Journal of Experimental Marine Biology and Ecol-
ogy 334:187–195.

Molis, M., i. Preuss, A. Firmenich, and J. Ellrich. 2011. 
Predation risk indirectly enhances survival of sea-
weed recruits but not intraspecific competition in 
an intermediate herbivore species. Journal of Ecol-
ogy 99:807–817.

Nakamura, K. 1976. The effect of wind velocity on the 
diffusion of Spodoptera litura (F.) sex pheromone. 
Applied Entomology and Zoology 11:312–319.

Orrock, J. L., E. L. Preisser, J. H. Grabowski, and G. C. 
Trussell. 2013. The cost of safety: refuges increase 
the impact of predation risk in aquatic systems. 
Ecology 94:573–579.

Pangle, K. L., S. D. Peacor, and O. E. Johannsson. 2007. 
Large nonlethal effects of an invasive invertebrate 
predator on zooplankton population growth rate. 
Ecology 88:402–412.

Pasternak, Z., B. Blasius, Y. Achituv, and A. Abelson. 
2004. Host location in flow by larvae of the symbi-
otic barnacle Trevathana dentata using odour- gated 
rheotaxis. Proceedings of the Royal Society of Lon-
don B 271:1745–1750.

Peacor, S. D., B. L. Peckarsky, G. C. Trussell, and J. R. 
Vonesh. 2013. Costs of predator- induced pheno-
typic plasticity: a graphical model for predicting the 
contribution of nonconsumptive and consumptive 
effects of predators on prey. Oecologia 171:1–10.

Preisser, E. L., D. i. Bolnick, and M. F. Benard. 2005. 
Scared to death? The effects of intimidation and 
consumption in predator–prey interactions. Ecol-
ogy 86:501–509.

Quinn, G. P., and M. J. Keough. 2002. Experimental 
design and data analyses for biologists. Cambridge 
University Press, Cambridge, UK.

Robinson, E. M., D. L. Smee, and G. C. Trussell. 2011. 
Green crab (Carcinus maenas) foraging efficiency 
reduced by fast flows. PLoS One 6:e21025.

Scrosati, R., and C. Heaven. 2007. Spatial trends in 
community richness, diversity, and evenness 
across rocky intertidal environmental stress gradi-
ents in eastern Canada. Marine Ecology Progress 
Series 342:1–14.

Shanks, A. L. 2009. Barnacle settlement versus recruit-
ment as indicators of larval delivery. i. Effects of 
post- settlement mortality and recruit density. 
Marine Ecology Progress Series 385:205–216.

Smee, D. L., and M. J. Weissburg. 2006. Clamming up: 
environmental forces diminish the perceptive abil-
ity of bivalve prey. Ecology 87:1587–1598.

Smee, D. L., M. C. Ferner, and M. J. Weissburg. 2008. 
Alteration of sensory abilities regulates the  spatial 



9 July 2016 v Volume 7(7) v Article e01402 v www.esajournals.org

  ELLRiCH AND SCROSATi

scale of nonlethal predator effects. Oecologia 
156:399–409.

Tapia-Lewin, S., and L. M. Pardo. 2014. Field assessment 
of the predation risk–food availability trade- off in 
crab megalopae settlement. PLoS One 9:e95335.

Trussell, G. C., P. J. Ewanchuk, and M. D. Bertness. 
2003. Trait- mediated effects in rocky intertidal food 
chains: predator risk cues alter prey feeding rates. 
Ecology 84:629–640.

Vinueza, L. R., B. A. Menge, D. Ruiz, and D. M. Pala-
cios. 2014. Oceanographic and climatic variation 
drive top- down/bottom- up coupling in the Gala-
pagos intertidal meta- ecosystem. Ecological Mono-
graphs 84:411–434.

Watt, C. A., and R. A. Scrosati. 2013. Bioengineer effects 
on understory species richness, diversity, and com-
position change along an environmental stress 
gradient: experimental and mensurative evidence. 
Estuarine, Coastal and Shelf Science 123:10–18.

Weissburg, M., D. L. Smee, and M. C. Ferner. 2014. 
The sensory ecology of nonconsumptive predator 
effects. American Naturalist 184:141–157.

Welch, J. M., D. Rittschof, T. M. Bullock, and R. B. For-
ward. 1997. Effects of chemical cues on settlement 
behaviour of blue crab Callinectes sapidus postlar-
vae. Marine Ecology Progress Series 154:143–153.

Wethey, D. S. 1984. Spatial pattern in barnacle settle-
ment: day- to- day changes during the settlement 
season. Journal of the Marine Biological Associa-
tion of the United Kingdom 64:687–698.

Willis, M. A., J. L. Avondet, and A. S. Finnell. 2008. 
Effects of altering flow and odor information on 
plume tracking behavior in walking cockroaches, 
Periplaneta americana (L.). Journal of Experimental 
Biology 211:2317–2326.

Zimmer, R. K., and C. A. Zimmer. 2008. Dynamic scal-
ing in chemical ecology. Journal of Chemical Ecol-
ogy 34:822–836.


