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The influence of predator density on the chemically mediated nonconsumptive effects (NCEs) that predators
have on prey recruitment was investigated through a field experiment. In rocky intertidal habitats from Nova
Scotia, Canada, cages were established to manipulate the density of predatory dogwhelks (zero, one, five, or
ten individuals per cage) surrounding tiles where barnacles were recruited during the 2013 recruitment season
(May–June). The used range of dogwhelk density spanned the range found naturally in habitats. The tiles were
exposed to chemical cues from the dogwhelks, but not to physical contact with these predators. Barnacle recruit
density was measured at the end of the recruitment season (late June), when the highest recruit densities
occurred. Compared with the control treatment (no dogwhelks), the one- and five-dogwhelk treatments did
not affect barnacle recruit density. However, the occurrence of ten dogwhelks in the cages reduced barnacle
recruit density by 54%, on average. A previous study indicated that higher recruit densities than values found
in this study can neutralize the negative NCEs of ten dogwhelks, as established recruits chemically attract larvae
that are seeking settlement. Therefore, the accumulating evidence indicates that the relative density of predators
and prey recruits influences the occurrence of predator NCEs on prey recruitment.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Predators control prey populations through the consumption of
prey, but they also have nonconsumptive effects (NCEs) that are often
mediated by chemical cues, especially in aquatic habitats (Ferrari
et al., 2010; Brönmark and Hansson, 2012). For example, as prey
organisms detect waterborne chemical cues from nearby predators,
prey may decrease feeding or move away to decrease predation risk
(Trussell et al., 2003; Keppel and Scrosati, 2004; Molis et al., 2011;
Johnston et al., 2012; Orrock et al., 2013). As predator NCEs can
influence many prey organisms simultaneously, NCEs may have larger
consequences for prey populations than consumptive effects (Turner
and Montgomery, 2003; Preisser et al., 2005; Trussell et al., 2006;
Matassa and Trussell, 2011). Therefore, identifying the factors that affect
the intensity of predator NCEs is relevant to predict their impact on prey
populations under different scenarios (Weissburg et al., 2014).

Studies with freshwater (Van Buskirk and Arioli, 2002; Schoeppner
and Relyea, 2008; Silberbush and Blaustein, 2011) and estuarine (Hill
andWeissburg, 2013) predator–prey systemshave shown that negative
NCEs on prey intensify as predators become more numerous, although
the response function differs among cases. That is consistent with the
notion of increasing predator chemical cues in the water as predator

density rises. In fact, the experimental increase of the concentration
of predator chemical cues leads to stronger predator NCEs on prey
(Loose and Dawidowicz, 1994; von Elert and Ponert, 2000;
Ferland-Raymond et al., 2010).

Those studies investigated behavioral and morphological responses
of prey. However, as prey population dynamics are ultimately
determined by demographic rates, it is necessary to evaluate whether
predator density can also influence predator NCEs on prey demography.
No studies have addressed this question as yet, and just a few studies
have examined predator NCEs on prey demographic rates. Examples
include predator NCEs that have been found to limit the rates of settle-
ment (Johnson and Strathmann, 1989; Welch et al., 1997; Tapia-Lewin
and Pardo, 2014) and recruitment (Ellrich et al., 2015) of benthic inver-
tebrate prey. To start covering this knowledge gap, this study did a field
experiment using an intertidal predator–prey system to test the
hypothesis that predator (dogwhelk) density affects the intensity of
negative NCEs on prey (barnacle) recruitment. Barnacle settlement is
positively related to the concentration of conspecific chemical cues
(Crisp, 1990; Dreanno et al., 2007), which suggests that barnacle larvae
seeking settlement may also react to dogwhelk cue gradients resulting
from dogwhelk density changes, higher densities indicating higher
predation risk and presumably stronger NCEs. The particular shape of
the NCE functional response to dogwhelk density was difficult to
predict, however, as the response function has been found to take
different forms in studies that focused on prey behavior and morphology
(Van Buskirk and Arioli, 2002; Schoeppner and Relyea, 2008).
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2. Materials and methods

For barnacles, settlement refers to the permanent contact with the
substrate established by pelagic cyprid larvae (Jenkins et al., 2000),
while recruitment refers to the appearance of new individuals in the
population that have metamorphosed after settlement and have
reached an arbitrary size that allows them to be counted (Cole et al.,
2011). The experiment was done in rocky intertidal habitats in Deming
Island (45° 12′ 45″ N, 61° 10′ 26″ W), near Whitehead, Nova Scotia,
Canada, during the 2013 barnacle recruitment season (May–June).
Maximum water velocity measured on site with dynamometers (see
design in Bell and Denny, 1994) was 4.2 ± 0.1 m s−1 (mean ± SE,
range = 3.0–6.9 m s−1; n = 94) during the study period. Thus, the
studied habitats were subjected to a moderate wave action, since habi-
tats directly facing the open ocean in Nova Scotia experience water
velocities up to 12 m s−1 (Hunt and Scheibling, 2001). Intertidal
temperature measured every 30 min with submersible loggers (HOBO
Pendant Logger, Onset Computer Corp., Pocasset, MA, USA) during the
recruitment seasonwas 9.2± 0.2 °C (mean± SE, n= 6 loggers), values
not exceeding 20 °C during low tides. Coastal seawater salinity was
30 ppt (DFO, 2015). Abundance of coastal phytoplankton (food for bar-
nacle nauplius larvae and recruits; Anderson, 1994; Vargas et al., 2006),
measured as chlorophyll-a concentration, was 3.22 ± 0.02 mg m−3

(mean ± SE, n = 2) during the recruitment season, according to
MODIS-Aqua satellite data (NASA, 2015).

Semibalanus balanoides (Linnaeus, 1767) is the only intertidal barna-
cle species on the studied coast (Scrosati and Heaven, 2007). It is a
cross-fertilizing hermaphrodite (Anderson, 1994) that broods once
per year (Bousfield, 1954; Pineda et al., 2002). In Atlantic Canada,
S. balanoides mating occurs in early autumn, breeding in winter, and
larval release in spring (Bousfield, 1954; Bouchard and Aiken, 2012).
Larvae develop over 5–6 weeks in the water column, after which they
settle in intertidal habitats (Bousfield, 1954). In northern Nova Scotia,
recruits appear in May and June (MacPherson et al., 2008; Beermann
et al., 2013). The dogwhelk Nucella lapillus (Linnaeus, 1758) is the
main predator of S. balanoides. Its feeding activity starts at 3–5 °C of
water temperature (Largen, 1967a). On the Atlantic coast of Nova
Scotia, N. lapillus becomes active in April (Hughes, 1972; Hunt and
Scheibling, 1998), when it can be found preying on adult barnacles.

Each experimental unit (Fig. 1) consisted in a cage made of a PVC
ring (25 cm in diameter and 2.5 cm tall) encased in plastic mesh (open-
ings of 0.5 cm × 0.5 cm). The cage was subdivided with mesh into a
central compartment (12 cm × 12 cm) and a peripheral compartment
(area=347 cm2). The peripheral compartmentwas used tomanipulate
dogwhelk density. The caged dogwhelks could move freely inside the
peripheral compartment, but could not access the central compartment.
In the central compartment, a PVC tile (8.9 cm × 4.6 cm × 0.35 cm)
covered with black tape with a sandpaper texture (Permastik self-
adhesive anti-skid safety tread, RCR International, Boucherville, Quebec,
Canada)was included as a suitable surface for barnacle recruitment. The
tile was attached to the bottommesh of the cage with a plastic screw, a
wingnut, and a washer. The caged dogwhelks could approach the tiles
only up to 1.5 cm, so settling barnacle larvae and recruits were exposed
to dogwhelk cues but not to physical contact with these predators. The
cageswere held in placewith PVC plates andmetallic screws inserted in
plastic wall anchors in holes drilled in the substrate. To avoid cyprid
attraction by adult barnacles (Chabot and Bourget, 1988; Bertness
et al., 1992), all barnacle adults found on 40 cm × 40 cm areas around
the center of each cage were removed. Seaweeds (mainly Fucus
vesiculosus Linnaeus and secondarily Ascophyllum nodosum (Linnaeus)
Le Jolis) found around the cages were removed to exclude potential
effects of seaweed mucus (Johnson and Strathmann, 1989), canopy
flow barriers (Jenkins et al., 1999), or canopy thermal and humidifying
effects (Beermann et al., 2013) on barnacle recruitment. To exclude
NCEs from free-living dogwhelks, any dogwhelks found in a radius of
2maround each cagewere removed at the beginning of the experiment

and every two weeks afterwards; this procedure effectively kept free-
living dogwhelks away.

To evaluate the study's hypothesis, four treatments of dogwhelk
density were created by placing either zero, one, five, or ten dogwhelks
(2.1–2.3 cm long) in the peripheral compartment of a cage. These
treatments covered the natural range of dogwhelk density measured
in 60 quadrats (40 cm × 40 cm) on the study area in the 2012 barnacle
recruitment season: 0–2.9 dogwhelks dm−2. The caged dogwhelks
were collected at the study site. They were not fed during the experi-
ment but, to prevent their starvation, they were replaced every two
weeks, releasing the removed dogwhelks hundreds of meters away.
The experiment was set up as a randomized complete block design,
with each treatment replicated twice in each block (Quinn and
Keough, 2002). Six blocks were established at random on the shore at
an elevation of 2/3 of the full intertidal range, which is 1.8 m on the
studied coast. The experiment thus had 12 replicate cages for each treat-
ment and 48 cages in total. The treatments were set up in late April
2013.

Settled cyprids and recruits appeared for the first time on the shore
on 9May2013. Settled cyprids (0.8–1mmlong) ceased to appear on the
substrate inmid-June. The density of barnacle recruits (1–2mm in basal
diameter) on the tiles was measured on 26 June 2013 using digital
pictures of the tiles. No new recruits appeared after our sampling, as
indicated by subsequent site inspections. Thus, recruit density was
measured at the end of the 2013 recruitment season, when maximum
recruit densities were reached.

To test the effects of dogwhelk density (fixed factor with four levels)
on barnacle recruit density, an analysis of variance (ANOVA)

Fig. 1.A: Top viewof 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 in
this picture to improve viewing of the recruitment plate, but it remained closed with
plastic cable ties during the experiment. The cage was secured with (g) screws and PVC
plates to the substrate. B: Side view of the cage, showing its limited height (2.5 cm).
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