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Introduction

Abstract

Many predators are also scavengers that feed on carrion and human refuse.
Therefore, the availability of carrion can elevate the abundance or activity of
facultative scavengers, amplifying predation pressure on prey. On Australian
beaches, fishermen often discard fish carcasses that could attract facultative
scavengers, both native, such as Australian ravens Corvus coronoides, and inva-
sive, such as European red foxes Vulpes vulpes, and result in elevated rates of
predation on wildlife. We tested whether the presence of fish carcasses increased
the risk of depredation for nearby nests of beach-nesting birds by deploying
artificial nests in 12 subsidized and 12 control patches, spaced 1 km apart, on a
beach. We placed a fish carcass in each subsidized patch, but not at control
patches. In each patch, we placed two artificial nests, which resembled red-
capped plover Charadrius ruficapillus nests, 80 m apart and 40 m from carcasses
at subsidized patches. Nest predators were identified from tracks and predator
activity near subsidized and control nests was measured by counting tracks
crossing a straight transect (220 m). The activity of a native predator, the Aus-
tralian raven, was 17 times higher near (<80 m) nests with fish carcasses than
nests without carcasses. After 72 h, 96% of nests near carcasses were depredated
compared with 30% of nests without carcasses. Ravens were identified as the
culprit for 80% of depredated nests. Although other predators were present in
the study area, they did not depredate artificial nests in this experiment. Previ-
ous studies have highlighted the effects of permanent and/or large-scale food
resources on scavenger abundance and impact. A key management implication
of our study is that even small, sparsely distributed, temporally irregular food
subsidies, provided by humans, can elevate the activity and predatory impacts of
facultative scavengers.

Cortés-Avizanda et al., 2012). However, the expansion of
human society has increased the availability of carrion in

If alternate food sources are available, prey-switching
generalist predators can suppress the populations of
their secondary prey species to critically low levels and
even extinction (Sinclair ef al., 1998). Many predators are
also scavengers that feed on, but are not dependent
on, carrion and human refuse. Thus the availability of
carrion could elevate predator abundance or activity,
amplifying the predatory impacts of these facultative scav-
engers on their prey (Sinclair efal., 1998; Kristan &
Boarman, 2003).

In many ecosystems, carrion is a temporally and spatially
unpredictable resource (Towne, 2000; Roth, 2003;
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many areas (e.g. Votier et al., 2004). For example, at refuse
tips, abattoirs, fish-cleaning stations, boat-ramps and on
roads where road kill is a frequent occurrence, carrion is
regularly available (Angelstam, 1986; Andren, 1992;
Haskell, Knupp & Schneider, 2001; Boarman, 2003;
Newton, 2004). In areas such as these, carrion subsidies
allow populations of generalist predators to maintain high
densities independent of the abundance of prey, leading to
hyper-predation [sensu (Sinclair et al., 1998)] of prey
(Kristan & Boarman, 2003; Votier et al., 2004).

Several studies have documented the effects of reliable,
long-lived resource subsidies (e.g. refuse tips, urban
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development, carcass dumps) on facultative scavengers
and their prey (e.g. Boarman, 2003; Kristan & Boarman,
2003; Cortés-Avizanda et al., 2009b). However, the effects
of small, ephemeral carrion subsidies on facultative
scavenger—prey interactions are less well-understood.
Since many human activities result in the provision of
small, sparsely distributed quantities of carrion, such as
offal piles from kangaroo harvesting and fishing, the
implications for wildlife could be widespread (Votier
et al., 2004; Wilson & Read, 2004). Understanding the
implications of carrion-producing activities is important,
so that practices can be refined to minimize impacts on
wildlife.

In Australia, populations of beach-nesting birds (BNBs)
are declining and nest predation is a contributing factor
(Mahon, 2009). Introduced European red foxes Vulpes
vulpes (hereafter ‘foxes’) and native ravens Corvus sp. (here-
after ‘ravens’) and silver gulls  Chroicocephalus
noevaehollandiae (hereafter ‘gulls’) are thought to be the
major predators responsible for nest losses (Maguire,
Stojanovic & Weston, 2009; Mahon, 2009). Foxes, ravens
and gulls all scavenge carrion, occur in high densities in
coastal areas and frequently forage on beaches (Meek &
Saunders, 2000; Higgins, Peter & Cowling, 2006; Allen,
Goullet & Palmer, 2012). In eastern Australia, fishing is a
popular activity. In a survey of coastal areas surrounding
our study area, an average of 4.8 and 2.5 fishermen/2 km of
coastline were counted at peak times during school holidays
and term time respectively (Kingsford, Underwood &
Kennelly, 1991). Fishermen often discard fish carcasses on
beaches, sometimes close (<200 m) to BNB nests (J.D. Rees,
pers. obs.). This practice could potentially attract facultative
scavengers, with deleterious consequences for BNBs
(Marzluff & Neatherlin, 2006).

Many important BNB breeding areas are located on or
adjacent to beaches, which are often far from developed
areas but are frequently (>one fisherman, once/week)
visited by small numbers of recreational fishermen who
gain access to the beaches using four-wheel-drive vehicles.
At these breeding areas, carrion waste from fishermen
could potentially increase the activity of facultative scaven-
gers (Neatherlin & Marzluff, 2004; Marzluff & Neatherlin,
2006), thereby increasing depredation of BNB nests
(Wilcove, 1985). Previous studies have linked discard rates
from large, commercial fisheries to prey-switching behavior
in avian facultative scavengers and depressed populations
of sympatric seabird prey (Votier et al., 2004). However,
few studies have documented a direct causal connection
between small carrion subsidies and local increases in nest
depredation. Despite the potential importance of subsi-
dized facultative scavengers in Australian ecosystems,
where obligate scavengers are absent, little has been pub-
lished on scavenging processes in this region (Brown, Field
& Letnic, 2006; O’Brien et al., 2010). Here we investigate if
the presence of a relatively small, temporary resource
subsidy, in the form of a fish carcass, increases: (1) the
activity of facultative scavengers and (2) the risk of nest
depredation for BNBs.
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Materials and methods

To test whether fish scraps discarded by beach fishermen
result in an increase in shorebird nest depredation, we con-
ducted an artificial nest experiment in February 2011 on
Stockton Beach, a 32-km-long ocean beach surrounded by
native vegetation near Newcastle, NSW. We established 24
patches at 1-km intervals, alternating between food subsi-
dized (n = 12) and control patches (n = 12). Each patch con-
tained two artificial nests spaced 80 m apart.

We constructed artificial nests to mimic those of the red-
capped plover (RCP) Charadrius ruficapillus (Fig. 1a and b)
and deployed them in February, which is during this species’
breeding season. We placed nests in the dunes, often close to
ephemeral wetlands in likely nest locations (Marchant &
Higgins, 1993), including on shell middens or among scat-
tered charcoal or small stones and among dune vegetation.
These nest sites are typical of those selected by RCPs and we
observed RCP pairs breeding in these locations.

On the coastal beaches of Australia, territorial pairs of
RCPs usually nest separately (Marchant & Higgins, 1993).
In the study area, we did not observe natural nests closer

Figure 1 Photographs of (a) an artificial nest deployed in this study
and (b) a red-capped plover (RCP) nest. Artificial nests were similar to
RCP nests in situation and appearance (photograph of RCP nest by
Colin Ashford).
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than 300 m apart. However, we did not thoroughly search
for natural nests. Where loose aggregations of nesting RCPs
have been observed, nesting densities of 70-100 m between
nests is normal, with nests rarely closer than 28 m apart
(Marchant & Higgins, 1993). Therefore the density of our
artificial nests (80-m separation within each patch and 1-km
between patches) was consistent with natural RCP nesting
densities in coastal south-east Australia (Marchant &
Higgins, 1993).

At each nest site, we made a shallow scrape [10-cm diam-
eter, ~1.3-cm deep (Marchant & Higgins, 1993)] into which
we placed two eggs. RCPs almost invariably produce two
eggs per clutch (Marchant & Higgins, 1993). We used eggs
of the Japanese quail Coturnix japonica because they are
similar in size, shape and coloration to RCP eggs [size of
34 x 27 mm (Kumari et al., 2008) vs. 31 x 23 mm respec-
tively (Marchant & Higgins, 1993)].

In artificial nest experiments, the lack of parent birds may
bias the likelihood of predation towards particular preda-
tors, and therefore artificial nests may be depredated by
different predators and at different rates to natural nests
(Willebrand & Marcstrom, 1988; Santisteban, Sieving &
Avery, 2002). A common concern is that artificial nests may
lack parent bird odour (Ortega et al., 1998). RCPs do not
use feathers in the construction of nests and do not defecate
at nest sites, minimizing the sources of olfactory cues that
could attract predators (Marchant & Higgins, 1993).
Despite these precautions, subtle odour likely exists at RCP
nests, detectable to mammalian predators but not humans.
We placed quail eggs in the field within 6 h of obtaining
them from quail nests within an aviary, to ensure our nests
retained parent bird odour, and the experiment only ran
for 72 h.

At each carrion subsidized patch, we placed a filleted
carcass of a large (~75 cm; 1-2 kg filleted weight) Atlantic
salmon Salmo salar 40 m from each nest. The Atlantic
salmon carcasses are similar in size and appearance to those
of eastern Australian salmon Arripis trutta, a common
waste discarded by fishermen in the study area. We obtained
fresh fish carcasses from a fish monger and distributed them
in the field within 12 h. We placed carcasses and nests on
beaches between 08:00 h and 12:00 h. To prevent ravens
observing nest and carcass placement, we used binoculars
(Nikon Monarch 10 x 42) to scan the surroundings of each
nest site for ravens. If ravens were detected, we did not place
the nest or carcass and moved on to the next patch. No
carcasses were placed in control patches. We did not use
markers to indicate nest locations to avoid associative learn-
ing by predators.

We checked nests 72 h after placement and because most
treatment nests had been depredated, we terminated the
experiment at this point. A nest was considered depredated
if one or both eggs were missing or damaged. We deter-
mined predator identity from tracks and observations of
nest damage. Ravens typically removed both eggs, although
sometimes tiny shell fragments were observed beside raven
tracks. Ravens can swallow quail eggs whole (J.D. Rees,
pers. obs.). The tracks of ravens and gulls are easily distin-
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guishable as ravens and gulls feet are distinct. Ravens feet
are non-webbed and have a long, clawed hind toe, while
gulls feet are webbed and have a small hind toe. We only
observed the raven species Australian raven Corvus
coronoides in the study area. Fox predation of nests is char-
acterized by partial cracking of the egg shells and footprints
are usually visible in the sand (Maguire et al., 2009).

When we checked nests, 72 h after we placed them, we
also recorded predator activity at each site by walking a
straight transect, following a random compass bearing start-
ing at the fish carcass for subsidized nests or at a point 40 m
in a random direction from the nest for control nests. We
recorded raven and fox tracks crossing transects between
each 20-m interval, over a distance of 220 m from the start
point. We also used tracks to determine whether foxes or
ravens had scavenged on carcasses. At two control sites,
tracks from four-wheel-drive vehicle activity prevented us
from obtaining reliable track counts on track-transects.

We wused repeated measures analysis of variance
(ANOVA) to investigate the effects of fish carcasses
(presence/absence) and distance from fish carcasses (0-20 m,
20-40 m, 40-60 m, 60-80 m, 80-100 m, 100-120 m, 120—
140 m, 140-160 m, 160-180 m, 180-200 m, 200-220 m) on
raven activity (number of raven tracks crossing the transect/
20 m). Carcass was the ‘between’ factor and distance was
the ‘within’ factor in repeated measures ANOVA.
Mauchly’s sphericity test indicated a lack of sphericity in the
data and hence probability values were adjusted using the
Huynh—Feldt epsilon. Single degree of freedom contrasts
were used to determine if there were differences between
treatment means for the effect of distance. To determine if
the likelihood of a nest being depredated was affected by the
presence of fish carcasses, we analysed the data as a gener-
alized linear mixed model with a binomial distribution,
using the ‘glmmML’ package in the statistical program R
(version 2.12.1; www.r-project.org). We gave nest survival
(depredated or survived) as the response variable, treatment
(carcass or control) as the predictor variable and patch as
the random variable, to account for the nested design of the
experiment.

Results

Raven activity was higher at subsidized sites (within 80 m of
carcasses) than at control sites (carcass, Fj = 18.16,
P <0.001) and decreased with distance from carcass
at sites where fish carcasses were placed (Fig. 2; distance
Fio200=19.45, P <0.001; carcass x distance, Fjo20 = 15.70,
P <0.001). The increase in raven activity at subsidized
sites was focused within 80 m of fish carcasses (Fig. 2)
and was significantly greater at sites with fish carcasses
at 0-20m  X(carcass)=13.67£2.6,  X(control)=0,
tip0=-4.296, P <0.001], 2040 m X (carcass)=2.67%0.71,
X (control)=0.11£0.11, f120=-2.512, P=0.02], 40-60 m
X (carcass)=2£0.51, X(control)=0.22£0.15,  t120=
-3.151, P=0.005] and 60-80 m X(carcass)=1.75+£0.66,
X (control) =0, ¢ 10 =—-2.132, P = 0.05] from carcasses. Fox
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Figure 2 Raven activity (number of tracks crossing/20 m) along
transects at sites with and without experimentally placed fish car-
casses on Stockton Beach, NSW. Graph shows mean values + 1 SE.
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Figure 3 Proportion of sites with and without experimentally placed
fish carcasses in which both nests, one nest or no nests were
depredated after 72 h. Twenty-four study sites were spaced 1 km
apart and each site contained two artificial nests spaced 80 m apart.
A filleted carcass of an Atlantic salmon was placed 40 m from the
nests at fish carcass sites, but not at control sites.

tracks were found near (0-20 m) fish carcasses at five subsi-
dized sites but were absent at control sites.

The presence of fish carcasses resulted in increased nest
depredation (B;=6.17, se=1.08, P=0.006, Fig. 3). After
72 h, 96% of nests near carcasses were depredated, com-
pared with 30% of control nests. Ravens were identified as
predators at 80% of depredated nests. All depredated nests
without identifiable tracks had both eggs removed, suggest-
ing that they had also been consumed by ravens. Neither fox
nor gull tracks were observed at any of the depredated nests.

Discussion
We found that fish waste on beaches provided a resource

subsidy for Australian ravens, which increased the activity
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and predatory impact of this facultative scavenger. In our
experiment, ravens rapidly (<72 h) located and fed on small
(1-2 kg), widely dispersed fish carcasses and depredated
nests in surrounding areas (<40 m). We did not test how
distance from carcasses affected the likelihood of nest dep-
redation, but in our experiment ravens readily located and
depredated nests placed 40 m from carcasses. Raven activity
(as measured by track counts) was highest within 80 m of
fish carcasses, suggesting that nests within this distance of
fish carcasses are likely at heightened risk of predation by
ravens.

After 72 h, 30% of control nests had been depredated.
This depredation rate is consistent with the results of a pilot
study we completed at Stockton Beach, in which 23 and 36%
of 22 artificial plover nests were depredated after 48 h and
96 h respectively. At the cessation of that pilot study, at 18
days, 66% of nests had been depredated. Marchant &
Higgins (1993) reported a similar nest failure rate of 75% for
RCPs. In hooded plovers, another small, Australian beach-
nesting plover, 60.2% of nests fail (Dowling & Weston,
1999). Our pilot study was only 3/5 of the duration of an
actual RCP incubation period [30 days (Marchant &
Higgins, 1993)] and had depredation rates remained con-
stant, no nests would have survived to hatching. However,
most depredation occurred within the first 10 days and
decreased markedly thereafter. This increased probability of
survival with each day a nest remains undiscovered has been
reported previously (Gunnarsson and Elmberg, 2008), and
apparently reflects nests in less favorable positions being
robbed early rather than temporal variation in predator
abundance.

Our findings support previous studies that have linked
human-derived food subsidies to increases in predation by
crows and ravens on their prey (Marzluff et al., 2001;
Boarman, 2003). Most of these studies have highlighted the
effects of permanent and/or large-scale food resources
(refuse tips, camp grounds and carcass dumps) on crow and
raven abundance (Neatherlin & Marzluff, 2004; Marzluff &
Neatherlin, 2006; Cortés-Avizanda et al., 2009a). By con-
trast, we found that even small, sparsely distributed, ephem-
eral resource subsidies can elevate the activity and predatory
impact of ravens.

BNBs are particularly vulnerable to predation resulting
from localized increases in raven activity associated with
carrion, because their nesting habitat is spatially restricted
and because many species depend on the eggs and incubat-
ing parent remaining undetected by predators to avoid nest
depredation (Marchant & Higgins, 1993). Our results dem-
onstrated that the likelihood of a nest being discovered by a
raven increases with raven activity. Although carcasses were
focal points for raven activity, ravens also increased their
activity within the vicinity of carcasses and were observed
foraging, caching food from the carcass and perching on
vegetation in areas surrounding carcasses. While engaged in
these exploratory behaviors, ravens likely incidentally dis-
covered and depredated nests near carcasses. Where regular
fishing results in the repeated provision of carrion at multi-
ple locations, large areas and large numbers of nests could
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be impacted by scavenging ravens, threatening the viability
of BNB breeding sites, which are limited in number and size.

Our findings suggest that ravens are likely a more impor-
tant predator of BNB nests than indicated by nest survival
records, which are maintained by managers of BNB breed-
ing areas. Such records usually contain large numbers of
unknown nest losses due to the difficulty identifying nest
predators (Harris & Dunn, 2009). For example, at a little
tern Sternula albifrons nesting colony at Lake Wollumboola
in NSW, managers could not determine the predators
responsible for tern nest losses because predator tracks
could not be detected in the shell-grit substrate (Harris &
Dunn, 2009). Only when a wash-over removed the shell-
grit, leaving a sand substrate, were ravens identified as the
main predator of nests. At this colony, Australian ravens
depredated all tern nests, within days of laying, during the
2009/2010 breeding season (Harris & Dunn, 2009). The site
was abandoned by breeding adult terns in the subsequent
season.

While it is possible the lack of parent birds in our artificial
nest experiment could lead to our overrepresentation of
ravens as RCP nest predators (see Methods), we believe our
results likely approximate the natural situation due to our
experimental design. Our artificial nests retained a mild
parent bird odour (see Methods), a cue more commonly
used by mammalian, than by avian, predators to locate
nests (Clark & Wobeser, 1997). Despite the nest odour,
mammalian predators did not discover nests in this experi-
ment. This result is consistent with observations of foxes
and dingoes passing unawares, directly over, or within a few
meters of, active plover nests on beaches in Victoria (Birdlife
Australia  Beach  Nesting Birds Project;  http:/
www.birdlife.org.au/projects/beach-nesting-birds/research)
and within the study area (J.D. Rees, pers. obs.).

Another concern associated with artificial nest experi-
ments is that at natural nests parent birds conceal eggs while
incubating, so artificial nests are likely more conspicuous
from above (Angelstam, 1986). However, when incubating
RCPs are disturbed by ravens or crows flying overhead, they
slip quietly off the nest, run rapidly away for ¢. 50 m and
often stand motionless until the danger has passed
(Marchant & Higgins, 1993). Therefore, when a natural nest
is approached by ravens, it is not usually concealed by the
parent birds, which rely primarily on the cryptic coloration
of the eggs to prevent ravens from discovering the nest.

While there is evidence from other studies that foxes can be
important predators of shorebird nests, our study and other
studies have identified ravens as a major nest predator
(Harris & Dunn, 2009; Maguire et al., 2009). Although some
BNB management programs do conduct control of native
avian predators, many focus on controlling invasive preda-
tors, such as foxes. This prioritization of invasive predators
over native predators, by managers attempting to mitigate
predation on wildlife, stems primarily from the perception
that predation by native predators is a natural process to
which BNBs should be adapted. However, if the predatory
impact of ravens is elevated by the availability of human-
derived resource subsidies, it cannot be considered a natural
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process. Indeed, either removing resource subsidies by
encouraging fishermen to remove or bury fish wastes and/or
conducting control of raven populations will be necessary.
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