
Front cover: Urbanisation of sandy beaches alters the community structure of vertebrate scavengers. C. M Huijbers et al. (pp. 55-63) show that the loss of the 
most important group of scavengers in such ecosystems, raptors, is not compensated for, which leads to a loss of ecological function on urban beaches.
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ABSTRACT

Aim Globally, urbanization is one of the most widespread, intense and ecologi-

cally destructive forms of landscape transformation, and it is often concentrated
in coastal areas. Theoretically, species losses attributable to urbanization are

predicted not to alter overall ecosystem function if functional redundancy (i.e.

replacement of function by alternative species) compensates for such losses.
Here, we test this expectation by measuring how coastal urbanization affects

scavenger guilds on sandy beaches and whether changes in guild composition

result either in an overall loss of scavenging efficiency, or in functional com-
pensation under alternative guild structures, maintaining net ecosystem

functioning.

Location Fourteen beaches along the east coast of Australia with variable levels

of urbanization.

Methods Scavenging communities and rates of carrion removal were deter-
mined using motion-triggered cameras at the beach-dune interface.

Results A substantial shift in the community structure of vertebrate scavengers
was associated with gradients in urbanization. Iconic and functionally impor-

tant raptors declined precipitously in abundance on urban beaches. Impor-

tantly, other vertebrates usually associated with urban settings (e.g. dogs, foxes,
corvids) did not functionally replace raptors. In areas where < 15% of the abut-

ting land had been developed into urban areas, carcass removal by scavengers

was often complete, but always > 70%. Conversely, on beaches bordering
coastal cities with < 40% of natural vegetation remaining, two-thirds of fish

carcasses remained uneaten by scavengers. Raptors removed 70–100% of all

deployed fish carcasses from beaches with < 8% urban land cover, but this
number dropped significantly with greater levels of urbanization and was not

compensated by other scavenger species in urban settings.

Main conclusions There is limited functional redundancy in vertebrate

scavenger communities of sandy beach ecosystems, which impacts the system’s

capacity to mitigate the ecological consequences of detrimental landscape trans-
formations.

Keywords
Carrion, coastal management, functional loss, human impacts, sandy beaches,

scavenging, urbanization.
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INTRODUCTION

Functional diversity is a critical component of ecosystem

functioning (Cardinale et al., 2006). The broad contention is

that if ecosystems show functional redundancy, and thus

comprise a suite of species that fulfil similar roles (Lawton &

Brown, 1993), the likelihood of losing particular ecosystem

functions as a result of biodiversity loss is decreased (Naeem

& Wright, 2003; Loreau & Mazancourt, 2013). In particular,

different responses to environmental change of functionally

equivalent species increase ‘response diversity’ (Elmqvist

et al., 2003), enhancing the capacity of ecosystems to resist

disturbances (Mori et al., 2013). In the face of increasing

environmental change forced by anthropogenic pressures,

maintenance of functional diversity is predicted to be critical

for the long-term sustainability of ecosystems (Laliberte

et al., 2010).

The requirements of a growing human population are

driving a global acceleration in the rate of land use change

(Grimm et al., 2008). Urban population growth in particular

is expanding at unprecedented rates (Seto et al., 2010), hav-

ing significant, and potentially irreversible, effects on species

diversity and ecosystem functioning (McDonald et al., 2008).

Effects of urbanization include losses of species richness

(McKinney, 2008), changes in carnivore distributions and

abundances (Orde~nana et al., 2010), and elevated extinction

rates of plants (Hahs et al., 2009). By contrast, some species

thrive in urbanized areas (Shochat et al., 2006; Cardilini

et al., 2013; Sushinsky et al., 2013), and these ‘urban’ species

might compensate for potential loss of ecosystem functions

in cities (Gonzalez & Loreau, 2009).

Globally, urbanization is widespread, concentrated, and

accelerating in the coastal strip (Mart!ınez et al., 2007).

Coastal areas also comprise ecosystems that provide impor-

tant services (e.g. harvestable natural resources, recreation

and tourism, storm buffers), which are in part controlled by

the distribution and occurrence of species in these ecosys-

tems (Barbier et al., 2011). Changes in species distribution

or abundance along urbanized coastlines have been reported

across a variety of taxa and geographic areas, including

altered invertebrate and fish assemblages near artificial struc-

tures (Bulleri & Chapman, 2010; Hubbard et al., 2013), a

decline in the abundance of an endangered coastal mammal

due to habitat loss (Schmidt et al., 2012) and altered habitat

selection of birds on beaches accessible to off-road vehicles

(Meager et al., 2012). While these changes manifest as a

result of key ecological processes such as recruitment, forag-

ing, competition and predation, empirical data to test the

effect of urbanization on important processes in coastal

ecosystems remain scarce.

Hypothetically, if functional redundancy is a common trait

of ecosystems, human changes in land use that alter species

composition should result in little or no change to ecosystem

functioning because of adequate functional replacement

(Fig. 1). Alternatively, in systems where functional

redundancy is limited, there will be little or no effective

compensation for lost species or guilds, leading to substantial

changes in ecosystem function overall. An equivalent degra-

dation or loss of ecosystem function will also occur if the

traits of the replacement species or guild in disturbed settings

differ considerably from those of the original species comple-

ment in less disturbed environments (Fig. 1). This loss could

occur either gradually with an increase in disturbance, or

abruptly when a particular threshold for a species is reached

(Scheffer et al., 2001).

Testing competing models for the role of functional

redundancy in shaping the consequences of species loss or

replacement in altered landscapes requires systems with three

key traits: (1) humans have altered the landscape, (2) species’

functions are reasonably well known and (3) ecological func-

tions can be accurately measured as a response variable.

Sandy beaches possess these traits. Because beaches are found

along stretches of coastline with variable intensity of develop-

ment and urbanization, they represent an ideal system to test

the effects of urbanization on ecosystem processes (Schlacher

et al., 2012). We chose carrion consumption, or scavenging,

as the ecosystem process of interest, because it is a wide-

spread and crucial process in many ecosystems (Nowlin

et al., 2008) that is also a prominent and important feature

of beaches (e.g. Schlacher et al., 2013a). Moreover, carrion is

utilized by a variety of species that are highly adaptive to

changes in resource supply (Wilson & Wolkovich, 2011). A

comparison of scavenging dynamics on sandy beaches at two

extreme levels of urbanization in Australia showed that inva-

sive mammals replaced raptors as scavengers on urban bea-

ches, resulting in a significant decline in scavenging efficiency

(Huijbers et al., 2013). We do not know, however, if these

Figure 1 Conceptual model tested in this study. If increased
levels of disturbance, for example urbanization, alter the species
composition of functional groups (i.e. guilds) that contain
functionally equivalent species, overall ecosystem function is
maintained through functional replacement of species (blue
line). Alternatively, if there is no replacement of the lost species
or guild, or if functional diversity in the alternative guild is
considerably different from that of the lost guild in undisturbed
environments, this could lead to functional loss of ecosystem
processes, which might occur either gradually with increasing
disturbance (red solid line), or abruptly when a particular
threshold for a guild is reached (red dotted line).

56 Diversity and Distributions, 21, 55–63, ª 2014 John Wiley & Sons Ltd

C. M. Huijbers et al.



changes occur gradually, or if there is a threshold in the

amount of urbanization that abruptly excludes certain scav-

enger species, changing key functional properties of the sys-

tem.

In this study, we tested competing conceptual models of

how functional redundancy might mediate the consequences

of species loss, or replacement, for ecosystem function

(Fig. 1). For this, we use the removal of animal carcasses by

vertebrate scavengers on sandy beaches over a gradient of

coastal urbanization as the test system. Rates of carrion

removal (a functional response) were determined at multiple

beaches encompassing a gradient of urban development to

test: (1) whether scavenger guilds on sandy beaches change

structurally with increasing levels of urbanization, and (2)

whether such changes result in a gradual or abrupt func-

tional loss of an ecosystem process; or c) whether functional

replacement of species within guilds can maintain overall

scavenging efficiency of the system.

METHODS

Study sites

This study was conducted on 14 beaches in south-east

Queensland and northern New South Wales, Australia,

stretching from Rainbow Beach to Byron Bay, covering

340 km of coastline (Fig. 2). This coastline comprises areas

that are intensively developed for residential and recreational

purposes, such as the Sunshine and Gold Coasts, interspersed

with natural non-urban areas with relatively low levels of

human impact, such as North Stradbroke Island. The wide

variety in land use and habitat conditions makes this coast-

line ideal for studying scavenger responses to urbanization.

Land use and vegetation cover of each study site was cal-

culated using a random-point count methodology in Coral

Point Count with Excel extensions (CPCe) (Kohler & Gill,

2006). In this software package, a matrix of randomly dis-

tributed points can be overlaid on still images. These points

are then assigned to predetermined land use categories to

estimate coverage of each category.

In order to quantify the intensity of urbanization at scales

that correspond to the way animals use their environment,

we first established the spatial extent of daily home ranges of

potential scavenger species. Previous research showed that

the most abundant and frequent beach scavengers in this

region are mammals (foxes, dogs, rats) and birds (raptors,

gulls and crows) (Huijbers et al., 2013; Schlacher et al.,

2013a,b). We used the average daily home range of the red

fox [1.6-km linear distance, based on (Meek & Saunders,

2000) and (Dekker et al., 2001)] as proxy for daily move-

ment ranges of all mammals, and the linear daily foraging

distance of the white-bellied sea eagle [9.2 km, based on

(Wiersma & Richardson, 2009)] for birds. A thorough litera-

ture review indicated that the daily home ranges of other

potential scavenger species would fall within these two

ranges, enabling us to assess the effects of urbanization on

the maximum area used by groups of scavengers. We used a

stratified random method of point specification to quantify

Figure 2 Locations of study sites (left panel) and percentage of urban land cover averaged for raptors and foxes for each site (black
bars in right panel). The dots indicate percentage urban land for areas behind the beach that represent the daily home range of foxes
(4.6 km2, green dots) and raptors (169 km2, blue dots). For each site, the dominant scavenger species recorded in our experiment is
shown with a silhouette (raptor, fox, dog or crow). For sites without an animal silhouette, more than half of the camera deployments
did not capture any scavengers. The column on the right side shows the number of scavenger species recorded per site.
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the intensity of urban development within a radius of

1.6 km for the fox home range, and 9.2 km for the raptor

home range, around each of the study sites. The centre of

this home range was based on the position of the most cen-

tral camera within the array (see Experimental set-up). A

customization option in CPCe allowed the specification of

random points on still images retrieved from Google Earth

to user-defined land cover codes (see Appendix S1 in

Supporting Information for detailed CPC methods).

The percentage of urban land cover ranged from 0% to

92% across our sites and differed per site between the fox

and raptor home ranges (Fig. 2). Urban land included all

bitumen roads, buildings, industrial areas, public amenities,

airports, strongly modified vegetation such as parks and golf

clubs, cleared land and landfills. For most sites, the smaller

fox home range comprised a higher percentage of urbaniza-

tion, while the larger area overlaid for the avian scavengers

encompassed some remnant natural vegetation, resulting in

lower percentages of urban land cover. On the contrary, the

two most non-urban study sites on North Stradbroke island

encompassed only natural vegetation (0% urban) in the

smaller fox home ranges (4.6 km2), whereas the larger raptor

home ranges (169.3 km2) tended to overlap with some devel-

oped areas further inland from the beach, resulting in a small

increase (4–8%) in urban land cover. Overall, the selected

study sites showed large and interspersed variability of land

use, emphasizing the suitability of this geographic region for

quantifying the effects of coastal urbanization on scavenger

dynamics.

Experimental set-up

Scavenger guild composition and scavenging rates were mea-

sured by placing a fish carcass in front of a motion-triggered

camera at the beach-dune boundary. Six replicate cameras

were deployed at each site during two separate 24-h trials,

one starting in the morning and the other just before sunset.

This was carried out to capture both diurnal and nocturnal

scavengers. Previous experiments showed that scavengers are

able to locate and utilize carrion within 24 h (Huijbers et al.,

2013), ensuring that this time period was appropriate to

monitor scavenging dynamics. Additionally, urban beaches

are regularly groomed and longer exposures would increase

the risk of interference by beach cleaners. All results are

reported against this standard exposure time of 24 h. There

was no significant relationship between the duration camera

traps were recording in the field at a particular site and the

percentage of urban land cover at that site (r = 0.08 for day-

time hours and r = 0.11 for night-time hours), meaning that

small variations in deployment time were not systematically

associated with land use and hence could not bias our

results. Daytime and night-time trials at the same site were

on average 11 days apart, and the entire experiment lasted

over a period of 5 weeks in November–December 2012. We

deployed 168 cameras in total, but retrieved data from only

136 successful deployments due to theft and vandalism.

Although there was a weak correlation (rs = 0.26) between

the number of successful camera deployments per beach and

ordinations of species assemblages, there was no significant

correlation between the number of successful deployments

and the percentage of urban land cover (P = 0.251), ensuring

that measured differences in scavenger assemblages were not

confounded by variations in sampling effort between sites.

For each deployment, one flathead mullet, Mugil cephalus,

weighing 258.2 ! 85.6 g (SD), was placed on the beach,

5–10 m away from the camera which was placed in the fron-

tal dune. Mullet was chosen as carrion source because this

species has a widespread distribution, is commonly found in

the surf zone of beaches and is consumed by a wide variety

of scavenger species (Schlacher et al., 2013a). Digital passive

infrared (PIR) motion-triggered cameras (ScoutGuard

SG560Z-8M) were used to monitor the presence of scaveng-

ers at the fish carcasses. Each camera was set to take three

consecutive pictures upon detection of movement, with a

reset period of 7 s between trigger events. All cameras within

a site were deployed approximately 200 m apart and posi-

tioned on the edge of the dunes. Pictures taken by the cam-

eras provided information on the time and date of carrion

detection and removal, the number and species of scavengers

observed during a deployment, and the scavenger species that

removed a carcass. Animals in the images were recorded as

scavengers when they were detected with the fish in their

mouth, with their mouth touching the fish, or when they

appeared next to the fish in an image (i.e. they ‘photo-

bombed’ the experiment) and the fish was gone in the next

image.

Data analysis

Differences in the species composition of scavenger guilds

among study sites were visualized using nonmetric multidi-

mensional scaling (nMDS) in R (R Development Core Team,

2010) using the R package vegan (Oksanen et al., 2013). The

ordination was based on Bray–Curtis resemblance matrices

calculated from aggregated species incidence per site. The

influence of the percentage of urban land cover on the scav-

enger guild ordination was analysed by the envfit function in

the vegan package. Binomial generalized additive models

(GAMs) were used to model the relationship between per-

centage urban land cover and the proportion of carrion

removed across beaches, because we had no a priori expecta-

tion about the shape of the curve. This relationship was

modelled for total removal of carrion from study sites and

separately for the two dominant scavenger groups, raptors

and foxes/dogs. Carrion removal was calculated as the pro-

portion of total number of fish carcasses removed (i.e. the

fish was not present around the camera site upon retrieval of

the camera after 24 h) for the total number of fish carcasses

deployed. For removal by either raptors or foxes and dogs,

the total number of carrion items deployed was based on

availability during the time period when these scavengers are

mostly actively foraging. Thus, for species that mainly search
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for carcasses during the day, the number of available car-

casses consisted of the number of fish deployed in the morn-

ing + the number of fish deployed before sunset that were

still present after sunrise the next day. For scavengers that

forage mainly at night, the number of available carcasses

consisted of the number of fish deployed before sunset + the

number of fish deployed in the morning that were still pres-

ent at sunset. All GAM analyses were executed in R using

the mgcv package (Wood, 2012).

RESULTS

Urbanization significantly altered the species composition of

the vertebrate scavenger guild foraging at the land–sea inter-

face (Fig. 3, nMDS with envfit analysis for urban land cover,

P = 0.041). Raptors (brahminy kite, Haliastur indus; whis-

tling kite, Haliastur sphenurus; white-bellied sea eagle,

Haliaeetus leucogaster) dominated the scavenger guilds on

largely undeveloped beaches that had < 10% of the upland

vegetation converted to urban land (Figs 2 & 3). While

raptors were recorded occasionally in our camera deploy-

ments on beaches with intermediate levels of urbanized

land (10–40%), no raptors were observed scavenging on

the highly urbanized beaches (i.e. Main Beach and Tugun).

Scavenging at semi-urban beaches (20–50% urban land

cover) was dominated either by domestic dogs (Canis fa-

miliaris) or by red foxes (Vulpes vulpes); the occurrence of

these mammalian scavengers was, however, unrelated to the

intensity of urbanization behind the beaches: both carni-

vores occurred across study sites with varying levels of

urbanization. At beaches with > 60% urban land cover, half

of the camera deployments recorded no scavengers at all.

Overall scavenger richness was similar across the urbaniza-

tion gradient (Fig. 2) and relatively high on urban beaches,

chiefly because of the presence of rats (Rattus spp.),

domestic cats (Felis catus), Torresian crows (Corvus orru)

and silver gulls (Chroicocephalus novaehollandiae) that com-

plemented domestic dogs and foxes.

Urbanization significantly depressed ecological function as

measured by carrion consumption rates via vertebrate scav-

engers. GAMs showed a significant nonlinear decline in the

total amount of carrion removed (P = 0.023) and removal

by raptors (P = 0.039) from beaches within 24 h with an

increase in urban land cover. While the probability of carcass

removal was > 70% for study sites with < 15% urban land

cover, this probability rapidly declined to < 30% for sites

with > 60% urban land cover (Fig. 4a). Raptors were respon-

sible for the majority of carrion removed from sandy beaches

in non-urban areas (Fig. 4b). Within the standardized period

of 24 h, raptors consumed 70–100% of the carrion in areas

with < 8% urban land cover in their daily home range.

Beyond this threshold, carrion removal by raptors dropped

significantly and was absent on the most urban beach (Main

Beach). Two semi-urban beaches (Sunshine Beach and Coo-

lum) with 30–40% urban land cover showed relatively high

carcass removal rates (65–72%), attributable to foxes and

dogs. Although this shows a partial replacement of the scav-

enging function, and thus contributes to arresting the decline

in total carrion removal at intermediate urbanization levels,

it does not fully replace scavenging rates by raptors. On bea-

ches with > 50% urban land cover, no other scavenger spe-

cies, including foxes and dogs, compensated for the lack of

carrion removal by raptors (Fig. 4c). In this system, funda-

mental human changes of the landscape resulted in species

loss and replacement with significant consequences for net

ecosystem function, indicating a lack of functional redun-

dancy in the scavenger guild.

DISCUSSION

Mitigating the ecological consequences of accelerated envi-

ronmental change requires understanding how changes in

Figure 3 Ordination (nonmetric
multidimensional scaling, nMDS biplot)
based on Bray–Curtis resemblance matrix
calculated from aggregated species
incidence per site (2D stress
value = 0.16). Study sites are colour-
coded according to average percentage of
urban land cover, and the smoothed
gradient of urbanization, fitted using
thin-plate generalized additive models
(GAM) splines, is projected onto the
ordination as grey isopleths. The position
of species names reflects their
associations across the nMDS ordination.
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biodiversity affect ecosystem functioning (Loreau & Mazan-

court, 2013). The results of this study show that urbanization

led to a significant change in the composition of scavenger

guilds of sandy beach ecosystems and a reduction in scaveng-

ing efficiency. In non-urban areas, raptors dominated the

scavenger guild, removing the majority of fish carcasses. On

beaches where the abutting land had been largely cleared for

urban development carrion removal by raptors declined pre-

cipitously, being effectively lost as an ecosystem function.

This loss of function was not fully compensated by other

scavenger species, indicating that there is limited functional

redundancy in these ecosystems to mitigate detrimental land-

scape transformation.

Land use change has been identified as a dominant driver

for future global biodiversity loss (Pereira et al., 2010). A

decline in species richness as a result of modification of the

natural environment – for example by agriculture, logging or

urban development – can potentially lead to the loss of

essential ecosystem functions (Zavaleta & Hulvey, 2004;

Flynn et al., 2009; Mori et al., 2013). Here, we found that

overall species richness of the scavenger community of bea-

ches did not decline in areas with greater levels of urbaniza-

tion but that the composition of the scavenger assemblage

changed significantly. This could not have resulted from

other factors, such as geographical limits or seasonal changes

in species occurrence, as all recorded scavenger species were

observed along the entire coastline included in this study

and throughout the study period. Urban beaches also had a

significantly lower number of fish carcasses removed in com-

parison to less-developed areas. This leads to the conclusion

that it was the loss of the functionally most important group

of scavengers – raptors – from urbanized beaches that drove

(a)

(b)

(c)

Figure 4 Results of general additive
modelling of the probability of carrion
removed as a function of the percentage
urban land cover across a gradient of
beaches (fitted relationships as solid lines;
standard errors as stippled lines) for (a)
total carrion removal, (b) carrion
removal by raptors and (c) carrion
removal by foxes and domestic dogs.
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the steep decrease in the rate of carrion removal. Carrion

consumption by scavengers is an important process in stabi-

lizing and structuring food webs and is thus a key compo-

nent of ecosystem functioning (Barton et al., 2013). It

remains to be tested whether other ecosystem functions, such

as predation, breeding success or nutrient cycling rates,

respond in a similar way, and whether similar results can be

found on sandy beaches in other parts of the world (Schlach-

er et al., 2014). Yet, our study shows a detrimental effect of

urbanization on one key process, indicating a loss of func-

tion driven by the decline of one particular group.

The vulnerability of species to land use changes depends

on species-specific traits and habitat preferences (Knapp

et al., 2009; Evans et al., 2011) and the spatial pattern of

urban growth (Sushinsky et al., 2013). Within the avian

community, corvids and small raptors are generally less sen-

sitive to habitat loss or fragmentation compared with raptors

with large home ranges such as the white-bellied sea eagle

(Chace & Walsh, 2006). Indeed, we observed scavenging cor-

vids at the majority of our study sites (9 of 14), regardless of

whether these sites were highly urbanized or not. Raptors

were observed at sites with intermediate levels of urbaniza-

tion, such as Sunshine Beach and Fingal Head, but in much

lower numbers compared with largely non-urbanized sites.

This indicates that some function can be retained in areas

with intact green spaces in the vicinity of urban develop-

ment. This finding corresponds with an earlier study that

showed that locally intense, but spatially constrained, urbani-

zation has less severe impacts on distributions of urban-

sensitive bird species compared with areas with lower

residential densities spread across a larger spatial scale

(Sushinsky et al., 2013). Other species that appeared to be

less sensitive to urbanization included non-native and feral

animals, such as red foxes, dogs and cats. It is a common

observation that urbanization benefits non-native species

(McKinney, 2006), yet in our study system, they only par-

tially offset the loss of raptors at intermediate levels of

urbanization where their activities were most intense. The

concentration of dogs on semi-urban beaches likely results

from dog restrictions on highly urban beaches due to health-

related issues (Wright et al., 2009) and on non-urban bea-

ches because of conservation concerns. Even where partial

functional replacement was observed, it is highly question-

able whether replacement by non-native, feral species is qual-

itatively equivalent. Moreover, while these species might

elevate the species count in urban areas, the decrease of local

native species can lead to a global loss of biodiversity

(Simberloff et al., 2013).

The prime ‘function’ of beaches in the public’s eye is the

provision of recreational opportunities and aesthetically

pleasing landscapes (McLachlan et al., 2013; Schlacher et al.,

2013c). Dunes are ecologically closely linked to beaches but

are conventionally considered to function mainly as coastal

defence units to protect human assets further inland

(Schlacher et al., 2008). For both beaches and dunes, conser-

vation of wildlife is seldom explicitly included or efficiently

enforced in management plans (Weston et al., 2014). By

protecting intact dune and beach habitats, managers could

achieve two goals simultaneously: carrion will be removed by

natural scavengers, reducing the need for expensive beach

grooming, and at the same time, this creates clean beaches

and a landscape with iconic species such as raptors that

together provide an aesthetic view and increase potential for

ecotourism. However, despite their immense socio-economic

importance and the severe threats from climate change

impacts and coastal development, sandy beach ecosystems

are still largely overlooked in conservation management plans

(Schlacher et al., 2007; Dugan et al., 2010; Harris et al.,

2014).

In conclusion, our study shows that conversion of dunes

to urban land is associated with severe declines in raptor

populations in the coastal strip. These declines have sub-

stantial ecological repercussions for a key ecological func-

tion, removal of carcasses by scavengers. Theoretically,

changes to species compositions do not necessarily result in

corresponding shifts in ecological processes if other func-

tionally equivalent species offset species losses. This was not

the case in our experimental setting: we show that the loss,

or reduction in number, of raptors from urban beaches is

not matched by increases in other scavenger species, leading

to a net functional loss of this ecosystem process. Our

results imply that spatial conservation planning for coastal

systems must extend to larger wildlife that maintain the

delivery of critical ecosystem services. We cannot automati-

cally assume that functional diversity and redundancy pro-

vide insurance against impacts on functional attributes of

ecosystems.

ACKNOWLEDGEMENTS

This work was funded through the Australian Government’s

Collaborative Research Network (CRN) programme. We are

grateful to David Lynn, Simone Strydom, Matthew Hem-

mings, Sandra Karcher, Aiden Sloman and Darren Chapman

for their assistance in deploying ‘odour-rich’ fish on beaches.

REFERENCES

Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier,

A.C. & Silliman, B.R. (2011) The value of estuarine and

coastal ecosystem services. Ecological Monographs, 81, 169–
193.

Barton, P.S., Cunningham, S.A., Lindenmayer, D.B. & Man-

ning, A.D. (2013) The role of carrion in maintaining biodi-

versity and ecological processes in terrestrial ecosystems.

Oecologia, 171, 761–772.
Bulleri, F. & Chapman, M.G. (2010) The introduction of

coastal infrastructure as a driver of change in marine envi-

ronments. Journal of Applied Ecology, 47, 26–35.
Cardilini, A., Weston, M.A., Nimmo, D.G., Dann, P. & Sher-

man, C.D. (2013) Surviving in sprawling suburbs: subur-

ban environments represent high quality breeding habitat

Diversity and Distributions, 21, 55–63, ª 2014 John Wiley & Sons Ltd 61

Limited functional redundancy in beach ecosystems



for a widespread shorebird. Landscape and Urban Planning,

115, 72–80.
Cardinale, B.J., Srivastava, D.S., Duffy, J.E., Wright, J.P.,

Downing, A.L., Sankaran, M. & Jouseau, C. (2006) Effects

of biodiversity on the functioning of trophic groups and

ecosystems. Nature, 443, 989–992.
Chace, J.F. & Walsh, J.J. (2006) Urban effects on native avi-

fauna: a review. Landscape and Urban Planning, 74, 46–69.
Dekker, J.J., Stein, A. & Heitk€onig, I. (2001) A spatial analy-

sis of a population of red fox (Vulpes vulpes) in the Dutch

coastal dune area. Journal of Zoology, 255, 505–510.
Dugan, J.E., Defeo, O., Jaramillo, E., Jones, A.R., Lastra, M.,

Nel, R., Peterson, C.H., Scapini, F., Schlacher, T. & Scho-

eman, D.S. (2010) Give beach ecosystems their day in the

sun. Science, 329, 1146.

Elmqvist, T., Folke, C., Nystr€om, M., Peterson, G., Bengts-

son, J., Walker, B. & Norberg, J. (2003) Response diversity,

ecosystem change, and resilience. Frontiers in Ecology and

the Environment, 1, 488–494.
Evans, K.L., Chamberlain, D.E., Hatchwell, B.J., Gregory,

R.D. & Gaston, K.J. (2011) What makes an urban bird?

Global Change Biology, 17, 32–44.
Flynn, D.F., Gogol-Prokurat, M., Nogeire, T., Molinari, N.,

Richers, B.T., Lin, B.B., Simpson, N., Mayfield, M.M. &

DeClerck, F. (2009) Loss of functional diversity under land

use intensification across multiple taxa. Ecology Letters, 12,

22–33.
Gonzalez, A. & Loreau, M. (2009) The causes and conse-

quences of compensatory dynamics in ecological communi-

ties. Annual Review of Ecology, Evolution, and Systematics,

40, 393–414.
Grimm, N.B., Faeth, S.H., Golubiewski, N.E., Redman, C.L.,

Wu, J., Bai, X. & Briggs, J.M. (2008) Global change and

the ecology of cities. Science, 319, 756–760.
Hahs, A.K., McDonnell, M.J., McCarthy, M.A., Vesk, P.A.,

Corlett, R.T., Norton, B.A., Clemants, S.E., Duncan, R.P.,

Thompson, K. & Schwartz, M.W. (2009) A global synthesis

of plant extinction rates in urban areas. Ecology Letters, 12,

1165–1173.
Harris, L., Campbell, E.E., Nel, R. & Schoeman, D. (2014)

Rich diversity, strong endemism, but poor protection:

addressing the neglect of sandy beach ecosystems in coastal

conservation planning. Diversity and Distributions, 20,

1120–1135.
Hubbard, D., Dugan, J., Schooler, N. & Viola, S. (2013)

Local extirpations and regional declines of endemic upper

beach invertebrates in southern California. Estuarine,

Coastal and Shelf Science, DOI: 10.1016/j.ecss.2013.06.017

Huijbers, C.M., Schlacher, T.A., Schoeman, D.S., Weston,

M.A. & Connolly, R.M. (2013) Urbanisation alters process-

ing of marine carrion on sandy beaches. Landscape and

Urban Planning, 119, 1–8.
Knapp, S., K€uhn, I., Bakker, J.P., Kleyer, M., Klotz, S.,

Ozinga, W.A., Poschlod, P., Thompson, K., Thuiller, W. &

R€omermann, C. (2009) How species traits and affinity to

urban land use control large-scale species frequency.

Diversity and Distributions, 15, 533–546.
Kohler, K.E. & Gill, S.M. (2006) Coral Point Count with

Excel extensions (CPCe): a Visual Basic program for the

determination of coral and substrate coverage using ran-

dom point count methodology. Computers & Geosciences,

32, 1259–1269.
Laliberte, E., Wells, J.A., DeClerck, F., Metcalfe, D.J., Catter-

all, C.P., Queiroz, C., Aubin, I., Bonser, S.P., Ding, Y. &

Fraterrigo, J.M. (2010) Land-use intensification reduces

functional redundancy and response diversity in plant

communities. Ecology Letters, 13, 76–86.
Lawton, J.H. & Brown, V.K. (1993) Redundancy in ecosys-

tems. Springer-Verlag, Berlin.

Loreau, M. & Mazancourt, C. (2013) Biodiversity and eco-

system stability: a synthesis of underlying mechanisms.

Ecology Letters, 16, 106–115.
Mart!ınez, M.L., Intralawan, A., V!azquez, G., P!erez-Maqueo,

O., Sutton, P. & Landgrave, R. (2007) The coasts of our

world: ecological, economic and social importance. Ecologi-

cal Economics, 63, 254–272.
McDonald, R.I., Kareiva, P. & Forman, R.T. (2008) The

implications of current and future urbanization for global

protected areas and biodiversity conservation. Biological

Conservation, 141, 1695–1703.
McKinney, M.L. (2006) Urbanization as a major cause of

biotic homogenization. Biological Conservation, 127, 247–
260.

McKinney, M.L. (2008) Effects of urbanization on species

richness: a review of plants and animals. Urban Ecosystems,

11, 161–176.
McLachlan, A., Defeo, O., Jaramillo, E. & Short, A.D. (2013)

Sandy beach conservation and recreation: guidelines for

optimising management strategies for multi-purpose use.

Ocean & Coastal Management, 71, 256–268.
Meager, J.J., Schlacher, T.A. & Nielsen, T. (2012) Humans

alter habitat selection of birds on ocean-exposed sandy

beaches. Diversity and Distributions, 18, 294–306.
Meek, P.D. & Saunders, G. (2000) Home range and move-

ment of foxes (Vulpes vulpes) in coastal New South Wales,

Australia. Wildlife Research, 27, 663–668.
Mori, A.S., Furukawa, T. & Sasaki, T. (2013) Response diver-

sity determines the resilience of ecosystems to environmen-

tal change. Biological Reviews, 88, 349–364.
Naeem, S. & Wright, J.P. (2003) Disentangling biodiversity

effects on ecosystem functioning: deriving solutions to a

seemingly insurmountable problem. Ecology Letters, 6, 567–
579.

Nowlin, W.H., Vanni, M.J. & Yang, L.H. (2008) Comparing

resource pulses in aquatic and terrestrial ecosystems. Ecol-

ogy, 89, 647–659.
Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Min-

chin, P. R., O’Hara, R. B., Simpson, G.L., Solymos, P., Ste-

vens, M.H.H. & Wagner, H. (2013). Vegan: community

ecology package version 2.0-10.

62 Diversity and Distributions, 21, 55–63, ª 2014 John Wiley & Sons Ltd

C. M. Huijbers et al.



Orde~nana, M.A., Crooks, K.R., Boydston, E.E., Fisher, R.N.,

Lyren, L.M., Siudyla, S., Haas, C.D., Harris, S., Hathaway,

S.A. & Turschak, G.M. (2010) Effects of urbanization on

carnivore species distribution and richness. Journal of

Mammalogy, 91, 1322–1331.
Pereira, H.M., Leadley, P.W., Proenc!a, V., Alkemade, R.,

Scharlemann, J.P., Fernandez-Manjarr!es, J.F., Ara!ujo, M.B.,

Balvanera, P., Biggs, R. & Cheung, W.W. (2010) Scenarios

for global biodiversity in the 21st century. Science, 330,

1496–1501.
R Development Core Team (2010) R: a language and envi-

ronment for statistical computing. R Foundation for Statisti-

cal Computing, Vienna, Austria.

Scheffer, M., Carpenter, S., Foley, J.A., Folke, C. & Walker,

B. (2001) Catastrophic shifts in ecosystems. Nature, 413,

591–596.
Schlacher, T.A., Dugan, J., Schoeman, D.S., Lastra, M., Jones,

A., Scapini, F., McLachlan, A. & Defeo, O. (2007) Sandy

beaches at the brink. Diversity and Distributions, 13, 556–
560.

Schlacher, T.A., Schoeman, D.S., Dugan, J., Lastra, M., Jones,

A., Scapini, F. & McLachlan, A. (2008) Sandy beach

ecosystems: key features, sampling issues, management

challenges and climate change impacts. Marine Ecology, 29,

70–90.
Schlacher, T.A., Noriega, R., Jones, A. & Dye, T. (2012) The

effects of beach nourishment on benthic invertebrates in

eastern Australia: impacts and variable recovery. Science of

the Total Environment, 435, 411–417.
Schlacher, T.A., Strydom, S. & Connolly, R.M. (2013a) Mul-

tiple scavengers respond rapidly to pulsed carrion resources

at the land–ocean interface. Acta Oecologica, 48, 7–12.
Schlacher, T.A., Strydom, S., Connolly, R.M. & Schoeman,

D. (2013b) Donor-control of scavenging food webs at the

land-ocean interface. PLoS One, 8, e68221.

Schlacher, T.A., Nielsen, T. & Weston, M.A. (2013c) Human

recreation alters behaviour profiles of non-breeding birds

on open-coast sandy shores. Estuarine, Coastal and Shelf

Science, 118, 31–42.
Schlacher, T.A., Schoeman, D.S., Jones, A.R., Dugan, J.E.,

Hubbard, D.M., Defeo, O., Peterson, C.H., Weston, M.A.,

Maslo, B., Olds, A.D., Scapini, F., Nel, R., Harris, L.R., Lu-

crezi, S., Lastra, M., Huijbers, C.M. & Connolly, R.M.

(2014) Metrics to assess ecological condition, change, and

impacts in sandy beach ecosystems. Journal of Environmen-

tal Management, 144, 322–335.
Schmidt, J.A., McCleery, R., Seavey, J.R., Cameron Devitt,

S.E. & Schmidt, P.M. (2012) Impacts of a half century of

sea-level rise and development on an endangered mammal.

Global Change Biology, 18, 3536–3542.
Seto, K.C., S!anchez-Rodr!ıguez, R. & Fragkias, M. (2010) The

new geography of contemporary urbanization and the

environment. Annual Review of Environment and Resources,

35, 167–194.

Shochat, E., Warren, P.S., Faeth, S.H., McIntyre, N.E. &

Hope, D. (2006) From patterns to emerging processes in

mechanistic urban ecology. Trends in Ecology and Evolu-

tion, 21, 186–191.
Simberloff, D., Martin, J.-L., Genovesi, P., Maris, V., Wardle,

D.A., Aronson, J., Courchamp, F., Galil, B., Garc!ıa-Ber-

thou, E. & Pascal, M. (2013) Impacts of biological inva-

sions: what’s what and the way forward. Trends in Ecology

& Evolution, 28, 58–66.
Sushinsky, J.R., Rhodes, J.R., Possingham, H.P., Gill, T.K. &

Fuller, R.A. (2013) How should we grow cities to minimize

their biodiversity impacts? Global Change Biology, 19, 401–
410.

Weston, M.A., Schlacher, T.A. & Lynn, D. (2014) Pro-envi-

ronmental beach driving is uncommon and ineffective in

reducing disturbance to beach-dwelling birds. Environmen-

tal Management, 53, 999–1004.
Wiersma, J.M. & Richardson, A. (2009) Foraging of White-

bellied Sea-Eagles Haliaeetus leucogaster in relation to mar-

ine fish farms in Tasmania. Corella, 33, 71–79.
Wilson, E.E. & Wolkovich, E.M. (2011) Scavenging: how car-

nivores and carrion structure communities. Trends in Ecol-

ogy & Evolution, 26, 129–135.
Wood, S. (2012). mgcv: Mixed GAM Computation Vehicle

with GCV/AIC/REML smoothness estimation.

Wright, M.E., Solo-Gabriele, H.M., Elmir, S. & Fleming, L.E.

(2009) Microbial load from animal feces at a recreational

beach. Marine Pollution Bulletin, 58, 1649–1656.
Zavaleta, E.S. & Hulvey, K.B. (2004) Realistic species losses

disproportionately reduce grassland resistance to biological

invaders. Science, 306, 1175–1177.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Appendix S1 Detailed description of CPC methods that were

used to quantify percentages of urban land cover around the

study sites.

BIOSKETCH

All authors are part of the CRN (Collaborative Research Net-

work) Water Sciences group. Their research is focused on

key emerging issues in marine, estuarine and coastal ecology.

An overview of our research is presented in the following

YouTube video: http://youtu.be/-1fea7mFpf8.

Author contributions: All authors were involved in conceiv-

ing the idea, sampling, analysing the data and writing the

paper.

Editor: Mark Robertson

Diversity and Distributions, 21, 55–63, ª 2014 John Wiley & Sons Ltd 63

Limited functional redundancy in beach ecosystems



Supporting*Information*
*
The$intensity$of$urban$land$cover$around$each$sample$location$was$quantified$

using$Coral$Point$Count$with$Excel$extensions$(CPCe,$Kohler$and$Gill$2006).$

Based$on$daily$home$ranges$for$foxes$(1.6$km$linear$distance)$and$raptors$(9.2$

km),$two$rectangles$were$drawn$in$Google$Earth$around$each$site,$measuring$the$

linear$daily$home$range$vertically$along$the$shoreline$to$the$north$and$south,$and$

horizontally$landwards$(see$Figure$S1).$A$still$image$was$saved$for$each$

rectangle$around$each$site$and$uploaded$into$CPCe.$

$

In$CPCe,$we$used$a$stratified$random$method$of$point$specification.$Each$image$

was$subdivided$into$four$columns$and$eight$rows$(32$cells),$and$each$cell$was$

populated$with$random$points.$The$number$of$random$points$assigned$to$each$

rectangle$was$weighted$according$to$the$relative$size$of$each$daily$home$range.$

Thus,$the$raptor$home$range$was$5.75$times$the$size$of$the$fox$home$range,$and$

subsequently$was$assigned$5.75$times$more$points.$This$resulted$in$a$total$of$128$

points$for$the$fox$rectangle,$which$comprised$an$area$of$5.12$km2,$resulting$in$an$

average$distance$between$points$of$200m.$The$raptor$rectangle$consisted$736$

points$in$an$area$of$169.3$km2,$resulting$in$an$average$distance$of$480m$between$

points.$

$

A$customisation$option$in$CPCe$allowed$the$specification$of$random$points$to$

userTdefined$land$cover$codes,$which$were$divided$into$four$main$categories:$

natural$vegetation,$natural$water,$urban$land$(i.e.,$strongly$modified$impervious$

land),$and$urban$water$(i.e.,$strongly$modified$water$such$as$canals$and$ponds).$

Raw$and$summarised$data$of$each$land$cover$type$per$rectangle$per$site$could$

then$be$exported$into$Excel$for$further$analysis.$We$excluded$the$data$from$the$

outermost$western$corner$cells$of$each$image$to$create$a$semiTcircle$around$each$

study$site.$$

$

The$reported$percentages$of$urban$land$cover$in$the$manuscript$refer$to$all$

points$that$were$assigned$in$the$urban$land$category,$thus$excluding$areas$that$

were$assigned$to$urban$water.$Urban$land$included$all$bitumen$roads,$buildings,$



industrial$areas,$public$amenities,$airports,$strongly$modified$vegetation$such$as$

parks$and$golf$clubs,$cleared$land$and$landfills.$$
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Figure$S1.$Image$of$study$site$from$Google$Earth$overlaid$with$grid$to$assign$
random$points$in$CPCe.$Only$the$points$in$the$red$grid$cells$were$used$for$
analysis$to$create$a$semiTcircle$around$the$study$site$in$which$land$cover$was$
assessed.$$
$
Kohler,$K.$E.$&$S.$M.$Gill,$2006.$Coral$Point$Count$with$Excel$extensions$(CPCe):$A$Visual$Basic$
program$for$the$determination$of$coral$and$substrate$coverage$using$random$point$count$
methodology.$Computers$&$Geosciences$32:$1259T1269 


