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IntroductIon

The term “ecological trap” has its roots in source–sink 
theory, whereby some animals prefer habitats that are 
considered low quality for reproduction and survival 
over available high- quality habitats (Donovan and 
Thompson 2001). Thus, ecological traps have been 
described as “attractive sinks” (Delibes et al. 2001) 
because stable populations attracted to sink habitats 
decline to extinction (Donovan and Thompson 2001, 
Kokko and Sutherland 2001). Ecological traps are 

threats to population and species conservation, and have 
been discovered in a range of biological systems (Best 
1986, Tilton 1995, Kershner and Bollinger 1996, Little 
et al. 2002). The majority of research has focused on 
ecological traps induced by anthropogenic changes to 
habitat, however, behavioral traits not directly related to 
habitat preference may also be exploited. Behaviors that 
were canalized by past natural selection may become 
traps when habitats or predators change rapidly. If only 
one behavior is canalized to perform a specific function 
in a population, then the opportunity for other behaviors 
to evolve at rates consistent with the impacts of the envi-
ronmental perturbation are limited and that behavior 
may become an “ethological trap” driving populations 
to extinction.
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Abstract.   Ecological traps are threats to organisms, and exist in a range of biological 
systems. A subset of ecological trap theory is the “ethological trap,” whereby behaviors 
canalized by past natural selection become traps when environments change rapidly. Inva-
sive predators are major threats to imperiled species and their ability to exploit canalized 
behaviors of naive prey is particularly important for the establishment of the predator 
and the decline of the native prey. Our study uses ecological theory to demonstrate that 
invasive predator controls require shifts in management priorities. Total predation rate 
(i.e., total response) is the product of both the functional response and numerical response 
of predators to prey. Functional responses are the changes in the rate of prey consump-
tion by individual predators, relative to prey abundance. Numerical responses are the 
aggregative rates of prey consumption by all predators relative to prey density, which 
change with predator density via reproduction or migration, in response to changes in 
prey density. Traditional invasive predator management methods focus on reducing preda-
tor populations, and thus manage for numerical responses. These management efforts fail 
to manage for functional responses, and may not eliminate impacts of highly efficient 
individual predators. We explore this problem by modeling the impacts of functional and 
numerical responses of invasive foxes depredating imperiled Australian turtle nests. Foxes 
exhibit exceptionally efficient functional responses. A single fox can destroy >95% of turtle 
nests in a nesting area, which eliminates juvenile recruitment. In this case, the ethological 
trap is the “Arribada” nesting strategy, an emergent behavior whereby most turtles in a 
population nest simultaneously in the same nesting grounds. Our models show that Arribada 
nesting events do not oversaturate foxes, and small numbers of foxes depredate all of the 
nests in a given Arribada. Widely scattering nests may reduce fox predation rates, but the 
long generation times of turtles combined with their rapid recent decline suggests that 
evolutionary responses in nesting strategy may be unlikely. Our study demonstrates that 
reducing populations of highly efficient invasive predators is insufficient for preserving 
native prey species. Instead, management must reduce individual predator efficiency, inde-
pendent of reducing predator population size.
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Nesting behavior in turtles is a prime candidate for 
testing whether ethological traps exist. Historic turtle 
nest predation rates were likely high, and turtles exhibit 
two broad nesting strategies that increase chances of nest 
success. The “Arribada” is a synchronized, large- scale 
nesting event, in which most female turtles in a popu-
lation nest at the same time and in the same location, 
often after traveling thousands of kilometers from dif-
ferent parts of the world (Hughes et al. 1998). Arribadas 
occur in both marine and freshwater turtles (Eckrich and 
Owens 1995, Doody et al. 2003) and saturate local pred-
ators with nests such that, even if nest predation is high, 
some nests should survive long enough to hatch. In con-
trast, other turtle species are solitary nesters, and nesting 
seasons occur over many months (Davis and Whiting 
1977). This scattered, isolated nesting strategy may 
impede predators’ ability to find individual nests. How 
nesting behavior evolves is poorly understood, but both 
strategies make sense within the context of functional 
responses of nest predators to varying abundances of 
nests (e.g., Holling 1959).

A change to the predator community is one pertur-
bation that could facilitate an ethological trap. Invasive 
predators are major threats to imperiled species (Albins 
and Hixon 2008, Donlan and Wilcox 2008, Dorcas et al. 
2012). Although turtles typically experience low adult 
mortality (Congdon et al. 1993, 2013), their nests are 
highly vulnerable to predation, especially by recently 
introduced invasive predators. In Australia, over 95% of 
turtle nests on the River Murray are destroyed by invasive 
European foxes (Vulpes vulpes; Thompson 1983, Spencer 
2002). As a result, turtles in the River Murray are in 
serious decline, with abundances 69–91% lower than 
40 years ago, and are vulnerable to extinction (Chessman 
2011). Potential for any recovery is hindered by the 
limited capacity for turtle populations to increase after 
point declines (Brooks et al. 1991). In 2015, a possible 
extinction event in another Australian turtle, Myuchelys 
georgesi, in less than a month (Cann et al. 2015), high-
lighted just how fragile some Australian turtle popula-
tions have become.

Densities of both predators and prey are the basis of 
population ecology. Predator–prey dynamics are best 
described by Lotka- Volterra- type ordinary differential 
equations (ODEs) for continuous population density 
variables in the limit of large population sizes (Dawes 
and Souza 2013). The Rosenzweig- MacArthur model is 
an extension of ODEs in which predation rates are non-
linearly dependent on prey concentration (Dawes and 
Souza 2013). Such nonlinear functional responses were 
originally based on the allocation of an individual preda-
tor’s time between two activities: prey searching and prey 
handling (Holling 1959). Thus, functional responses 
describe the change in the rate of prey consumption by 
an individual predator as a function of prey density 
(Solomon 1949, Holling 1959). In contrast to functional 
responses, numerical responses describe the aggregative 
change in rate of prey consumption as a result of changes 

in predator density, as prey density changes. Changes in 
numerical responses occur as predator populations 
increase or decrease in response to changing prey popula-
tions, via changes in reproduction rates, migration, or 
both (Solomon 1949, Holling 1959). The product of the 
functional and numerical responses is the total response, 
which represents the total rate of predation relative to 
prey density (Holling 1959).

We use predator–prey models to demonstrate the dif-
ferences between native predator and invasive fox func-
tional responses when depredating turtle nests. We show 
how highly efficient nest predation by invasive foxes has 
driven declines of freshwater turtles endemic to Australia 
(Thompson 1983, Spencer 2002). Finally, we show that 
reducing invasive fox numbers alone is insufficient to 
protect turtle nests, as a result of their high predation 
efficiency. Traditional management of invasive predators 
focuses on reducing or eradicating populations (Myers 
et al. 2000, Baxter et al. 2008), so our results show that 
alternative methods are needed to control invasive pred-
ators that are highly efficient. In addition to managing 
invasive predator numbers management should focus on 
reducing the predation efficiency of individual 
predators.

FunctIonal reSponSeS oF predatorS

Holling (1959) defined three functional response curves 
(Appendix S1: Fig. S1). Type I functional responses are 
linear, positive relationships between numbers of prey 
consumed and prey density until some asymptote, after 
which prey consumption rate is constant regardless of 
prey density. Type II functional responses are increasing 
logarithmic relationships between consumption rate and 
increasing prey density, to a maximum asymptote. Type 
III functional responses are defined as sigmoidal curves 
in which consumption rates first increase quadratically 
with increasing prey density, reach an inflection point, 
and then increase logarithmically to a maximum 
asymptote of saturation. Type I and II functional 
responses are destabilizing because consumption rates 
remain high at low densities; predators can easily capture 
prey even when prey are exceptionally rare. Importantly, 
functional responses are only distinguished by the 
behavior of the relationship between predation rate and 
prey density at low- to- intermediate prey densities (i.e., 
near the x- intercept). The asymptotes of each functional 
response type can be identical.

Each functional response type assumes that saturation 
points occur, where a maximum number of prey can be 
consumed by an individual predator. Saturation points 
theoretically represent the point at which maximum han-
dling time is reached, but in practice could also be realized 
by predators reaching a per- day dietary satiation point. 
The Arribada type of nesting behavior used by some 
turtles relies on predator saturation to maximize hatching 
success. The sudden, high abundance of nests over-
whelms the saturation points of individual predators, 
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increasing the chance that some fraction of nests will not 
be found before hatching. At very high densities, 
Arribada nest predation rates might be governed by 
predator numerical responses, because the sum of indi-
vidual saturation points will determine the total number 
of nests all predators can consume.

Alternatively, turtles nesting in lower densities are 
likely to rely on the sigmoid portion of Type III predator 
functional response curves at low prey densities to max-
imize hatching success. At low densities, individual nests 
may be so scattered that predators are unable to find 
large enough numbers of them to fulfil some minimum 
nutritional requirement, and thus decide not to forage 
primarily on nests. At low nest densities, only increases 
in predator population size (i.e., numerical responses) 
might increase the likelihood of scattered nests being 
discovered by a predator.

Thus, intermediate nest densities that contain enough 
nests to retain predator “interest”, but not enough to 
“swamp” them are potentially at the greatest risk of expe-
riencing high nest predation rates. Such a system could 
drive the evolution of nesting strategies toward two 
dichotomous endpoints on a continuum between scat-
tered, individual nests, and Arribada- type mass nesting. 
The potential selective benefits of each strategy are deter-
mined by the functional response(s) of the predator(s) 
present and the turtle population size.

Impact oF Introduced predatorS

The functional responses turtle nests experience might 
change in three ways when more efficient nest predators 
are introduced, as likely occurred when European foxes 
were introduced to Australia. First, if an introduced 
predator is generally more efficient at finding prey than 
are native predators, then consumption rates (slopes of 
functional response curves) should increase (Dick et al. 
2013). This might change the functional response from a 
Type III to a Type II or I response curve, which is desta-
bilizing and may lead to rapid extirpation, especially 
when prey are already rare (Dick et al. 2013). Second, if 
the introduced predator has shorter prey handling times 
and/or higher bioenergetic requirements, then the satu-
ration point (asymptote) may increase, and more prey 
will be consumed by each predator (Dick et al. 2013). 
This might allow an introduced predator to slowly reduce 
populations of very common prey over time. Third, an 
introduced predator could be both more efficient and 
have higher saturation than native predators. In this case, 
an introduced predator could slowly drive prey declines 
until prey density fell below the predator’s saturation 
point, after which predation would rapidly drive the prey 
extinct.

For turtles, the benefits of the Arribada strategy may 
diminish as predators with high saturations are intro-
duced, even if predators are relatively rare. High- saturation 
predators attack a greater proportion of the Arribada 
nests more rapidly, thus reducing nest survival in the short 

term. If the population of nesting females declines, then 
the swamping benefits of the Arribada should decrease 
proportionally. If the introduced predator is also highly 
efficient at finding nests, then it would maintain a high 
predation rate even as nest densities decline. As a result, 
turtles that have evolved to use an Arribada nesting 
strategy may enter an ethological trap as a result of an 
efficient predator with high prey saturation. Their 
 population numbers would decrease as a result of very 
high nest mortality, to the point where the swamping 
 benefits of Arribada become unattainable. Even at low 
densities, nests would still be found by the predator. 
Turtles would then experience high nest predation even 
with low nest densities, which would drive them to 
extinction as juvenile recruitment declined to zero. The 
efficiency of the new predator means that nest predation 
rates would only be reduced at exceptionally low densities, 
at which point the population sizes of very long- lived 
species with extreme generation times, like turtles, may 
become nonviable.

In the Australian Murray River catchment, there is an 
opportunity to test these hypotheses because sympatric 
turtle species display markedly different nesting strat-
egies. In this region, foxes have become the dominant 
nest predator (Thompson 1983, Spencer 2002). Foxes are 
the exact kind of introduced predator we described previ-
ously: they are especially efficient nest predators and have 
very high prey saturation. A single fox is likely capable 
of finding and destroying more than 20 turtle nests in a 
single night (R. J. Spencer, unpublished data). Largely as 
a result of predation by foxes, two turtle species have 
declined by 69–91% over the last 40 years, whereas a 
third, which naturally exists at lower densities, has 
remained stable (Chessman 2011). Emydura macquarii is 
the most abundant species in many areas and exhibits 
Arribada- type nesting; most turtles in a population nest 
during the first rain storms in late October/November. 
Another abundant species, Chelodina longicollis, also 
nests during these rain events, in the same areas. Thus, 
total nest densities are effectively greater than if each 
species nested separately. Rates of nest predation on both 
of these species are extreme, with foxes destroying 
93–95% of nests each year (Thompson 1983, Spencer 
2002). In contrast, the broad- shelled turtle (Chelodina 
expansa) occurs at much lower densities than the other 
two turtle species. Chelodina expansa nest during autumn; 
6 months out of phase with both Emydura macquarii and 
Chelodina longicollis (Cann 1998). Their nesting biology 
is also different. Individual C. expansa nest in response 
to rain, but not all females respond to the same rain 
events (Bowen et al. 2005). Thus, the nesting season 
occurs over ~4–6 weeks. Nest densities of C. expansa are 
generally lower than those of the other two species 
because (1) their population numbers are lower, (2) they 
nest sporadically and individually, and (3) they are the 
only turtle nesting in autumn. Female C. expansa also 
tend to nest farther from shore than do the other species, 
which scatters their nests more widely (Stricker 2014). 



RICKY- JOHN SPENCER ET AL. Ecological Applications 
Vol. 26, No. 7

1972

Long- term empirical data and population modeling 
suggest that C. expansa populations have not declined 
since the introduction of foxes (Spencer and Thompson 
2005, Chessman 2011).

modelIng FunctIonal reSponSeS oF  
Introduced predatorS

We developed plausible functional response curves for 
fox and native predator predation on turtle nests (fox: 
Fig. 1; native predator in Appendix S1: Fig. S2). Nest 
predation rates by foxes are generally 93–95% (Thompson 
1983, Spencer 2002), but how predation rate changes 
relative to nest density is not known. Here, we assumed a 
Type III functional response curve, where consumption 
rates at low densities are 50%, but 90% at high densities 
(Spencer 2002). The progression from low to high density 
consumption rates is based on caloric intake. Energy 
density of a single egg of E. macquarii is ~39 kJ (nine 
calories; Thompson et al. 1999), and females produce 
12–30 eggs per season (Cann 1998). An 8- kg fox requires 
~1000 dietary calories per day (NRC 1968). When foxes 
eat eggs, they crack the shell and lap up the contents, which 
likely results in some loss of material. We assumed that a 
fox could consume ~5 calories from each egg, of which 4.5 
would be assimilated (90% assimilation efficiency; 
Vogtsberger and Barrett 1973). Thus eight to 18 Emydura 
macquarii nests would be required to fulfil a fox’s daily 
energy budget. Chelodina expansa is a large turtle and 
produces larger eggs, but smaller clutches, than does 
E. macquarii (Cann 1998). For the functional response 

model, we have assumed that a similar number of 
C. expansa nests would be required to meet daily caloric 
intake of foxes. We have assumed that when nest densities 
are high enough to meet full caloric intake for a fox, they 
will focus all predation on nests. As a result, consumption 
rates switch from 50% to 90% when nest densities reach 
10–15 nests (rounded from eight to 18 for simplicity). We 
have also assumed a maximum asymptote of 30 nests con-
sumed. This allows a single fox to revisit a nesting ground 
for two to three nights to consume nests that may have 
been marked by the fox, but not consumed during the first 
night.

For native predators, we applied reasoning developed 
by Dick et al. (2013), that native predators are usually 
less efficient at finding nests and their consumption rates 
asymptote at a lower density than the more efficient 
introduced predator. Thus, we have assumed that 
maximum consumption rates at intermediate- high nest 
densities reach only 70% (instead of 90% with foxes) and 
minimum consumption rates at low nest densities are 
only 40% (instead of 50% with foxes). We modeled con-
sumption rates to asymptote at either 30 (same as foxes) 
or 20 nests per predator. In Australia, historical nest 
predators were likely reptiles or marsupials, which have 
lower basal metabolic rates than similar- sized eutherians 
and thus should have lower daily energy budgets 
(Congdon et al. 1982, Hume 1982).

We used TurtleSAT to evaluate wild nest densities of 
each species. TurtleSAT is a mobile app and website 
where sightings of turtles and turtle nests (largely iden-
tified by depredated nests with holes, diggings, and egg 

FIg. 1. Theoretical functional response curves for foxes consuming turtle nests based on (1) a constant 90% predation rate with 
no “switch” to high predation at low- intermediate nest densities (black solid line), (2) Chelodina expansa nest densities where 
consumption rates increase when densities at nesting beaches reach 10–15 nests (gray solid line), and (3) Emydura macquarii or 
C. longicollis nest densities where consumption rates of nests of both species increase when the densities of each reach 10–15 nests 
(total = 30; dashed gray line). Because both species nest at the same time in similar nesting grounds, real consumption rates begin 
to increase when approximately five nests of each are present, rather than 10 for when only C. expansa is present. Consumption rates 
per fox asymptote at 30 nests (15 per species in the two- species model). Note that lines 1 and 2 are indistinguishable beyond nest 
densities higher than 15.
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shells) are uploaded by the public. From 2013 to 2015, 
we recorded the locations of all nests (autumn and spring) 
in the Gunbower, Victoria, region of the Murray River. 
A total of 29 nesting grounds were discovered at eight 
geographically distinct sites. Nest densities varied 
between species. No C. expansa nest densities were 
greater than 30 (Fig. 2). Most C. expansa nests occurred 
in densities of one to 10 or 10–20. In spring, when both 
E. macquarii and C.  longicollis nest, some nesting grounds 
contained more than 50 nests (Fig. 2). It was impossible 
to distinguish between E. macquarii and C. longicollis 
nests once they were depredated.

We applied fox and native predator functional response 
curves to model nest predation on a variety of different 
nest predation scenarios (fox: Fig. 1; native predator in 
Appendix S1: Fig. S2). These models compared the 
effects of predator type (fox or native), predator popu-
lation density (low or high), turtle nesting behavior 
(Arribada or asynchronous), and turtle population 
density (low or high) on nest predation rates, in a 
2 × 2 × 2 × 2 factorial approach (model parameters sum-
marized in Tables 1 and 2). Within the Arribada models, 
we also modeled the effects of predation on single species 
alone (E. macquarii or C. longicollis) or together (E. mac-
quarii and C. longicollis).

In each model, we created 10 hypothetical nesting 
populations that contained up to seven nesting grounds 
of various sizes. We assumed that each nesting ground 
could contain five to 500 nests for Arribada species 
(maximum of 600 nests per population) and five to 200 
nests for species that nest asynchronously (maximum of 
300 nests per population). These ranges were based on 
Chessman (2011), who showed that C. expansa occur at 
lower densities than the other two species. We modeled 
nesting behavior according to species: Arribada nesting 
in E. macquarii and C. longicollis occurred over 1 week 
(driven by storms; Bowen et al. 2005), whereas C. expansa 
nested asynchronously over a 4- week period.

Effects of turtle population densities on nest predation 
rates were modeled separately for both predators. Low 
population densities contained no more than 100 turtles 
and a maximum of 30 nests at any nesting ground. High 
population densities contained no more than 600 turtles 
and up to 500 nests at any nesting ground for Arribada 
species or 200 nests in any nesting ground for asyn-
chronous species. Within each model (i.e., fox or native 
predator), we applied the appropriate predator- specific 
functional response curve to each simulated predator as 
it entered a nesting ground and encountered nests. We 
assumed that if a nest survived exposure for two weeks, 
then it would complete development.

model reSultS

At high turtle densities, predation rates of turtle nests 
under the Arribada nesting strategy are linearly related 
to predator density (Fig. 3A). At these densities, pre-
dation rates do not differ between foxes and native pred-
ators. At predator densities of one, nest predation rates 
range from 25% to 55% (40% ± 14%; mean ± standard 
deviation [SD]), whereas at predator densities of four, 
predation rates range from 77% to 100% (91% ± 13%). 
When two turtle species nest together, predation rates on 
either remain below 75% (mean) at all predator densities 
(and types) modeled (Fig. 3A). The linear increase in 
predation rate as predator density increases indicates that 
the nest predation rate is largely determined by predator 
numerical responses (i.e., population size) when turtle 
densities are high, regardless of predator functional 
responses. The effects of lower native predator saturation 
are negated as their densities increase, regardless of turtle 
nesting strategy (Appendix S1: Fig. S3 and S4).

At low turtle densities, the Arribada nesting system is 
subject to overexploitation. Foxes are particularly 
effective at maintaining nest predation rates above 90% 
at all predator densities (Fig. 3B). The two- turtle species 

FIg. 2. Percentage of nesting grounds that contained a range of densities of nests for E. macquarii + C. longicollis (dark gray) 
and C. expansa (light gray).

0

5

10

15

20

25

30

35

40

1 10 20 30 40 50+

Pe
rc

en
ta

ge
 o

f N
es

tin
g 

Gr
ou

nd
s

Density of Nests



RICKY- JOHN SPENCER ET AL. Ecological Applications 
Vol. 26, No. 7

1974

model is particularly sensitive to overexploitation by 
foxes with mean nest predation rates higher than 96% 
even at low predator densities (Fig. 3B). Less efficient 
native predators allow nest predation rates to decrease 
to a mean of 85% when predator densities are low 

(Fig. 3B). This “relief” from predation at low densities 
of native predators, but not foxes, is critical. It highlights 
how turtles that use Arribada nesting strategies expe-
rience severe reductions in recruitment as a result of nest 
predation by efficient introduced predators.

taBle 1. Model parameters used to develop functional and numerical responses of fox predators to turtle nests.

Parameters
High turtle densities 
(Arribada nesting)

High turtle densities 
(Asynchronous nesting)

Low turtle densities 
(Arribada nesting)

Low turtle densities 
(Asynchronous nesting)

Low Fox densities
Model 1 species model 1 species model 1 species model 1 species model 
Asymptote Asymptote 30 Asymptote 30 Asymptote 30 Asymptote 30
Predation switch 50/90 switch at 30 nests 50/90 switch at 15 nests 50/90 switch at 30 nests 50/90 switch at 15 nests
Nest density 600 nests. 500 max at a 

nesting ground
Up to 600 nests. 200 max 

at a nesting ground
Up to 100 nests. 50 max 

at a nesting ground
Up to 250 nests. 50 max 

at a nesting ground
Nest creation rate 

(asynchronous 
only)

Up to 200 nests created in 
week 1 and 50 nests 
produced weekly for 
four weeks

50 nests created in week 
1 and 50 nests 
produced weekly for 
four weeks

Nests per week per 
nesting ground were 
proportional of the size 
of the nesting ground 

Nests per week per 
nesting ground were 
proportional of the 
size of the nesting 
ground 

Predator density One predator per week 
visiting nesting 
grounds

One predator per week 
visiting nesting grounds

One predator per week 
visiting nesting 
grounds

One predator per week 
visiting nesting 
grounds

Model 2 species model 2 species model 
Asymptote Asymptote 15 Asymptote 15
Predation switch 50/90 switch at 7.5 nests 50/90 switch at 7.5 nests
Nest density 600 nests (300 per 

species). 500 max at a 
nesting ground

Up to 100 nests (50 per 
species). 50 max at a 
nesting ground.

Predator density One predator per week 
visiting nesting 
grounds

One predator per week 
visiting nesting 
grounds

High Fox densities
Model 1 species model 1 species model 1 species model 1 species model 
Asymptote Asymptote 30 Asymptote 30 Asymptote 30 Asymptote 30
Predation switch 50/90 switch at 30 nests 50/90 switch at 15 nests 50/90 switch at 30 nests 50/90 switch at 15 nests
Nest density 600 nests. 500 max at a 

nesting ground
Up to 600 nests. 200 max 

at a nesting ground
Up to 100 nests. 50 max 

at a nesting ground
Up to 250 nests. 50 max 

at a nesting ground
Nest creation rate 

(asynchronous 
only)

Up to 200 nests created in 
week 1 and 50 nests 
produced weekly for 
four weeks

50 nests created in week 
1 and 50 nests 
produced weekly for 
four weeks

Nests per week per 
nesting ground were 
proportional of the size 
of the nesting ground 

Nests per week per 
nesting ground were 
proportional of the 
size of the nesting 
ground 

Predator density Up to four predators per 
week visiting nesting 
grounds

Up to four predators per 
week visiting nesting 
grounds

Up to four predators 
per week visiting 
nesting grounds

Up to four predators 
per week visiting 
nesting grounds

Model 2 species model 2 species model 
Asymptote Asymptote 15 Asymptote 15
Predation switch 50/90 switch at 7.5 nests 50/90 switch at 7.5 nests
Nest density 600 nests (300 per 

species). 500 max at a 
nesting ground

Up to 100 nests (50 per 
species). 50 max at a 
nesting ground.

Predator density Up to four predators per 
week visiting nesting 
grounds

Up to four predators 
per week visiting 
nesting grounds
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taBle 2. Model parameters used to develop functional and numerical responses of native predators to turtle nests.

Parameters
High turtle densities 
(Arribada nesting)

High turtle densities 
(Asynchronous nesting)

Low turtle densities 
(Arribada nesting)

Low turtle densities 
(Asynchronous nesting)

Low Fox densities
Model 1 species model 1 species model 1 species model 1 species model 
Asymptote Asymptote 30 or 20 Asymptote 30 Asymptote 30 or 20 Asymptote 30
Predation switch 40/70 switch at 15 or 

10 nests
40/70 switch at  

15 nests
40/70 switch at 15 or 

10 nests
40/70 switch at  

15 nests
Nest density 600 nests. 500 max at a 

nesting ground
Up to 600 nests. 200 max 

at a nesting ground
Up to 100 nests. 50 max 

at a nesting ground
Up to 250 nests. 50 max 

at a nesting ground
Nest creation rate 

(asynchronous 
only)

Up to 100 nests created in 
week 1 and 50 nests 
produced weekly for 
four weeks

50 nests created in week 
1 and 50 nests 
produced weekly for 
four weeks

Nests per week per 
nesting ground were 
proportional of the size 
of the nesting ground 

Nests per week per 
nesting ground were 
proportional of the 
size of the nesting 
ground 

Predator density One predator per week 
visiting nesting 
grounds

One predator per week 
visiting nesting  
grounds

One predator per week 
visiting nesting 
grounds

One predator per week 
visiting nesting 
grounds

Model 2 species model 2 species model 
Asymptote Asymptote 15 or 10 Asymptote 15 or 10
Predation switch 40/70 switch at 7.5 or 5 

nests
40/70 switch at 7.5 or 5 

nests
Nest density 600 nests (300 per 

species). 500 max at a 
nesting ground.

Up to 100 nests (50 per 
species). 50 max at a 
nesting ground.

Predator density One predator per week 
visiting nesting 
grounds

One predator per week 
visiting nesting 
grounds

High Fox densities
Model 1 species model 1 species model 1 species model 1 species model
Asymptote Asymptote 30 or 20 Asymptote 30 Asymptote 30 or 20 Asymptote 30
Predation switch 40/70 switch at 15 or 

10 nests
40/70 switch at 15 nests 40/70 switch at 15 or 

10 nests
40/70 switch at 15 nests

Nest density 600 nests. 500 max at a 
nesting ground

Up to 600 nests. 200 max 
at a nesting ground

Up to 100 nests. 50 max 
at a nesting ground

Up to 250 nests. 50 max 
at a nesting ground

Nest creation rate 
(asynchronous 
only)

Up to 100 nests created in 
week 1 and 50 nests 
produced weekly for 
four weeks

50 nests created in week 
1 and 50 nests 
produced weekly for 
four weeks

Nests per week per 
nesting ground were 
proportional of the size 
of the nesting ground 

Nests per week per 
nesting ground were 
proportional of the 
size of the nesting 
ground 

Predator density Up to four predators per 
week visiting nesting 
grounds

Up to four predators per 
week visiting nesting 
grounds

Up to four predators 
per week visiting 
nesting grounds

Up to four predators 
per week visiting 
nesting grounds 

Model 2 species model 2 species model 
Asymptote Asymptote 15 or 10 Asymptote 15 or 10
Predation switch 40/70 switch at 7.5 or 

5 nests
40/70 switch at 7.5 or 5 

nests
Nest density 600 nests (300 per 

species). 500 max at a 
nesting ground.

Up to 100 nests (50 per 
species). 50 max at a 
nesting ground.

Predator density Up to four predators per 
week visiting nesting 
grounds

Up to four predators 
per week visiting 
nesting grounds
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Paradoxically, when turtles nest asynchronously, low- 
density turtle populations with moderate densities of 
foxes can experience the lowest nest predation rates 
(Fig. 4), even though nest predation rates are highest 
when fox densities are high (Fig. 4). Throughout the 
nesting season, moderate densities of foxes keep nest 
densities low, because they constantly remove some 
fraction of nests, but never find all of them. Total nest 
densities increase each time more nests are added, but 
that increase then allows foxes to once again find nests 
more easily, and the densities are immediately reduced 
via predation. Thus, extra nests produced throughout the 
nesting season experience lower consumption rates than 
they would if all nests were constructed simultaneously 
(Fig. 5). At higher nest densities, predation rates increase 
above 90% because nest densities are not high enough to 
saturate foxes, but are high enough for foxes to find a 
larger proportion of them (Fig. 4). The difference in pre-
dation rates between low and high nest densities, when 

fox densities are low, is due to the functional responses 
of predators. Low densities of predators are able to find 
a larger proportion of abundant nests than rare nests.

temporal eFFectS oF predatIon on neStIng denSIty

To examine how predation may drive changes in nest 
density in the landscape over time, we applied total nest 
predation rates generated for each scenario into matrix 
population projection models (PopTools; Hood 2010). 
Data on fecundity, adult and juvenile survival, and 
growth for both E. macquarii and C. expansa were 
extracted from Spencer and Thompson (2005). We 
derived square- transition matrices that contained sur-
vival, growth, and fecundity values to evaluate changes 
in population growth based on differences in nest pre-
dation rates. Three distinct stages were chosen: egg (EH), 
juvenile (J), and adult (A). The stage- based entries occur 
on the diagonal (Pi; probability of surviving and 

FIg. 3. Predation rates under four model scenarios of (a) high and (b) low densities of turtles that exhibit Arribada nesting. One 
(solid lines) and two (dashed lines) nesting species under predation pressure from native predators (gray) and foxes (black) occurring 
at different densities (Tables 1 and 2). Error bars show standard error (SE).
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remaining in a stage), on the subdiagonal (Gi; probability 
of surviving and growing to the next stage), and on the 
top row (Fi; fecundity) of the matrix. We assumed that 
all individuals within a stage were identical and that 
a fixed proportion of individuals grew into the next 
stage each year. For each scenario, we assigned a nest 
 predation rate for a given nesting beach density based on 
fox densities of two per nesting beach per week. We 
assumed that nest site selection was heritable and all sur-
viving hatchlings returned to the natal beach. Initial adult 
population size (time = 0) was set at the density of nests 
and juvenile and initial egg/hatchling populations were 
set at 0 for time 0. Essentially, the nesting beach repre-
sents a population and the projection models tracked the 
fate of hatchlings that originate from the nesting beach. 
In Arribada species, nesting beaches with fewer than 
200–300 nests were not sustainable and declined to zero 
nests within 50–100 yr (Fig. 6A). In asynchronous nesting 

species, most nesting beaches stabilize around 10–15 
nests per nesting beach (Fig. 6B).

ultImate eFFectS oF neSt predatIon on  
turtle populatIonS

When our results are applied to models of hatchling and 
adult population sizes, they mirror the population trends 
reported in nature (Spencer and Thompson 2005, Chessman 
2011). Upper and lower estimates of predation rates for 
E. macquarii (or C. longicollis) exposed to natural predators 
result in positive population growth estimates, suggesting 
that natural populations were likely limited by density- 
dependent demographic processes (Fig. 7A). Once foxes 
were introduced, populations of E. macquarii and/or  
C. longicollis generally decline, but many populations with 
high- density nesting grounds remain viable for considerable 

FIg. 4. Predation rates under low (solid lines) and high (dashed lines) densities of turtles that exhibit asynchronous nesting 
under predation pressure from native predators (gray) and foxes (black) occurring at different densities (Tables 1 and 2). Error bars 
show SE.
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periods (Fig. 7A). As adult populations slowly decline, they 
eventually reach a point where nest predation rates are high 
enough relative to nest abundance that nest populations 
crash and recruitment is reduced to near zero. Adult popu-
lations subsequently decline over 80–100 yr via attrition 
(Fig. 7A). These results demonstrate the ultimate conse-
quences of Arribada nesting in the face of predation by a 
highly efficient introduced predator with high saturation.

Likewise, populations of C. expansa increase in sce-
narios based on native predator predation rates without 
foxes (Fig. 7B). After foxes are introduced, however, 
adult populations do not decrease, and remain stable 
(Fig. 7B), as observed in the wild (Chessman 2011). That 
C. expansa populations remain stable likely reflects the 
reduced ability of foxes to find all of the nests they 
produce via asynchronous nesting.

ImplIcatIonS For management

Turtle conservation has historically focused on pro-
tecting adult females because past studies suggest that the 
loss of one adult female has far greater consequences for 
population stability than the loss of nests (Brooks et al. 
1991, Congdon et al. 1993, Heppell 1998, Spencer and 
Thompson 2005). Our study has novel and significant 
implications for turtle conservation because we demon-
strate the potential for populations to decline solely as a 
result of high nest predation. Oversaturation of predators 
through sheer numbers of nests is usually a successful 
strategy (e.g., salmon spawning; Crossin et al. 2008), but 
our results show that it is subject to exploitation from 
highly efficient introduced predators, like foxes. Foxes 
(highly efficient predators with high prey saturation) 

FIg. 6. Modeling the evolution of nest densities incorporating heritability of nest site location. Models assume (a) Arribada 
nesting and (b) asynchronous nesting. All models incorporate predation rates based on moderate fox densities (Table 1) and use 
life- history stage parameters for E. macquarii and C. expansa derived in (Spencer and Thompson 2005). Differently colored lines 
indicate different starting points (nest densities) at time 0.
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eventually drive turtle populations to extinction, 
depending on the turtles’ initial densities and nesting 
strategy. Extinction occurs rapidly when nest densities fall 
below the saturation of individual foxes. At this point, 
individual foxes can destroy more than 90% of all nests 
in a given Arribada nesting event within 3 weeks. At inter-
mediate and low nest densities, our models suggest that 
nest consumption rates by foxes are consistently high 
enough to reflect a destabilizing Type I or II functional 

response curve. Thus, at intermediate nest densities, the 
Arribada nesting strategy becomes an ethological trap. 
The nesting population continues to decline and may only 
experience relief from predation at very low nest densities, 
which may be too low for population sustainability.

The effect of the ethological trap is exacerbated in 
areas where multiple species nest at the same time, as do 
E. macquarii and C. longicollis. These species artificially 
increase the densities of each other’s nests, such that an 

FIg. 7. (a) Matrix population projections of E. macquarii under three nest predation rate scenarios (scenarios 1–3). The initial 
10 yr are based on predation rate scenarios without foxes (first dashed line). The next 200 yr are based on scenarios with foxes 
(second dashed line), and the last 100 yr are based on extreme nest predation rates once turtle densities enter the ethological trap 
where Arribada nesting densities cannot be achieved. Populations are adult (dark line) and juvenile (gray line). Nest predation rates 
were based on low predator (one- predator) densities. (b) Matrix population projections of C. expansa under two nest predation rate 
scenarios (scenarios 4–5). The initial 15 yr are based on predation rate scenarios without foxes (before dashed line). The next 300 yr 
are based on scenarios with foxes. Line colors are as in panel (a). Nest predation rates were based on low predator (one- predator) 
densities.
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area with 15 nests of each functionally has a total nest 
density of 30. Thus, the 15 nests of each are impacted by 
nest predation rates similarly to a density of 30 nests of 
either species alone. As a result, low nest densities suffer 
disproportionally high nest predation rates, and neither 
species experiences the reduced nest predation pressure 
we modeled as a Type III functional response when nest 
densities drop below 15.

Chelodina longicollis might be at considerable localized 
risk of the effects of the ethological trap. It typically 
prefers temporary wetlands throughout Australia, but in 
the Murray River catchment, the loss of temporary wet-
lands (Kingsford 2000) has likely forced the species to 
coexist with E. macquarii to a greater extent within per-
manent wetlands (Chessman and Jones 2001). In per-
manent wetlands, C. longicollis often exists at low 
population densities which, on their own, could result in 
low nest densities that fall into the sigmoid portion of the 
Type III functional response, like those of C. expansa 
(<15; Fig. 1). However, E. macquarii is typically abundant 
in these systems, and both species nest together in the 
same Arribada events, so the combined nest densities are 
likely to exceed 15. Thus, C. longicollis may suffer excess 
nest mortality as a result of fox predation rates that are 
artificially increased by the presence of many sympatric 
E. macquarii nests, even when C. longicollis are relatively, 
or even exceptionally, rare within a given wetland. This 
combination of factors could rapidly drive C. longicollis 
to localized extinction in permanent wetlands with sym-
patric large populations of E. macquarii. Only relatively 
small, disconnected C. longicollis populations in ephemeral 
wetlands away from the managed regions of the Murray 
catchment might be sustainable by experiencing low nest 
predation rates at low nest densities.

The declines of 69–91% of E. macquarii and C. longi-
collis (Chessman 2011) reflect the effects of the etho-
logical trap. The causes for these declines are 
multi- factorial, with increases in adult mortality asso-
ciated with changes to water management and potentially 
increased harvests (Spencer and Thompson 2005), but 
the reduction in juvenile recruitment that is associated 
with annual predation rates of 93–95% is significant. 
Based on demographic parameters derived by Spencer 
and Thompson (2005), E. macquarii populations are 
stable with “natural” nest predation rates of 80–85%. 
Foxes were introduced to Australia in 1871 and our 
models show that E. macquarii would not have started 
to decline until foxes reached very high densities (Fig. 7). 
Prior to this point in time, traditional fox management 
strategies that focus on reducing fox populations (i.e., 
managing for the numerical response) would have likely 
been sufficient to protect turtle populations. At these 
turtle population densities, female turtles could still have 
produced sufficient numbers of nests to oversaturate fox 
predation if fox numbers were reduced.

After this point in time, however, adult turtle populations 
decline rapidly over the next 80–100 yr as recruitment drops 
to near zero (Fig. 7). The severity of the decline in the 
Murray River suggests that they are now in the ethological 
trap, where predation rates will never fall below 90%, even 
if foxes densities are reduced (Fig. 3B). There simply are 
too few female turtles to produce enough nests in a given 
Arribada to oversaturate even one fox. Once this decline 
began, traditional management techniques that focus on 
reducing numbers of predators (manage for the numerical 
response) became less effective unless foxes are completely 
removed from an area. Thus, effective management must 
change from managing for the numerical response (i.e., 

FIg. 8. Modeling management. Once turtles enter the ethological trap (vertical line at year 80), juvenile populations (gray solid 
line) crash, which is closely followed by a decline in the adult population (black solid line). The dashed lines indicate a management 
option where nest predation rates are reduced to 70% every 3–4 yr, and once every 50 yr, nest predation rates are reduced to 70% in 
consecutive years.
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decreasing the aggregate predation rate of all predators by 
reducing predator density), and instead manage for the 
functional response (i.e., decrease the predation rates of 
individual predators relative to prey densities). In other 
words, management must focus on methods that prevent 
the ability of individual foxes to find and depredate some 
portion of turtle nests in a nesting area. The goal of these 
methods should be to decrease the predation rate below 
90% at intermediate- high nest densities.

Many turtle populations can sustain high levels of nest 
predation indefinitely (>80%; Spencer and Thompson 
2005) and our models show that even intermittent periods 
of relief from extreme predation rates (>95%) are suffi-
cient to halt population declines (Fig. 8). Thus, man-
agement methods that reduce predator consumption 
rates, or the saturation points of predators, even on an 
intermittent basis (i.e., once every 5–10 yr) may be suf-
ficient to maintain current turtle populations. Programs 
like headstarting and fencing of nests or nesting grounds 
are likely to be effective for maintaining populations in 
local areas because they can instantly increase recruitment 
of juveniles (Buhlmann et al. 2015, Burke 2015). The 
major effect of all of these methods is to reduce predation 
rates. The problem is that they are often localized, and 
to maximize impact of management, local nest protection 
should employ a regional focus. For example, many sea 
turtles originate from a small number of nesting beaches, 
and focusing resources into protecting nests in these areas 
could maximize benefits to populations (Dutton et al. 
2005). Freshwater turtles do not disperse to the same 
degree as sea turtles, so identifying population hotspots 
is potentially more difficult. Areas that flood stochasti-
cally may be targets for management, because floods may 
provide natural dispersal pathways for hatchlings. 
Alternatively, large populations that use fenced nesting 
beaches may provide sources for regular headstarting of 
hatchlings throughout a region (Burke 2015).

In addition to limiting fox access to turtle nests at low 
nest densities, management methods could also include 
reducing fox saturation when turtle nest densities are still 
intermediate or high. Methods to reduce the saturation 
points of foxes could involve disruptive techniques or 
involve a somewhat controversial measure of feeding 
introduced predators prior to and during the Arribada. 
Providing food effectively switches foxes to diets other 
than turtle eggs and may temporarily recreate historic 
low predator density, with subsequent benefits to 
Arribada nesting (i.e., Fig. 3). If combined with fox 
removal, this could be a powerful approach for reducing 
both functional and numerical responses in locations 
where turtle abundances are still relatively high.

In conclusion, we have demonstrated how functional 
responses can be modeled to explore how an efficient 
invasive predator (European fox) can drive exceptionally 
resilient long- lived vertebrates (Australian freshwater 
turtles) to extinction within a few generations. Turtle life- 
history patterns are remarkably conserved across species. 
They have evolved to weather high exploitation at early 

life- history stages, and their resilience depends on very low 
adult mortality rates and very high reproductive output. 
For many species, the Arribada nesting behavior is a 
critical component of this life- history pattern because it 
allows turtles to oversaturate predators with nests in the 
hopes that some small fraction of hatchlings will survive 
every year. Our results show that that this nesting strategy 
is subject to exploitation by foxes, which are both more 
efficient, and require more nests to reach saturation, than 
do native predators. Once fox populations increase to the 
point that their predation causes turtle populations to 
decline, turtles rapidly enter an ethological trap where pre-
dation by even low numbers of foxes is sufficiently desta-
bilizing to drive them to extinction. In contrast, turtles that 
utilize asynchronous nesting strategies are much more 
resilient to predation by foxes, even when their own popu-
lation densities are low and fox densities are high.

Ethological traps are likely to be common in situations 
where behaviors are canalized in vulnerable species that are 
exposed to novel sources of mortality. Similar situations 
have occurred when burrow- nesting seabirds are depre-
dated by invasive rats (Jones et al. 2008), or when ground- 
nesting birds are depredated by mesomammals (Schuttler 
et al. 2009). These cases mirror our results with turtles 
because burrow-  and tunnel- nesting strategies are likely 
canalized within species. Likewise, the declines of many 
native Australian predator species after the introduction of 
cane toads, Rhinella marinus (Shine 2010), is partially due 
to the canalized behavior of these species to target native, 
relatively non- toxic, frogs as prey. The sudden appearance 
of large, toxic R. marinus to naive predators allows little 
opportunity for evolved changes in predation behavior, at 
least initially (Ward- Fear et al., 2016).

In the broader context of ecological traps, it is unclear 
how important ethological traps are in long- term conser-
vation efforts. There is a growing body of evidence sup-
porting the ecological trap concept (Battin 2004), and we 
now have developed models to provide a firm theoretical 
basis for ethological traps as a potential conservation 
issue. The implications of ecological and ethological 
traps for population persistence are significant because 
they are largely a result of human activities. Our results 
demonstrate that management of introduced predators, 
like foxes, must focus on countering the functional 
responses of individual highly efficient predators instead 
of simply reducing predator populations, which may 
have limited or no impact. Alternative approaches must 
be developed to isolate vulnerable prey species from 
invasive predators, i.e., through the use of fences (Bode 
and Wintle 2010), translocating or headstarting vul-
nerable life stages of prey species (Tenhumberg et al. 
2004, Fordham et al. 2008), or altering predator foraging 
strategies (Maguire et al. 2009). Freshwater turtles are 
an ideal model system to test novel management methods 
in the field because turtle survival rates increase dramati-
cally once hatchlings reach the water (Congdon et al. 
1993, 2013). Thus, irregular reductions of nest predation 
rates by 15–30% may be sufficient to stabilize vulnerable 
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prey populations that are experiencing annual predation 
rates of nearly 100%. Eliminating ethological traps more 
broadly requires identifying behaviors that makes a 
species vulnerable, which includes understanding the 
behavior in the broader context of the biological system.
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