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Abstract Invasive predators pose a significant risk

to bird populations worldwide. Humans have a long

history of removing predators from ecosystems;

current island restoration actions typically focus on

the removal of invasive predators, such as non-native

rodents, from seabird breeding islands. While not

overly abundant, the results of predator removal

studies provide valuable information on the demo-

graphic response of birds, and can assist conservation

practitioners with prioritizing invasive predator

removal projects. We review such studies focusing

on observed demographic responses of bird popula-

tions to predator removal campaigns and whether

ecological factors are useful in predicting those

responses. From the 800? predator removal pro-

grams indentified, a small fraction (n = 112) reported

demographic responses of bird populations. Change

in productivity was the most commonly reported

response, which on average increased by 25.3% (2.5

SE) with predator removal. The best supported model

for predicting the change in productivity from pred-

ator removal incorporated bird body mass, egg mass,

predator type, nest type and an interaction term for

body mass and nest type (AICc weight = 0.457). The

predicted percent increase in productivity resulting

from hypothetical predator removal ranged from 16.9

to 63.0% (mean = 45.0, 5.6 SE), and was lowest for

large, surface nesting birds such as albatrosses. The

predicted increase in productivity resulting from

predator removal alone was insufficient to reverse

the predicted population decline for 30–67% of bird

species considered, suggesting that in many cases,

removal of predators must be performed in combina-

tion with other conservation actions in order to ensure

a stable or increasing population.
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Introduction

The threats leading to population declines in birds are

many and varied, including bycatch in fisheries, habitat

destruction, and pollution (Birdlife International

2008). Non-native predators pose a significant risk to
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many bird populations, and are currently ranked as the

third most significant threat to birds according to the

International Union for the Conservation of Nature

(Birdlife International 2008). Rats (Rattus spp.), feral

cats (Felis catus), and mustelids are cosmopolitan

predators of bird populations, particularly on islands

(Atkinson 1989; Jones et al. 2008; Nogales et al. 2004).

There is a long history of humans controlling both

native and non-native predators to protect birds or

simply to increase their numbers for human benefit

(e.g., coyote (Canis latrans) control programs to

increase Bobwhite Quail (Colinus virginianus) popu-

lations for recreational hunting) (Guthery and Beasom

1977). Studies that follow bird responses to such

predator control programs can provide valuable infor-

mation and guidance with prioritization and planning,

since many bird conservation programs today involve

the eradication or control of non-native predators

at breeding colonies (Aguirre-Muñoz et al. 2008;

Harding et al. 2001; Howald et al. 2009).

Conservation prioritization efforts typically target

species that are most endangered or areas where

restoration efforts appear most effective or feasible

(Brooke et al. 2007; Martins et al. 2006). More

recently, the return on investment approach has been

advocated as a tool to maximize conservation benefits,

such as habitat protection or increases in the number

of breeding seabirds (Donlan and Heneman 2007;

Murdoch et al. 2007; Naidoo et al. 2006). This

approach requires the ability to predict both the cost

and benefit of conservation interventions. However,

while bird responses to non-native predator removal

have been studied, the demonstrated benefits of those

removal campaigns have not been systematically

reviewed (but see Beauchamp et al. 1996; Côté and

Sutherland 1997 for a limited review of terrestrial

birds). Controlling non-native predators has not lead

to population recovery for some bird populations

(Beauchamp et al. 1996; Carter et al. 1992), while

other populations have dramatically increased in

numbers following predator removal (Donlan et al.

2007; Keitt and Tershy 2003; Rayner et al. 2007).

Thus, identifying life-history characteristics or other

factors that can be used to help predict benefits to bird

populations from invasive predator control would pro-

vide value to conservation planners and practitioners.

Here we present a literature review on the demo-

graphic responses of birds resulting from predator

removal programs. We focus on invasive predator

removal programs, but also include native predator

control programs because of the overall dearth of

published studies. The objectives of our analysis were

to (1) provide an overall estimate of the known

changes in bird productivity as a result of predator

removal programs, (2) determine what factors (bird

body mass, egg mass, nest type, or predator type) can

be used to predict predator removal benefits, (3) assess

the demographic contribution of past predator remo-

vals to bird population recovery, and (4) explore how

much invasive predator removal campaigns are likely

to contribute to population recovery for some bird

species currently at risk.

Materials and methods

Predator removal and bird productivity

We collated studies reporting on bird demographic

responses resulting from the control or removal of

predators from the published and grey literature. All

studies were included in the overall summary of the

benefits of the removal of predators. For statistical

analyses, however, we used a subset that included

those studies reporting the results of removing a

single predator or in a few cases a single predator-

type (i.e., two species of invasive rat). We chose to

exclude studies involving the removal of more than

one predator from statistical analysis since the bird’s

demographic response could not be attributed to a

particular predator. In a few multiple-predator stud-

ies, authors identified one predator as being respon-

sible for most or all of the bird mortality, and thus

those studies were included in the analysis. Lastly,

studies reporting demographic benefits for groups of

birds only (e.g., ducks) were excluded since bird

body mass (an explanatory variable in our model;

details below) could not be determined.

Factors influencing predator removal benefits

for birds

Bird productivity estimates pre- and post-predator

removal were compared, with the difference between

the two values assumed to be the result of predator

removal. We used generalized linear models to

explore whether bird nest type (i.e., surface, not

surface), bird body mass, egg mass, or predator type
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(rodent, non-rodent) were important factors in deter-

mining the observed effect of predation on birds. Due

to the small sample size on non-rodent removal

studies and the severity of invasive rodent predation,

we chose to group predators as rodent or non-rodent

(Atkinson 1985; Jones et al. 2008). Because the

response variable, productivity, is a proportion,

values were logit-transformed (Crawley 2007). Since

only four explanatory variables were considered, all

possible model combinations were run. The best

performing model were selected based on Akaike’s

Information Criterion (AIC; Burnham and Anderson

2002). We conducted analyses in the statistical

program R and SPSS and adopted a a-level of 0.05

(R version 2.7.0, R Foundation for Statistical Com-

puting; SPSS 16 for Mac, SPSS Inc., Chicago).

Predator removals and bird population recovery

Demographic population models were developed for

two distinct data sets. The first data set included

species with complete demographic data (i.e., breed-

ing success, juvenile survival, and adult survival) and

empirical data on the demographic response of

removing predators. We estimate the change in the

population growth rate (k) following predator

removal. The second data set included bird species

with complete demographic data and known predator

impacts, but no predator removal program had been

initiated. Here, we predict the change in population

growth rate from a hypothetical predator removal. In

cases where multiple studies yielded contrasting

demographic parameter estimates, we used informa-

tion from the longest-term or most recent studies

rather than averaging data across all studies.

For both datasets, we developed a stochastic, stage-

structured, population-projection matrix for each bird

population. We chose a 20-year time interval because

it is most relevant from a management perspective and

allowed us to overlook density-dependent processes

associated with long-term projections for most species

(Morris and Doak 2002). The model consisted of two

stage-classes (juveniles and adults), and only females

were included (i.e., productivity was multiplied by 0.5

assuming a 1:1 sex ratio). The model was written in

Matlab (version 7.5.0, MathWorks Inc.).

We evaluated the effect of predator removal on

bird population dynamics in two phases. First, using

the stage-based matrix and published population

parameters, we obtained a baseline or pre-removal

population growth rate. Second, we incorporated the

change in productivity as a result of predator removal

(in the case of the first data set; see ‘‘Appendix 1’’). In

cases where a predator removal program had not yet

been initiated, we estimated the demographic response

as a result of predator removal using the general linear

model described above. The predicted response in

productivity as a result of a hypothetical removal was

adjusted for bird body mass, egg mass, nest type, and

predator type. The new demographic model then

generated a post-removal population growth rate. We

then scored the estimated demographic benefits from

predator removal with respect to its contribution to

reversing population decline (k C 1.00).

Results

Predator removal and bird productivity

A review of the literature yielded 112 studies that

examined the change in productivity of 87 bird

species as a result of the control or removal of

predators (‘‘Appendix 1’’). Average study duration

was 6.0 years, with 4.8 years of data prior to control/

removal efforts and 3.8 following (total range of

study years: 1–38). Eleven studies examined the

effects of predators on adult or juvenile survival

(‘‘Appendix 1’’) and one study reported on the

removal of a domesticated herbivore, Ovis aries

(Norman 1970). These studies were excluded from

statistical analysis due to small sample size. The

mean change in productivity for all studies following

predator removal was ?25.3% (2.5 SE). All but 12

studies reported a positive response in productivity.

Overall, predator type (rodent or non-rodent) did not

have a significant effect on changes in bird produc-

tivity following predator removal (P = 0.085;

Table 1). However, when predator types were treated

on an individual basis, the observed change in bird

productivity as a result of predator removal was

significantly less following the removal of avian

predators compared to rats (Fig. 1; P = 0.011) and

stoats (P = 0.019). Percent change in productivity

ranged from -82 to 6,150%; four studies reported

zero productivity prior to and increased productivity

following predator removal (range 0.455–0.625;

‘‘Appendix 1’’).

Bird demographic responses to predator removal programs
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Factors influencing predator removal benefits

for birds

Twenty-six studies included the removal of a single

predator and estimates of changes in bird productivity

(some studies provided data for multiple bird species,

total n = 33). The best performing model (main

effects) based on AICc values included bird body

mass, egg mass, nest type, and predator type

(Table 1). The second model (which includes an

interaction term for bird body mass and nest type)

performed nearly as well (DAICc \ 2.0; Burnham

and Anderson 2002) therefore model averaging was

applied. The averaged model was used to estimate the

effects of hypothetical predator removal.

Predator removals and bird population recovery

Complete demographic data were available for 24

bird species, including data on productivity before

and after predator removal. Percent change in lambda

before and after predator removal ranged from -12.3

to ?36.7%, with an overall mean of 11.3% (2.3 SE;

Table 2). Of the 24 species assessed, three had a

positive population growth rate prior to predator

removal, while 17 had positive population growth

rates following (k C 1, Table 2).

Complete demographic data were available for an

additional 12 bird species that currently suffer from

predation by introduced predators, but currently lack

a control/eradication campaign (Table 3). Prior to

adjusting the demographic parameters to account for

hypothetical predator removal, nine of the 12 species

were predicted to be in decline (baseline k\ 1.00,

Table 3). The predicted increase in productivity

resulting from hypothetical predator removal ranged

from 16.9 to 63.0% (mean = 45.0%, 5.6 SE) and was

lowest for large, surface nesting birds (Table 3).

Hypothetical predator removal resulted in a positive

population growth rate for three of the nine species in

Table 1 Top five models examining the effects of removing single predators on bird productivity (n = 33)

Model AICc DAICc W

bo ? bnest ? bmass ? bpredator ? begg (main effects)a,b 42.649 0.000 0.457

bo ? bnest ? bmass ? bpredator ? begg ? bmass 9 bnest 43.943 1.294 0.239

bo ? bnest ? bmass ? begg ? bmass 9 bnest 46.423 3.774 0.069

bo ? bnest 47.619 4.970 0.038

bo (null model) 47.947 5.298 0.032

Bird body mass, egg mass, nest type (surface and not surface), and an interaction between body mass and nest type made up the best

performing model. DAIC is the difference between AIC values for each model and the lowest AIC value. A lower AIC value

indicates a better fitting model; W is the model’s Akaike weight, the relative probability that the model is the best fit to the data tested.

bnest = bird nest type (surface or not surface), bmass = bird body mass, bpredator = predator type (mammal or bird), begg = fresh egg

mass
a Model coefficients: intercept = 1.6106, nest type = 0.9222, body mass = -0.0010, egg mass = 0.0100, predator type = -0.9264
b P-value: nest type = 0.024, body mass = 0.031, egg mass = 0.050, predator type = 0.085

Fig. 1 Mean change (±SE) in bird productivity following the

removal or eradication of predators (n = 111). Sample sizes

differ: sheep Ovis aries (1), birds Cassidix mexicanus
prosopidicola, Corvus brachyrhynchos, C. corone, C. corax,

Larus canus, L. n. scopulinus, L. argentatus (5), deer mouse

Peromyscus maniculatus (1), brushtail possum Trichosurus
vulpecula (1), hedgehog Erinaceus europaeus (1), cat Felis
catus (6), fox Alopex lagopus, Vulpes fulva (2), rat Rattus
rattus, R. norvergicus, R. exulans (18), stoat Mustela erminea
(3), and multiple predators (73). Multiple predator removal

studies included native and non-native predators. Global value

includes all studies
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decline. The mean increase in population growth rate

was 3.6% (0.9 SE, range: 0.2–9.8%).

Discussion

The results of our literature review highlight that for

the majority of bird species studied, the removal of

predators has resulted in increased productivity and

survival. In only a few instances was bird productivity

or survival lower following predator removal (Empson

and Miskelly 1999; Flux et al. 2001; Norman 1970;

Powlesland et al. 1999). Due to the paucity of studies

involving the removal of a single native predator

(n = 2), it was not possible to determine whether

native or non-native predators have a greater impact

on bird demography. However, the increases in bird

productivity following the removal of a native mouse

and fox were some of the lowest reported, 16.2 and

18.3%, respectively (Fig. 1; Anthony et al. 1991;

Millus et al. 2007).

Rodents, especially rats (Rattus spp.), are notorious

bird predators (Atkinson 1985; Jones et al. 2003).

Even the small Polynesian rat (R. exulans) and house

mouse (Mus musculus) are known to cause significant

mortality of albatrosses and petrels more than 509

their size (Cuthbert and Hilton 2004; Wanless et al.

2007; Woodward 1972). Jones et al. (2008) reported

significant impacts of rats, especially the black rat

Rattus rattus, on small burrowing seabirds. While the

results of our analysis showed that rats and stoats are

more effective bird-predators than other bird species,

overall, the removal of predators (rodent vs. non-

rodent) was not well supported by our model

(P = 0.085; Table 1). The inability to detect an

effect in this analysis is likely due to the inclusion of

a vast array of predators (n = 61). In the case of the

non-rodent group, predators varied greatly in size and

ability from small crabs Coenobita spp. to coyote

(Littlefield 2003; Schaffner 1991). In addition, a

number of studies reported predation by small

mammals or birds which could not be excluded with

fences or otherwise removed from the treatment area

(Lokemoen et al. 1987; Mayer and Ryan 1991; Parr

1993). Thus, the change in bird productivity included

in our model may not have resulted from the removal

of the target predator species.

The type and location of a bird’s nest has been

shown to influence predation rates (Burger andT
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Gochfield 1991; Igual et al. 2007; Moors and

Atkinson 1984). Typically, birds nesting on or near

the ground or in burrows are especially vulnerable to

predation due to ease of access to nests (Atkinson

1985). Thus seabirds and other surface nesting birds

would presumably experience the largest increase in

productivity following predator removal compared to

tree dwelling species which can avoid some predators

(e.g., foxes). Our results provide further support for

this idea with nest type (surface vs. not surface) a

significant factor in our model (P = 0.024; Table 1).

Bird body mass and egg mass are also known to

influence predation rates with smaller birds and

smaller, thin-shelled eggs typically suffering

increased predation (DeGraaf and Maier 1996;

Haskell 1995; Imber 1975; Jones et al. 2008; Roper

1992). However, Blight et al. (1999) and Jones et al.

(2008) found that egg mass, eggshell thickness, and

predator gape did not differentially affect predation

by rodents. Our results suggest bird body mass

(P = 0.030) is a reliable predictor of predator

removal benefits (Table 1) and provides limited

support for egg mass (P = 0.058; Table 1).

The ability of the model to predict the benefits of

predator removal prior to an eradication event varied

across species. In the case of the California Brown

Pelican Pelecanus occidentalis californicus, the pre-

dicted 16.9% increase in productivity following

hypothetical predator removal is above the range of

values reported for feral cat predation (Anderson et al.

1989; Table 3) However, for Tristan Albatross (Di-

omedea dabbenena), the predicted increase in produc-

tivity resulting from predator removal is 21.4%, which

is comparable to the reported mortality by Cuthbert

and Hilton (2004) who suggest that 15–39% of chicks

die as a result of mouse predation each year. Like any

set of models, discrepancies do and will exist for a

suite of reasons. First, biases in reporting may

influence the dataset since studies reporting a null

effect can be difficult to publish (Csada et al. 1996).

Only 15 of the 112 studies presented report no

significant increase (or decrease) in fecundity follow-

ing predator removal (‘‘Appendix 1’’; Bolton et al.

2007; Clark et al. 1995; Dion et al. 1999; Flux et al.

2001; Garretson et al. 1996; Harper 2007; Kauhala

2004; Powlesland et al. 2003; Rohwer et al. 1997).

Second, there may be unusual or idiosyncratic cir-

cumstances that are not anticipated by the model. For

example, on Gough Island, the mice predating Tristan

Albatross have developed large body size compared to

populations elsewhere (mean 27.2 g compared to 9–

25 g; Jones et al. 2003) and on the Falkland Islands, the

tiny Thin-billed Prion (Pachyptila belcheri; 145 g)

manages to coexist with mice, cats, and black rats

(Quillfeldt et al. 2008). Finally, our ability to accu-

rately predict the outcome of conservation actions, and

thus prioritize management, is limited by the avail-

ability and quality of published data. Despite more

than 800 successful invasive mammal eradications

worldwide (Donlan and Wilcox 2008), less than 20%

of studies directly quantified the benefits to birds.

Inclusion of additional quantitative studies examining

the demographic response of birds (especially those

[1,500 g) following predator removal would increase

the ability to predict conservation benefits a priori.

From the data available, removing invasive pre-

dators often reverses a negative population growth

rate. Seventeen of the 24 bird species predicted to be

in decline in Table 2 had estimated lambdas greater

than one following invasive predator removal. Fur-

ther, three of the nine declining species in Table 3

showed a positive population growth rate following

hypothetical invasive predator eradication. For those

bird species that predator eradication does not reverse

population decline, predator removal is likely to

result in cost-effective increases in lambda relative to

other conservation actions (Wilcox and Donlan 2007,

2009). Like any threatened species program, multiple

conservation strategies will often be necessary to

ensure recovery of threatened populations.
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