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When can efforts to control nuisance and invasive species backfire?
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Abstract. Population control through harvest has the potential to reduce the abundance
of nuisance and invasive species. However, demographic structure and density-dependent
processes can confound removal efforts and lead to undesirable consequences, such as
overcompensation (an increase in abundance in response to harvest) and instability
(population cycling or chaos). Recent empirical studies have demonstrated the potential for
increased mortality (such as that caused by harvest) to lead to overcompensation and
instability in plant, insect, and fish populations. We developed a general population model
with juvenile and adult stages to help determine the conditions under which control harvest
efforts can produce unintended outcomes. Analytical and simulation analyses of the model
demonstrated that the potential for overcompensation as a result of harvest was significant for
species with high fecundity, even when annual stage-specific survivorship values were fairly
low. Population instability as a result of harvest occurred less frequently and was only possible
with harvest strategies that targeted adults when both fecundity and adult survivorship were
high. We considered these results in conjunction with current literature on nuisance and
invasive species to propose general guidelines for assessing the risks associated with control
harvest based on life history characteristics of target populations. Our results suggest that
species with high per capita fecundity (over discrete breeding periods), short juvenile stages,
and fairly constant survivorship rates are most likely to respond undesirably to harvest. It is
difficult to determine the extent to which overcompensation and instability could occur during
real-world removal efforts, and more empirical removal studies should be undertaken to
evaluate population-level responses to control harvests. Nevertheless, our results identify key
issues that have been seldom acknowledged and are potentially generic across taxa.

Key words: density dependence; fecundity; instability; invasive species control; harvest; nuisance
species; overcompensation; population model; removal study; stage-structured model; survivorship.

INTRODUCTION

The control of nuisance and invasive species is an

important concern for preserving the integrity of ecosys-

tems. One common control method is harvest, or the

permanent removal of individuals from a population,

which canbe implemented through a variety of techniques

including (but not limited to) hunting/fishing, trapping,

poisoning, or biocontrol. Control through harvest has

been attempted for a wide variety of taxa including

aquatic invertebrates (Hein et al. 2006), fish (Weidel et al.

2007), birds (Brooks and Lebreton 2001, Frederiksen et

al. 2001), mammals (Campbell andDonlan 2005,Howald

et al. 2007), weedy plants (Buckley et al. 2001, Pardini et

al. 2009), and pest insects (Faccoli and Stergulc 2008).

Typically, the desired result of control efforts is to either

eradicate the target population or to decrease abundance

to levels that minimize adverse impacts.

However, increased mortality as caused by harvest can

potentially lead to unintended and undesirable out-

comes. Several theoretical and empirical studies have

demonstrated that increased mortality can not only lead

to greater variability in abundance and population

instability, such as periodic cycling and even chaos

(Costantino et al. 1995, 1997, Dennis et al. 1997, Cushing

et al. 1998, Abrams and Quince 2005), but can also lead

to an increase in total population abundance, which we

refer to as overcompensation. Overcompensation has

been observed in plants (Buckley et al. 2001, Pardini et

al. 2009), insects (Nicholson 1957, Moe et al. 2002), and

fish (Zipkin et al. 2008). In each of these empirical

examples, increased mortality of individuals in the target

population resulted in greater overall abundances,

suggesting that overcompensation may have resulted

from intra-demographic (such as population-level fecun-

dity and survivorship) processes rather than external

abiotic effects or as a result of niche opening due to

decreased abundance of other species. For example, an

intensive seven-year removal effort of a closed popula-

tion of smallmouth bass (more than 53 000 individuals

were removed and no other species was targeted) in a

north temperate lake led to higher estimated abundances

of bass, primarily as a result of an increase in juveniles.

Analysis of the system suggested that high fecundity of

adults and high juvenile survivorship together with

reasonably high maturation rates of young juveniles
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may have been responsible for this undesirable response

of the bass population to harvest (Zipkin et al. 2008).

The theoretical notion of increased mortality leading

to greater population abundance was first addressed by

Ricker (1954) but did not receive much subsequent

attention for nearly a half century (see review by Abrams

[2009]). Recent theoretical studies have explored this

phenomenon and coined the terms ‘‘hydra effect’’

(Abrams and Matsuda 2005), ‘‘paradoxical increase’’

(Seno 2008), and ‘‘overcompensation’’ (De Roos et al.

2007) to describe this unexpected response to mortality.

Although theoretical studies have examined the poten-

tial for overcompensation with respect to predator–prey

dynamics (Abrams and Matsuda 2005, Abrams and

Quince 2005, De Roos et al. 2008, Matsuoka and Seno

2008), environmental degradation (Abrams 2002), sea-

sonality (Boyce et al. 1999, Jonzen and Lundberg 1999),

and stage-specific mortality (Jonzen and Lundberg 1999,

De Roos et al. 2007, 2008) less consideration has been

given to the context of population control efforts (but

see Seno 2008).

Predicting the response of a population to a control

harvest can be challenging in part because of demo-

graphic structure (differences in vital rates based on age,

size or stage) and density-dependent processes (Benton

et al. 2004, Pardini et al. 2009). Under harvest, a

population’s growth rate may vary depending on the

desired population size (i.e., how close or far a

population is to carrying capacity) and upon which

individuals are removed (Benton et al. 2006). While it is

often possible to broadly characterize the demographic

structure of a target population through an assessment

of stage specific differences in survival and recruitment,

it is frequently difficult to determine which demographic

processes are density dependent. It is even more difficult

to determine the functional form and strength of each

density-dependent process because long-term data must

be available for the target species of interest, and a

variety of hypothesized relationships often provide

suitable fits to available data (Pascual et al. 1997, Runge

and Johnson 2002). Even when these relationships can

be precisely specified, slight changes in vital rates can

lead to very different population dynamics in response

to harvest. In such cases, minor amounts of uncertainty

in parameter estimates can result in erroneous or

misleading predications (Zipkin et al. 2008).

Given the potential for unexpected and undesirable

consequences as a result of mischaracterizing the popu-

lation dynamics of nuisance species when implementing a

control harvest, it is important to identify a framework

and guidelines for such efforts. In this paper we develop a

general model to explore the conditions under which

control harvests can produce unintended results, such as

overcompensation and instability in a targeted popula-

tion. We propose a framework based on fecundity and

annual survivorship for identifying groups of taxa that

may respond to harvest in an undesirable manner. In

situations where control through harvest is possible, we

further assess the likely amount of effort required to

achieve specified control objectives.

METHODS

Model development

We developed a simple density-dependent, stage-

structured model and used it to examine the equilibrium

dynamics assuming sustained harvesting of a popula-

tion with juveniles (J ) and adults (A). De Roos et al.

(2007) showed that a model with discrete juvenile and

adult stages provided a good approximation to the

dynamics of more complex models with both discrete

and continuous size distributions. In developing our

model, we chose to consider a parsimonious form that

was qualitatively generic across taxa but still capable of

producing a broad range of population-level dynamics

in response to harvest. In cases where this simplification

is not adequate, the model can be readily extended to

accommodate more life stages as needed.

We modeled the population with first-order difference

equations assuming an annual time step, during which

individuals are harvested, adults breed, and then both

stages experience natural mortality. Harvest was as-

sumed to occur prior to breeding, which is a common

strategy used in control efforts designed to minimize the

number of individuals removed (Brooks and Lebreton

2001). We assumed that surviving juveniles become

adults after one time step and that adults are capable of

surviving for several time steps. The model counts

individuals before harvest (i.e., a pre-breeding census);

implying that juveniles at time t are one year old and

adults are age two and older. We allowed juveniles and

adults to be harvested in different proportions, hj and ha,

to examine how various harvest strategies (that selec-

tively target one stage or another) affect the population.

The form of the general model is written as follows:

Jtþ1 ¼ Atð1� haÞc

Atþ1 ¼ Jtð1� hjÞsj þ Atð1� haÞsa ð1Þ

where sj (annual juvenile survivorship), sa (annual adult

survivorship), and c (fecundity) are the parameters

describing the vital rates of the population.

Runge and Johnson (2002) argued that nondepensa-

tory recruitment functions can be fundamentally de-

scribed (to first order) by one of three relationships: linear

(constant), hyperbolic (which we refer to as compensato-

ry), and exponential (which we refer to as overcompen-

satory; Fig. 1). It is not necessary to consider depensatory

recruitment (where reproduction decreases at lowdensity,

i.e., an Allee effect) in this context because an intensive

harvest of such a population would likely drive it to

extinction (Dennis 1989). A linear recruitment function is

one inwhich c is constant andwas analyzed in this context
by Hauser et al. (2006). Compensatory recruitment can

potentially arise in populations that are governed by

contest competition (i.e., where individuals have differ-

ELISE F. ZIPKIN ET AL.1586 Ecological Applications
Vol. 19, No. 6



ential abilities to meet their needs). In the context of

compensatory reproduction, competitively superior indi-

viduals are able to reproduce even as density increases

because they do not lose access to resources (Brännström

and Sumpter 2005). The simplest compensatory recruit-

ment functionwas described byBeverton andHolt (1957)

and is written in our model as follows:

cBH ¼
a

1þ bAtð1� haÞ
ð2Þ

where a is themaximumnumber of offspring produced by

an adult in the absence of density dependence and b
represents the strength of the density-dependent effects

(and thereby determines the carrying capacity of the

population for given values of a ). The third type of

recruitment function is overcompensatory, which can be

generated through scramble competition (i.e., where

individuals have equal access to resources). With over-

compensatory recruitment, resources are depleted evenly

as density increases which results in a more uniform

decline in recruitment for all individuals (Brännström and

Sumpter 2005). The simplest overcompensatory recruit-

ment model was defined by Ricker (1954):

cR ¼ aexpð�bAt½1� ha�Þ ð3Þ

where a, b . 0 are again parameters that regulate the

maximum level of per capita recruitment and the strength

of the density dependence. Of these three recruitment

relationships, the overcompensatory function (Eq. 3) is

the only one capable of leading to instability and

overcompensation as a result of harvest (see theAppendix

for proof and more details). Unlike linear or compensa-

tory recruitment where total recruitment must increase or

saturate as the population increases, the overcompensa-

tory function (Eq. 3) can maximize total recruitment at

intermediate population abundances (for high values ofa;
Fig. 1). It is well established that the compensatory model

produces stable equilibrium dynamics; by comparison,

the overcompensatorymodel can produce stable, cyclic or

chaotic dynamics (Wikan 2004).

For a population to increase in abundance in response

to harvest, at least one vital rate must be overcompen-

satory (i.e., peak at some intermediate level). Numerous

studies have documented overcompensatory relation-

ships in the recruitment process (Ricker 1954, DeAngelis

et al. 1991, Constantino et al. 1996, Dennis et al. 1997,

Buckley et al. 2001, Pardini et al. 2009). Although

nonlinear population responses to perturbation can

occur during any stage of an organism’s life cycle, we

chose to examine the case where density dependence

occurs during recruitment because density dependence

has been well established in the reproductive process for

many taxa including plants (Thrall et al. 1989, Buckley et

al. 2001, Pardini et al. 2009), insects (Constantino et al.

1995, Dennis et al. 1997), fish (Cushing 1973, DeAngelis

et al. 1991), birds (Both et al. 2000, Frederiksen et al.

2001), and small mammals (Klinger 2007). For simplic-

ity, we assumed that juvenile and adult survivorship

parameters were constant. However, the model can still

provide basic inferences on population-level responses to

harvest regardless of that assumption (Zipkin et al.

2008).

Model analysis

A stable population (i.e., one that stays constant or

stationary) that is subjected to harvest can either remain

stable or become unstable. In cases where the population

continues to be stable the equilibrium abundance can

remain unchanged, decline or increase (i.e., overcom-

pensation). When harvest destabilizes a population by

causing periodic cycling or chaotic behavior, the average

population size can either be smaller or larger than the

equilibrium abundance in the absence of harvest.

However, annual or periodic variations may be of

greater interest in such cases. For the overcompensatory

recruitment model, we determined analytically the con-

ditions under which a population could become unstable

or increase in abundance in response to harvest. We

defined the carrying capacity of the population as the

equilibrium abundance in the absence of harvest and

solved each of the models for hj and ha to determine the

harvest strategies (i.e., the proportion of juveniles [hj] and

the proportion of adults [ha] harvested) that would hold

the population at specified objectives (i.e., total popula-

tion size or specific demographic structure). We exam-

ined the conditions that would result in an increase in

equilibrium abundance for three types of harvest: a

juvenile-only harvest (hj . 0 while ha¼ 0), an adult-only

harvest (ha . 0 while hj ¼ 0), and a harvest where both

stages are targeted in equal proportion (hj¼ ha . 0) by

examining the derivative of the equilibrium solution with

respect to harvest to determine the response of the

population to the onset of harvest (Zipkin et al. 2008)

(see Appendix). These three harvest strategies were

chosen because they represent endpoints on a continuum

of harvest levels and, more importantly, can be applied in

practice. Although a field study could be designed to

FIG. 1. Linear, compensatory, and overcompensatory
recruitment functions.
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selectively target individuals of either one stage or

another, it would typically be difficult to implement a
removal of a specified proportion of each stage,
particularly if the total population abundance was not

known with precision. Similarly, a harvest strategy that
targets both stages in equal proportion is analogous to
removing individuals encountered, regardless of the

stage, if it can be assumed that the contact process is
proportional to population abundance.

We examined models with both compensatory and
overcompensatory recruitment to compare the amount
of effort required for population control. We used

analytical results as well as additional simulation
experiments to evaluate the potential for harvest as a
control method under the full range of parameter values.

We present the results from four stage-specific survivor-
ship scenarios, which are representative of the spectrum
of possible responses to harvest: (1) low juvenile and

adult survivorship (sj ¼ sa ¼ 0.2), (2) low juvenile and
high adult survivorship (sj ¼ 0.2, sa ¼ 0.8), (3) high
juvenile and low adult survivorship (sj ¼ 0.8, sa ¼ 0.2),

and (4) high juvenile and adult survivorship (sj ¼ sa ¼
0.8). (See the Appendix for results under more

parameter combinations including analytical solutions
that determine the response of a population to harvest
under any, and all, combination of parameter values.)

For each of these scenarios, we considered only
recruitment parameters that resulted in a stable popu-
lation in the absence of harvest.

RESULTS

Instability (i.e., population cycling) as a result of

harvest was relatively infrequent and only occurred
when both maximum per capita recruitment was large

and adult survivorship was high (a � 81 when sj¼ 0.2, sa
¼ 0.8 or when a � 21 for sj ¼ sa ¼ 0.8) for populations
with overcompensatory recruitment (Table 1). In cases

where adult survivorship was high (sa ¼ 0.8), the adult-

only harvest and the equal proportions harvest strate-

gies, but not the juvenile-only harvest, could generate

instability. When adult survivorship was low (sa ¼ 0.2),

no harvest strategy could cause instability in a popula-

tion that was stable in the absence of harvest (even

though the model became unstable for comparatively

lower values of a ). The parameter b did not influence

stability (see Appendix).

An increase in population-level abundance in response

to harvest was possible under all harvest strategies for all

combinations of survivorship parameter values with the

overcompensatory recruitment model (Table 1). The

determining factor as to whether or not the population

increased in response to harvest was the value of the

maximum per capita recruitment parameter, a. The

parameter b again did not influence the dynamical

response of the model with regards to overcompensation

(see Appendix). Harvest strategies that targeted adults

produced overcompensation for lower levels of recruit-

ment (a) compared to strategies that focused on juveniles

(Table 1). Overcompensation generally resulted from an

increase in the abundance of juveniles; however, the

adult-only harvest strategy was capable of causing

increases in adult as well as juvenile abundance (Fig.

2). In cases where either juvenile or adult survivorship

was high (80%), overcompensation in response to harvest

was possible at low values of a for all harvest strategies

that we explored (minimum values causing overcompen-

sation ranged from 3 to 9). When both survivorship

parameters were low (sj ¼ sa ¼ 0.2), overcompensation

was observed with all harvest strategies for a � 14. Even

in the case of semelparous species (i.e., an organism that

produces only once before death, corresponding to sa¼0

in our model) with very low survivorship from birth to

reproduction (sj ¼ 0.01), overcompensation occurred

with harvest when maximum per capita fecundity (a) was
greater than 100.5 individuals.

TABLE 1. Minimum values for the maximum per capita recruitment parameter, a, that can cause the following population
responses in models with overcompensatory recruitment: (1) instability in the absence of harvest and (2) either overcompensation
or instability. Values are presented for three different harvest strategies: juvenile-only harvest, adult-only harvest, and a harvest
that targets both juvenile and adult life stages in equal proportions.

Response sj ¼ sa ¼ 0.2 sj ¼ 0.2, sa ¼ 0.8 sj ¼ 0.8, sa ¼ 0.2 sj ¼ sa ¼ 0.2

Instability in the absence of harvest 38.0 403.4 9.5 100.9

Juvenile-only harvest

Instability NA NA NA NA
Overcompensation in juvenile stage 10.9 2.7 2.7 0.7
Overcompensation in total population 14.0 7.4 7.4 8.9

Adult-only harvest

Instability NA 81 NA 21
Overcompensation in juvenile stage 10.9 2.7 2.7 0.7
Overcompensation in total population 11.3 5.3 3.0 4.0

Equal proportions harvest

Instability NA 118 NA 30
Overcompensation in juvenile stage 10.9 2.7 2.7 0.7
Overcompensation in total population 12.3 5.6 4.0 5.0

Note: Definitions of variables: sj, annual juvenile survivorship; sa, annual adult survivorship; NA, no values for the specified
parameters were capable of causing instability (or overcompensation).
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While the degree of overcompensation varied widely

and in some cases abundance declined quickly as

additional harvest was implemented, Fig. 2 demonstrates

that overcompensation can occur with even strong

harvest pressures. For a population with high annual

survivorship (sj¼sa¼0.8) and reproductive potential (a¼
25), total population abundance did not decline until

more than 70% of all individuals or nearly 100% of either

juveniles or adults were removed from the population

(Fig. 2). Additionally, the population experienced

periodic cycling in abundance when adults only were

harvested at annual levels between 20% and 60% (Fig.

2B). Table 2 summarizes the risk factors for populations

with various combinations of fecundity and survivorship

values and provides examples of such populations drawn

from the invasive species literature.

In general, a population with overcompensatory

recruitment required a greater harvest to achieve the

same target abundance compared to a population with

compensatory recruitment (Fig. 3) but this response was

dependent upon the value of maximum per capita

recruitment, a. As the value of a increased, the disparity

between the two models increased for given levels of

survivorship. The amount of additional harvest effort

required to reduce population abundance was dependent

on juvenile and adult survivorship. When annual

survivorship was low for both stages (sj ¼ sa ¼ 0.2),

similar harvests could achieve near equal reductions in

abundance, especially when a � 10. Regardless of the

recruitment process, high juvenile and low adult

survivorship (sj¼ 0.8, sa¼ 0.2) required a larger harvest,

compared with the opposite scenario in which juvenile

survivorship was low but adult survivorship was high (sj
¼ 0.2, sa¼ 0.8). In the case of high survivorship of both

stages (sj ¼ sa ¼ 0.8), the required harvest to reduce

population abundance was largely dependent on the

functional form of the recruitment process. For instance,

a population with the same maximum per capita

recruitment (a¼ 7) required 60% harvest of both stages

to reduce the population to 50% of the carrying capacity

when the recruitment process was overcompensatory by

comparison with a 22% harvest achieving the same

target population abundance when recruitment was

compensatory (Fig. 3). However, the minimum total

harvest required to collapse a population was the same

with both compensatory and overcompensatory recruit-

ment (for equivalent parameter values) because as the

population approached smaller and smaller sizes, per

capita recruitment approached a (see Appendix).

Modifications to the model

Our model is parsimonious, yet overly simplified. To

test the validity of our results, we modified the

assumptions of the model. Here we present three

additional forms of the model: (1) density dependence

in juvenile survivorship only, (2) density dependence in

adult survivorship only, and (3) increased length of the

juvenile stage. While there are many potential model

variations to explore (see Abrams 2009), analysis of

these three forms (in conjunction with the original

FIG. 2. Equilibrium abundances for a population with overcompensatory recruitment under three harvest strategies: (A)
juvenile-only harvest, (B) adult-only harvest, and (C) both stages harvested in equal proportions. Each panel shows the equilibrium
(and stage-specific) abundance for the population as harvest is varied from a proportion of 0.0 to 1.0 individuals. The y-axis marks
the equilibrium population abundance in the absence of harvest, N, and the levels where equilibrium abundance is doubled and
tripled. In the parameter space in panel B where the equilibrium abundance at a specified harvest level varies the circles indicate the
range of periodic cycling in the population. Demographic parameter values were sj¼ sa¼0.8 ( juvenile and adult survivorship) and a
¼ 25 (maximum per capita recruitment). The exact value of N is dependent on the value of the parameter b.
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version) assists in determining more precisely the

demographic characteristics that have likely caused

instability and overcompensation as a result of harvest

in empirically observed populations. For each scenario

we briefly discuss the range of population-level respons-

es to harvest.

In our original model, density dependence was

assumed to occur in only reproduction yet survivorship

rates can also be influenced by population density. We

modified the model (Eq. 1) to include density depen-

dence in each of the survivorship terms separately. In the

first modification, juvenile survivorship at time t (sj,t)

was assumed to be an overcompensatory process whose

value was reliant upon the size of the population:

sj;tþ1 ¼ sjexp
�
� b½Jtð1� hjÞ þ Atð1� haÞ�

�
: ð4Þ

Here we assumed that the recruitment term c (Eq. 1) was

constant (c ¼ a, as is in the linear recruitment model).

We found that harvest was capable of causing instability

in a stable population with adult-only and equal

proportion harvest strategies, but only when both per

capita recruitment (a constant value in this case) and

adult survivorship were very high. However, overcom-

pensation was only possible with a juvenile-only harvest

strategy (Table 3). In another variation, we similarly

modified adult survivorship in the model. When adult

survivorship, sa,t, was the only density-dependent vital

rate, harvest consistently led to a decline in abundance

for all values of parameter combinations in the model

that we explored (Table 3).

Since maturation rates vary among juveniles in many

species, we examined the consequences of harvest in a

population where juveniles could remain as such for
more than one time step:

Jtþ1 ¼ Atð1� haÞcþ Jtð1� hjÞsjð1� mÞ

Atþ1 ¼ Jtð1� hjÞsjmþ Atð1� haÞsa: ð5Þ

In this variation, m is the annual maturation rate for
juveniles, and c is again defined as in our original model

using the overcompensatory recruitment function from

Eq. 3. Overcompensation and instability were possible

under all harvest strategies, even when both stage-
specific survivorship and maturation rates were low,

again dependent on the value of a. When both juvenile

and adult survivorship were fairly low (sj¼ sa¼ 0.2) and
we assumed that the annual maturation rate was 50%,

overcompensation still occurred in all harvest strategies

for a � 30. A delay to the onset of reproduction for a
subset of juveniles (i.e., m , 1) dampened the maximum

magnitude of overcompensation and required less total

harvest to collapse the population compared to the case
when all surviving juveniles matured. However for

intermediate harvest levels, overcompensation (when it

occurred) could be larger in situations where m , 1

(than for m ¼ 1; Fig. 4).

DISCUSSION

Our analytical and simulation results demonstrate that
while harvest can be an effective method for reducing the

abundance of nuisance and invasive species, overcom-

pensation and cycling in abundance are also possible

TABLE 2. Summary of risks associated with harvest for populations with various recruitment and survivorship characteristics
including possible examples of such populations drawn from the nuisance and invasive species literature.

Maximum annual
recruitment
per adult

Survivorship
Potential associated

with harvest
Populations drawn from the nuisance and

invasive species literatureJuvenile Adult Instability Overcompensation

Small (,3) all values all values none none Double-crested Cormorant (Bedard et al.
1995); northern pike (Myers et al. 1999);
Yellow-legged Herring Gull (Brooks and
Lebreton et al. 2001); Indian House Crow
(Brook et al. 2003); feral goats (Campbell
and Dolan 2005); rusty crayfish (Hein et
al. 2006)

Medium (3–10) low low none none alewife (Myers et al. 1999); invasive rodents
(Howard et al. 2007); invasive bullfrogs
(Kaefer et al. 2007)

low/high high none moderate
high low none high

High (10–20) low low none moderate pea clams (Keller et al. 2007); smallmouth
bass (Zipkin et al. 2008)low high none high

high low/high none high

Very high (.20) all values all values moderate–high very high rapeseed pollen beetles (Hokkanen 2000);
scentless chamomile (Buckley et al. 2001);
Asian clam, zebra mussels, river snails
(Keller et al. 2007); garlic mustard
(Pardini et al. 2009); Prussian carp
(Leonardos et al. 2008)

Note: To thoroughly assess the potential for overcompensation and instability for the species presented in this table (and others),
the basic model (Eq. 1) should be modified to incorporate the important demographic processes that are specific to the target
population.
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(and in some cases likely) population-level responses.

The key parameter determining the trajectory of the

response to harvest was the fecundity term, a. Our results

reveal that the parameter b (which determines the

equilibrium population size for given values of a ) does
not affect the dynamics of the model, suggesting that

absolute abundance should not influence a population’s

response to harvest. Populations with similar recruitment

relationships should behave similarly regardless of the

carrying capacity.

We modeled a hypothetical population with density-

dependence in only the fecundity term, but the response

FIG. 3. Comparison of equilibrium abundances for populations with compensatory vs. overcompensatory recruitment under a
harvest strategy that targets both stages in equal proportions. Maximum per capita recruitment was fixed at a¼7, and survivorship
values were (A) sj¼ sa¼ 0.2 (low juvenile and adult survivorship), (B) sj¼ 0.2, sa¼ 0.8 (low juvenile and high adult survivorship),
(C) sj ¼ 0.8, sa¼ 0.2 (high juvenile and low adult survivorship), and (D) sj ¼ sa¼ 0.8 (high juvenile and adult survivorship).

TABLE 3. Summary of the effects of harvest on populations with (1) density dependence in juvenile survivorship only and (2)
density dependence in adult survivorship only.

Model variations sj ¼ sa ¼ 0.2 sj ¼ 0.2, sa ¼ 0.8 sj ¼ 0.8, sa ¼ 0.2 sj ¼ sa ¼ 0.2

Density dependence in juvenile survivorship only:

Instability NA adult-only and
total harvest
(a � 83)

NA adult-only and
total harvest
(a � 23)

Overcompensation in total population juvenile-only
harvest
(a � 14)

juvenile-only
harvest
(a � 5)

juvenile-only
harvest
(a � 4)

juvenile-only
harvest
(a � 2)

Density dependence in adult survivorship only:

Instability NA NA NA NA
Overcompensation in total population NA NA NA NA

Notes: In both of these models, per capita recruitment (specified as a) is a fixed value. For the model in which density dependence
occurs in the juvenile stage, the values presented for sj are the maximum juvenile survivorship; actual annual survivorship varies
according to Eq. 4. This is similarly true for adult survivorship sa in the model with density dependence in the adult stage. ‘‘NA’’
indicates that no values for the specified parameters were capable of causing instability (or overcompensation).
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to harvest would have been qualitatively equivalent if

survivorship (or any other stage-transition parameter,

such as maturation) had also been density dependent

(Buckley et al. 2001, Zipkin et al. 2008, Pardini et al.

2009). This is further supported by the observation that,

in our study, fecundity consistently determined the

response of the population to harvest, even at high

values of stage-specific survivorship. We confirmed our

results by modifying our base model to assess how

harvest would affect a population with density-depen-

dence in only survivorship. The population-level re-

sponses in the modified models (Table 3) were

inconsistent with observations of overcompensation in

response to harvest, suggesting that empirical examples

of overcompensation are not well characterized by

models with density dependence in only survivorship.

Our original model, in which density dependence

occurred during recruitment, is supported by empirical

studies where harvest of either adults-only or juveniles

and adults led to overcompensation and/or instability

(Nicholson 1957, Costantino et al. 1995, 1997, Buckley

et al. 2001, Moe et al. 2002, Cameron and Benton 2004,

Zipkin et al. 2008).

Previous theoretical work has demonstrated how

additive mortality can lead to an increase in total

population (or stage-specific) abundance and/or biomass

using both continuous (De Roos et al. 2007, Abrams

2009) and discrete (Matsuoka and Seno 2008, Seno

2008) single species models. We focused on the dynamics

of a single targeted population, but the potential for

overcompensation and instability as a result of increased

mortality has also been demonstrated theoretically with

interacting species (De Roos et al. 2008). For example,

predators (with specified saturating functional responses

to prey consumption) can increase in response to higher

levels of mortality (Abrams and Matsuda 2005, Abrams

and Quince 2005). Instability has similarly been

demonstrated in consumer resource models (Schreiber

and Rudolf 2008) as a result of increased levels of mor-

tality. These results suggest that it may be important to

consider interactions among species when devising

control harvest strategies for nuisance species. While

several studies have focused on theoretical models, few

have attempted to relate theoretical results to empirical

observations, especially with regards to overcompensa-

tion. Our study attempts to link ecological theory to

empirical examples and highlight the specific vital rate

(maximum per capita fecundity) and density-dependent

process (recruitment) that is likely responsible for

unintended population responses to targeted control

efforts.

It is difficult to assess the extent to which overcom-

pensation and instability may occur during efforts to

control nuisance and invasive species. Since we modeled

the population in discrete time intervals, our results may

be most relevant to species with distinct breeding periods.

Some empirical examples of overcompensation (i.e.,

Buckley et al. 2001, Moe et al. 2002) were observed in

experimental populations where synchronous reproduc-

tion can exacerbate scramble competition and heighten

overcompensation (but see Zipkin et al. 2008 for an

exception). More research is needed to empirically

evaluate population-level responses of invasive species

to control harvests. Studies that harvest a target species at

various population densities and then monitor abun-

dance are needed to determine the potential frequency of

overcompensation and instability in response to control

efforts. Nevertheless, our results suggest the following

cautionary guidelines when considering harvest as a

method of population control. First, it is essential to

determine if population density affects the recruitment

processes. Second, if density-dependent recruitment is

evident, it is important to identify the maximum per

capita fecundity for the target organism to assess whether

harvest is likely to cause overcompensation or instability

in the population (Table 2). In situations where maxi-

mum annual fecundity is relatively small (i.e., three or less

surviving offspring per adult annually), all levels of

harvest are likely to lead to a stable population with

reduced abundance, regardless of the recruitment rela-

tionship (and even if the population does not strictly

adhere to all of our model assumptions such as when a

population has more stages or longer time to maturity—

because these factors increase the time to an individual’s

first reproductive event). But when maximum per capita

fecundity is large, harvest can cause the equilibrium

population abundance to increase substantially and

become more variable, even at high levels of harvest

effort (Fig. 2). In cases where fecundity is large, it is

crucial to more accurately determine the functional form

of the relationship between population density and

FIG. 4. Comparison of equilibrium abundances for popu-
lations with various juvenile maturation rates, m � 1,
undergoing a total population harvest. Demographic parameter
values were sj¼ sa¼ 0.8 ( juvenile and adult survivorship) and a
¼ 25 (maximum per capita recruitment).
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recruitment. Third, it is necessary to estimate annual

stage-specific survivorship (and its potential variability)

in order to assess the amount of effort required to achieve

the targeted abundance. When adult survivorship is high,

harvest strategies that target adults will be more effective

at reducing population abundance compared to situa-

tions in which adult survivorship is low; in such cases,

strategies that target both juveniles and adults will be

more effective.

Our original model assumed that juveniles mature and

reproduce after age 1, but if time to first reproduction

was increased, our modified model (Eq. 5) suggests that

harvest might successfully be implemented in popula-

tions with even greater potential fecundity. This result

allows us to rule out the possibility for control measures

to ‘‘backfire’’ in many taxa, for example, most bird and

mammal populations (Table 2). Indeed, overcompensa-

tion and population cycling as a result of harvest have

only been empirically documented in populations that

have large reproductive potential at small abundances,

as in certain plant (Thrall et al. 1989, Buckley et al. 2001,

Pardini et al. 2009), invertebrate (Nicholson 1957,

Costantino et al. 1995, Costantino et al. 1997, Moe et

al. 2002, Cameron and Benton 2004), and fish (Zipkin et

al. 2008) species. By contrast, harvest control efforts

have been successfully and broadly applied to nuisance

mammals (Campbell and Donlan 2005, Howald et al.

2007), though efforts to control nuisance bird popula-

tions remain poorly documented and have been

considered unsuccessful (Bedard et al. 1995, Brook et

al. 2003).

Fecundity has been recognized as an important

characteristic of successful invasive populations (see

Kolar and Lodge 2001) in plants (Burns 2008), freshwa-

ter molluscs (Keller et al. 2007), and fish (Vila-Gispert et

al. 2005). We believe that this same trait that can enhance

the ability of a species to become a successful invader

may also be responsible for the challenges associated

with eradicating or maintaining these populations at

reduced abundances.

The amount of effort required to maintain a

population at a specified abundance is highly dependent

upon density-dependent processes, the desired popula-

tion size and the harvest strategy (i.e., which stages are

targeted). If maximum fecundity is low, harvest strate-

gies will be similar across different forms of recruitment,

in which case it may be less important to identify the

exact recruitment relationship. When fecundity is large,

it will be necessary to more clearly understand the

recruit relationship to determine the required amount of

effort to control a population. Additionally, there may

be a trade-off associated with some harvest strategies in

populations with overcompensatory recruitment; a

harvest strategy that can reduce the abundance of adults

could also lead to an increase in juveniles (Fig. 2A, C).

Depending on the harvest objectives, this may or may

not be desirable. For instance, the intensive harvest of

an invasive population of smallmouth bass resulted in

decreased abundance of adults (which are largely

responsible for negative impacts on the fish community)

and a simultaneous increase in juveniles (Zipkin et al.

2008). Because juveniles can provide forage for other

native fish predators, this result may not be entirely

negative (Weidel et al. 2007). However, this tradeoff

may not be acceptable for other target organisms where

the distinction between the negative impacts of juveniles

and adults is negligible.

Under some circumstances, it may be possible to

implement a harvest without complete knowledge of the

recruitment process if the control objective is eradication.

This is because the minimum total harvest required to

collapse a population is identical (or less for depensatory

recruitment) for all populations, with known parameter

values, if density dependence only occurs in recruitment

(Fig. 3). (Analysis of a model with constant recruitment

produces the same results because population dynamics

are assessed through linear stability analysis, which

assumes a linear approximation near the origin; see

Appendix.) However, we caution against this approach

because inevitable uncertainty around demographic

parameter estimates or total population abundance

could lead to widely inaccurate estimates of the minimum

harvest necessary to collapse a population. In addition,

density-dependent processes may occur during other life

stages which would increase the harvest level required to

collapse a target population of invasive or nuisance

species.

Although deterministic population dynamics alone

can lead to unintended results in a control harvest,

stochastic elements (or random variation) can also affect

harvest. Vital rates are likely to vary depending on

environmental variations and abiotic processes, which

can alter the optimal harvest strategy (Lande et al. 1995,

Engen et al. 1996, Hunter and Runge 2004). We focused

our analyses on the equilibrium response of a popula-

tion to harvest but an investigation of the transient

dynamics may be necessary, especially if stochastic

factors have a substantial impact on reproduction or

mortality. Our results assume a closed population, but

the presence of substantial immigration into a target

population will require a larger control effort and

complete eradication may not be possible (Brook et al.

2003, Howald et al. 2007). Similarly, we assumed that

harvest occurred prior to breeding (to minimize the

number of individuals for removal); however, harvest

efforts can occur during any time of the year and the

timing of removal can be important to the response of a

population to harvest (Boyce et al. 1999, Jonzen and

Lundberg 1999).

Models can be useful in assessing the feasibility of

population control through harvest, but it will always be

necessary to incorporate the specific processes that

determine the trajectory of a target population and have

substantial empirical data available to parameterize

such models. It is important to understand density-

dependent processes and demographic structure as well
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as the specific vital rates of a population, to the extent

possible, prior to implementing control efforts. In some

situations, harvest may not be effective until removal

rates are very high. Pardini et al. (2009) estimated that

control of garlic mustard would not be successful until

greater than 85% of adults or 95% of rosettes were

removed annually. The message here is clear: control

efforts of high-risk species (as defined in Table 2)

require careful consideration and should only be

undertaken if there is strong commitment and ability

to remove nearly every individual. Our results demon-

strate the complex dynamics that can arise in response

to harvest and how inherent aspects of population

characteristics can influence the success or failure of

efforts to remove nuisance and invasive species.
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APPENDIX

Analysis of population models with compensatory and overcompensatory recruitment (Ecological Archives A019-063-A1).
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Elise F. Zipkin, Clifford E. Kraft, Evan G. Cooch, and Patrick J. Sullivan. 2009.

 When can efforts to control nuisance and invasive species backfire? 

Ecological Applications 19:1585–1595. 

 

Appendix A. Analysis of population models with compensatory and overcompensatory 

recruitment. 

 For the models containing both compensatory and overcompensatory recruitment, the 

maximum per capita rate of increase for a population (i.e., the per capita rate of growth at low 

population density) was: 

 0
(1 )(1 )

1 (1 )
j j
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as h h
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s h
α − −
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 (A.1) 

where  (annual juvenile survivorship),  (annual adult survivorship) and js as α  (maximum per 

capita recruitment) are the vital rates of the target population, and  and  are the annual 

harvests (proportions removed) of juveniles and adults, respectively. If  then populations 

declined to extinction, regardless of the functional form of recruitment. Note that the maximum 

rate of increase (

jh ah

0 <1R

0R ) did not rely on the parameter β , the magnitude of density dependence in 

the recruitment term. Equation A.1 demonstrates that if the combined harvest of juveniles and 

adults reduces the maximum rate of juveniles that mature to adults to a level below the total 

mortality of adults (natural and harvest), then the population collapses.  
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The compensatory recruitment model 

Instability and overcompensation were not possible with the compensatory recruitment 

model: harvest always produced a decline (or no change) in the equilibrium population 

abundance – as determined through linear stability analysis. We used the equilibrium solutions 

and solved for  and  to determine the harvest strategies that would hold the population at a 

specified constant abundance: 
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The parameters J and A refer to the desired long-term abundances of juveniles and adults, 

respectively. Any given values of  and  between 0 and 1 (0–100% harvest) resulted in a 

unique equilibrium abundance for both juveniles and adults. 

jh ah

 When survivorship of juveniles was low ( 0.2js = ), changes in the maximum per capita 

recruitment parameter α  had a large impact on the harvest strategy that was required to hold a 

population at a reduced abundance. As α  increased, larger proportions of the population needed 

to be harvested to maintain the same percent reduction in equilibrium abundance (Fig. A1a,c). 

The relative value of juveniles and adults (with respect to proportional contributions to future 

growth of the population) was near equal when survivorship for both stages was low, which was 

evident by the observation that harvesting similar proportions of either juveniles or adults could 

achieve the same total population size. In the scenario where juvenile survivorship was high but 

adult survivorship was low ( , 0.8js = 0.2as = ), the relative value of juveniles and adults was 

again near equal when the targeted population size was 50% or less of the carrying capacity – the 
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equilibrium population abundance in the absence of harvest. However, the relative value of 

juveniles was larger than adults when the targeted population size was closer to the carrying 

capacity, in that it was necessary to harvest more adults than juveniles to achieve the same total 

population abundance (Figs. A1c and A2c). When survivorship of adults was high ( ), the 

relative value of adults was greater than the relative value of juveniles (Fig. A1b,d and A2b,d). 

0.8as =

In cases where survivorship of both stages was high ( 0.8j as s= = ), changes in the 

maximum per capita recruitment parameter α  did not affect the harvest strategy when the 

targeted population abundance is  of the carrying capacity (Fig. A1d). As the desired 

population size decreased below 50% of the carrying capacity, increased values of 

50%≥

α  required 

greater adult harvests for a given juvenile harvest to achieve the same total population 

abundance. For example, an approximate harvest of 90% of juveniles held a population at 25% 

of the carrying capacity when either 5α =  or 25α = . However, the same percent reduction 

required an adult harvest of approximately 90% when 25α =  compared to 65% adult harvest 

when 5α =  (not shown).     

 

The overcompensatory recruitment model 

Provided that , the equilibrium population was stable if: 0 1R >

 ( )0
2 (1ln
1 (1

a a

a a

)
)

s hR
s h

− −
− −

<  (A.3) 

as determined through linear stability analysis. Otherwise, the population cycled in abundance 

around the fixed point (and could experience chaotic behavior when α  was raised to very high 

values; other parameters are 0–1 bounded). Note that the condition for stability was independent 

 3



of the parameter β . Equations A.3 demonstrates the potential for harvest to cause instability in a 

population that is stable in the absence of harvest (and stabilize a population that was unstable).  

 We evaluated the sign of the derivative of the equilibrium population abundance with 

respect to harvest when harvest equals zero to determine the analytical condition under which an 

overcompensation in abundance could occur with harvest. A positive derivative indicated that 

implementation of harvest would result in an increase in equilibrium abundance; a negative 

derivative indicated that the population would decline with the onset of harvest (Zipkin et al. 

2008). We further examined the response of the population to increased levels of harvest through 

simulations to ensure that our analytical results accurately characterized the response of the 

population to all levels of harvest. An increase in overall population abundance was possible 

with the overcompensatory recruitment model with all three harvest strategies that we examined: 

juvenile-only harvest, adult-only harvest, and a harvest where both stages were targeted in equal 

proportion. When the stages were harvested in equal proportions, overcompensation in the total 

population occurred when: 

 20 0
ln 1

(1 )(1 ) (1 )
j

a j aajh h
s

s s s
R

= =
⎛ ⎞
⎜ ⎟
⎝ ⎠

> +
− + + −

 (A.4) 

where 0 0=

j ah h=

ajh hR =  is the maximum per capita rate of increase for a population in the absence of 

harvest (i.e., ). Overcompensation in the total population occurred with an adult-only 

harvest when: 

0=

 
( )( )0 0

1
ln

1 1
j a

a j
ajh h

s s
s s

R
= =

⎛ ⎞
⎜ ⎟
⎝ ⎠

+ −
>

− +
. (A.5) 

Note that overcompensation was also independent of the parameter β  and that the condition for 

overcompensation was more stringent for a harvest where stages were targeted equally compared 
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to an adult-only harvest strategy (i.e., for a given set of demographic parameter values, an adult-

only harvest always lead to overcompensation when a harvest of equal proportions lead to 

overcompensation). It was necessary to rely on simulations to determine the conditions for 

overcompensation with a juvenile-only harvest because when both juvenile and adult 

survivorship were high (>80%) the overall population size initially decreased with a small 

juvenile harvest but could increase as  increased for jh 9α ≥ .  

We solved the model for  and  to determine the harvest strategies that would hold 

the population at specified abundances. The harvest strategies were dependent on one another so 

that: 

jh ah

 
(1 )

      or alternatively     
( )11  1 ln j j ja

j a

aA h

j a
A Js Js hA e Js

Js A Js
h h

β αα
α β

− ⎛ ⎞
⎜ ⎟
⎝ ⎠

− +−= − = − (A.6) 

where J and A are again the desired long-term abundances of juveniles and adults. The harvest 

vectors in Eq. A.6 demonstrate that it is possible for more than one harvest strategy (i.e., 

proportion of juveniles and proportion of adults harvested) to produce the same population size 

and structure (unlike with the compensatory recruitment model, where a given harvest strategy 

produced a unique population structure).  
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FIG. A1. Harvest vectors to reduce a structured population with compensatory recruitment to 

50% of the equilibrium abundance where 1 5α = (solid line) 1 15α =  (open circles) and 1 25α =  

(closed squares) for a population with (a) 0.2= =j as s  (low juvenile and adult survivorship), (b) 

, , (low juvenile and high adult survivorship),  (c) 0.2=js 0.8=as 0.8=js ,  (high 

juvenile and low adult survivorship), and (d) 

0.2=as

0.8= =j as s  (high juvenile and adult 

survivorship). Each point on a harvest vector represents a proportion of juveniles and a 

proportion of adults to be harvested that will hold the population at 50% of the carry capacity 

(equilibrium abundance in the absence of harvest). The structure of the population (the total 

number of juveniles vs. adults) varies with each point on the vector. 
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FIG. A2.  Harvest vectors to reduce a population with juveniles and adults and compensatory 

recruitment (where 15α = ) to 75% (short dash), 50% (solid line), and 25% (long dash) of the 

carry capacity (equilibrium abundance in the absence of harvest)  for a population with (a) 

 (low juvenile and adult survivorship), (b) 0.2= =j as s 0.2=js , 0.8=as , (low juvenile and 

high adult survivorship),  (c) , 0.8=js 0.2=as  (high juvenile and low adult survivorship), and 

(d)  (high juvenile and adult survivorship). Each point on a harvest vector 

represents a proportion of juveniles and a proportion of adults to be harvested that will hold the 

population at the specified targeted abundance. 

0.8= =j as s
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