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Abstract: Tree squirrels (Sciurus spp.) are highly successful immigrants to urban and 
suburban areas in North America and Europe, causing both economic and ecological 
damage. Control of such invasive populations is challenging but of increasing importance 
to local managers. We studied an invasive population of fox squirrels (S. niger) and applied 
an immunocontraceptive vaccine in an experimental study of demographic control. Here we 
integrate our data into a simple stage-structured population model to simulate population 
reduction under 2 treatment levels (60 and 80% of females, respectively) for vaccines lasting 
from 1 to 5 years. Contraception can be an effective means of reducing fox squirrel populations 
if the vaccine is effective for ≥2 years or if ≥71% of the females are treated. Over a 15-year 
period, fewer individuals require treatment at a treatment rate of 0.8 versus 0.6 due to a 
declining population size. This study illustrates how a simple population model may guide 
local resource managers in the design of control strategies for invasive species. 
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Tree squirrels are highly successful 
invaders in urban and suburban areas. Globally, 
9 species from 3 genera have successfully 
established populations in areas beyond their 
native range (Palmer et al. 2007). In the United 
States, both eastern gray squirrels (Sciurus 
carolinensis) and fox squirrels (S. niger; Figure 
1) have proven to be adaptable and successful 
invaders. Both are native to the eastern United 
States; the former has invaded the western 
United States, Ireland, Italy, and South Africa 
(Kaprowski 1994a, Long 2003), while the latter 
has been successfully introduced to the western 
United States where it currently is expanding 
its range (King 2004, Muchlinski et al. 2009).

The success of tree squirrels’ invasions 
is probably due to their high adaptability, 
high fecundity, tolerance for a broad range of 
climatic conditions, and diverse diet (Palmer et 
al. 2007). The consequences of invasion by tree 
squirrels are diverse and may be costly (Palmer 
et al. 2007). In the United States, fox squirrels 
cause widespread agricultural damage to fruit 
and nut crops, including almonds and walnuts, 
as well as avocado and citrus groves (Salmon 
et al. 2006). Reported infrastructure damages 

include chewing electric wires and causing 
fires, damages to buildings (Koprowski 1994b), 
damages to utility covers, tables, benches, 
sprinkler heads, and even plastic vehicle hoods 
(Krause et al. 2010). Finally, in the western 
United States, they also pose an ecological 
threat to native western grey squirrels (S. 
griseus; Muchlinski et al. 2009).

The damages caused by tree squirrels 
warrant population control in their introduced 
range, but such efforts are challenging. 
Whereas poisons have successfully been 
applied to eradicate invasive populations in 
Britain (Sheail 1999), their application for this 
purpose is not legal in the United States. Other 
traditional methods of control include trapping, 
shooting, and habitat modification, all of which 
are problematic in urban and suburban areas 
due to both the unpopularity of lethal control 
methods when applied to charismatic species 
and to human preferences for planned, tree-
lined landscapes, which are ideal habitat for 
tree squirrels (Krause et al. 2010).  Wildlife 
contraception offers a nonlethal alternative 
for tree squirrel population control. One such 
method is application of GonaCon™, an 
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immunocontraceptive vaccine developed by 
the USDA National Wildlife Research Center. 
GonaCon has been tested on several wildlife 
species, including tree squirrels; it is highly 
effective in reducing reproductive activity in 
eastern gray squirrels (Pai et al. 2011) and fox 
squirrels (Krause et al. 2014).

Because assessing population-level effective-
ness in the field often is both expensive and time 
consuming, previous contraceptive studies 
have concentrated on individual rather than 
population-level effectiveness. Researchers 
and managers have used population models 
to simulate the potential effectiveness of 
contraception in the field. Most approaches 
use age- or stage-structured models (Boone 
and Wiegert 1994, Shi et al. 2002, Merrill 
et al. 2003, Grund 2011). Although other 
approaches include logistic models (Barlow 
et al. 1997), steady-state models (Zhang 2000, 
Liu et al. 2012), which are commercially 
available software, such as Generalized Animal 
Population Projection, also are used (Seagle 
and Close 1995). 

The number of parameters required and 
considered for different models varies greatly. 
All of the models with which we are familiar 
require estimates of survival and reproduction 
for ≥1 stage or age.  Some incorporate density-
dependence for 1 or both of these factors, 
although the number of stages and the types 
of reproductive estimate used (i.e., birth rate 
or recruitment rate) vary. Most models do not 
consider immigration, and, technically, they are 

appropriate only for closed populations (for an 
open population model, see Zhang 2000). When 
choosing or developing a population model, 
the inclusion of more demographic parameters 
may result in a more realistic model, but only 
if these parameters are properly estimated; 
errors in parameter estimation will result in 
proportional errors in model output. Therefore, 
simple models have been developed to 
allow simulation of populations where few 
parameters are available (e.g., Hobbs et al. 
2000). 

We apply a population model to simulate the 
potential effectiveness of GonaCon for control 
of a fox squirrel population that has invaded 
the University of California–Davis (UCD) 
campus. We developed a density-independent, 
stage-structured model (Lefkovitch 1965) 
modified from the density-dependent 
demographic model developed by Hobbs et 
al. (2000) for ungulate populations. This model 
has the advantage of requiring few estimated 
parameters. To provide the most useful 
guidance to resource or facilities managers, 
we simulate the population size using 2 
contraceptive treatment rates over a 20-year 
period and provide an estimate of numbers 
of squirrels requiring treatment. Comparing 
the potential population results and treatment 
input required for the 2 treatment rates will 
help managers quickly and easily assess the 
cost and effectiveness of tradeoffs inherent in 
management goals. 

Study area
We studied a population of fox squirrels 

on the UCD campus, a mosaic of buildings, 
lawns, paved paths and roads, shrubbery, and 
mature trees, including oaks (Quercus spp.) 
and pines (Pinus spp.). Fox squirrels arrived 
on the UCD campus circa 2001 and reached 
approximately 1,600 individuals by 2009, when 
the first population estimate was conducted 
(Krause et al. 2010). Parameters for our model 
were obtained through trapping efforts in 2 
similar areas of the campus. The first area was 
dominated by academic buildings, and the 
second was dominated by student housing. 
Both areas were heavily frequented by people 
and had similar densities of fox squirrels.  

  

Figure 1. Fox squirrel (Sciurus niger; photo courtesy 
of Alex Bennett).
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Methods
Study species and estimation of 
demographic parameters

Demographic parameters used in our model 
were estimated using data from the literature 
and from a contraception field study conducted 
on the UCD fox squirrel population from 
November 2008 to December 2010 (Krause 
et al. 2014). This study included seasonal 
captures, reproductive assessments, marking, 
and field observations of 116 treated (including 
control) fox squirrels, as well as capture and 
reproductive assessment of an additional 
210 untreated squirrels (Krause et al. 2014). 
Contraception treatments were applied during 
July 2009. 

Similar to populations elsewhere, fox 
squirrels at UCD have 2 breeding seasons per 
year (peaks near January and June), and at least 
some individuals breed twice annually (Krause 
et al. 2014). However, several studies suggest 
that such bimodal breeding is uncommon and 
most individuals breed only once per year 
(Koprowski 1994b). We used the simplifying 
assumption that all individuals reached 
maturity immediately prior to treatment. In our 

model, we estimated M = N*t+1/Nt , where N*t+1 
= the number of new adult females at time t+1, 
and Nt = the number of adult females at time t. 
For our study, N*2009 = 34, and N*2008 = 29; hence, 
M = 1.17 (where M = recruitment to maturity 
rate). Note that juvenile and subadult survival 
are subsumed within M. This is necessary 
because juvenile and subadult survival rates 
are challenging to calculate because these 
individuals often die before ever being trapped. 
Although immigration and emigration could 
influence this value, this would be problematic 
only in the case of unequal migration. 

In our model, female fox squirrels were 
treated with GonaCon upon reaching adult 
size, which can occur as early as 6 months of 
age, although maturity usually occurs between 
12 and 18 months of age (McCloskey 1977). We 
estimated survival rate for our model based on 
values reported in the literature, and to make 
our model conservative we used the highest 
known values (66%; Table 1).  
 
Population model

As noted above, we used a density-
independent, stage-structured model (Lefko-

(1-­‐c)(S+M)	
   0 0 0 0 S(1-­‐c)	
  

c(S+M)	
   0 0 0 0 Sc	
  

0	
   S 0 0 0 0	
  

0	
   0 S 0 0 0	
  

0	
   0 0 S 0 0	
  

0	
   0 0 0 S 0	
  

N	
  =	
  F	
  +	
  ΣIi	
  
	
  

F	
  
I1	
  
I2	
  
	
  
I3	
  
	
  
I4	
  
	
  
I5	
  
	
  

F I1 I2 

c(S+M) S 

Sc (1-c)(S+M) 

S(1-c) 

I3 
S 

I4 I5 

S S 

Figure 2. Structure of the stage-structured population used to simulate a fox squirrel (Sciurus niger) popula-
tion regulated with a contraceptive with a 5-year duration (modified from Hobbs et al. 2000). The model 
contains 6 age classes: fertile females (F) and infertile females in years 1 through 5 (I1, I2, I3, I4, I5). M indicates 
the recruitment rate of new individuals to the adult female population; S = survival rate; c = treatment rate.
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vitch 1965) similar to Hobbs et al. (2000); Figure 
2). Females were treated as fertile or infertile; 
males were not included in the model. Because 
the effective duration of the vaccine is not known 
in fox squirrels (but is ≥17 months; Krause et 
al. 2014), we ran separate models, assuming 
durations of 1 through 5 years, with infertile 
females split into age classes according to the 
number of years since vaccination (I1 through I5). 
This model assumes that researchers both know 
when an individual last received a vaccine and 
that individuals are revaccinated only after the 
efficacy of the vaccine has declined. Parameters 
required by the model include annual survival 
rate (S), recruitment to maturity rate (M), and 
annual treatment rate (c). 

We assumed that each yearly population 
estimate occurred immediately prior to the 
summer breeding season and that contraception 
treatment was given once per year at this time. 
We also used annual values for survival and 
recruitment to maturity rates. 

Testing the model. We tested our model by 
setting the treatment rate (c) to 0 and the initial 
population of females to 10; we used survival 
and recruitment to maturity terms as noted 
above (e.g., S = 0.66, M = 1.17). We expected the 
model to reflect the population dynamics of the 
real squirrel population at UCD that reached 
approximately 800 females within 8 years. 

Determinate model simulations. We 
simulated the effectiveness of contraception 
under 2 treatment levels (60 and 80% of 
females) and 5 contraception durations (1 to 5 
years). Treatment levels reflect known capture 

rates for female fox squirrels on the UCD 
campus (Krause et al. 2014). Contraceptive 
durations were chosen because our data 
indicate that GonaCon remains effective in fox 
squirrels for ≥17 months (Krause et al. 2014), 
but it is known to last ≤5 years in other species 
(Levy et al. 2011). We calculated the projected 
population of females over a period of 20 
years, the population size at 5 years versus the 
treatment rate used, and the estimated number 
of individuals requiring treatment in the first, 
second, and third 5-year treatment periods.  

Incorporating stochasticity. We incorporated 
demographic stochasticity into these models 
to provide a range of realistic outputs. 
Although we could estimate species-specific 
stochasticity for survival from the literature, 
we are concerned that this may not be a good 
representation of the variability inherent in a 
single population. Consequently, we applied a 
more general approach of implementing yearly 
stochasticity by adjusting the population size 
as N+Nσ, where N = population size and σ is a 
variate from a normal distribution with a mean 
= 0 and standard deviation = 0.1 for each year 
of the simulation. Simulations were run 1,000 
times.

Because rates of survival and recruitment 
to maturity are spatially and temporally 
variable, we simulated the potential population 
size at year 5 using a range of rates for these 
parameters. We used a starting population of 
800 females with a constant treatment rate of 
0.6. We varied survival rate from 0.40 to 0.66, 
the known range of female survival rates 

Table 1.  Annual survival rates of male and female fox squirrels (Sciurus niger) extracted from the 
literature.  

 
Source

Male
survival rate

Female
survival rate

Combined
survival rate

Conner (2001) 0.73 0.66 0.69
McCleery et al. (2008) Urban 0.30 0.40 0.75

Rural 0.87 0.53 0.51
Combined 0.51 0.51 0.59

Hansen (1986)a 0.66 0.63 0.65
Lee et al. (2008) 0.62 0.62 0.62
Mean 0.62 0.56 0.63
Range   0.30–0.73 0.40–0.66 0.51–0.75

aHansen provided disappearance rate. Values presented here are 1-MH, where MH refers to the dis-
appearance rates provided by Hansen.
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(Table 1) and used a constant M = 1.17. No 
data were available on the potential variation 
of the recruitment to maturity rate, but we 
suspect  that this value may be highly variable. 
Therefore, we simulated the population using a 
range of M ±50% of our calculated value of 1.17 
(e.g., 0.58 < M < 1.76) and a constant S = 0.66.

Results
Testing the model

When beginning with an initial population 
of 10 females, S = 0.66, and M = 1.17, the 
projected population reached 800 females 
between years 7 and 8 (Figure 3). Since this 
is within the 8-year period during which 
the UCD fox squirrel population reached 
this abundance (Krause et al. 2014), we 
considered our model adequate for testing the 
effectiveness of contraception in the population. 

Model simulations
Higher treatment levels and longer vaccine 

duration resulted in the largest and fastest 
population declines. Simulations suggest that 
at a treatment rate of 0.6, the population will 
continue to increase using a 1-year duration 
vaccine, slowly decrease with a 2-year duration 
vaccine, and decrease more rapidly with 3-, 
4-, and 5-year duration vaccines (Figure 4). At 
a treatment level of 0.8, all vaccine durations 

were effective in reducing the population of fox 
squirrels (Figure 4). Additionally, simulations 
suggest that achieving a population reduction 
from a population of 800 females within a 
5-year period using a 1-year-duration vaccine 
requires a treatment rate of ≤0.71, while a 
5-year-duration vaccine requires a treatment 
rate of 0.55 (Figure 5). Stochastic simulations 
indicated that a 0.6 treatment level with a 
2-year-duration vaccine may not result in a 
reduced population, but all longer duration 
vaccines and the higher treatment level 
resulted in declining populations (Figure 6). 
While a higher treatment rate requires greater 
investment (e.g., more vaccinations) in the 
first 5 years, the total investment over a longer 
time period (e.g., 15 years) was lower because 
population size declined more rapidly (Figure 
7).

With M = 1.17, estimates of model output 
with varying of S indicate that population 
size would increase by year 5 if S > 0.53 using 
a 1-year vaccine, or with S > 0.64 using a 
2-year vaccine; all other scenarios resulted in a 
reduced population size (Figure 8).  When we 
hold S = 0.66 and varied M, simulations indicate 
that a 1-year-duration vaccine will reduce the 
population only if M < 0.85, while a 5-year-
duration vaccine will result in population 
reduction for any M < 1.40 (Figure 8). 

Figure 3. Simulated growth of females in a fox squirrel (Sciurus niger) population over an 8-year period, 
with an initial population of 10 females, S = 0.66, M = 1.17. 
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Discussion
Work reported here is part of a broader 

study on the efficacy of immunocontraception 
in fox squirrels, in which we documented that 
GonaCon inhibits reproduction in male and 
female squirrels for ≥3 breeding seasons (Krause 
et al. 2014). Modeling efforts presented here 
indicate that contraception can be an effective 
means of reducing fox squirrel populations if 
the vaccine is effective for ≥2 years or if ≤71% of 
the females are treated. Not surprisingly, longer 
duration vaccines should be more effective than 
shorter duration vaccines; also not surprisingly, 

but, important to managers, a higher initial 
treatment rate reduces the total investment 
(e.g., number of animals requiring treatment, 
hence, amount of GonaCon and number of 
hours of labor) because initial demographic 
reduction reduces the number of animals 
entering the reproductive pool in future years. 
These results are promising for the potential 
future use of GonaCon or other contraceptives 
for tree squirrel population control. Our results 
also should be applicable to other urban and 
suburban tree squirrel populations, assuming 
similar survival and recruitment to maturity 
rates.

Figure 4. Simulated population over 20 model-years of female fox squirrels (Sciurus niger) under 5 different 
durations and 2 different treatment rates of contraception with an initial population size of 800, S = 0.66, 
and M = 1.17. The top graph does not include the 1-year-duration vaccine because the population contin-
ued to increase for this treatment.
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Figure 6. Simulated population size of female fox squirrels (Sciurus niger) treated with contraception for 
population management after 5, 10, and 15 years at 2 different treatment levels (0.6 and 0.8) and 3 different 
contraception durations (1, 2, and 5 years).  Error bars indicate standard deviation from 1,000 stochastic 
simulations.

Figure 5. Simulated population size of adult female fox squirrels (Sciurus niger) after 5 years of contra-
ceptive treatment at different treatment rates and for a vaccine lasting 1, 2, 3, 4, or 5 years with an initial 
population size of 800 adult females, S = 0.66, and M = 1.17.  The ordinate extends only to 800 because 
any values above this reflect population growth rather than decline, and, hence, represents a failed treat-
ment regime. 
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To our knowledge, this is the first study 
to address the population-level effectiveness 
of contraception in tree squirrels. Most 
contraception population models have been 
developed for ungulate populations (Boone 
and Wiegert 1994, Seagle and Close 1995, Hobbs 
et al. 2000, Bradford and Hobbs 2008), many 
of which are well-known, allowing for highly 
accurate and detailed estimates of a variety 
of demographic parameters used in models. 
Such demographic data are not available 
for most species, including fox squirrels; we 
circumvented this constraint by using a model 
that requires few parameters, all of which 
could be obtained from the literature or our 
short-term data set. Because further research is 
needed to determine how long contraception 
remains effective in fox squirrels, we provide 
a range of possible outcomes for different 
contraceptive durations. 

Lethal control has been available for many 
years but is not always viable. Where it is an 
option, it may complement contraceptive 
control in invasive populations (Hobbs et al. 
2000, Shi et al. 2002, Grund 2011, Liu et al. 2012). 
However, Brandt’s voles (Microtus brandti) 
were more effectively controlled by regulating 

fertility than by lethal approaches (Shi et al. 
2002), and a combination of lethal and fertility 
control was more effective than either method 
alone for koalas (Phascolarctos cinereus; Tanaka 
et al. 2009) and white-tailed deer (Odocoileus 
virginianus; Hobbs et al. 2000). Further studies 
are needed to determine the efficacy of lethal 
versus contraceptive control for tree squirrels.

The accuracy of any model is dependent 
upon input parameters. Our model included 
only 2 demographic parameters: S and M. 
One benefit of this is that the model could be 
applied to many other populations for which 
extensive data are unavailable. For our study 
system, survival rates vary among populations 
of fox squirrels (Table 1), but the causes for 
much of the variation are not fully understood. 
Limited evidence suggests that urban fox 
squirrel populations may have higher and more 
variable survival than do rural populations 
(Conner 2001, McCleery et al. 2008). In our 
model, we used the highest value of S reported 
in the literature. This choice creates a bias in 
our model, such that real populations should 
be more responsive to contraception than 
indicated in our model. The rate of recruitment 
to maturity is easily calculated with most 

Figure 7. Simulated number of female fox squirrels (Sciurus niger) treated with contraception for popula-
tion management over a period of 15 years, using a deterministic population model.  Simulations with low 
treatment and a 1-year-duration vaccine have a very different trajectory than all other simulations, because 
the population continues to increase so more squirrels are treated in each year. Error bars indicate standard 
deviation from 1,000 stochastic simulations.
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survival rates. Simulations reported here 
indicate that variation in estimated parameters 
can have a large effect on population size, 
especially when vaccine duration is short 
(Figure 8). Currently, more data are required 
to accurately model the extent of variation in 
survival or recruitment to maturity rates, so we 
encourage appropriate caution in interpreting 

trapping data sets but ultimately is dependent 
upon the reproductive rate and the juvenile 
survival rates, which may not be directly 
related. Therefore, the recruitment to maturity 
rate may be highly variable. Reproductive rates 
may vary annually and seasonally (Weigl et al. 
1989, Krause et al. 2014), and little is known 
about the variation in juvenile and subadult 

Figure 8. Simulated population size of adult female fox squirrels (Sciurus niger) after 5 years of contracep-
tive treatment for a vaccine lasting 1, 2, 3, 4, or 5 years with an initial population size of 800 adult females 
and treatment rate (c) of 0.6. The ordinate extends only to 800 because any values above this reflect popu-
lation growth rather than decline, and hence represents a failed treatment regime. The upper panel shows 
a range of recruitment to maturity rates with S = 0.66. The lower panel shows a range of survival rates with 
M = 1.17.
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these models, and we recommend monitoring 
survival and recruitment to maturity rates in 
any subsequent field trials of contraceptive 
population control. 

We made the simplifying assumption that 
the population was density-independent, that 
parameter estimates from unmanipulated 
populations were appropriate for the model, and 
that these were not influenced by contraceptive 
treatment. These assumptions may not be 
valid. Further data on survival and recruitment 
to maturity rates are needed to evaluate the 
extent and nature of density-dependence 
in the fox squirrel population. Barlow et al. 
(1997) reported that density-dependence 
in survival rates was more important than 
that in reproductive rates when controlling 
species with contraceptive methods. Untreated 
individuals of European rabbits (Oryctolagus 
cuniculus) exhibited compensatory increases 
in survival and recruitment in response to 
contraception treatments within the population 
(Twigg and Williams 1999) and following 
removal of female fox squirrels in Illinois, 
reproductive rate among remaining animals 
increased (Herkert et al. 1992). Similarly, the 
reproductive rate of untreated squirrels in our 
study population increased after treatment 
(Krause et al. 2014). These data suggest a 
causal relationship, but further work should be 
designed to confirm or refute this hypothesis. 

Finally, our model assumed equal 
immigration and emigration rates of subadults 
prior to treatment (within M) and that adult 
females do not disperse. Zhang (2000) noted that 
larger animals and those with lower dispersal 
ability should be more readily controlled with 
contraception than smaller animals or those 
with greater dispersal capabilities and that 
closed populations are easier to control with 
contraception than open populations, although 
these inferences have not been evaluated with 
data from free-living populations. Subadult 
male and female fox squirrels in Kansas 
dispersed an average of 1.10 km and 0.32 km, 
respectively (Koprowski 1996), and squirrels 
from our population have emigrated to the 
surrounding town of Davis, California (Krause 
et al. 2010). Presumably, some reciprocal 
immigration has occurred, as well. More data 
are needed to determine the effects of dispersal 
in fox squirrel populations, but we presume 

adult dispersal occurs less frequently than 
juvenile dispersal. Migration would reduce 
the effectiveness of contraception within the 
treated area, although emigration of treated 
individuals also could suppress reproduction 
in surrounding areas. We do not know if treated 
animals are more or less likely than untreated 
animals to disperse, so we cannot evaluate 
the potential impact of violating this model 
assumption. Future studies should consider 
monitoring squirrel dispersal behavior to 
obtain accurate dispersal parameters for use in 
models incorporating dispersal. 

Our simulations provide resource 
managers with estimates of the effectiveness 
of contraception and the ability to calculate 
the potential cost of treatment based on 
the expected number of animals requiring 
treatment. This model provides a ready means 
of comparing the effects of different treatment 
levels and indicates that GonaCon could reduce 
fox squirrel populations. 
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