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Abstract
Evaluation of population-level impacts is critical to credible ecological risk assessments. In this study, a predictive model was
developed to translate changes in fecundity of the fathead minnow (Pimephales promelas) in a short-term laboratory toxicity test to
alterations in population growth rate. The model uniquely combines a Leslie population projection matrix and the logistic equation.
Application of the model requires only a life table for the organism of interest, a measure of carrying capacity for the given
population, and an estimation of the effect of a stressor on vital rates. The model was applied to investigate population dynamics for
fathead minnow exposed to the androgen receptor agonist 17b-trenbolone. Organismal-level responses for fathead minnows
exposed to varying levels of 17b-trenbolone were used to determine projected alterations in a population existing in a small body of
water containing varying concentrations of the androgen. Fathead minnow populations occurring at carrying capacity and
subsequently exposed to 0.027 mg/L of 17b-trenbolone exhibited a 51% projected decrease in average population size after 2 years of
exposure. Populations at carrying capacity exposed to concentrations of 17b-trenbolone X0.266 mg/L exhibited a 93% projected
decrease in average population size after 2 years of exposure. Overall, fathead minnow populations exposed to continued
concentrations of 17b-trenbolone equal to or greater than 0.027 mg/L were projected to have average equilibrium population sizes
that approached zero.
Published by Elsevier Inc.
Keywords: 17b-Trenbolone; Endocrine disruptor; Fathead minnow; Leslie matrix; Logistic equation; Population projection

1. Introduction
Assessment of the ecological risk of chemical stressors
to nonendangered species generally focuses on possible
alterations in population dynamics, as opposed to
effects at the level of the individual (Suter, 1993; US
Environmental Protection Agency, 1998). This type of
analysis ideally uses data concerning survival and
reproductive capacity/success from long-term chronic
toxicity tests. Unfortunately, due to the expense and
complexity of these tests, it is uncommon that chronic
*Corresponding author. Fax: +1-734-692-7603.
E-mail address: miller.davidh@epa.gov (D.H. Miller).
0147-6513/$ - see front matter Published by Elsevier Inc.
doi:10.1016/j.ecoenv.2004.05.005

toxicity data are available to directly forecast the likely
effects of a chemical on a population of interest. It is
more common to rely on abbreviated tests to generate
vital rate data to provide input to population models
for prediction of potential effects. One example of such
a test is the short-term fathead minnow (Pimephales
promelas) reproduction assay developed by Ankley et al.
(2001) for identifying and assessing effects of endocrinedisrupting chemicals (EDCs). That assay features the
collection of both data reﬂective of toxic mechanism/
mode of action and information suitable for predicting
alterations in population dynamics (e.g., survival,
fecundity, fertility). For this type of information to be
useful, credible species-speciﬁc model constructs are
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needed to make linkages between responses at the
individual level and those in populations.
In the present study, we developed a conceptual
framework for population risk assessment based on data
derived from the abbreviated fathead minnow reproduction assay. The procedure utilizes a model that requires
a minimum number of parameters to be estimated from
ﬁeld data and that is composed of a combination of a
Leslie population projection matrix and the logistic
equation. In this study, the modeling approach requires
only a life table, an estimate of carrying capacity, and
quantitative evaluation of how a stressor (chemical or
nonchemical) affects vital rates at the individual
(organismal) level. This modeling approach allows
population-level assessments to be conducted for a
given population existing in an area with an estimated
carrying capacity and can be used in conjunction with
habitat suitability analysis. Speciﬁcally, we apply this
modeling construct to investigate risk to a fathead
minnow population exposed to 17b-trenbolone, a highafﬁnity agonist of the vertebrate androgen receptor
(Wilson et al., 2002; Ankley et al., 2003).
Trenbolone acetate is a synthetic steroid administered
to cattle as a growth promoter. One excretory product
of the trenbolone acetate is 17b-trenbolone, which is
comparatively stable in animal waste (Schiffer et al.,
2001). This stability creates the potential for exposure of
aquatic animals through direct contact from discharge
or runoff from feedlots and/or via ﬁelds fertilized using
contaminated manure. Ankley et al. (2003) found that
17b-trenbolone was a potent androgen and reproductive
toxicant in the fathead minnow, masculinizing females
and reducing fecundity at a water concentration as low
as 0.027 mg/L. Orlando et al. (2004) documented that
endocrine and reproductive systems of wild fathead
minnow below a feedlot were adversely affected by
feedlot efﬂuent. In the present study, we utilize
concentration–response data from the study of Ankley
et al. (2003) to project population-level changes for a
fathead minnow population exposed to varying concentrations of 17b-trenbolone.

2. Materials and methods
2.1. Model development
Leslie (1945) and Lewis (1942) developed a matrix
model that projects population growth over time using
fecundity and survival rates of individual age classes
within the population. Using the equation
ntþ1 ¼ Mnt ;

ð1Þ

the vector of population age structure at time t þ 1
(ntþ1 ) is calculated from the product of the Leslie
matrix and the vector of population age structure at

time t (nt ). Using birth pulse survival probabilities, birth
pulse fertilities, and a prebreeding census (Gotelli, 1998;
Caswell, 2001), the Leslie matrix can be written as
F2
0

F3
0

y
y

M¼ 0
:

S2
:

0
:

y

0

y

F1
S1

Si¼n1

Fi¼n
:
;

ð2Þ

0

where Si is the survival from age i at time t to age i þ 1
at time t þ 1 and Fi is the fertility of age group i. For a
given Leslie matrix, the stable age distribution can be
calculated by ﬁnding an eigenvector (right eigenvector)
associated with the dominant eigenvalue of the matrix
(Leslie, 1945). It was shown by Leslie (1945) that the
matrix M in Eq. (2) resulted in exponential growth when
the population was at stable age distribution. Both the
total population and each age class within the population grow exponentially. The dominant eigenvalue of the
Leslie matrix represents the ﬁnite rate of increase.
Taking the natural log of the dominant eigenvalue of
the Leslie matrix results in the intrinsic rate of increase,
an estimate of the per capita rate of population increase
associated with a population represented by the rates in
the matrix. Leslie’s (1945) matrix model is limited in
application because it describes exponential growth.
Density dependence is the phenomenon by which the
values of vital rates including survivorship and fecundity
depend upon the density of the population (Burgman
et al., 1993). Within a population, density-dependent
competition results from increased population size, and
fecundity and survival rates will decrease or increase
based upon the amount of food and resources available
to organisms, making exponential growth unlikely.
The logistic equation is the most thoroughly studied
model of density-dependent population dynamics (Burgman et al., 1993). The logistic equation has been used for
analysis of population projection within multiple studies
and is widely accepted as a model for density-dependent
population growth (Maynard-Smith, 1968; Roughgarden, 1975; May, 1976; Whittaker and Goodman, 1979;
Krebs, 1985; Strebel, 1985; Bayliss, 1989; Burgman et al.,
1993; Gotelli, 1998).
Miller (2001) found that a simple density-dependent
matrix model can be constructed by combining the
Leslie projection matrix of Eq. (2) with a discrete time
form of the logistic equation. Discrete time forms of the
exponential and logistic equation can be written as
(May, 1974)
Ptþ1 ¼ Pt expðrÞPt

ð3Þ

and
Ptþ1 ¼ Pt expðr  rPt =KÞ;

ð4Þ
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where Pt is the scalar population size at time t, Ptþ1 is
the scalar population size at time t þ 1; r is the intrinsic
rate of increase, and K is the carrying capacity. Eq. (3)
can be multiplied by expðrPt =KÞ to obtain Eq. (4).
Likewise, the Leslie matrix of Eq. (2) can be multiplied
by expðrPt =KÞ to describe logistic growth resulting in
the equation
ntþ1 ¼ expðrPt =KÞMnt :

ð5Þ

The matrix model of Eq. (5) exhibits stability characteristics at a stable age distribution exactly identical to the
discrete time form of the logistic Eq. (4), as described by
May (1974). The logistic matrix model of Eq. (5)
requires no additional parameters to be estimated from
ﬁeld populations beyond that found in a combined life
and fecundity table and an estimate of carrying capacity.
Also, this model provides a simple link between life table
parameters, the logistic growth equation, and Leslie’s
original projection matrix.
When applying to ﬁeld populations whereby detailed
information has been collected for the effect of density
on individual age classes, Eq. (5) offers the versatility of
replacing expðrPt =KÞ with age-speciﬁc density-dependent functions; this could be accomplished in Eq. (5) by
replacing expðrPt=KÞ with a diagonal matrix of agespeciﬁc density-dependent functions. Alternatively,
when ﬁeld data exists such that density-dependent
functions could be precisely estimated for each vital
rate within the matrix M, the Leslie matrix in Eq. (5) can
then be separated into a matrix for births and a matrix
for deaths (Goodman, 1969; Usher, 1969; Jensen, 1974,
1995), and separate density-dependent functions could
be applied to each process. Although this approach is
most realistic in theory, difﬁculty in parameter estimation related to each separate vital rate-speciﬁc densitydependent function will increase the uncertainty of
model predictions.
To investigate the population-level effects resulting
from exposure to a toxic chemical, Eq. (5) can be altered
to
ntþ1 ¼ expðrPt =KÞM  nt ;

ð6Þ

where M  is the Leslie matrix containing vital rates
(survivorship and fertility) that have been adjusted to
include an age-speciﬁc percentage reduction in fecundity
and/or survival rates over the time step t resulting from
an exposure. Thus, using Eq. (6), the effect of a chemical
on population size can be investigated with respect to a
population existing in a given geographic area with a
given carrying capacity.
In analyzing the effect of environmental variability,
the biology of the species should be used to guide
exploration of the most variable life history traits and
their corresponding parameters in the model. The model
sensitivity to the most variable life history traits can be
investigated by varying the parameters associated with

3

these traits within the Leslie matrix over a range of
values corresponding to that observed for the species. In
this way, projections for average population size can
then be calculated over the range of values of the most
inﬂuential model parameter(s).
2.2. Model application
We predicted population dynamics for fathead
minnows exposed to the androgenic growth promoter
17b-trenbolone. Concentration–response data at the
individual level were taken from Ankley et al. (2003),
who determined the effects of 17b-trenbolone on
reproduction in the fathead minnow over 21 days at
water concentrations ranging from 0.0015 to about
41 mg/L. In that study, adult survival rate remained
unchanged over varying exposure values, but fecundity
of the ﬁsh was reduced at test concentrations X0.027 mg/
L (Table 1). Life history characteristics of the fathead
minnow were collected and analyzed from multiple
studies (Westman, 1938; Zischke et al., 1983; Duda,
1989; Gleason and Nacci, 2001). Fathead minnows
breed annually within a breeding period that lasts 2–3
months. Female fathead minnows mature at age 1 year
and reproduce annually with reproductive output that
varies with age (Westman, 1938; Zischke et al., 1983;
Duda, 1989; Gleason and Nacci, 2001). Within the
present study, we chose to apply a density-dependent
logistic matrix model based upon age structure. Such a
model is appropriate for use in analyzing a fathead
minnow population whereby a stressor such as 17btrenbolone is affecting reproductive output that varies
with age. However, it is important to point out that a
Leslie matrix structured by size classes as opposed to age
classes may be appropriate for demonstrating a stressor’s effect on ﬁsh growth rate. The density-dependent
logistic matrix model as derived above could be used
with either a size-class-based or an age-class-based

Table 1
Effects on female fathead minnow fecundity of exposure to varying
concentrations of 17b-trenbolone (data from Ankley et al., 2003)
17b-trenbolone
concentration (mg/L)

Decrease in
fecundity (% change)a

0.0015
0.027
0.266
4.35
40.6

0b
50.1
100
100
100

a
Values for decrease in fecundity were calculated by regressing
cumulative egg production versus time for fathead minnow exposed at
a constant concentration. The R2 value for the regressions ranged from
0.850 to 0.933.
b
No signiﬁcant difference was found between fecundity of female
fathead minnow exposed to 0.0015 mg/L of 17b-trenbolone compared
to the control group.
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Table 2
Life table for the fathead minnow vital rates derived from populations
(Westman, 1938; Zischke et al., 1983; Duda, 1989; Gleason and Nacci,
2001)
Age (years)

Survival (per year)

Fecundity (eggs/year)

0
1
2
3
4

1
0.001
0.00039
0.0001521
0

0
750
1500
3000
N/A

Mfathead minnow =

0.75

1.5

3

0.39

0

0

0

0.39

0

Fig. 1. Leslie matrix for the fathead minnow derived from ﬁeld studies
(Westman, 1938; Zischke et al., 1983; Duda, 1989; Gleason and Nacci,
2001) and developed using birth pulse survival and fertility rates and a
prebreeding census (Gotelli, 1998; Caswell, 2001).

Leslie matrix. Age-speciﬁc vital rates were estimated by
Gleason and Nacci (2001) for the fathead minnow based
upon survival and fecundity data taken from studies of
populations (Westman, 1938; Zischke et al., 1983; Duda,
1989). We constructed a life table (Table 2) and a Leslie
matrix model (Fig. 1), using birth pulse fertility values
and a prebreeding census (Leslie, 1945; Caswell, 2001),
for the fathead minnow based upon the age-speciﬁc
survival and fecundity rates estimated by Gleason and
Nacci (2001). In using birth pulse fertilities and a
prebreeding census with an annual time step, the Fi
values in Eq. (2) are calculated as the product of survival
from birth to age 1 year and the reproductive output of
an individual upon reaching its ith birthday (Caswell,
2001). Birth pulse fertility values were used because the
fathead minnow has an annual breeding season lasting
2–3 months (Westman, 1938), and a prebreeding census
was chosen as it would relieve the need to estimate total
eggs within the water body when comparing the model
to ﬁeld samples.
We examined the population-level effects resulting
from loss in fecundity at various exposure concentrations for a population of fathead minnow existing at
carrying capacity in a small body of water typical of
what might be found adjacent to a feedlot (Orlando
et al., 2004). In the case of ﬁsh which exhibit
indeterminate growth, carrying capacity may be more
accurately deﬁned with regard to biomass (Diana, 2004).
But since fathead minnows undergo ‘‘scramble competition’’ leading to equal sharing of resources (Waller et al.,
1971), it is acceptable to deﬁne carrying capacity with
regard to ﬁsh numbers. This is borne out in historical

ﬁeld data, which show that fathead minnow have been
recorded at high population densities in standing bodies
of water ranging from 5.19 to 6.14 ﬁsh/m3 (O’Neil,
1979). Using a density estimate of 5.665 ﬁsh/m3 for a
fathead minnow population at carrying capacity (the
midpoint of the range cited by O’Neil (1979), a small
body of water containing 1000 m3 of habitat would
contain approximately 5665 fathead minnows. Because
we were investigating the effect of 17b-trenbolone on
population size for a population of fathead minnow
existing at carrying capacity and had assumed logistic
population growth, all of the model simulations were
initiated with the population at the stable age distribution as calculated from the Leslie matrix. Stable age
distribution was determined from the Leslie matrix by
ﬁnding an eigenvector associated with the dominant
eigenvalue of the matrix and rescaling the eigenvector
(Caswell, 2001). Using this approach, a population of
5665 fathead minnows at stable age distribution would
consist of 4178 age class 1 fathead minnows, 1163 age
class 2 fathead minnows, and 324 age class 3 fathead
minnows at the beginning of the ﬁrst time step.
We used the density-dependent logistic matrix model
of Eq. (6) to examine the impact on fathead minnow
population size resulting from exposure to three
concentrations of 17b-trenbolone of X0.266, 0.027,
and p0.0015 mg/L. For each simulation, a population
of fathead minnow initially existed at a carrying
capacity of 5665 and was subsequently exposed to a
given amount of 17b-trenbolone. For each simulation,
the value of population size was projected over time,
and the equilibrium population size was determined.
Among fathead minnow populations, fecundity and
survival of age 0 year ﬁsh to age 1 year is highly variable
(Westman, 1938; Duda, 1989; Grant and Tonn, 2002)
and inﬂuential on population growth. Within our
model, the fecundity of breeding ﬁsh and the survival
of age 0 year ﬁsh to age class 1 is represented by the
fertility parameters of the model (Fi terms) as the Leslie
matrix uses a prebreeding census (Caswell, 2001). To
investigate sensitivity of the model projections to
fertility rate, we varied the fertility parameters in the
matrix from 80% to 120% of their mean values in
increments of 10%. Based upon studies by Westman
(1938), Duda (1989), and Grant and Tonn (2002), this
range of values is representative of what one might
expect in a real world population. Westman (1938)
sampled 10 female fathead minnow and found that their
egg production differed by less than 10% of the mean
value of eggs produced for all 10 females. Duda (1989)
found that fathead minnow fry survival had a standard
deviation of 10% of the mean fry survival rate. Grant
and Tonn (2002) found that total eggs laid in the
spawning season per female fathead minnow and total
number of eggs hatched in the spawning season per
female fathead minnow had standard errors of the mean
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that were approximately 10–20% of the respective mean
values. This approach to investigating sensitivity of
model projections to variability in fertility rate was
applied to examine the impact on fathead minnow
population size resulting from exposure of 0.027 mg/L of
17b-trenbolone. Sensitivity of model projections to
fertility rates was not investigated for exposure to 17btrenbolone concentrations p0.0015 mg/L, as exposures
at this level had no negative effect on fecundity (Ankley
et al., 2003), and thus a fathead minnow population
existing at carrying capacity would, on average, be
expected to remain near carrying capacity. In addition,
sensitivity of model projections to fertility rate was not
investigated for exposure to 17b-trenbolone concentrations X0.266 mg/L, as exposures at this level completely
inhibited spawning during a 21-day test (Ankley et al.,
2001, 2003).

3. Results

Avg. Population Size (Number Of Fathead Minnow)

The Leslie matrix for the fathead minnow (Fig. 1)
derived from ﬁeld studies by Westman (1938), Zischke
et al. (1983), Duda (1989), and Gleason and Nacci
(2001) yielded an intrinsic rate of increase equal to
0.337. Exposure to some levels of 17b-trenbolone
compromised the fecundity of fathead minnows (see
Table 1), and thus the annual fertility rates of the
different age classes within the Leslie matrix were
adjusted accordingly to account for the exposure within
model projections. The projected trend in population
growth for a fathead minnow population existing at a
carrying capacity of 5665 and subsequently exposed to
varying levels of 17b-trenbolone of X0.266, 0.027, and
p0.0015 mg/L was calculated from Eq. (6) (Fig. 2).
Exposure to concentrations of 17b-trenbolone equal to
6000
C
5000

4000

3000

2000

1000

B

A

5

or in excess of 0.027 mg/L resulted in a population
decline over time. Exposure to concentrations of 17btrenbolone X0.266 mg/L completely inhibited fathead
minnow spawning and the projected population trend
resulted in an approximate 74% decrease in average
population size (1488 fathead minnows remaining in
the population) after 1 year and a 93% reduction in
average population size (415 fathead minnows remaining in the population) after 2 years of exposure. Due to a
lack of recruitment, the population was extinct after 3
years. In comparison, a fathead minnow population at a
carrying capacity of 5665 individuals and subsequently
exposed to a concentration of 0.027 mg/L 17b-trenbolone resulted in an approximate 37% decrease in
average population size (3573 fathead minnows remaining in the population) after 1 year and a 51% reduction
in population size (2751 fathead minnows remaining in
the population) after 2 years. Exposure to 0.027 mg/L
17b-trenbolone resulted in a population size at equilibrium that approaches 0, requiring only 13 years for the
population to decrease to an average size of approximately 10% of carrying capacity (587 individuals). A
fathead minnow population at carrying capacity,
exposed to a concentration of 17b-trenbolone less than
or equal to 0.0015 mg/L, would be expected to remain at
carrying capacity since vital rates remained unchanged
at this concentration (Ankley et al., 2003).
Model projections for a fathead minnow population
at a carrying capacity of 5665, subsequently exposed to
0.027 mg/L 17b-trenbolone, were examined with respect
to variability in fertility rates. In this analysis, fertility
rates were varied from 80% to 120% of their respective
mean values in increments of 10% (Table 3). Under
favorable conditions that would foster higher fertility
rates (fertility values set at 120% of their respective
mean values within the Leslie matrix), exposure to
0.027 mg 17b-trenbolone/L resulted in an approximate
30% decrease in average population size (3990 fathead
minnows remaining in the population) after 1 year and a
42% reduction in average population size (3298 fathead
minnows remaining in the population) after 2 years of
exposure. In comparison, for populations existing under
less favorable conditions (fertility values set at 80% of
their respective mean values within the Leslie matrix),
exposure to 0.027 mg/L of the androgen resulted in an
approximate 44% decrease in average population size
(3156 fathead minnows remaining in the population)
after 1 year and a 61% reduction in population size
(2228 fathead minnows remaining in the population)
after 2 years.

0
0

5

10
Time (Years)

15

20

Fig. 2. Population projection for a fathead minnow population
existing at a carrying capacity of 5665 and subsequently exposed to
varying levels of 17b-trenbolone. Three exposure concentrations were
evaluated: (A) X0.266 mg/L, (B) =0.027 mg/L, and (C) p0.0015 mg/L.

4. Discussion
Overall, our results indicate that fathead minnow
populations exposed to continuous concentrations of

ARTICLE IN PRESS
D.H. Miller, G.T. Ankley / Ecotoxicology and Environmental Safety 59 (2004) 1–9

6

Table 3
Sensitivity of model projections to fertility rates within the Leslie matrix

Population size after 1 year of exposure
Population size after 2 years of exposure

Fertility rates
set to 80%
of matrix values

Fertility rates
set to 90%
of matrix values

Fertility rates
unchanged

Fertility rates
set to 110%
of matrix values

Fertility rates
set to 120%
of matrix values

3156
2228

3364
2488

3573
2751

3781
3021

3990
3298

Fertility rates were varied from 80% to 120% of their values found within the Leslie matrix, and projections for a fathead minnow population
existing at carrying capacity of 5665, exposed to 0.027 mg 17b-trenbolone/L, was calculated for 1 and 2 years of exposure.

Table 4
Sensitivity of model projections to the estimate of carrying capacity

Population
Population
Population
Population

size
size
size
size

after
after
after
after

1 year of exposure
5 years of exposure
10 years of exposure
20 years of exposure

Carrying capacity
set to 4715

Carrying capacity
set to 5190

Carrying capacity
set to 5665

Carrying capacity
set to 6140

Carrying capacity
set to 6615

3322
1853
1278
880

3655
1858
1334
945

3990
2028
1456
1032

4323
2197
1579
1119

4657
2599
1793
1235

Carrying capacity was varied from 4715 to 6615 fathead minnows, and projections for a fathead minnow population existing at carrying capacity and
exposed to 0.027 mg 17b-trenbolone/L were calculated for 1, 5, 10, and 20 years of exposure. The range of 4715–6615 fathead minnows is twice the
range of fathead minnow density reported by O’Neil (1979). Each model simulation was initiated with the population at the stable age distribution as
calculated from the Leslie matrix.

17b-trenbolone X0.027 mg/L would exhibit large population losses within a 2-year period and risk future
extinction. Unfortunately, there currently are no published data concerning 17b-trenbolone concentrations in
aquatic systems. However, some research related to the
fate of 17b- and 17a-trenbolone in the environment has
been conducted. Schiffer et al. (2001) demonstrated that
the half-life of 17b-trenbolone in liquid manure was
approximately 260 days and that trenbolone residues
were detectable in soil to which the manure had been
applied for as many as 8 weeks after application. This
suggests the potential for exposure of aquatic animals to
trenbolone via direct discharge and runoff associated
with feedlots (Makynen et al., 2002; Orlando et al.,
2004).
Although there are no published data concerning
direct measurement of trenbolone in waters associated
with active feedlots, there is evidence for the presence of
androgenic chemicals in water bodies and/or discharges
from beef feedlots in the USA. For example, studies
with drain water samples from a feedlot in Ohio have
indicated the presence of chemicals which act as
androgen receptor agonists in vitro (Makynen et al.,
2002). More recently, Orlando et al. (2004) demonstrated the occurrence of androgenic activity within a
small water body adjoining a feedlot in Nebraska
resulting in adverse effects to the development and
reproductive endocrinology of the exposed fathead
minnows. Future studies at these sites are needed to
conﬁrm the occurrence of trenbolone acetate metabolites and to ascertain the degree to which they might be
responsible for observed androgenic activity. This type

of information is critical to supporting a full assessment
of the potential risk of trenbolone to ﬁsh and other
wildlife.
In our analysis, we have estimated carrying capacity
based upon measurement of a maximum density of
fathead minnows found in a small water body. To verify
this estimate, long-term monitoring of the water body
would be necessary to demonstrate a relatively stable
population density. Alternatively, detailed habitat suitability analysis could be used to determine an estimate
of carrying capacity based upon variables measured
within the landscape (Mladenoff et al., 1995, 1997). To
demonstrate the sensitivity of model projections to
carrying capacity, we used Eq. (6) to project the trend in
population growth for a fathead minnow population
existing at varying values of carrying capacity (varying
values of K in Eq. (6)) and subsequently exposed to 17btrenbolone equal to 0.027 mg/L (Table 4). The value of
carrying capacity was varied from 4715 to 6615 fathead
minnow, consistent with a range of maximum densities
that is twice as wide as those reported by O’Neil (1979).
Each model simulation was initiated with the population
at the stable age distribution as calculated from the
Leslie matrix. When the population size is near carrying
capacity, the effect of carrying capacity on model
projections will be the strongest, as demonstrated in
Table 4 by the greatest deviations between projections
occurring near carrying capacity. As supported by
Table 4, a precise estimate of carrying capacity can
decrease the uncertainty of model projections.
Variability in laboratory data should also be considered in evaluating model projections. The response to
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Avg. Population Size (Number Of Fathead Minnow)

exposure to a given chemical stressor at the level of the
individual will have a variability associated with it that
can be quantiﬁed and used within the model of Eq. (6)
to bound model projections at the population-level with
respect to variability in response to the stressor at the
individual level. As an example, we used laboratory
results from Ankley et al. (2003) and regression analysis
(regressing cumulative egg production versus time) to
estimate a 95% conﬁdence interval for the decrease in
female fathead minnow fecundity resulting from exposure to 0.027 mg/L of 17b-trenbolone. The 95%
conﬁdence interval for the decrease in female fathead
minnow fecundity was determined to be 41.3–60.5%, as
compared to 50.1% listed in Table 1. We demonstrate
how this conﬁdence interval can be used to bound our
model projection for population response to exposure at
0.027 mg/L 17b-trenbolone relative to the variability in
individual response to exposure (Fig. 3).
The matrix model presented here analyzes changes in
population growth resulting from changes to vital rates.
This investigation, based upon reproductive success
measures and survival measures, still leaves some other
long-term effects unassessed. Long-term immune function and salt and water balance (osmotic stress) are not
assessed within the current model. A comprehensive
analysis of a particular feedlot could ideally include
measurements of runoff ﬂows for salts. Migration is also
not accounted for in the current model as a closed
system was assumed. However, it is possible to use the
modeling approach described here to assess migration of
organisms between closed systems. Within such an
approach, using Eq. (6), a vector representing the
distribution of migrants (or immigrants) among age
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Fig. 3. Population projection for a fathead minnow population
existing at a carrying capacity of 5665 and subsequently exposed to
0.027 mg/L of 17b-trenbolone. The percentage reduction in fecundity as
a result of exposure was varied: (A) 41.3% reduction (lower conﬁdence
limit), (B)=50.1% reduction, and (C) 60.5% reduction (upper
conﬁdence limit).
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classes would be added to (or subtracted from) the
population total at each time step.
EDCs can adversely affect animals in different ways,
causing direct and indirect effects at multiple levels of
biological organization, including alterations in circulating sex steroids, delayed/abnormal sexual differentiation, behavioral alterations, and changes in gamete
quality that result in decreased fecundity or fertility
(Bryan et al., 1986; Bright and Ellis, 1990; Gilbertson
et al., 1991; Sharp and Skakkeback, 1993; Guillette et al.,
1994; Munkittrick et al., 1994; Orlando et al., 2004).
Understanding population-level responses to chemical
stressors such as EDCs is key to the ecological risk
assessment process. Yet, the type of effects data
available for assessments, generally, is collected at the
level of the individual. Realistic predictive models are
therefore critical to translating data from individuals to
populations. In the present study, we use data generated
from a short-term reproduction assay with the fathead
minnow (Ankley et al., 2001) to make inferences about
likely impacts of an androgenic chemical, 17b-trenbolone, on dynamics of a closed fathead minnow population. Alternatively, a ﬁsh full-life-cycle study could be
used to investigate the ecotoxicological effects of a given
chemical, with subsequent population-level modeling.
As an example, Lange et al. (2001) examined the effects
of the synthetic estrogen 17a-ethinylestradiol on the life
cycle of the fathead minnow, and Grist et al. (2003) used
the results of the Lange et al. (2001) analysis to estimate
effects of 17a-ethinylestradiol on populations of the
fathead minnow. Grist et al. (2003) constructed a Leslie
matrix for the fathead minnow to examine change in
intrinsic rate of population growth obtained from
changes in exposure concentration of 17a-ethinylestradiol. The model construct that we developed for this
study (1) focused upon impact of a chemical to vital
rates and (2) estimated density-dependent population
trajectories upon exposure to the chemical with respect
to time for a geographically isolated population
composed of multiple age classes. Although this
particular analysis evaluated a speciﬁc EDC, the basic
modeling approach could easily be expanded to include
other chemical and nonchemical stressors in more
complex habitats. We used the logistic matrix model
of Eq. (6) in its simplest form because we did not have
sufﬁcient ﬁeld data available to support the creation of
precise functions to describe how each individual age
class responds to increased density or to describe how
the vital rates of each individual age class respond
separately to density-dependent population growth for
the fathead minnow. With the addition of more detailed
site-speciﬁc ﬁeld studies, we could incorporate more
complex functions to precisely describe how age classes
or how vital rates within the density-dependent matrix
model would vary with density. As an example of the
use of detailed site-speciﬁc data to generate precise vital

ARTICLE IN PRESS
8

D.H. Miller, G.T. Ankley / Ecotoxicology and Environmental Safety 59 (2004) 1–9

rate-speciﬁc density-dependent functions, Brown et al.
(2003) demonstrated that site-speciﬁc life history data
for brown trout (Salvelinus fontinalis) from Hunt Creek,
Michigan and fathead minnow from Horseshoe Lake,
Minnesota could be used to make predictions about the
effects of nonylphenol and methoxychlor on population
dynamics using a delay differential equation model with
a 1 day time step. In 1995, the Ofﬁce of Research and
Development of the US Environmental Protection
Agency sponsored a workshop that focused on a variety
of issues central to the development of a research
strategy for assessing ecological effects of endocrine
disruptors (Ankley et al., 1997). Within that forum, it
was decided that researchers should proceed from ﬁrstorder models to higher-order models. Accounting for
density-dependent population growth is a difﬁculty
facing many ecotoxicological risk assessments. In its
simplest form, our approach will ﬁll the need for
accounting for density dependence as a screening-level
model. To improve upon the screening-level results, sitespeciﬁc intensive ﬁeld study could provide subsequent
details allowing further analysis, whereby formulation
of precise density-dependent functions for each age class
or for each vital rate of each age class within the Leslie
matrix could be constructed.
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