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Synopsis

A model is constructed to simulate fluctuations in monthly population sizes of the Devils Hole pupfish
between January 1973 and August 1976. A variety of biological parameters is estimated, and adult mortality
is partitioned into natural and environmentally-dependent components. The simulations capture the seaso-
nal fluctuations in population size, and only seven predicted population sizes differ from those observed by
20% or more. The model is used to make testable predictions about the life history of this species and

interactions of the parameters are discussed.

Introduction

The Devils Hole pupfish, Cyprinodon diabolis, is
endemic to a single limestone cavern in Ash Mead-
ows, Nevada (Miller 1961). The habitat of this spe-
cies lies 15m below ground in a fault fracture,
superficially exposing part of a large subterranean
aquifer that has no surface outlets (Pister 1974).
C. diabolis, an endangered species (Miller 1979,
Deacon et al. 1979), has been monitored exten-
sively since 1972 by Robert Rush Miller and James
E. Deacon. Prior to 1969 the estimated population
size fluctuated above 600 individuals (Miller 1979,
Soltz & Naiman 1978). In 1969, water was pumped
from the Devils Hole aquifer for irrigation which
significantly lowered the water table. Much of the
shallow shelf upon which the pupfish fed and re-
produced was thus exposed and population size
declined dramatically (Pister 1974, Soltz & Naiman
1978, Deacon & Deacon 1979). Estimated popula-
tion size and variations in water level have been
reported almost monthly since 1972. In addition,

other biological and environmental factors rele-
vant to the population biology of C. diabolis are
available in unpublished monthly reports and sev-
eral publications.

The purpose of this study is to: (a) construct a
conceptual model for the dynamics of this popula-
tion; (b) estimate the parameters of the model; and
(c) use the estimated parameters to simulate popu-
lation fluctuations during the periods for which
good data are available. This model can be used to
make testable predictions about the biology of C.
diabolis, serve as a framework for future research,
and ultimately aid in the effective management and
rehabilitation of this endangered resource.

C. diabolis is a most desirable population to
model. Devils Hole is a relatively simple closed
system — only one species of fish is present and the
number of individuals cannot change by emigration
or immigration. The model is derived from a dy-
namic pool model, which is often used to simulate
aspects of populations (e.g., Serchuk et al. 1980).
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Conceptual model

The conceptual model was constructed to account
for monthly fluctuations in population size as a
function of biological and environmental param-
eters. The model states that:

N(t) = f[N(to)] + R(t). 4y

The number of individuals, N, at time t,, is a func-
tion of the number of individuals at time t, that
survive to time t,, and the number of recruits, R,
that enter the population at time t.. The model is
then expanded:

N(t,) = N(t)) exp[—Z(t,—t,)] + R(t,) ()
and
R (t,) = IN(t))E(ty)exp[-Z' (t,—t,)], (3)

where t = time period measured in months; and t,,
t,...t, are the n successive months from an initial
time period, t,; N(t) = number of individuals at
time t; Z(At) = total adult mortality coefficient
during time At; R(t) = number of recruits that
enter adult population at time t; r = proportion of
females in the population; E(t) = average number
of eggs spawned per female at time t; Z' (At) =
total juvenile mortality coefficient during time At.

The monthly treatment of parameters allows
time lags and seasonal periodicity to be built into
the system. For example, R(t) is a function of
population characteristics (e.g., N, E, Z') two
months earlier. Seasonal fluctuations are evident in
the data available for this pupfish (Fig. 1). In-
stantaneous rates of mortality (Z* values) were
calculated between successive population esti-
mates, where:

Z* = —In[N(t))/N(t))]. )

When Z*>0 a decrease in population size is indi-
cated, and Z*<0 indicates an increase in numbers.
The periodicity of population change is a function
of the recruits entering the population and marked
seasonal variation in productivity (discussed be-
low).
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Fig. 1. Instantaneous Z* values calculated monthly from May
1972 to March 1977. Positive and negative values of Z* indicate
net populational decrease and increase, respectively.

Parameter estimation
Population size

Estimates of population size are available for most
months between April, 1972 and May, 1976. These
data were obtained by divers using SCUBA; repli-
cate counts were performed at least three times per
two-day period. The reports indicate a large degree
of similarity among the divers’ counts. Robert R.
Miller (in report) has calculated the error associ-
ated with these counts to be 3%. Since 1972, the
population has generally contained fewer than 350
individuals; thus estimates of N should be regarded
as *11 individuals.

Adult mortality

Partition of total mortality

Deacon & Deacon (1979) demonstrated the strong
association of population size with water level and
primary productivity. Because no predators exist in
the habitat, adult mortality is partitioned as fol-
lows:

Z(t,—t)) = [M,(t,—t,) + M,(t,—t,)
+ Mp(tl.—t(l)]' (5)
where M, = mortality due to natural causes (e.g.

old age, disease); M, = mortality due to water
level fluctuation; M, = mortality due to primary



productivity rate fluctuations. Z is calculated over
a one-month interval by incorporating the mor-
tality due to fluctuations in water level and pro-
ductivity.

Calculating Z as a sum of parameters is logical
only if M,, M,, and M, are not inter-correlated. M,
as defined here is not correlated with water level or
productivity. The correlation between M, and M
(after transforming the productivity data — see be-
low) was not found to be significant (p>0.05), df =
23).

M, and M, belong to the set of mortality coeffi-
cients (M,) dependent upon the set of environmen-
tal parameters (I). Thus, for some environmental
parameter, H, the mortality dependent upon its
fluctuations follows the general equation:

M,(t—tg) = be[H(t) —H(t)/N(t,), (6)

where M, = environmentally-dependent mortality
coefficient; b = function relating population size to
environmental parameter; a = density-dependent
function of population size at the beginning of the
time interval; H = measure of environmental pa-
rameter.

Thus, M, measures the proportion of the popula-
tion that dies during some time period with a given
environmental fluctuation. The directionality of
environmental fluctuation is important because
some directions of change may produce no mor-
tality (i.e., M, = 0).

M, and M, were estimated from the slope (b) of
the regression of population size (dependent varia-
ble) against water level and productivity rate (inde-
pendent variables), respectively. The range of val-
ues for the environmental parameters were such
that a linear model fit the data best (i.e., all coeffi-
cients of regression were significantly different
from zero, and least error mean-square). Under
other ranges of water levels and productivities,
their relationship to population size will certainly
not be linear, but that notion cannot be rejected at
present.

Estimation of a density-dependent regulatory
function (a) is not possible with the available data,
and thus presents a serious limitation to this study
(see below). For the following simulations it is
assumed that a = 1.0.
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Mortality dependent upon water level

Deacon (1976) regressed population size on water
level from 1967 to 1976 and obtained the following
model:

N = 696—123W, %)

where N is population size and W is water level,
read as distance below a set mark (i.e., downward
from the surface); R? is 0.73. The slope of the
regression was used to calculate the mortality co-
efficient, and indicates the large impact on popula-
tion size that a small decrease in water level has.
Mortality occurs only if the water level declines
(i.e., W(t)>W(t,)). Hence M, = 0 if water level
has increased, but it is otherwise calculated as:

Mw(t]) = 123[W(t1)—W(t0)]/N(t(,), (8)

where W(t)) is the water level at time t,. When
water level falls, the mortality due to this fluctua-
tion is expressed as a fraction of the population size
at the beginning of the period, N(t,). This equation
is important because it can predict the fluctuation
in water level that would drive the population to
extinction (i.e., if 123(AW) =N(t) or some critical
minimum N(t)).

Mortality dependent upon primary productivity
Deacon & Deacon (1979) calculated a relationship
between population size and oxygen production
(above a base-line level) within the entire water
column, which was dependent upon water level.
Dissolved oxygen data were available for April
1975 to October 1975, from which the rate of pri-
mary production in gO, m> was calculated. This
rate is independent of water level. Although oxy-
gen values were not available for November
through March, Deacon (1976) indicated that little
if any production takes place during this period due
to the orientation of the sun relative to the opening
of Devils Hole and the depth of the water below the
opening. The seasonal cycle of productivity rate is
shown in Figure 2. Population size was regressed
against productivity rate (P) from April 1975
through March 1976, incorporating a month’s time
lag as per Deacon (1976). All coefficients in the
resultant equation were significantly different from
zero (p<0.05), such that
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Fig. 2. Productivity rate fluctuations from April 1974 to April
1975.

N = 187.7+ 65P. 9)

M, is calculated only if productivity rate decreases
during the time period. Hence:

M,(t) = 65[P(t)—P(t)I/N(t,), (10)
if P(At)>0 then M, = 0.

Natural mortality

The remaining component of Z is the natural mor-
tality coefficient (M,). Although several methods
for calculating M, exist (see Ricker 1975), data
presently available allow no such computation. M,
was not chosen a priori; rather, the simulations
used a range of M, ’s and evaluated each according
to certain statistical criteria (discussed below). It
must be realized that M, chosen in this fashion,
represents an average mortality rate. M, probably
varies seasonally and the average is only the best
estimate at present.

The average life-span of an individual is directly
expressed by M,. Given a population of size N,
with a natural mortality rate of M, (assuming no
other causes of mortality, and that M, is constant
over the time period, t, in months), the average
longevity of an individual is:

[ o Nexp(—=M,t)dt/N = exp (=M, t)/~M_ |,

=1M,. (1)
If the life-span of the Devils Hole pupfish is 12
months, for example, then M, equals 0.0833 (=

1112). The average longevity has not been ade-
quately determined, although James (1969) ob-
served the life of one male to be 15 months.

Recruitment

Sex ratio

The equation (3) for calculating the number of
recruits, R(t), requires estimation of the propor-
tion of females, r, in the population to be esti-
mated. Based upon a year of sampling, James
(1969) concluded that an excess of males occurred
from November to May, and females predomi-
nated from June through August. However, I ap-
plied Chi-square tests to her data (James 1969,
Table 4, p. 43) and found that of the 11 sex ratios
purported to differ from 1:1 only three did so sig-
nificantly (p<0.05). The first significant case had a
sample size of only 16 fish; the latter cases had good
sample sizes (=119 specimens) and indicate that in
July and August, 1968, females outnumbered
males in the population. In the simulations r is
assigned a value of 0.5, because only three signifi-
cant deviations were found. If future studies find
the sex ratio to vary significantly from 1:1 (as has
been shown for C. nevadensis; Soltz 1974), then in
addition to the fluctuating r, monthly natural mor-
tality coefficients will have to be computed separ-
ately for each sex.

Egglspawn cycle

The number of eggs spawned per female (E) is a
seasonally dependent variable. These fish spawn
primarily between March and September with a
possible peak in May (James 1969, Minckley &
Deacon 1973). The number of eggs released per
female or the number of offspring produced per
female is not exactly known. However, C. diabolis
is reported to have a low average fecundity; only
four or five ova (= 10-20%) were found to be
mature during peak spawning period (Minckley &
Deacon 1973). More directly, two females kept in a
cage with four males in Devils Hole produced only
31 offspring together by the end of July (James
1969). I estimate the average number of eggs
spawned per female within a season to be 24, and
the number of eggs spawned per month, E(t), is



shown in Table 1 (trial 1). This scheme was chosen
to correspond to the size frequency analysis of
James (1969). The egg/spawn cycle was altered in
subsequent trials in order to test life history predic-
tions made by the model (discussed below).

Table 1. Egg/spawn cycles for C. diabolis. Trial 1is the estima-
tion of the parameter, trials 2 and 3 are perturbations of trial 1
for testing predictions made by the model. The M’s and pre-
dicted lifespans (number days) chosen by the mean and variance
criteria are given for each trial.

Month Number of eggs spawned
Trial 1 Trial 2 Trial 3

January 0 0 0
February 0 5 0
March 5 5 2
April 5 5 4
May 5 4 5
June 4 2 5
July 2 1 5
August 2 1 2
September 1 1 1
October 0 0 0
November 0 0 0
December 0 0 0

Mean criterion

M 0.0987 0.1416 0.0825
number days 308 215 369
Variance

criterion

M 0.0968 0.1386 0.0798
number days 314 220 381

Development period and mortality

A time lag is built into the model which corre-
sponds to the development period. Based upon
other research in Cyprinodon (see Miller 1961) the
development period is set at two months (= age of
recruitment), and recruits enter the population
from May through November.

The last parameter in need of estimation is Z',
the total mortality suffered by eggs and developing
individuals to recruitment. I have no way of esti-
mating Z' from any data available for this species,
and simply set this parameter equal to 0.9. In the
following simulations, the proportion of eggs
spawned which survive to recruitment is:

143

exp(—2Z') = exp(—1.8) = 0.165. As this estima-
tion of Z' is certainly a source of error, it serves to
indicate where studies are needed.

Results and discussion

The population size of the Devils Hole pupfish was
simulated for the 44 months from January 1973
through August 1976. Simulations were computed
for each of three egg/spawn cycles (Table 1).
Within each trial, the natural mortality coefficient
(M,) was initialized and the population size for
each month calculated. M, was then incremented
by 0.0001 and the population size recalculated; this
cycle was repeated at least 150 times. Two criteria
used to select the best M, for each trial were: (a)
the M, that minimized the mean difference be-
tween the simulated and the observed, and (b) the
M, that minimized the variance between simulated
and observed values. Within each trial the values of
M, determined by each of the criteria were dif-
ferent, but of similar magnitude (Table 1). The
number of predicted population sizes that differed
from the observed by 20% or more was used to
compare the models chosen by the other criteria.

Do the incremented natural mortality coeffi-
cients cause the models to converge on a single
solution for each of the respective criteria, or do
several minima exist? Both the mean and variance
of deviations are hyperbolically related to M, (Fig.
3), indicating a single minimum; values of M, out-
side the range of those illustrated continue with the
same trend. The observed behavior is most desir-
able because a single M, can be predicted with a
given criterion and, therefore, the life history im-
plications of the other parameter estimates can be
discussed directly.

M, ’s chosen by each of the criteria in the first trial
(using the best egg/spawn estimate) are shown in
Table 1 and the results of the simulated population
sizes are shown in Figures 4 and 5. These simula-
tions capture the seasonal fluctuations in popula-
tion size and are extremely good representations of
the actual number of individuals per month. Be-
cause the total population size is the sum of the
survivors plus recruits, the simulation can be bro-
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Fig. 3. The effect of changing the natural mortality coefficient
(M,) on the (a) mean difference and (b) variance between
simulated and observed population sizes.

ken down into its component parts (Fig. 6). Both
the recruitment and survivorship curves are cycli-
cal, and their oscillations are phase shifted such
that the peak number of survivors occurs two
months later than the peak number of recruits. This
result is in concordance with the length frequency
analysis of James (1969).

The model chosen using the mean-difference cri-
terion has a slightly better fit than does the vari-
ance-derived model. For example, the former has
only five predictions differing from the observed by
=20%, whereas the latter has seven. Nonetheless,
the longevity implied by each of the natural mor-
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Fig. 4. Comparison of observed monthly population sizes with
simulated population sizes for the model chosen by the least
mean difference criterion. The stars indicate months for which
no data are available and the immediately previous population
size is assumed as best estimate.
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Fig. 5. Comparison of observed monthly population sizes with
simulated population sizes for the model chosen by the least
variance criterion. The stars indicate months for which no data
are available and the immediately previous population size is
assumed as best estimate.
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Fig. 6. The (a) recruitment and (b) survivorship curves calculated from January 1973 to August 1976 with the model selected by the mean

difference criterion.

tality coefficients (Table 1) differs only by six days.
Rather than selecting one model over the other, we
can conclude that given the parameters as esti-
mated above, M, is predicted to fall in the range
from 0.0968 to 0.0987. This implies that the aver-
age life-span of C. diabolis ranges from 308 to 314
days.

The most parsimonious hypothesis suggested by
the model is that only one mortality pattern exists
with an average life-span as stated. Alternatively,
two life history patterns may exist which when
averaged yield the predicted life-span. The alter-
nate hypothesis predicts differential survivorship
as follows: (a) individuals born early mature,
spawn and subsequently die within one season
(e.g., an individual born in March matures in May
and spawns through September); and (b) those
born late in the year mature towards the end or
after the reproductive and peak productivity sea-
sons, survive over the winter and spawn in the next
reproductive season. Such a polymorphic life his-
tory pattern has been documented in the Gila top-
minnow, Poeciliopsis occidentalis, from Monkey
Spring, Arizona (Constantz 1979).

The alternate hypothesis also predicts that there

should exist differential survival rates of the juve-
niles over the year. This has been suggested for
some spring populations of the Amargosa pupfish,
C. nevadensis (Soltz 1974). If the null hypothesis is
rejected, then the environmental correlates of sur-
vival should be sought out (see Hirschfield & Tin-
kle 1975). In either case, the null hypothesis must
be tested because the outcome is critical for the
conservation of C. diabolis.

Aside from predicting monthly population sizes,
further utility of the model can be tested by chang-
ing the spawning cycle and checking the implied
life-span against expectations. If we shift the peak
reproductive period to an earlier time period (with
the number of eggs kept constant), then we would
expect M, to increase and the average life-span to
decrease. The converse would also be expected.
These results are shown in Table 1 and the resultant
M,’s and life-spans are as expected.

Thus far the model has been shown to effectively
simulate monthly fluctuations in population size of
the Devils Hole pupfish based upon environmental
and biological parameters. The model also makes
testable predictions about the life history of the
species and raises questions of life-history poly-
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morphisms. However, is the model stable over a
longer period of time, and what happens if one of
the sources of mortality is removed? These ques-
tions are relevant because (a) no true density de-
pendent mortality is estimated in the model, and
(b) it is desirable to know the long-term effect of
maintaining a constant water level. To investigate
these questions by simulations, water level was
held constant (thus M, = 0), initial population size
was set to 279, the productivity rate cycle remained
as before, the spawning cycle was that of trial 1, M,
was set at 0.0987, and the monthly population size
was then calculated for 144 months. The projection
indicates that although the periodicity of the os-
cillations is preserved, the population size in-
creases exponentially with time. The population
size doubled in 30 months, became an order of
magnitude greater in ca. 60 months, and after 144
months the final population was predicted to con-
tain 50,056 individuals. With the exception of the
seasonal fluctuations, the results are clearly un-
tenable and are yet important in demonstrating
that an understanding of the mechanisms of density
dependence is desperately needed. Once formul-
ated, the density-dependence function can easily
be added to mortality equation (6) and replace the
present equation for M,, (eq. 8). M, is only a weak
estimator of the density-dependence function be-
cause it is only included if the water level drops; the
population is therefore allowed to expand expo-
nentially within a given water level - a most biolog-
ically unreasonable result.

Other sources of error derive from the estimates
of several parameters. For example, the mortality
coefficient of developing individuals, Z’, was ar-
bitrarily designated. If future studies reveal that
the spawning cycle of trial 1 was reasonable but the
average lifespan of an individual is higher than
predicted, then my estimation of Z' or the develop-
ment period is too low. The egg/spawn cycle should
be seriously challenged because females of C. ne-
vadensis apparently spawn five eggs per week for
20 weeks (D.L. Soltz, personal communication of
unpublished data). However, C. diabolis is a sig-
nificantly smaller species than C. nevadensis, and
fecundity is often strongly correlated with length
(Blaxter 1969, Soltz 1974) but not necessarily so
(Svirdson 1949).

The number of eggs spawned by females may
also vary as a function of water level, production
and population size. As density and competition
for limited resources (e.g., food and space) in-
crease it is quite plausible that egg production or
mean egg size will decrease; if the latter occurs,
then Z’ or development period will increase. In any
event, E(t) from equation (3) can easily be re-
placed by a function dependent on these factors.

Conclusions

The strength of the proposed conceptual model is
that it allows us to focus on the relationship be-
tween population size and various biological and
environmental factors. The model was shown to be
capable of accurately predicting the population size
over a 44 month period when several sources of
mortality were included. However, the model was
unable to project the long term effect of constant
water-level management. The model should not be
considered as an end in itself but rather as a valu-
able heuristic tool which can shed light on areas of
needed research. This study points to the following
aspects of the biology of C. diabolis as warranting
further research: (a) the density-dependent rela-
tionship of the organism to its environment; (b) the
adult and juvenile survivorship patterns; (c) the
number and timing of eggs spawned per female;
and (d) the sex ratio. When the interactions of
these areas are more thoroughly understood, the
parameters can be re-estimated with the inclusion
of density-dependence functions, and the longterm
effects of management policies can be projected.
Thus our knowledge of population dynamics and
our ability to save the Devils Hole pupfish will most
certainly be enhanced.
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