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EXPERIMENTAL ANALYSIS OF THE ROLE OF EMIGRATION
IN POPULATION REGULATION OF DESERT PUPFISH!

THOMAS E. MCMAHON? AND JERRY C. TASH
Arizona Cooperative Fishery Research Unit, University of Arizona, Tucson, Arizona 85721 USA

Abstract. Pupfishes (genus Cyprinodon) have existed for long periods in small desert
springs and streams that often lack competitors, major predators, and large environmental
changes. How their populations are regulated in these systems is poorly known. We ex-
perimentally examined the role of emigration in regulating populations of pupfish by (1)
comparing the dynamics of populations held in four pools open to emigration with those
of populations held in four pools closed to emigration over a 22-mo period and (2) com-
paring the rates of emigration from open pools having different densities of pupfish in
relation to resources.

When pupfish populations were prevented from emigrating, they exhibited symptoms
of overpopulation similar to those well documented for fenced populations of small mam-
mals. Their numbers increased more than populations in open pools, mortality was high,
and body condition and recruitment were low. Again, as in small-mammal populations,
these responses were absent in pupfish populations in open pools, where 84% of the total
numbers of fish produced emigrated. The timing and magnitude of pupfish emigration was
similar in all four open pools and was related to seasonal temperature changes. More males
emigrated than females, and emigrants had significantly lower condition factors than res-
idents.

When densities of pupfish in relation to resources were doubled in two open pools, the
percentages of pupfish that emigrated (41.8 and 42.2%) were almost equal to the 50% drop
in resources. In contrast, only 15.5 and 16.0% emigrated from two control pools, where
pupfish densities in relation to resources were left unchanged. Our results, demonstrating
that emigration is a potentially significant mechanism for regulating populations of desert
pupfish, are consistent with data from a variety of other animals (small mammals, hydra,
roe deer), suggesting that population regulation via a behavioral spacing mechanism may

be common among mobile animals.
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INTRODUCTION

Population regulation has long been a controversial
issue in ecology. Important questions have centered on
the extent to which populations are limited by extrinsic
and intrinsic mechanisms and how the factors involved
in regulating numbers operate (Krebs 1978, 1985, Fow-
ler 1986). One of the main impediments to answering
these questions has been the difficulty in replicating
experiments and isolating potential causal agents of
population regulation from cooccurring phenomena
(Hayne 1978, Tamarin 19784, Sinclair 1986). Popu-
lation studies of pupfish (genus Cyprinodon) offer a
unique opportunity to overcome some of the meth-
odological difficulties in testing population regulation
theories.

Pupfishes are among the last survivors of the once
diverse fish fauna that existed in the Chihuahuan, Mo-
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have, and Sonoran deserts of North America during
the last pluvial (cool, wet) period that ended ~10 000
yr ago (Miller 1981, M. Smith 1981). As waters reced-
ed, remnant populations of these little (<50 mm) ovip-
arous fishes were isolated in the few remaining small
desert springs and streams (Brown 1971, Soltz and
Naiman 1978). Unlike the complex habitats of most
vertebrates, the small and relatively simple natural
habitats of pupfish can easily be duplicated in small
artificial pools, where the fish exhibit life histories, be-
haviors, and population dynamics indistinguishable
from those observed in nature (Kodric-Brown 1981;
T. E. McMahon, personal observation). With pupfish,
therefore, it is feasible to perform controlled and rep-
licated experiments with entire populations under nearly
natural conditions. :

Observations of pupfish in nature have shown that
their numbers change little in environmentally stable
springs and as much as 100-fold in highly variable
desert streams (Brown 1971, Soltz 1974, Soltz and Nai-
man 1978, Deacon and Deacon 1979). These changes
in natural population numbers relative to environ-
mental changes suggest that pupfish numbers are linked

This content downloaded from 153.90.237.68 on Mon, 1 Jul 2013 13:44:33 PM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

1872

to habitat size and available resources (Deacon and
Deacon 1979), but the mechanism or mechanisms in-
volved are not known (Chernoff 1985). Pupfish are
often found in habitats that lack major predators, in-
terspecific competitors, and large environmental
changes (i.e., small, constant-temperature springs)
(Miller 1948, 1981, Brown 1971, Soltz and Naiman
1978), implying that the major extrinsic factors com-
monly forwarded as limiting animal populations (cli-
mate: Andrewartha and Birch 1954; predation: Holling
1959, Erlinge et al. 1984; and interspecific competition:
Park 1948, Larkin 1956; see also review by Tamarin
1978a) cannot be absolutely necessary to regulate pup-
fish populations in general. Intrinsic mechanisms sug-
gested as limiting pupfish numbers include (1) de-
creased fecundity (resulting when algal productivity is
low and pupfish population density high) (Minckley
and Deacon 1973, Kennedy 1977), (2) egg cannibalism
(Loiselle 1980), and (3) emigration (Young 1980).

Our study focused on emigration as a mechanism of
population regulation. The need for greater under-
standing of the role of emigration in the population
dynamics of animals has become increasingly recog-
nized by ecologists (Lidicker 1975, Taylor and Taylor
1977, Lomnicki 1978). Evidence for its importance in
population regulation has come from a number of stud-
ies that show (1) population numbers closely tracking
changes in resource availability through changes in em-
igration rates (e.g., Dethier and MacArthur 1964, Lom-
nicki and Slobodkin 1966, Slaney and Northcote 1974,
Mason 1976, Walton et al. 1977) and (2) overpopu-
lation rapidly resulting when emigration is prevented
(Krebs et al. 1969, 1973, Boonstra and Krebs 1977).
For pupfish, however, the importance of emigration
for population regulation is uncertain, since some of
the small aquatic islands they inhabit seem to be closed
to emigration (Deacon and Deacon 1979), and, there-
fore, selection against emigratory behavior might be
expected (Van Valen 1971, Tamarin 1978b).

Our study examined how emigration affects the de-
mographics of pupfish populations, especially whether
emigratory losses might result in regulation of num-
bers. We experimentally examined the role of emigra-
tion in regulating population numbers of a desert pup-
fish, Cyprinodon macularius, by comparing (1) the
dynamics of pupfish populations in pools open to em-
igration with those closed to emigration over a 22-mo
period and (2) the variation in emigration rates of pup-
fish from open pools having different population den-
sity : resource (food and cover) ratios. If emigration
acts to regulate pupfish numbers, we predicted that (1)
overpopulation would occur in closed pools and (2)
changes in density : resource ratios in open pools would
be accompanied by changes in emigration rates that
would adjust pupfish numbers to the amounts of re-
sources available (Lomnicki 1978, 1980). Alternative-
ly, we predicted that other mechanisms for regulating
pupfish numbers would be involved if overpopulation

THOMAS E. McMAHON AND JERRY C. TASH

Ecology, Vol. 69, No. 6

was absent from pupfish populations in closed pools
and if emigration from open pools was independent of
changes in density : resource ratios (Lidicker 1975).

MATERIALS AND METHODS
Fish

Cyprinodon macularius were collected in April 1982
from Bates Well, Organ Pipe Cactus National Monu-
ment (OPCNM), Arizona. Bates Well was established
in 1978 as a refugium for pupfish from Quitobaquito
Springs, OPCNM (Kynard 1979), one of the few re-
maining natural habitats where C. macularius still exist
(Miller 1981, McMahon and Miller 1985). Descrip-
tions of the ecology and behavior of C. macularius can
be found in Barlow (1961) and Minckley (1973). Prior
to experiments, pupfish were held for 30 d in a large
outdoor pool and fed daily with a dry flake food.

Experimental pools

Population dynamics were compared between pup-
fish held in four closed pools and those held in four
pools periodically opened to emigration from May 1982
to March 1984. Pools consisted of circular metal sheets
lined with blue, form-fitting polyvinyl sheeting (Fig.
1). Pools were small enough (2.6 m? and 600 L) to
allow capture of nearly all fish for accurate determi-
nation of population parameters yet large enough to
approximate the size of natural pupfish habitats. For
example, Mexican Springs, Nevada, the smallest nat-
ural spring known to contain pupfish (C. nevadensis),
had a surface area of only 3.25 m? and a volume of
only 330 L (Brown 1971, Soltz 1974).

Pools had a water depth of 23 cm, a 2.5-cm layer of
coarse sand as substrate, and were covered with 2-cm-
mesh netting to prevent predation by birds. All pools
were placed together in an unshaded area at an outdoor
research facility in Tucson, Arizona. Open pools dif-
fered from closed pools only in having a wooden chan-
nel attached to the side to allow emigration (Fig. 1). A
shelf placed in each wooden channel served as a one-
way outlet for emigrants; two notched panels were in-
stalled in each shelf, one at the point where water from
the main pool flowed onto the shelf and the other at
the point where water from the shelf flowed into the
emigration channel. Emigration was made possible by
the addition of enough fresh water to the main pools
to bring water levels above the notch in the first shelf
panel. Flow over shelves and into emigration outlets
was controlled by pumping (via small submersible
pumps) water from the emigration channel back into
the main pool (Fig. 1). Pump-flow was adjusted to
provide a 1.0-cm water depth on a shelfand a discharge
rate from the pool of ~1.0 L/min. To leave a pool, a
fish had to swim through the notch in the first panel,
onto the shelf and through the notch in the second
panel, from which it then dropped into a net. The water
velocity over the shelves was low enough (25 mm/s)
for a pupfish of any size to choose, once it had swum
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onto the shelf, either to emigrate or to return to the
main pool. Accurate identification and enumeration of
emigrants is normally a major problem when studying
emigration (Lidicker 1975), but the design of our outlet
channels increased the probability that pupfish leaving
the main pool were true emigrants (see also Butler
1980).

Pupfish populations in pools

Pupfish populations were started on 27 May 1982
by adding two adult males (27-37 mm standard length,
SL) and three females (25-35 mm SL) to each of eight
pools. Fish reproduced for 2 mo before pool outlet
channels were opened to emigration. Fish were not fed
over the course of the study, but a natural food base
was established in each pool by adding water inocu-
lated with 9.5 L of green pond water and letting pools
stand 6 wk before introducing fish. Available food con-
sisted of algae, insects, and detritus that fell or devel-
oped in the pools. Four artificial plants (made up of
bundles of 1.25 x 16 cm clear plastic strips) were added
to each pool to serve as cover. Chara colonized all
pools and provided additional cover. When fish were
first introduced into pools, the pool waters had a slight
greenish cast, periphyton had developed on the plastic
strips, and large numbers of chironomid larvae were
present.

Variations in environmental
conditions in pools

Food, cover, and water quality were monitored in
all pools, since variations in these environmental con-
ditions were likely to occur under the near-natural con-
ditions in which the study was conducted. Food was
monitored by measuring the depth of detritus overlying
the sand substrate on the assumption that depth of floc
was an indicator of food production. Detritus depths
were measured in June and November 1983 and in
January 1984 to the nearest 1.0 mm every 10 cm along
two transect lines across each pool, yielding 30 depth
measurements per pool. When plant cover obscured
the bottom, detritus depths were measured in the clos-
est plant-free area. Initial transect locations were cho-
sen randomly; all subsequent measurements were made
at those same locations. Plant cover (Chara plus plastic
plants) was mapped in each pool in June and Novem-
ber 1983 and in January 1984; the percent of total
substrate area covered was determined from these
measurements. Differences in detritus depths and plant
cover between open and closed pools were analyzed
by ¢ tests.

Temperature was recorded continuously with a ther-
mograph placed in a screened compartment attached
to one pool. Dissolved oxygen, pH, and conductivity
were measured periodically in all pools. Water in closed
pools was removed, and fresh water was added when
conductivities became more than twice the level of that
in open pools. Conductivities tended to be higher in
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Fic. 1. Diagram of experimental pools. (A) Side view of
main pool and (B) emigration channel, of pools open to em-
igration. Closed pools were identical except that they lacked
emigration channels. (C) Enlarged view of emigration chan-
nel: a = outlet channel shelf with two notched panels, b =
pump, ¢ = tube carrying water from emigration channel to
main pool, d = overflow drain. (Not shown: net positioned
to capture fish exiting from main pool through the panel clos-
est to the pump.)

closed pools because of evaporation and lower in open
pools as a result of the addition of fresh water when
pools were opened to allow emigration.

Measurements of pupfish in
pool populations

Censuses were made of pupfish in all pools about
every 2 mo except during winter (November—Febru-
ary) when pupfish were inactive and buried under plants
and detrital floc. Fish were collected with a 3-mm mesh
seine. Pools were seined until no more fish were taken
in seine hauls. About 3% of the fish were missed by
this procedure as estimated by repeat seinings of the
same pool within 1 wk during March 1984. Seining
was done between 1200 and 1500.

At each census, fish =20 mm SL were counted, mea-
sured to the nearest 0.5 mm, sexed, weighed to the
nearest 0.001 g (by adding fish to a tared water sample
on a Mettler balance), and then returned to pools. Being
handled during these measurements was apparently
not too stressful for the fish as feeding and male ter-
ritorial defense activities resumed within 20 min after
fish were returned to pools. Fish <20 mm SL were
counted, measured, and sexed, if possible, before being
returned to pools; we did not weigh these small fish,
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to minimize handling time and reduce stress which
they are less capable of sustaining than larger fish. Han-
dling mortality from censusing was minimal; only rare-
ly were dead fish found after measurements were made
and then only one or two at any one time. Adult males
were identified by the presence of an elongated, black-
tipped anal fin, metallic blue coloration, and black-
tipped dorsal fin (Barlow 1961). Fish as small as 18
mm SL exhibited male coloration. Females at sizes
near 20 mm SL were estimated to be sexually mature
since an egg was extruded from a female 21 mm SL
(see also Soltz 1974).

Differences between the dynamics of the populations
of pupfish in open and in closed pools were determined
by comparing population sizes, condition factors, re-
production, mortality, net production, length—frequen-
cy distributions, and sex ratios. Condition factors (K
= 100 M/L3, where M = mass [in grams] and L = SL
[in centimetres]: Bagenal and Tesch 1978) were cal-
culated for fish =20 mm SL to show differences in
length—-mass relationships. Use of this formula assumes
a slope (b) of 3 in the length-mass regression equation
(log M = a + b log L) and provides an index for
comparing the gross nutritional statuses of fish (Weath-
erley 1972). Reproduction in open pools was deter-
mined as the sum of the number of fry recruited plus
the total number of fry that emigrated during the in-
tervals between censuses. In closed pools, reproduction
was assumed to be the number of fry recruited only.
Mortality in closed pools was determined by taking the
difference in population numbers between two con-
secutive censuses; in open pools, mortality was cal-
culated in the same way except that the number of
emigrants between censuses was subtracted from the
difference in numbers between corresponding censuses,
in order to separate population losses due to emigration
from those due to mortality. Net production (in num-
bers) of fish in each pool over the entire study period
was computed as the total sum of the numbers of fish
lost or gained from pool populations in the intervals
between censuses. Length—frequency distributions were
compared using a Kolmogorov-Smirnov test (Zar 1974).

Emigration of pupfish from open pools

The four pools with exits were opened to emigration
by activating water pumps for 3 d every 2-3 wk. By
providing outlets for emigration through increases in
water level, pupfish were provided conditions similar
to those they encounter in natural desert streams in
which small pools that become isolated during dry pe-
riods are ““opened” to emigration by rising water levels
after rainfall (Deacon and Minckley 1974, Constantz
1981).

To allow acclimation of fish to disturbances caused
by activation of the pumps (pumps were always acti-
vated around 0800), we screened notches in outlet
channels for the first 24 h of the 72-h test periods that
pumps were operated. At 0800 on the 2nd d, screens
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were removed, and fish could emigrate for the next 48
h. Emigrants =20 mm SL were counted, sexed, mea-
sured to the nearest 0.5 mm SL, weighed to the nearest
0.001 g, and removed from the outlet channels. Fish
<20 mm SL were counted and measured but not
weighed. Two days were deemed sufficient for fish to
emigrate because, in preliminary experiments, all fish
that emigrated from two tanks that had 2.5 g of flake
food added per day and four concrete blocks for cover
(7 of 10 fish introduced into one tank and 8 of 10 in
the other) left within 48 h after tanks were opened to
emigration; no other fish left the tanks during the re-
mainder of a 10-d period.

Pumps were used to circulate water in closed pools
to mimic the effects of water circulation in open pools
when outlet channels were in operation. The end of a
pump hose was placed 10 cm above the water surface
to obtain the same effect that water flowing over a shelf
made in open pools. Pumps were run in closed pools
during the 3 d following pump operation in open pools.

Manipulation experiment

Long-term experiments provided information on the
role of emigration in the dynamics of pupfish pool
populations, but whether changes in density : resource
ratios triggered emigration could only be inferred as
we had only rough estimates of the amount of food
and cover available. To determine more directly the
importance of resource availability in triggering emi-
gration in pupfish, we compared the relative propor-
tions of pupfish populations that emigrated from two
undisturbed open pools with the relative proportions
of populations that emigrated from two pools in which
resources (food and cover) were reduced by one-half
(density : resource ratios doubled). If emigration in
pupfish is tightly linked to the availability of resources,
we predicted that =~50% of the pupfish would emigrate
from manipulated pools.

The manipulation experiment was run 2 wk after
measurements for long-term changes in pupfish pop-
ulations were completed. To double fish density in re-
lation to resources, barriers (1.6-mm mesh screen) were
placed across the center of two open pools, and all
pupfish in each pool were restricted to the side having
the outlet channel. The two remaining open pools were
left undisturbed and served as controls. Before opening
pools to allow emigration, pupfish were acclimated for
1 wk after barriers were erected, to allow time for ad-
justment to the manipulation. Because of the sudden
doubling of density : resource ratios, pools were left
open for 9 d (11-19 April 1984) during this experiment
instead of the 2 d used during long-term experiments.

RESULTS
Population dynamics of pupfish in pools

Variations in environmental conditions between
pools.—Environmental conditions generally differed
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little between open and closed pools. Temperatures
were similar in all pools and followed seasonal patterns
(Fig. 2) similar to those of Quitobaquito Springs (Kyn-
ard and Garrett 1979). Seasonal extremes of 4° and
34°C were well within the tolerance range of C. mac-
ularius (the lower tolerance for a close relative, C. ne-
vadensis, is <3°: Hirshfield et al. 1980; the upper lethal
limit for C. macularius is 41°-44°: Lowe and Heath
1969). Average water temperatures for both summers
(25°-30°) were in the optimum range for reproduction
of C. macularius (Kinne 1960).

Dissolved oxygen ranged from 3.2 to 20.0 mg/L in
open pools and from 3.2 to 17.5 mg/L in closed pools.
Dissolved oxygen was usually between 5.0 and 8.0
mg/L, with lower values occurring during the summers
in early morning hours. The lowest values of dissolved
oxygen were well above the minimum of 0.3 mg/L that
C. macularius can tolerate (Lowe et al. 1967). Hydro-
gen ion concentrations varied little between open and
closed pools, with pH ranging from 6.0 to 8.9 during
the study (McMahon 1984).

Conductivities ranged from 575 to 1200 uS in open
pools (X + sg = 767 + 97) and 585 to 2200 uS in
closed pools (X + sg 1057 + 218) (McMahon 1984).
Differences in conductivity between open and closed
pools were considered insignificant as they correspond-
ed to salinity differences of only <1 g/kg, a small dif-
ference to C. macularius when considering that this
species can reproduce in salinities from 0.0 g/kg to as
high as 35 g/kg (Kinne and Kinne 1962).

Detritus accumulated in all pools during summer
and fall and changed little during winter (Table 1).
Open pools accumulated detritus at a faster rate during
the summer and autumn of 1983 (average = 16-23%
more). There were no significant differences in the
amounts of plants that developed in each of the pool
types (Table 1).

Population sizes. The small number of pupfish in-
troduced into each experimental pool in May 1982
reproduced rapidly. By fall 1982, population numbers
had increased in every pool to the highest levels that
were observed during the 22-mo study (Fig. 2). Pop-
ulations in closed pools, however, increased faster than
those in open pools and had significantly higher num-
bers when all populations reached their peak (X =+ SE:
closed = 276.0 £ 22.8 fish, open = 195.0 + 12.4 fish;
t=4.60,df = 6, P < .01).

After peak numbers, pupfish populations declined
in all pools over winter (November—February), but de-
clines were much greater in closed pools than in open
pools (X = 44.2 vs. 25.4%, respectively). By March,
population sizes in open and closed pools were nearly
identical (Fig. 2). Numbers continued to decline in all
pools during the spring (March-May) of 1983, with
numbers in open populations declining by an average
of 51.4% (due to emigration) and in closed populations
by an average of 12.4% (due to mortality).

Pupfish numbers changed little in closed pools from
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F1G. 2. Summary of temperature data and population dy-
namics in experimental pools open to and closed to emigra-
tion, from May 1982 to March 1984. (A) Mean daily water
temperature in pool with thermograph (horizontal dotted lines
show breeding seasons). (B) Mean numbers of deaths (1 =+
SE), mean population sizes (vertical lines = range of values
around mean, short horizontal bars show *1 Sg), and mean
numbers of emigrants (from open pools). (C) Mean condition
factors (1 sg) of pupfish =20 mm SL in open and closed
pools.

May 1983 to March 1984, averaging 135 fish per pool.
However, in open pools, average numbers of pupfish
during this same period increased during the summer
from a spring low of 75 to a high in the autumn of 124
and again declined during the winter to a low of 97.
Pupfish numbers in open and closed pools were sig-
nificantly different (¢ values = 2.84-4.44, df = 6, P <
.05) at each of the four censuses performed during this
period.

Changes in pupfish numbers were similar among
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and November 1983 and January 1984.
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Comparison of detritus depth and percent plant cover in four open (O) and four closed (C) pools measured in June

Open pools Closed pools
Dates (0)} 02 03 04 X (sg) C1 Cc2 C3 Cc4 X (se) t
Detritus depth (mm)
June 1983 6.1 6.9 8.1 7.6 7.2 (0.43) 9.6 7.9 8.7 6.6 8.2 (0.64) —1.87
Nov. 1983 151 162 142 19.0 16.1(1.04) 139 148 124 128 13.5(0.54) 3.29*
Jan. 1984 176 17.1 17.0 16.8 17.1(0.17) 12.1 140 17.7 13.9 13.2(0.46) 12.38%*
% plant cover

June 1983 241 226 148 241 21.4(4.46) 11.5 158 16.7 19.5 15.9(1.66) —0.69
Nov. 1983 443 132 164 3.7 19.4(8.73) 4.6 9.4 20.0 31.1 16.3(5.90) —0.29
Jan. 1984 148 11.5 8.5 3.7 9.6 (2.35) 4.6 7.9 8.7 344 13.9(6.89) 0.59

* P < .05, * P < .01; t test comparing pools that were open vs. closed to emigration. Percentages were arcsine-transformed

prior to computations.

pools within each pool type. Coefficients of variation
of mean population sizes determined at each census
averaged 14.8 = 3.4% sE in closed pools and 16.8 +
2.5% sE in open pools over the 22-mo study, excluding
March censuses, when numbers in open pools varied
more due to differences in the magnitude and timing
of the spring peak of emigration.

Condition factors.—Condition factors of pupfish in
open and closed pools fluctuated seasonally between
2.8 and 3.2, except during the spring of 1983 when
there was a marked drop in condition factors of closed-
pool fish (Fig. 2). During this period, closed-pool fish
showed pronounced symptoms of starvation. Their
mean condition factor declined from 2.93 in March to
2.57 in May, whereas the mean condition factor of
open-pool fish increased from 2.93 to 3.02. The length—
mass regressions of pupfish during this period were
significantly different (closed: log M = —5.282 + 3.51
log L, r»=0.98, N = 75; open: log M = —4.77 + 3.18
log L, ¥ = 0.98, N = 65; ANCOVA, slopes: F = 13.6,
df=1136, P < .01; and elevation: F=91.8,df=1137,
P < .01), with pupfish in closed pools weighing an
average of 18.6% less than those in open pools (ratio
of adjusted means: Snedecor 1956). The higher slope
and lower intercept of the length-mass regression for
closed-pool fish indicated that mass differences be-
tween pool types were highest between smaller fish.

Reproduction. —During the first summer (June-Sep-
tember), production of fry was similar in open and
closed pools (Table 2, t = 1.01, df = 6, P > .25).
However, pupfish numbers in closed pools grew at fast-
er rates than in open pools because many of the fry
produced in open pools emigrated (X + Sg = 48.25 +
6.5 fish per pool). This circumstance accounts for the
significantly higher number of pupfish in closed pools
when populations reached their peak in fall 1982.

During the 1983 breeding season, recruitment in
closed pools was very low (= 10% of 1982 levels). Male
territories and spawning were observed in both open
and closed pools from May to September, but fry were
rarely seen in closed pools (McMahon 1984), and an
average of only 18.5 = 6.5 fry were recruited per closed
pool compared with an average of 116.5 = 60.7 fry
per open pool (Table 2). Low egg production appeared
to be a primary cause for low recruitment in closed
pools. Despite open and closed pools having similar
numbers and sizes of mature females when spawning
began in the spring (Table 2), mean condition factors
of females in closed pools in May were significantly
lower than those for open-pool females (2.45 = 0.10
vs. 2.97 £ 0.06, respectively; ¢t = 8.92, df = 6, P <
.01). Although fry production in open pools in 1983
was far greater than in closed pools, the numbers pro-
duced were about half the number produced in 1982.

TABLE 2. Summary of mortality, reproduction, and emigration of pupfish in pools that were open or closed to emigration.

Data in rows A3 and D-G are for 1982 and 1983 combined.

Open pools Closed pools
D¢ (SE) X (SE)
A) Average fry production per pool
1) 1982 283.2 6.7) 268.5 (23.4)
2) 1983 116.5 (60.7) 18.5 6.5)
3) Combined years 350.0 (56.3) 287.2 (29.8)
B) Avg. no. mature females > 20 mm per pool in 1983 17.5 (3.6) 19.2 (2.6)
C) Fry production per female in 1983 (B/A2) 6.7 0.96
D) Avg. mortality per pool 36.2 (11.8) 164.0 (29.3)
E) Proportion of fry produced that were lost to mortality (D/A3) 0.10 0.57
F) Avg. no. emigrants per pool 293.7 (55.3)
G) Proportion of fry produced that emigrated (F/A3) 0.84
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Fic. 3. Total numbers of dead fish found on the bottoms
of pools open to and closed to emigration and average daily
water temperature in pool with thermograph from 1 Novem-
ber to 15 February 1983.

This difference appeared to be due to the emigration
of some of the large (and more fecund) females from
open pools during 1983 (McMahon 1984).

Mortality. —1In all pools, highest mortality occurred
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TABLE 3. Mean condition factors (K) and number of dead
pupfish in closed pools (C) during March-May 1983. Stan-
dard errors around means shown in parentheses.

K No. dead fish
C1 2.70 (0.12) 13
C2 2.50 (0.16) 28
C3 2.48 (0.17) 35
C4 2.63 (0.12) 3
X= 2.57 (0.03) 19.75 (7.23)

during winter, especially the first winter following peak
numbers (Fig. 2). During this period, an average (*SE)
of 132.5 + 36.0 fish died in closed pools, and an av-
erage of 22.0 + 6.9 fish died in open pools (difference
significant, ¢ = 2.57, df = 6, P < .05). Nearly all dead
fish were fry <20 mm SL. Most mortality occurred
when water temperatures were <12° (November-Feb-
ruary) and pupfish were buried beneath plants and de-
trital floc. Pupfish in closed pools appeared more sus-
ceptible to cold temperatures. A total of 86 dead fish
was observed in closed pools (¥ *+ s = 21.5 + 8.3
dead fish per pool), with most deaths occurring after
rapid temperature declines of >5° in 48 h; during the
same period, a total of only 10 dead fish was found in
open pools (X + sg = 2.5 * 0.4 dead fish per pool)

OPEN POOLS
200
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150 |
N =426
100 1983 YEAR
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MAY 1982
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FiG. 4. Length—frequency distributions of pupfish in pools open to and closed to emigration in July and September 1983
and March 1984. Year classes indicated on graphs. Vertical arrows indicate mean length of fish from 1982 year class.
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(Fig. 3). The highest number of dead fish was found
during a 7-d cold spell in early January 1983.

Although most pupfish mortality occurred during
winter, an additional 19.7 + 7.2 pupfish died in closed
pools during spring (March to May) of 1983. No pup-
fish died in open pools during this period. The higher
mortality of closed-pool fish was probably a result of
low condition factors. Their condition factors were
much lower than those of fish in open pools (Fig. 2)
and the highest mortality of closed-pool fish tended to
occur in populations having the lowest condition fac-
tors (Table 3). Again, as was the case after the winter
of 1982-1983, most dead fish were young-of-the-year.
However, six (1-2 per pool) of the dead fish were large
(>30 mm SL) fish introduced at the start of the study.

Pupfish mortality was negligible in all pools over the
summer (May-September) of 1983 but increased again
during the winter (November—March), when a mean
of 9.5 *+ 3.4 fish died in closed pools, and 8.8 + 8.8
deaths occurred in open pools. All mortality was again
small fish (=21 mm SL). By the end of the study, 4.5
times as many fish died in closed as in open pools
(Table 2).

Net production.—The net number of pupfish pro-
duced in open pools (sum of census counts, numbers
that died, and numbers that emigrated) averaged (= SE)
331.75 + 56.7 fish per pool. This value was >2.5 times
the net production in closed pools (sum of census counts
and numbers that died = 127.0 £ 3.56 fish per pool)
despite open pools averaging fewer fish per pool
throughout most of the study (Fig. 2).

Length—frequency distributions. —Concurrent with
differences between pool types in recruitment, mor-
tality, and condition factors, length—frequency distri-
butions also were significantly different between pool
types during the 2nd yr of the study (Fig. 4; D values
=0.38, 0.36, and 0.38 for July 1983, September 1983,
and March 1984, respectively; all P < .001; Kolmo-
gorov-Smirnov test). Pupfish in closed pools were pri-
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marily fish from the 1982 year class bounded within a
narrow size range, whereas fish in open pools were
more evenly distributed between the fish of the 1982
and 1983 year classes. Growth rates of pupfish in closed
pools seemed to be slower, as the mean lengths of fish
from the 1982 year class were significantly less than
those of open-pool fish (¢ values = 3.1, 4.1, and 4.3 for
July 1983, September 1983, and March 1984, respec-
tively; all df = 6; all P < .005; Fig. 4).

Sex ratios.—The average (+SE) male : female ratio
of pupfish in closed pools (1.2 + 0.18, N = 1046) was
significantly higher than 1:1 x2 = 10.74, P < .005),
whereas there were about equal numbers of males and
females (sex ratio = 0.99 = 0.09, N = 722) in open
pools (x> = 0.4, P > .25).

Emigration. —Of the total numbers of fish produced
in open pools (X = 350 per pool, N = 946; Table 2),
84% emigrated. Of those that emigrated, 662 (70%) left
within the first 24 h of the 48-h periods that outlet
channels were opened.

Emigration was high during each summer as popu-
lations increased through reproduction, declined in the
autumn and remained low during winter, and increased
again dramatically each spring (Fig. 5). This annual
emigration pattern was strikingly similar in all four
open pools.

Temperature appeared to influence emigration
strongly. Spring peaks in emigration (Fig. 5) occurred
at about the same time that water temperatures ex-
ceeded 15° and declined during autumn when temper-
atures declined below this same level (Fig. 2). Very few
fish emigrated after temperatures dropped to below
12°. A plot of the proportion of pupfish emigrating from
pool populations when fish were active (15 February—
15 October) vs. population size revealed no apparent
relationship between emigration and population den-
sity (Fig. 6).

Most pupfish that emigrated during 1982 were young-
of-the-year (<20 mm SL). During 1983-1984, as pop-
ulations matured, an increasing number of fish between
20-24 mm SL emigrated (McMahon 1984). Nearly
twice as many males as females emigrated (81:43, x2
= 11.65, P < .01); this difference was particularly ev-
ident during July 1983-March 1984 when 73% of the
77 emigrants >18 mm in length were males.

The condition factor of each emigrant =20 mm SL
was paired with the mean condition factor of residents
from the same pool and a corresponding size class (i.e.,
20-24, 25-29, etc. mm SL). Overall, the condition fac-
tors of emigrants were significantly less than those of
residents (Wilcoxon paired-sample test, Z = 3.7, N =
100, P < .001).

Manipulation Experiment

Almost half (41.8 and 42.2%) of the pupfish emi-
grated from two manipulated pools in which densities
had been doubled in relation to resources; during the
same period, only 15.5 and 16.0% of the populations
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Fig. 6. Proportion of pupfish populations that emigrated
from open pools vs. population size. Data shown for the pe-
riods 15 February-15 October 1982-1984.

emigrated from two pools in which density : resource
ratios had not been manipulated (Fig. 7). The difference
in mean emigration between manipulated and unma-
nipulated pools was highly significant (arcsine trans-
formation, ¢ = 73.75, df = 2, P < .001). Most of the
emigration occurred within 72 h after pool outlet chan-
nels were opened.

DiscussioN

Models for population regulation by emigration
(Taylor and Taylor 1977, Lomnicki 1978, 1980) theo-
rize that behavioral spacing of animals in relation to
available resources leads to a division of resources
among individuals in a population and emigration of
those individuals lacking access to resources. Regula-
tion of a population results from the accumulation of
these individual residency—emigratory responses. Our
experimental results support such a mechanism op-
erating to regulate population numbers in pupfish.

In our long-term experiment, pupfish populations in
closed pools showed symptoms of overpopulation (high
numbers followed by declines in reproduction, in-
creased mortality, and starvation) nearly identical to
those observed in enclosed populations of small mam-
mals (Krebs et al. 1969, 1973, Boonstra and Krebs
1977). During this same period, overpopulation re-
sponses were not observed in pupfish from open pools.

Evidence that pupfish in closed pools exceeded the
carrying capacity of resources is provided by the dif-
ferences observed in population dynamics between
pupfish in closed and in open pools. During the 1st yr
of the study, pupfish in closed pools entered the winter
at high densities and low condition factors, leading to
a much higher overwinter mortality. Fish rely heavily
on stored energy reserves during winter (Newsome and
Leduc 1975, Mason 1976, Oliver et al. 1979), thus
closed-pool fish were more susceptible to starvation
and other environmental stresses (e.g., rapid declines
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in water temperature). Overwinter mortality was fur-
ther augmented by the small size of the pupfish in this
Ist yr. Small fish are more susceptible to starvation
than larger fish because of their lower energy reserves
and higher energy demands per unit mass (Mason 1976,
Oliver et al. 1979).

The high rate of mortality that continued among
pupfish in closed pools during the spring of 1983 prob-
ably was due to increasing energy demands caused by
increases in temperature. Food requirements and me-
tabolism of pupfish increase rapidly at temperatures
>17°C (Gerking and Lee 1983). Therefore, tempera-
tures above this level during the spring of 1983 prob-
ably triggered a further decline in the condition of pup-
fish, which resulted in additional mortality. In contrast,
pupfish in open pools had high emigration rates, good
condition factors, and suffered no mortality (Fig. 2).

Continued high densities led to slow growth and low
recruitment in closed-pool fish the 2nd yr of the study.
Pupfish at high densities and low food availability pro-
duce smaller and fewer eggs (Minckley and Deacon
1973, Kennedy 1977), and the relationship we found
between low female condition factor and low fry pro-
duction in closed pools was consistent with this pattern.
High cannibalism of eggs and fry probably contributed
to the low recruitment. Closed pools had more poten-
tial cannibals (pupfish >18 mm) than open pools (Fig.
4), and in closed pools male territories that were va-
cated for even short periods were rapidly invaded by
fish that began feeding on the substrate. Increases in
cannibalism in conjunction with increases in popula-
tion density or decreases in food availability have been
documented in other fishes (Meffe 19844, Dionne 1985).

The pattern of slowed growth or stunting observed
in closed-pool fish provides additional evidence that
these populations exceeded carrying capacity. Long
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Fic. 7. Manipulation experiment results. Percent of pup-
fish populations that remained in the two manipulated open
pools (resources reduced by 50% in relation to density) shown
as open circles and in two open pools left undisturbed shown
as closed circles. N = initial population size.
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considered evidence for overpopulation, stunting in
fish is characterized by narrow length-frequency dis-
tributions and is commonly observed in populations
confined to areas closed to emigration. In these areas,
the high densities that rapidly develop increase com-
petition for limited food enough to slow individual
growth and reduce recruitment (Swingle and Smith
1940, Anderson 1973, Hackney 1979, Persson 1983).

In sharp contrast to pupfish in closed pools, pupfish
in open pools had lower population densities, lower
mortality rates, higher growth rates, higher net pro-
duction, higher fry recruitment (during 1983), and ap-
parently higher food availability (=detritus depth) than
pupfish from closed pools. Their length—frequency dis-
tributions, length-mass relationships, and reproduc-
tive cycles closely resembled those observed in natural
populations of Cyprinodon macularius and other pup-
fishes (Soltz 1974, Naiman 1976, Kennedy 1977, Kyn-
ard and Garrett 1979). Our results parallel previous
studies showing a similar lack of symptoms of over-
population in animals living in areas open to emigra-
tion but distinct symptoms of overpopulation occur-
ring when emigration is prevented. These include
studies of small mammals (Krebs et al. 1969, 1973,
Boonstra and Krebs 1977, Gaines et al. 1979, Beacham
1981), hydra (Hydra littoralis) (Lomnicki and Slobod-
kin 1966, Lomnicki 1980), and roe deer (Capreolus
capreolus) (Andersen 1961, Strandgaard 1972). The
similarity of overpopulation responses to confinement
among such a diverse assortment of animals suggests
that population regulation via a behavioral spacing
mechanism (Chitty 1960) may be pervasive in many
species of mobile animals.

Results from our manipulation experiment suggest
that overpopulation in open pools was prevented by
emigration of pupfish when density was high relative
to available resources. The small variation within treat-
ments and the consistent patterns of emigration over
the course of this experiment (emigration occurring
mostly within the first 72 h with little change there-
after), plus the similarity of seasonal patterns of emi-
gration among open pools during the long-term ex-
periment, limit the possibility that pupfish left pools
by accident, through simple wandering, or in response
to social disruption caused by artificially doubling den-
sity : resource ratios. Further support for our findings
that emigration in pupfish is closely linked to available
resources is provided by Jennings (1985) who observed
emigration rates of C. macularius changing in direct
proportion to changes in amounts of food and cover.
The triggering of emigration in response to changes in
resources also has been demonstrated for a number of
other fishes (e.g., Slaney and Northcote 1974, Bianchi
1984, Wilzbach 1985).

The lack of a positive relationship between popu-
lation density and emigration has been interpreted as
evidence against emigration operating as a mechanism
to regulate populations (Gaines and McClenaghan
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1980). We also found no positive relationship between
density and emigration of pupfish in our long-term
experiment. However, our manipulation experiment
results demonstrated that emigration was not a simple
function of population size. Within each treatment,
pupfish emigrated in almost identical proportions de-
spite a considerable difference in population sizes be-
tween pools, suggesting that emigration should be
viewed as neither independent nor dependent on pop-
ulation size per se, but rather as a function of density
in combination with resources.

Temperature appeared to play a major role in caus-
ing the seasonal patterns of emigration that we ob-
served. As noted earlier, spring peaks in emigration
occurred at a time of increasing energy requirements
yet relatively low food availability and the decline in
emigration in the fall and winter corresponded to times
when low temperatures decrease food requirements and
activity levels of pupfish (Gerking and Lee 1983).

Studies of emigration in small mammals have shown
that males and females have different critical resource
needs and hence different spacing behavior and emi-
gratory patterns (Fairbairn 1978, Krebs 1985). Emi-
gration in pupfish also varied according to sex. In this
study, about two-thirds of emigrants were males. Un-
like females, sexually mature male pupfish generally
require individual territories for successful breeding,
with larger males excluding smaller ones from optimal
breeding sites (Barlow 1961, Soltz 1974, Kodric-Brown
1981). Thus it seems likely that the preponderance of
small males among emigrants was due to their inability
to obtain suitable breeding sites.

At first glance, emigration would seem unable to
function as a mechanism for regulating populations of
pupfish in many of their natural habitats. Pupfish often
occur in small aquatic islands surrounded by desert.
Yet even in small springs, pupfish maintain relatively
stable numbers despite their capacity for rapid increase
(Young 1980), and lack evidence of overpopulation
(such as poor condition factors and narrow length—
frequency distributions) (Soltz 1974) that would be ex-
pected if these habitats were actually closed to emi-
gration. Moreover, most small desert springs have
overflows through which emigration can occur (Soltz
1974). Young (1980) found such movements to occur
commonly from a springlike refugium. Even cave sys-
tems (e.g., Devil’s Hole, Nevada), which lack surface
overflows and are presumed to be closed to emigration
(Deacon and Deacon 1979, Chernoff 1985), may have
underground avenues through which fish can emigrate
(McMahon 1984, see also Woods and Inger 1957).

In desert streams, the role of emigration in the pop-
ulation dynamics of pupfish is difficult to discern. Pup-
fish are often confined at high densities in isolated pools
for many months during periods of drought (Miller
1943, Deacon and Minckley 1974, Constantz 1981).
Most emigratory movements probably occur right after
rainfall when the large and sometimes rapid changes
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in streamflow would mask fish movements (e.g., Meffe
1984b). As the results of our manipulation experiment
demonstrated, however, high numbers of pupfish
trapped in isolated pools could decrease almost im-
mediately through emigration after outlets become
opened. Constantz (1981) observed just such a drop in
numbers in another desert stream fish, the Sonoran
topminnow (Poeciliopsis occidentalis), after increased
streamflow “opened” isolated pools to emigration.

Our results suggest that pupfish readily emigrate from
a known habitat into unknown areas when density:
resource ratios exceed some critical level. Yet, if em-
igrants have a low probability of surviving (Soltz 1974,
Constantz 1981) then it is difficult to see how such a
lethal trait could have evolved (Taylor and Taylor 1977,
Lomnicki 1978). This question has always been the
major obstacle to the acceptance of emigration as a
regulatory mechanism.

Emigration, however, is not synonymous with mor-
tality. Studies with other animals have documented
that at least some emigrants find and become residents
in suitable habitats (e.g., Woods and Inger 1957, John-
son and Gaines 1987). Lomnicki (1978) has further
argued that emigration could be of selective advantage
to individuals having low or no access to resources if,
by emigrating, such individuals find needed resources
in another area. Our study provides some support for
Lomnicki’s theory in that pupfish that emigrated were
in poorer condition than residents, implying that em-
igrants had had low access to resources. Moreover, the
high mortality and low reproduction of fish in closed
pools (Table 2) illustrates that the chances of survival
and reproduction would have been very low had they
remained in an area where their access to resources
was limited. Finally, it seems likely that for pupfish
and other desert fishes, since their habitats are often
ephemeral (G. Smith 1981, see also Taylor and Taylor
1977), that their survival has depended greatly upon
emigrating individuals finding suitable areas.

We were unable to identify exactly what specific cues
were involved in determining residency and emigra-
tory responses in pupfish. Our general findings are
consistent, however, with results from previous habi-
tat-selection studies with other animals, which dem-
onstrated that both environmental and behavioral cues
are involved in triggering emigration (Wecker 1964,
Sale 1969, Malcolm and Hanks 1973). These studies
indicated that a combination of environmental and
behavioral cues signals the presence or absence of re-
sources and regulates “‘internal” physiological drives.
These drives, in turn, govern the intensity of explor-
atory behavior. Thus, in environments where needed
resources are unavailable or inaccessible due to the
action of conspecifics, animals continue to explore until
they eventually emigrate from an area in search of
suitable habitat elsewhere. Further research on the re-
lationship between habitat preferences, resource avail-
ability, and social behavior (e.g., Whitham 1980) is
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needed to better define the specific factors or combi-
nation of factors that trigger emigration and residency
in pupfish and other animals.

Previous studies have established that emigration in
fishes changes in response to changes in availability of
resources (Slaney and Northcote 1974, Bianchi 1984,
Wilzbach 1985), but our results provide the first ex-
perimental evidence that emigratory behavior alone is
sufficient to regulate entire fish populations. The mag-
nitude of emigration and the qualitative differences we
observed between residents and emigrant pupfish in
our study suggest that knowledge of when and how
much emigration occurs and what triggers it may be
crucial for understanding population dynamics of an-
imals in general. Our work with pupfish shows them
to be ideal animals for experimental population stud-
ies, and additional research with these fish may help
bridge the gap in our understanding of how the be-
havior of individuals affects the behavior of popula-
tions.
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