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Abstract. Populations of the lizard Anolis limifrons were censused for 19 yr at the
Lutz site on Barro Colorado Island (BCI) and for 4 yr at 20 additional sites in central
Panama. Census data provided estimates of population density at the end of the wet season
(December) and indices of per-capita food intake and annual recruitment. Year-to-year
changes in density of as much as 5- to 8-fold were observed at Lutz over 19 yr and of 2to 3-fold were observed over 4 yr at other sites. Changes in population density at 11 BCI
sites were synchronous over 1983-1986, while population density fluctuated independently
at non-BCI sites. Populations of A. limifrons exhibited significantly greater generation-togeneration variability than populations of West Indian Anolis and of lizards in temperatezone habitats (mostly arid lands in North America). An index of per-capita food intake
was negatively related to density both for temporal comparisons at Lutz and for spatial
comparisons among sites. The relative number of young individuals at the end of the wet
season was negatively related to population density and positively related to an estimate
of food intake. Partial correlations indicated that the positive association between the
relative number of young individuals in the population and food intake was independent
of the negative association between food intake and population density. Recruitment was
thus depressed when density was high and enhanced when food was relatively abundant.
Despite the potential for density-dependent regulation, Anolis limifrons populations are
highly unstable, presumably because of random perturbations of the environment. Rainfall
is implicated causally although population density was only weakly associated with rainfall-density at BCI was positively associated with rainfall during the dry season and
negatively associated with rainfall during the wet season and with total annual rainfall.
Population attributes that contribute to instability are rapid population turnover and a
middle-level trophic position in a complex food web.
food limitation;Iguanidae;
Key words: Anolis limifrons;densitydependent;densityindependent;
Panama;populationdensity;populationregulation;populationstability;tropicallizard;tropicalrainforest.
INTRODUCTION

Until recently, ecologists assumed that populations
in tropical environments would exhibit low-amplitude
fluctuations in population density and that controls on
population density would result largely from densitydependent interactions with other species. These
assumptions followed from two observations: high species diversity of tropical environments and an apparently constant physical environment. High species diversity was associated with population stability
(Hutchinson 1959, Odum 1971). The absence of catastrophic reductions in population density due to seasonal temperature fluctuations was associated with
K-selected species whose populations would exhibit
low-amplitude changes in density (Dobzhansky 1950,
MacArthur and Wilson 1967).
Subsequent research has shown both assumptions to
be incorrect. There is no necessary correlation between
species diversity and community stability (May 1973,
Goodman 1975, Connell 1978). Moreover, proponents
of climatic stability were misled by the relative con' Manuscriptreceived 15 November 1989; revised 29 August 1990; accepted24 September1990.

stancy of temperature in tropical environments. In fact,
when variance in amount and seasonality of rainfall is
considered, tropical environments are no more stable
than temperate zone environments (Ricklefs 1973:762763, Wolda 1978a), and fluctuations in population
density and reproductive success of plants and animals
in the tropics are comparable to those observed in
temperate regions (Fogdon 1972, Wolda 1978a, b, Andrews and Rand 1982, Foster 1982, Terborgh 1986).
Long-term studies provide critical sources of information on the stability of populations and communities. Assessment of stability requires observations
that span at least the length of one generation (Connell
and Sousa 1983). At present, the majority of data available to evaluate population stability represent the minimum time span-one generation (Connell and Sousa
1983, Schoener 1985). These data provide valuable
information, especially for cross-taxon and cross-ecosystem comparisons. However, studies that are truly
long term, i.e., observations over many generations,
provide information that cannot be obtained from observations of one generation or less. First, short-term
observations underestimate population variability
through time (Connell and Sousa 1983, Pimm and
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Redfearn 1988). Second, long-term studies can provide
insights into the environmental processes that are causal for changes in population density (Andrews and Rand
1982). Third, long-term studies facilitate assessment
of geographic variation in population density (Hengeveld and Haeck 1982). Fourth, long-term studies
provide the best data for interpretation of evolutionary
processes. For example, the evolution of life history
attributes may be more influenced by "rare" climatic
events than "average" conditions. Populations of a
Darwin's finch had been followed for 11 yr before an
El Nifio year when females produced more than onehalf of their lifetime fledglings (Gibbs and Grant 1987).
Similarly, Abts (1987) documented wide variation in
reproduction in his 7-yr study on demography of
chuckwallas.
In this paper I discuss the results of a long-term study
on the tropical iguanid lizard Anolis limifrons in central
Panama. Observations span 19 yr at one site and 4 yr
at 20 additional sites. Two major phases of this study
can be distinguished, although there has been continuity of some objectives and methodologies. During
the first phase of this research Andrews and Rand (1982)
and Andrews et al. (1983) conducted a mark-recapture
study at the Lutz site on Barro Colorado Island (BCI).
Observations from 1971 through 1980 documented
strong year-to-year changes in population density and
a negative correlation between population density and
length of the dry season (Andrews and Rand 1982).
Population density at Lutz declined steadily from 1978
through 1982. Given the possibility of extinction of
this population and the need to determine the generality of these observations, I initiated the second phase
of this research by enlarging the spatial scale of the
study. Censuses were conducted annually from 1983
through 1986 at 21 sites on BCI (including Lutz), nearby islands, and mainland areas. Censusing was continued from 1987 through 1990 at Lutz and at three other
sites.
Results of these studies will be used to (1) amplify
and extend previous analyses of Andrews and Rand
(1982, 1990) and Andrews et al. (1983) for the Lutz
site, (2) compare stability of A. limifrons populations
with stability of other lizard populations, (3) determine
the degree to which changes in population density of
A. limifrons are synchronous among populations separated by small to moderate distances, and (4) evaluate
the nature of controls on population density of this
species.
MATERIALS AND METHODS

Life history
The life history of Anolis limifrons in Panama is well
known (Sexton et al. 1964, 1971, 1972, Andrews 1979a,
b, 1982a, Andrews and Sexton 1981, Andrews and
Rand 1982, 1983, Andrews et al. 1983, Rand et al.
1983, Andrews and Nichols 1990). A. limifrons is a
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small lizard with a maximum snout-vent length (SVL)
and mass (M) of 50 mm and 2 g, respectively, for both
females and males. Females and males become sexually mature at a minimum SVL of 35 mm. The modal
size of sexual maturity for females is 41-42 mm SVL
and all females are sexually mature at 44 mm SVL.
Population turnover is essentially annual as <5% of
adults survive > 1 yr. Reproduction is seasonal, and
most eggs are produced during the wet season (MayDecember). Hatching occurs 940 d after oviposition,
and hatchlings are most abundant in August and September. Growth is rapid, and most individuals complete growth during the dry season; thus, the young of
one wet season are the reproductive adults of the next.
Comparisons in this paper are based on annual censuses conducted at the end of the wet season (usually
December, but occasionally January) when population
density reaches maximum annual levels due to seasonal recruitment of young individuals.
The size classes used in this paper reflect major events
in the life cycle. Adults are individuals of -35 mm
SVL. Body growth of A. limifrons ceases at SVLs of
-44 mm (Andrews 1982b). Lizards reach 44 mm SVL
when they are 4-6 mo old (Andrews et al. 1983). Thus,
when censuses are conducted in December, individuals
>44 mm SVL either hatched early in the breeding
season (May-August) or survived from the previous
year (few eggs are laid during the dry season, JanuaryApril). As few individuals survive longer than a year,
the relative number of old individuals in a population
(>43 mm) largely represents individuals that hatched
early in the breeding season. Individuals < 44 mm SVL
in December are known to have hatched within the
previous 4-6 mo (July or later). The relative number
of young individuals (percentage of animals <44 mm
SVL) in the annual census is used here as an index of
annual recruitment.

Study area
Observations were conducted at BCI and surrounding areas in central Panama (Fig. 1). Vegetation is semideciduous lowland rainforest (Foster and Brokaw 1982).
Forest on the southwestern side of BCI has been subject
to little human disturbance over the past 200-400 yr.
Forest on the northeastern half of BCI is regrowth from
agricultural land of 100 or more years ago. Forest on
the islands, peninsulas, and mainland site are comparable in age to those of young BCI forest or younger
(S. J. Wright, personal communication). Thus, study
sites include both mature and successional forest.
Rainfall in central Panama is seasonal (Rand and
Rand 1982). At BCI an average dry season extends
from late December to late April, although rainfall in
December and April is highly variable. This seasonal
pattern is the same for all sites although the amount
of rain differs geographically. Rainfall is greater on the
Atlantic side of the isthmus than the Pacific side; thus,
annual rainfall at the small island sites to the northwest
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1. Locationof study sites in centralPanama.The Pipeline Road site is indicatedby the dot on the mainlandto the

right of Barro Colorado Island (BCI) in the insert map of central Panama. The dashed line at the upper right is the Panama
railroad.

averages somewhat higher than at BCI, and annual
rainfall at the mainland site to the southeast averages
somewhat lower. Correlation among sites in annual
rainfall decreases with distance, but even sites that are
relatively close (e.g., 8 km) can exhibit considerable
differences in rainfall in any one year (rainfall data from
the Panama Canal Commission). Rainfall data for BCI
were collected by the Smithsonian's Environmental
Sciences Program at a station 150 m from the Lutz site
(Windsor 1990).
Consistency

The great majority of censuses were conducted by
me and A. S. Rand, by me and an assistant, or by Rand
and an assistant. Participation of myself and Rand
throughout this study and training of assistants by Andrews ensured that methods were consistent from one
year to the next.

Observations from 1971 through 1982: Lutz site
The Lutz site is located in the N-0, W- 1 quadrat of
Lutz watershed on BCI (Thorington et al. 1982). The
sitewas890m2from
1971 through 1981 and 1450m2
in 1982 when it was increased in size to compensate
for low lizard density. The canopy is closed and the
understory vegetation is sparse enough to walk through
easily in most places (see Andrews and Rand [1982]
for a site description).
During censuses the site was searched systematically
for lizards by scanning all vegetation up to about 2.5
m. Anolis limifrons individuals typically perch on smallto medium-sized stems < 2 m from the ground. Lizards
were captured, weighed to the nearest 0.01 g on a Mettler balance, measured (SVL in millimetres, accuracy:
? 1 mm), toe-clipped for future identification, and released at the point of capture. The total population
density and the density of adult males (> 35 mm SVL)
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1. Study sites and observations for 1983 (observations during Jan.-Mar. 1984), 1984, 1985, and 1986 (observations
during Dec.). "#" represents the number of individuals recorded during the census and "p-h" is the person-hours spent
searching for lizards. Relative density is expressed as #/p-h.

TABLE

Area*
Site
Mainland
Pipeline
Peninsulas
Bohio
Buena Vista
Gigante
Pena Blanca

'83

(M2)

No. seen (#)
'84
'85
'86

'83

Search time (p-h)
'84
'85
'86

'83

Relative density (#/p-h)
'84
'85
'86

X

960

31

26

16

25

3.2

3.3

3.1

3.4

9.6

7.9

5.1

7.4

7.5

960
1600
1600
960

8
18
28
25

8
15
23
14

3
26
36
17

9
48
57
9

2.0
4.4
3.4
1.9

2.3
4.8
4.0
2.0

2.4
4.0
4.0
2.0

1.7
4.0
3.0
2.2

4.2
4.0
8.3
13.2

3.8
3.1
3.3
7.1

1.3
6.5
9.0
8.6

5.8
12.1
19.2
4.2

3.7
6.4
10.0
8.3

Islands
Barro Colorado Island
AMNH
1600
1
3
5
9
3.2
3.0
3.3
2.2
0.3
1.1
1.5
3.9
AVA
3
960
2
1
7
2.4
2.1
2.2
1.9
0.8
0.5
1.4
3.7
Fairchild
1600
0
1
6
9
3.5
3.0
3.1
2.9
0.0
0.3
2.0
3.1
Harvard
1600
2
7
20
14
2.5
3.6
2.9
3.3
0.8
1.9
6.8
4.2
Hood
1600
5
1
7
29
2.7
2.8
3.5
3.4
1.9
0.3
2.0
8.5
Lutz
1
1450
1
1
7
4.0
2.1
1.7
2.4
0.2
0.5
0.6
3.0
Miller
960
1
0
6
3
2.0
2.2
1.9
2.3
0.0
0.5
3.2
1.3
Poacher's
7
1600
14
25
15
2.7
2.9
4.1
2.6
2.6
4.9
6.1
5.8
Shannon
1
1600
1
2
10
4.2
2.8
1.3
2.0
0.2
0.4
1.5
5.1
Zetek 4
1000
0
0
0
0
2.4
1.9
2.4
1.8
0.0
0.0
0.0
0.0
Zetek 21
1600
5
2
3.4
3.2
1.5
0.6
Juan Gallegos
11
960
11
20
15
3.1
2.9
2.6
2.6
3.6
3.7
7.6
5.8
Lion Hill 1
960
3
5
11
1.6
2.0
1.8
1.9
2.5
6.1
Lion Hill 2
960
23
9
10
10
1.9
2.4
2.2
1.9
12.1
3.8
4.6
5.2
Puma
960
26
19
33
41
2.4
2.7
4.4
2.5
10.8
7.0
7.6
16.2
Tigre
27
960
50
40
41
2.2
3.5
4.2
2.8
12.1
14.3
9.6
14.7
* Because of tree and branch falls, some sites were reduced in area
during the study. Sites, their new areas, and
change are: Gigante, 1200 m2 in 1985, 960 m2 in 1986; Lutz, 1380 m2 in 1984, 960 m2 in 1985 and 1986; Shannon,
in 1985 and 1986.

were estimated using Bailey's modification of the Lincoln-Peterson index (Poole 1974). For 1982 estimates
were adjusted to represent an area of 890 M2, not the
1450-M2 area censused. Thus, total and male population densities represent the number of individuals/
890 m2.

Observationsfrom 1983 through1986
Observations were made at 21 sites (Table 1, Fig.
1): eleven located on BCI, four located on mainland
peninsulas surrounding BCI, five on islands northwest
of BCI, and one on the mainland : 9 km southeast of
BCI. The Lutz and AVA (A. V. Armour trail) sites
were established at BCI in 1971 and 1976, respectively,
and used for long-term observations (Andrews and
Rand 1982, Andrews et al. 1983). The Miller site on
BCI, the sites on Juan Gallegos, Tigre, Puma, and Lion
Hill islands, and the Pipeline Road site on the mainland were censused in 1980 and 1981 (Wright et al.
1984); these sites were incorporated into this study in
1983. All of the remaining sites were censused for the
first time in 1983.
Areas censused were 1600 m2 or 960 m2 (for congruence with 900-M2 areas established by S. J. Wright).
To facilitate censusing, each area was divided into four
transects 8 x 50 (or 30) m, and all boundaries were
marked with flagging. The original boundary of AVA

2.0

5.2
3.5
6.4
10.4
12.7
year of
928 m2

was maintained and Lutz had been increased to 1450
m2 in 1982 so that these sites differed somewhat in size
from the others.
The criterion for site selection was that vegetation
structure was similar to that at Lutz and AVA: a closed
canopy and a relatively homogeneous shrub layer.
Structural similarity among sites was evaluated in 1983.
Foliage density was measured with a "cover board."
The cover board consisted of two metre sticks, each
fastened at one end to a stake and oriented horizontally
at 0.5 and 1.0 m above the ground. The metre sticks
were painted with ten evenly spaced 2 x 2 cm pink
squares, 8.9 cm apart, on a black background. The
number of pink squares visible at 6 and 12 m from
the cover board was counted twice in each of the four
transects per site, once in each direction from the center
along the length of the transect. A maximum of 20 pink
squares could be seen at any observation point; a lower
number of squares indicated the extent to which foliage
obscured visibility. In addition, a long needle was driven into the ground and the number of skewered leaves
was counted at 3, 6, 12, and 16 m from the center of
each transect in each direction as a measure of litter
depth. The eight values for each transect were summed
for analysis.
Analyses of vegetation structure indicated that the
attempt to establish a set of homogeneous sites was
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relatively successful. Most sites did not differ from ei- than sites with low vegetation density as indicated by
ther Lutz or AVA, although there was significant het- cover board measurements at 6 m (P < . 10, linear
erogeneity among sites in vegetation density at 6 and regression, df = 19). However, neither vegetation den12 m and in litter depth (P < .05, one-way ANOVAs).
sity at 6 or 12 m nor search time was related to the
Buena Vista was the only site that differed significantly number of lizards observed (P > .05, stepwise multiple
from Lutz and AVA for the two vegetation measures regression). Thus, comparisons among sites are not
(P < .05, least significant difference [LSD] tests). Six confounded by either the time spent searching or vegsites (Hood, Pena Blanca, Pipeline, Zetek 21, Juan Ga- etation density.
llegos, and Gigante) differed from AVA and Lutz in
Year-to-year repeatability of census procedures was
litter depth (P < .05, LSD tests). Vegetation structure evaluated by comparisons of the person-hours spent
did not vary geographically (P > .05, one-way ANOsearching (times adjusted to 1600 M2, Table 1). DifVA for sites grouped as islands, BCI, peninsulas, and ferences among years and sites were significant (P <
.001, two-factor repeated-measures ANOVA), but the
mainland).
Determination of population density at the end of significant interaction between years and sites (P <
the wet season at a large number of sites meant that .001) suggested that year-to-year variation in the time
the amount of time available to work at each site had spent searching did not vary systematically among sites.
to be limited. Therefore relative population density Moreover, search times in 1983 and 1986 differed from
was determined instead of total density. When I changed search times in 1984 and 1985 (P < .05, LSD tests)
the procedure for estimating population density in 1983 with the shortest search times being in 1983 and 1986
I felt that the information gained by increasing the and the longest in 1984 and 1985. Time spent searching
spatial scale of the study would more than compensate
was unrelated to relative density, which was lowest
for the potential loss of continuity of the capture-re- overall in 1984 and highest in 1986.
capture studies at the Lutz site.
Observations from 1987 through 1990
Censuses to determine relative density were conducted between 0830 and 1430. I and a field assistant
Observations were continued from 1987 through
walked slowly side by side along one edge of a transect 1990 at a subset of the 21 populations studied the
and searched for lizards in a strip 4 m by 30-50 m and previous 4 yr, namely, AVA, Lutz, Pipeline, and Shanthen returned along the opposite side of the transect non. Data presented here are: (1) relative density at the
in the same manner. The four transects were searched Lutz site in December 1987, 1988, and 1989 and (2)
consecutively. All vegetation from the ground to -2.5
estimates of the total population density and relative
m was carefully inspected. A. limifrons individuals were population density from capture-recapture censuses
captured, weighed to the nearest 0.1 g with a Pesola conducted in July 1988 at Pipeline and Shannon, in
spring scale, measured (SVL in millimetres, accuracy: December and April 1988 at AVA and Shannon, and
? 1 mm), and toe-clipped for future identification. A in June 1990 at AVA, Lutz, and Shannon.
stopwatch was used to measure the time required to
Population density and stability
capture lizards and record data. About 15% of lizards
Both total density (Bailey's modification of the Linseen eluded capture. They were recorded and used to
estimate relative density. A. limifrons individuals were coln index [Poole 1974]) and relative density were esreleased at the place of capture. Time spent searching timated at the Buena Vista, Hood, and Tigre sites in
was determined as the total time spent censusing each 1983 and at the AVA, Lutz, Pipeline, and Shannon
site minus the time spent on capture and data record- sites in 1988-1990. Total and relative density were
ing. To reduce bias from variance in time spent search- highly correlated (Fig. 2). Therefore, regression analysis
ing and to eliminate the effect of searching areas of (principle axis and regression equations were virtually
different size, relative density is expressed as the total identical) was used to predict total density from relative
number of A. limifrons seen during each census at each density at the Lutz site from 1983 through 1989.
site divided by the person-hours of search.
Variability in population density was estimated by
To determine within-year repeatability of census the standard deviation (SD) log10 population density
procedures, two or more censuses were conducted on (Connell and Sousa 1983). This statistic is independent
six sites in 1983. Similar numbers of lizards were cap- of the absolute magnitude of population density. Foltured during these repeat censuses (AVA: 2 vs. 0; Buena lowing Connell and Sousa (1983), observations of SD
Vista: 18 vs. 17; Hood: 5 vs. 9; Lutz: 1 vs. 1 vs. 1 vs. log,0 population density are grouped into classes of 0.2
0; Miller: 0 vs. 0; Tigre 27 vs. 29). Repeat censuses SD units for comparisons of variability among sites.
were also conducted at Lutz in 1984 (0 vs. 1 vs. 0) and My use of annual censuses to measure variability from
in 1985 (1 vs. 1).
generation to generation follows Schoener's (1985) criI also determined if vegetation density or the time terion that <5% of individuals in a census were alive
spent searching per unit area was related to the number from the previous census. In 1983, no lizards were seen
of lizards observed per unit area (1983 data). Sites with during censuses at Fairchild and Miller; 0.1 was subhigh vegetation density tended to take longer to search stituted for 0 when data were log transformed. Com-
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parative data for SD log10 population density are from
Schoener (1985, 1986a) with additional data from Ferguson et al. (1980), Abts (1987), Jones and Ballinger
(1987), and Strijbosch and Creemers (1988).
SD log10 population density varies as a function of
the number of observations (Pimm and Redfearn 1988).
Because most estimates of SD log10population density
from the literature were based on two censuses, I based
comparisons with literature values on data collected
in 1983 and 1984, the first 2 yr of observations at 21
sites. For the Lutz site SD log1o total population density
was calculated for a series of nested censuses (1 + 2,
1 + 2 + 3, etc.). The consequence of error in estimating
total density from relative density for 1983 to 1989
was considered by calculating the upper and lower 95%
confidence limits for each estimate of total density and
also calculating SD log10population density using these
confidence limits.
Index of condition: a correlate offood intake,
fecundity, and growth
Andrews et al. (1983) documented greater food intake (as measured by fecal output), fecundity (as measured by oogenesis), and individual growth rates at
Lutz than at AVA. Moreover, an index of condition
(IC = Mass0 33/SVL) was greater at Lutz than AVA.
This suggested that IC could be used to assess food
intake, fecundity, and individual growth for A. limifrons populations. Therefore, the relationship between
IC (dependent variable) and oogenesis (class variable)
was evaluated using fecal output as a covariate. Because of significant site and seasonal differences in IC
(Andrews et al. 1983) and significant interactions between season and other variables, separate analyses
were conducted for the two sites and for the dry (January-April) and the wet (May-December) seasons.
Analyses involved only females 35 mm or more in
SVL. IC, fecal output, and fecundity were used in these
analyses because they were recorded at each capture
for all female lizards. Growth data were excluded because they required two captures and thus involved a
relatively small subset of the data. The analysis was
repeated with IC corrected for fecal mass [IC = (Mass0 33
- Fecal Mass)/SVL]. There were no differences between the results of the two analyses.
During the dry season at Lutz, IC was significantly
greater for oogenic than non-oogenic females (P < .01)
and there was a positive regression between IC and
fecal output (P < .01). During the dry season at AVA,
oogenic females tended to have higher values of IC
than non-oogenic females (P < .10), but there was no
association between IC and fecal output (P > .05).
During the wet season at both Lutz and AVA, oogenesis
was not related to IC but there was a positive regression
between IC and fecal output (P < .05). There was no
interaction between oogenesis and fecal output at Lutz
or AVA sites in either season (P > .05).
These intrasite comparisons indicate, as did the ini-
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FIG.2. Relationship between total population density and
relative population density of Anolis limifrons during 12 censuses at seven sites in central Panama. The regression equation is Total density = -5.43 + 9.91 Relative density (P <
.01, R2 = 0.78). The dotted lines represent 95% confidence
limits of the slope.

tial comparison between Lutz and AVA (Andrews et
al. 1983), that IC is directly related to important energetic rate processes. Females with high values of IC
have greater food intake (fecal output) and are more
likely to be reproductive than females with low values
of IC. The reason why IC was not related to oogenesis
in the wet season at either site is that most (>75%)
adult females are oogenic in the wet season (Andrews
et al. 1983). Thus, although females are yolking follicles
continuously, the rate of egg production presumably
varies with food intake.
Therefore, to assess food intake, fecundity, and
growth for this study, IC was determined for all individuals ?35 mm (except in 1971 when mass was not
recorded). IC was not calculated for individuals <35
mm SVL because the variance of IC was very high for
this size class.
Rainfall and population density
Observations at the Lutz site during the first 10 yr
of this study (1971-1980) indicated that population
density was positively related to the sum of rainfall
during the months of December and April, prior to
late wet-season censuses (Andrews and Rand 1982).
However, with four more years of data (1971-1984),
population density at Lutz was negatively related to
total rainfall during the year of the census, not rainfall
during December and April (Andrews and Rand 1990).
Thus, to provide independent tests of models that relate population density to rainfall, multiple regression
analyses were used to relate relative density at Lutz
from 1985 through 1989 and mean relative density at
other BCI sites from 1983 through 1986 to the sum of
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and 1985, estimates of total density are extrapolations
beyond the range of observations (Fig. 2). Thus, these
estimates should be considered as approximations. It
co
is quite clear, however, from the small numbers of
120
individuals (0 or 1) seen during nine censuses that the
population at Lutz was at extremely low levels from
80
z
1983 through 1985.
Relative population density varied among the 21
0
sites (P < .001, two-factor repeated-measures ANO40
VA), with mean relative densities ranging from 12.7
lizards per person-hour (p-h) at Tigre to 2.0 lizards/
0.
0
p-h at BCI (Table 1). Relative density also varied among
years (P < .001, two-factor repeated-measures ANO1985
1990
1980
1975
1970
VA). LSD tests distinguished densities in 1986, denYEAR
sities in 1983 and 1985, and densities in 1984 as difFIG. 3. Populationdensity of Anolis limifrons at the Lutz ferent from one another (P < .05). Moreover, densities
site from 1971 through1989. Density of adultmales (0, X ?
1 SE) and total populationdensity (0, X ? 1 SE) from 1971 at Buena Vista, Gigante, Harvard, Hood, Lutz, Miller,
through 1982 were estimated using Bailey's modificationof and Shannon exhibited significant year-to-year variathe Lincoln index (Poole 1974). Total populationdensity ?
tion in site-by-site analyses (P < .05, two-way ANO1 SE from 1983 through 1989 was estimated from relative VAs).
density (see Fig. 2).
Relative density did not change concordantly over
time at all sites, as indicated by the significant interaction between sites and years (P < .001, two-factor
rainfall in December and April and to total annual repeated-measures ANOVA). This interaction is the
rainfall.
result of synchronous increases in relative density at
In addition, stepwise multiple regression was used all BCI sites from 1983 to 1986 (W= 0.87, P < .01,
to evaluate the relationship between total population
Kendall coefficient of concordance) and apparently indensity [log,0N(t)] at Lutz from 1971 to 1989 and rain- dependent fluctuations at other sites. The relative popfall. To account for correlation between population
ulation density at Gigante and Buena Vista increased
density at one time and some previous time, log,0N(t during the 4 yr while relative density at Pena Blanca
- 1) was used as an independent variable. Other inand Bohio, other peninsular sites near BCI, fluctuated
dependent variables were the sum of rainfall during independently of the trend exhibited at BCI (P < .05).
December and April prior to censuses, total rainfall Relative population density on other island sites and
during the year of the census, and rainfall in the early at Pipeline on the mainland did not fluctuate in con(May-July) and late wet season (August-November).
cordance with the BCI populations or with each other
Rainfall amounts during the early wet and late wet
(P > .05).
seasons were used as independent variables because
Population stability
they indicate conditions during specific portions of the
wet season.
At the Lutz site SD loglo total population density
Observations for 1981 were excluded from analyses increased with the number of nested censuses (Fig. 4).
because rainfall was considered an extreme outlier. An- Variability increased gradually and then leveled off afnual rainfall from 1971 through 1989 averaged 2502
ter about six censuses. Variability increased sharply
mm while annual rainfall in 1981 was 4571 mm-3.5
when the population crashed in 1983 and then leveled
SD units from the mean.
off again after several more years. If SD log1o total den160

Statistical analyses
All parametric analyses were conducted using SAS
procedures (SAS Institute 1982). Non-parametric analyses follow Siegel (1956).
RESULTS

Population fluctuations and synchrony
Population density at the Lutz site varied considerably from 1971 through 1989 (Fig. 3). The population exhibited peak levels in 1971, 1976, and 1978 and
then declined to very low levels through 1985. Total
population density for 1983 through 1989 was estimated from relative density. During 3 yr, 1983, 1984,

sity is calculated using the upper 95% CL for estimates
of density from 1983 through 1989, the plot has a single
plateau. However, this scenario is plausible only if total
density was grossly underestimated for 1983 through
1985. The consistently low numbers of individuals
captured during 1983-1985 and the standard errors of
estimates of density (Fig. 3) indicate that the population crash was quite real, and that SD log10 total population density would have increased substantially as
a result.
BCI sites exhibited higher SDS of log10 relative population density than other sites (Fig. 5) for comparisons
involving the first 2 yr of data or all 4 yr (P < .01, t
tests). For four years of data, BCI populations fell into
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nificantly higher values of IC than did adult males (P
< .001). This difference is attributed to the mass of
gonadal tissue: adult females generally carry one oviductal egg and several yolking follicles (t0. 15 g).
The regression relationships are
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where X is the number of adult males at the end of the
wet season for censuses conducted from 1972 through
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FIG. 4.

SD log0 total populationdensityofAnolis limifrons
(measuredas no./890 M2) for the Lutz site calculated for
sequencesof nested censuses(0). SD log0 of total population
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density from 1983 through1989 is shown with the 95%confidencelimits for eachestimate(0, see Materialsand methods:
Populationdensityand stability).

LL

0

the four lowest classes of variability and other populations in the two lowest classes of variability. Both
sets of populations exhibited greater stability when SD
log10relative density was based on two rather than on
four years, although differences were significant only
for BCI populations (P < .05, t tests). BCI populations,
which increased during 1983-1986, were more variable than non-BCI populations, which did not exhibit
any consistent trend in relative density. Estimation of
variability at BCI sites is probably confounded to some
degree by sampling error at low densities. However,
even at low densities, the number of lizards recorded
was highly consistent for repeated censuses (see Lutz
data in Materials and methods: Observationsfrom 1983
through 1986). Thus, it is unlikely that sampling error
explains differences observed between BCI and nonBCI sites.
Density-dependent interactions
Index of condition (IC). -Total and adult male population densities for 1971 through 1982 were highly
correlated (r = 0.95, P < .001, Pearson correlation
coefficient). Because adult males are the class most
reliably censused, density estimates for this class were
used in subsequent analyses relating IC and percentage
of animals <44 mm SVL to density. Analyses using
the estimate of total population density gave identical
patterns but at a slightly lower level of statistical sig-
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nificance.

At the Lutz site IC was negatively related to adult
male density (Fig. 6, P < .001, ANCOVA). The interaction between sex and density was not significant
(P > .05); thus, the regression slopes for females and
males were homogeneous. However, females had sig-

Frequenciesof SD log10relativepopulationdensity
(measured
asno./person-hour)
forAnolis limifronsatBCIand
at othersitesin centralPanamaforthe firsttwo yearsof census
(an = 20; no lizards were recordedat Zetek 4) and for all
four years (IS, n = 18; two sites were not censused all four
years).
FIG. 5.
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FIG.6. The relationshipbetween the index of condition
(IC = mass033divided by snout-vent length [SVL]of Anolis
limifrons)and the densityof adultmales at the Lutzsite from
1972through1982.Meansareshown(females:*,
; males:
0, -----). Means for all BCI sites for 1983 through1986 are
also shown (females:*; males: L), althoughthese data were
not used in regressionanalysis. For 1983 through 1985 the
density of adult males was arbitrarilyset at one individual;
for 1986 the density of adult males was set at 38%(average
percentageof males for 1971 through1982) of the estimated
total populationof 24 individuals.
1982. During 1983 through 1986, when density at Lutz
was relatively low, too few data on IC were collected
to provide meaningful statistical comparisons with
previous years. To provide some indication of the magnitude of IC at very low densities, observations at all
BCI sites (including observations for January but not
February or March 1983) are indicated on Fig. 6.
In comparisons among sites IC was also negatively
related to relative population density (Fig. 7, P < .01,
ANCOVA). The regression slopes were homogeneous
(P > .05). Thus, females and males responded similarly
to relative population density but females had significantly higher values of IC than males (P < .001).
The regression relationships are

and 0.71, respectively, n = 1 1, P < .05, Pearson correlation coefficients). Partial correlations were examined to evaluate the possibility that this relationship
could simply be the spurious consequence of negative
associations between % < 44 mm SVL and density and
between IC and density. For both females and males,
partial correlations between IC and % <44 mm SVL
were significant (P < .01 and .05, respectively), indicating that the association is independent of population
density.
Sites varied considerably in % <44 mm SVL, with
values ranging from -80% at Buena Vista and Tigre
to z30% at Pena Blanca and Juan Gallegos (P < .01),
while variation among years was relatively low (Table
2, P > .05, two-way ANOVA). In a previous study
(Andrews 1988) I found that survival of eggs early in
the wet season at the Buena Vista, Harvard, Lutz,
Poacher's, Shannon, and Tigre sites was directly proportional to % <44 mm SVL at the end of the wet
season (P < .01, n = 6, r = 0.94) and was independent

of relative population density (P > .05). Similarly, in
the present study variation in % <44 mm SVL was
not related to relative population density (or to IC of
females or males) (P > .05, Pearson correlation coefficients, comparisons among site means). These results
suggest that, for comparisons among sites, % <44 mm
SVL is an index of egg survival. This interpretation is
supported by identical estimates of egg survival (17%)
at Lutz in 1981 and 1986 (Andrews 1982, 1988) and
by results of simulation modeling (R. M. Andrews,
unpublished data).
In general, % <44 mm SVL provides an index to
the two components of recruitment, egg and juvenile
survival. My observations suggest that, because % < 44
mm SVL largely reflects variation in egg survival for
2.80
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= 5.2, R2

=
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0
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and
ICmale = 2.68 - 0.0030X
(F1,281 = 4.3, R2 = 0.02, P < .05),

where X = relative population density.
Relative number of young individuals (% <44 mm
SVL).-At Lutz from 1971-1982, the percentage of
animals <44 mm SVL was negatively related to adult
male density (Fig. 8) as
% <44 mm SVL = 67.1 -0.41 (male density)
(F1,10 = 5.2, R

=

0.34, P < .05).

In addition, mean IC for both females and males was
positively correlated with % <44 mm SVL (r = 0.80
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FIG.7. The relationshipbetween the index of condition
(IC = mass033/SVL)and the relative population density of
Anolis limifronsat 11 sites (BCI treated as one site in this
analysis)in central Panama. Means are shown (females:0,
; males: 0, -----).
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Neither of these variables by themselves explained a
significant amount of variation in density. Thus, one
of the two independent tests supported previous observations that population density was positively related to rainfall in December and April and negatively
related to annual rainfall.
Total population density [N(t)] at Lutz from 1971
through 1989 was related to both previous population
density [N(t - 1)] and rainfall in the early wet season.
The first variable to enter was population density the
previous year, as
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logl0N(t) = 0.48 + 0.65 log1ON(t- 1)
(F1,16 = 11.3, P < .01, R2 = 0.43).
The second variable to enter was rainfall in the early
wet season (EW) (P < .05). The resultant regression
equation was
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logl0N(t) = 1.75

FIG. 8. The relationshipbetween the relative number of
young Anolis lmimronsindividuals (% of lizards <44 mm
SVL)anddensityof adultmales at the Lutzsite (1971 through

(F2,1 6

No other variable made significant contributions to the
model. Again, previous observations are supported. In
this case, total population density was negatively related to rainfall in the early part of th-, wet season, a
major component of annual rainfall.
Overall, results of present tests relating population
density to rainfall are consistent with previous observations. However, because associations were significant in only two of the three test cases, the association
between population density and rainfall must still be
considered tenuous.

1982).

comparisons among sites, % <44 mm SVL should
largely reflect variation in juvenile survival for comparisons among years within sites.
Rainfall and population density
At Lutz from 1985 to 1989 relative population density was not related either to the sum of rainfall in
December and April or to total annual rainfall or to
the combination of these variables (P > .05). Mean
relative density at BCI from 1983 through 1986, on
the other hand, was related to the sum of rainfall in
December and April and to total annual rainfall, as
Relative density = 13.6

-

DISCUSSION

Stability ofAnolis limifrons populations. -Constancy through time is one measure of stability (Pimm and
Redfearn 1988). By this measure, populations of A.
limifrons are not very stable. Between 1975 and 1976
the population at the Lutz site increased five- (total

0.0051RainTotal

+ 0.0036 RainDecember
(F2,3= 805, P < .05, R2

+ April

0.99).

=

0.0019EW + 0.69 log1ON(t- 1)
10.2, P < .01, R2 = 0.59).
-

=

TABLE 2.

Relative number of young individuals (the percentageof animals with snout-vent length <44 mm) in late wetseason censuses.Means with the same letterare not different(P > .05, least significantdifferencetests). Missingvalues for
1983 representcensusesexcludedfrom analysisbecausethey were conductedin February.n = numberof lizards.
1983
Site

Mainland
Pipeline
Peninsulas

1984

1985

1986

%

n

%

n

%

n

%

n

Mean

47

30

67

24

50

14

48

21

53bcd
65abc

Bohio

...

...

71

7

67

3

56

7

BuenaVista

94

15

85

13

78

23

78

37

84a

Gigante

...

.

40

10

30

27

67

46

46bcd

-

-

18

11

36

11

29

7

38
33

16
12

41
33
82
50
75
74

61
15
11
8
28
31

95
11

23
25

22
9
5
7
14
40

59
36

*61
92

45
33
80
28
79
80

50
76
80

6
65
39

Pena Blanca
Islands
BCI
Juan Gallegos
Lion Hill 1
LionHill 2
Puma
Tigre
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density) to eight-fold (adult male density). The highest
total population density observed at Lutz was in 1978
when the population reached an estimated size of 152
individuals in 890 M2. Population size then decreased
steadily and reached extremely low levels in 1983
through 1985. Such instability would not have been
suspected from observations made at Lutz from 1972
through 1974 or from 1983 through 1985 (the 3-yr
length of many research projects). The more variable
population densities observed from 1975 through 1977
or 1985 through 1987 would still not represent the
variability revealed during the 19 yr of this study.
Year-to-year changes of two- to three-fold in relative
density were observed at other sites in my study and
in total population size at another BCI site as well
(Sexton 1967). Four years was too short a period to
observe large fluctuations in density at all sites, although year-to-year variation was statistically significant overall, and seven sites exhibited significant yearto-year variation. Thus, outbreaks and crashes appear
to be normal for A. limifrons populations in central
Panama.
How variable are A. limifrons populations compared
to other lizard populations? Schoener (1985, 1986a)
sampled a total of 24 West Indian Anolis populations.
Of these, 22 had SD log10 population density in the
lowest category of variability (<0.21 SD units). Populations of A. limifrons are significantly more variable
than West Indian anole populations (P < .01, 2 x 2
chi-squared test). This result is in accord with observations of marked year-to-year changes in population
density of three other mainland anoles (Campbell 1973,
Fitch 1975) and with observations of high year-to-year
constancy of population density during a decade-long
study of A. gingivinus and A. wattsi on St. Martin in
the West Indies (McLaughlin and Roughgarden 1989).
Schoener (1985) provided SD log10 population density estimates for 12 populations of temperate zone
lizards; I located data for 6 more populations. Of these
18 populations, 15 had SD log10 population density in
the lowest category of variability. Populations of A.
limifrons are significantly more variable than temperate zone lizard populations (P < .05, 2 x 2 chi-squared
test). Thus, populations of these temperature zone lizards (mostly arid lands in North America) are also
stable relative to those of A. limifrons.
Variability of A. limifrons populations increased with
the number of censuses, as Connell and Sousa (1983)
and Pimm and Redfearn (1988) observed for other
taxa. At the Lutz site, the relationship between SD log10
population density and the number of nested censuses
has two plateaus, the first apparently associated with
"normal" population variability and the second following an unusual environmental perturbation. Data
from Lutz thus indicate that at least 6-7 yr (generations) are necessary to assess normal variability for this
species.
Year-to-year and long-term changes in population

density exhibited by A. limifronspopulations are especially interesting because of their tropical rainforest
habitat. Population fluctuations of A. limifrons and
other vertebrates (Leigh et al. 1982) as well as arthropods (Wolda 1978a, b) provide evidence that "tropical
stability" is not a general paradigm.

Density-dependentinteractions
The negative relationship between index of condition (IC) and population density for A. limifronsis not
in accord with the suggestion that mainland anoles do
not experience intraspecific competition for food (Andrews 1979a). However, competition for food should
be relatively weak and episodic in time because of
relatively low population densities and wide fluctuations in density through time. In contrast, populations
of West Indian anoles should experience stronger and
chronic competition for food not only because of their
relatively high population densities (Andrews 1979a)
but also because of their highly stable populations
(Roughgarden et al. 1983, McLaughlin and Roughgarden 1989). Such differences in the nature of intraspecific competition for food between mainland and West
Indian anole populations are consistent with the different modes of population regulation proposed for
these two geographic areas (Andrews 1979a).
Recruitment was also negatively related to density.
At Lutz the relative number of young individuals was
lowest at the end of years with high densities and highest at the end of years with low densities, but increased
with IC independently of population density. High
densities presumably make it more difficult for juveniles to establish territories (Andrews and Rand 1983),
but when food is relatively abundant recruitment may
be enhanced by reduced competition.

Whydo populationsof A. limifrons fluctuate in
densityfrom year-to-year?
One explanation for the instability of A. limifrons
populations is that changes in population density simply reflect responses to a changing local environment.
For example, the favorability of small areas could be
altered by the predatory activities of a pair of nesting
trogons or disturbance due to tree or branch falls. This
explanation is unlikely because population fluctuations
are synchronous for relatively large areas.
Synchrony of changes in population density at BCI
sites from 1983 to 1986 suggests these populations are
exposed to a common causal factor. Rainfall is a likely
candidate as it varies in quantity and seasonal distribution from year-to-year and nearby locations have
more similar rainfall patterns than more distant locations. From 1971 through 1980, 50% of the variation
in population density at the end of the wet season at
the Lutz site was explained by the sum of rainfall during
the preceeding December and April (Andrews and Rand
1982). Rainfall in December and April is highly variable; January through March is almost invariably dry
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(Rand and Rand 1982). If little rain falls in December
Apparently erratic population fluctuations can arise
and April the dry season is long, and if much rain falls from deterministic density-dependent mechanisms
in these months the dry season is short. Thus, the (May 1973). Such mechanisms, however, are unlikely
positive association between rain during December and to affect population dynamics of A. limifrons, at least
April and population density suggested that population as projected by rather simple models. First, a plot of
density was affected by the length of the dry season. N(t) as a function of N(t - 1) is linear (at best, weakly
This makes sense biologically because egg production asymptotic). "Humped" functions, because they repis reduced during this period (Andrews et al. 1983). resent time lags for density-dependent interactions, are
However, after four more years of censusing, the as- a necessary condition for populations that overshoot
sociation between population density and rainfall in and oscillate around their equilibrium points (May and
December and April was no longer significant. Instead, Oster 1976). Second, with maximal finite rates of inpopulation density was negatively associated with total crease of 5-8, A. limifrons populations should exhibit
annual rainfall (Andrews and Rand 1990).
damped population fluctuations-only finite rates of
Now, with two independent tests of the association increase that are considerably larger are associated with
between population density and rainfall and a general stable limit cycles or chaos (Hassell et al. 1976). Third,
model based on 19 yr of data at Lutz, the statistical the "characteristic return time" for A. limifrons popassociation between population density and rainfall re- ulations is large relative to potential time delays, a
mains weak, but previously identified patterns persist. pattern associated with stable populations (May et al.
In general, population density was positively related 1974). Thus, the dynamic nature of population flucto the sum of rainfall in December and April and neg- tuations of A. limifrons is presumably associated with
atively related to total annual rainfall or rainfall in the random perturbations that are ameliorated by densityearly wet season. This suggests that A. limifrons pop- dependent interactions.
ulations in central Panama do best in years when dry
Trophiclevel, life history,and phylogeny
seasons are relatively wet and wet seasons are relatively
A broad spectrum of observations suggests that trodry. This pattern is certainly consistent with the distribution of this species; the range of A. limifrons is phic level and body size, as well as other life history
centered in the aseasonal rainforests of Central Amer- attributes, are confounding factors for population stability (Schoener 1986b). For example, populations of
ica's Atlantic lowlands.
Qualitatively, the years of lowest population density insects (Wolda 1978a) and the lizard A. limifrons (Andrews and Rand 1982, this paper) on BCI exhibit pop(1983-1985) followed extremely unusual climatic
events. Rainfall in 1981 was approximately double ulation fluctuations that are as high as or higher in
normal levels, and the dry season of the subsequent amplitude than those of populations in temperate zone
"El Nifio" year was extremely long (November 1982-- areas. In contrast, some birds on BCI exhibit extremely
April 1983) and severe (Windsor et al. 1990). It seems stable population densities over time, apparently as a
possible that these unusual climatic conditions were result of rigid territorial systems that limit populations
associated with the decline in A. limifrons populations to numbers well below resource levels (Greenberg and
and with the weak statistical associations between pop- Gradwohl 1986). In the Bahamas, populations of Anoulation density and rainfall. Whatever the reason, pop- lis are more stable than those of their invertebrate prey
ulation density at BCI did not recover appreciably until (Schoener 1986a). These observations suggest that the
greater variability of populations ofA. limifrons in Pan1986.
Variation in the amount and timing of annual rain- ama than populations of Anolis in the Bahamas may
fall is an important abiotic influence on population be related to trophic-level considerations. A. limifrons
dynamics in tropical habitats. Such climatic variation individuals are middle-level consumers in the complex
is likely to affect populations of A. limifrons directly food webs of mainland tropical forests. In contrast,
as well as indirectly. For example, desiccation of eggs Anolis lizards are top carnivores on small islands in
is likely only during unusually severe dry seasons (An- the Bahamas (Schoener and Spiller 1987). In both sitdrews and Sexton 1981). Climatic variation may also uations greater variability is exhibited by the middleact indirectly on anole populations through effects on level consumers-spiders in the Bahamas and Anolis
their predators and on their prey. Eggs and lizards are in Panama.
Life history attributes also confound comparisons of
eaten by a large number of invertebrates including ants,
spiders, mantids, and orthopterans and vertebrates in- stability of West Indian and mainland anole populacluding birds, snakes, and other lizards. In turn, A. tions. A. limifrons is relatively small and exhibits eslimifrons eat a wide range of invertebrate species. Giv- sentially annual population turnover. Thus generationen the high species diversity of predators on anoles and to-generation changes in population density are almost
of their prey and the diverse and presumably indepen- totally dependent on annual recruitment-a factor that
dent responses of these species to the physical envi- should promote population variability. In contrast,
ronment, a weak association between population den- West Indian anoles are considerably larger, and a subsity of A. limifrons and rainfall may not be so surprising. stantial proportion of their populations survive from
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one year to the next (Andrews 1979a, Schoener and
Schoener 1982). Persistence of individuals from one
year to the next in West Indian populations should
buffer generation-to-generation changes in population
density and promote population stability.
Differences in stability between A. limifrons and other lizards may also have a phylogenetic component.
West Indian and mainland anoles belong to different
species groups and clearly have had separate evolutionary histories of millions of years (Williams 1988).
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