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NEST PREDATION AND DIFFERENTIAL INSULAR
EXTINCTION AMONG SELECTED FOREST
BIRDS OF CENTRAL PANAMA'!
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Abstract. Barro Colorado Island (BCI) is a 75-yr-old tropical forest isolate in Gatun
Lake in the Republic of Panama, where depredation of understory bird nests is hypothesized
to be more intense than in nearby mainland forest. Eight of 12 bird species in the terrestrial
insectivore guild, with historical breeding records from BCI, are now extinct on the island.
I tested the hypothesis that interspecific variation in nest design and placement underlies
differential avian extinction from BCI. Selecting five species from the terrestrial insectivore
guild, two that are extinct and three that persist on BCI, I constructed 200 hand-made
mimics of their nests (40 each of the five types) using species-specific nest materials collected
in local forest. Artificial nests, containing Coturnix quail eggs as bait, were placed on two
island and two mainland plots for representative incubation periods (15 d) and checked
at 3-d intervals for predation. Experiments were repeated in February, late April, and June
of 1988 to assess seasonal shifts in predation pressure in relation to timing of breeding in
understory birds, and temporal constancy of interspecific differences in nest loss rates.

BCI nest losses were higher than on the mainland in two of the three experiments and
predation intensity varied seasonally. Peak losses occurred in April-May (late in the dry
season), immediately before the onset of breeding in understory insectivorous birds, sug-
gesting nest predation may influence the timing of nesting activities. Two nest types designed
to mimic the nests of species now extinct from BCI suffered lower predation on BCI and
on the mainland than three nest types of species persisting on BCI. However, ratios of
island to mainland predation rates were disproportionately higher for BCI-extinct nest
types than for BCI-persistent nests in two of the three samples. Results suggest that over
evolutionary time species-specific rates of nest loss may determine clutch replacement
capability, thereby causing variation in tolerance of inflated insular nest predation. In this
way, interspecific variation in nest design and placement among terrestrial insectivorous
birds may underlie the pattern of differential extinction from Barro Colorado Island.
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INTRODUCTION scapes (Wilcove 1985, Robinson 1992), and rates of

Nest predation is the most frequent cause of nest
failure in bird communities (Ricklefs 1969, Skutch
1985, Martin 19884, Rotenberry and Weins 1989), and
it imposes significant selection pressures on avian life
history traits (Clark and Wilson 1981, Slagsvold 1982,
Ricklefs 1984, Martin 1988b) and nesting behavior
(Morton 1971, Murphy 1983, Collias and Collias 1984,
Oniki 1985, Montgomerie and Weatherhead 1988,
Brunton 1990). When artificially increased by exotic
predator introductions, nest predation can lead directly
to avian species extinction on islands (Merton 1978,
Atkinson 1985, Savidge 1987). Intense nest predation
also plagues birds that breed in fragmented forest land-

' Manuscript received 13 May 1991; revised 9 January 1992;
accepted 27 January 1992.

* Present address: Department of Biological Sciences, Cal-
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nest loss are indicated to be inversely proportional to
forest tract size (Wilcove 1985, Mgller 1988, Small and
Hunter 1988, Yahner and Scott 1988). Therefore,
widespread declines of temperate forest birds attempt-
ing to breed in severely fragmented landscapes are at-
tributed more and more to elevated nest predation
losses (Wilcove et al. 1986, Lynch 1987, Robinson
1992), as are local insular extinctions of tropical forest
birds (Terborgh 1974, Karr 1982b, Loiselle and Hoppes
1983).

“Mesopredator release’ is often cited as the cause
of intensified nest predation in forest fragments and
involves the increase of resident populations, and/or
an influx from surrounding secondary habitat, of small-
to medium-sized omnivorous vertebrates that feed op-
portunistically on nest contents (Terborgh 1974, Soulé
etal. 1988). Mesopredators appear to be more common
in forest patches (temperate and tropical) following ex-
tirpation of top carnivores whose home ranges are gen-
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TABLE 1. Selected terrestrial insectivorous birds, sympatric in lowland forest of Central Panama.*
Family Species m
Species code BCI status Type Avg. ht. (m)
Cuculidae
Rufous-vented Ground-cuckoo, Neomorphus geoffroyi RVGC last recorded 1935, bowl 2.5
uncommon
Pheasant Cuckoo, Dromococcyx phasianellus PHCU last recorded 1926 (nest parasite)
Formicariidae
Ocellated Antbird, Phaenostictus mcleannani OCAB extinct by 1981, unknown
formerly common
Bicolored Antbird, Gymnopithys leucaspis BCABTY declining, formerly cup 0.4
common
Spotted Antbird, Hylophylax naevioides SPABY extant, common cup 0.8
Chestnut-backed Antbird, Myrmeciza exsul CBABYt extant, abundant cup 0.2
Wing-banded Antbird, Myrmornis torquata WBAB never recorded unknown
Black-faced Antthrush, Formicarius analis BFAT extinct since 1951, cavity 1.2
formerly common
Spectacled Antpitta, Hylopezus perspicillatus SCAPY extinct since 1971, platform 1
formerly common
Furnariidae
Scaly-throated Leaftosser, Sclerurus guatemalensis STLT extant, uncommon bank hole 0
Tawny-throated Leaftosser, Sclerurus mexicanus TTLT never recorded bank hole 0
Troglodytidae
White-breasted Woodwren, Henicorhina leucosticta WBWW last recorded before chamber 0.3
1950
Song Wren, Cyphorhinus phaeocephalus SOWRT extinct since 1961 chamber 2.8
Nightingale Wren, Microcerculus marginatus NGWR last recorded 1977, unknown

rare over range

* References: Eisenmann 1952, Skutch 1966, 1969, Wetmore 1973, Willis and Eisenmann 1979, Karr 19824, b, Stiles and

Skutch 1989, Sieving 1990.
T Species whose nests were mimicked in this study.

erally larger than the limited boundaries of forest iso-
lates (Terborgh and Winter 1980, Lynch 1987, Glanz
1990). Wilcove (1985) and Wilcove et al. (1986) as-
sessed the mesopredator release hypothesis using ar-
tificial nest experiments to show that intensified nest
predation in forest fragments in the eastern U.S. may
be causing declines of migratory songbirds. Similarly,
Loiselle and Hoppes (1983) confirmed long-standing
suspicions of higher nest predation pressure on Barro
Colorado Island (BCI), a 1500-ha forest isolate in Ga-
tun Lake, Panama, relative to unfragmented mainland
forest nearby. BCI has lost as many as 60 forest bird
species since its isolation in 1914 (Karr 19824). While
resource specialization (Willis 1974, Karr 1982a), low
survival rate (Karr 1990a), and high population vari-
ability (Karr 1982a) characterize many BCI-extinct bird
species, high rates of nest loss have frequently been
discussed as interacting in the extinction process (Wil-
son and Willis 1975, Terborgh and Winter 1980, Karr
19824, b, Loiselle and Hoppes 1983).

In this study I examined the relationship between
hypothesized intensified nest predation on Barro Col-
orado Island (“‘as per” Loiselle and Hoppes 1983) and
differential island extinction among terrestrial insec-
tivorous birds. Ground-foraging insectivores of neo-
tropical forests are repeatedly identified as sensitive to
fragmentation (Terborgh 1974, Faaborg 1979, Karr
19825, Lovejoy et al. 1984). Species within this guild

exhibit differential sensitivity to habitat isolation, and
the relative ability to persist in fragmented landscapes
is consistent among regions where these species occur
(Willis 1979, Diamond 1984, Simberloff and Levin
1985). For example, the Chestnut-backed Antbird
(Myrmeciza exsul) is abundant on Gatun Lake islands
that range in size from <70 up to 1500 ha (Wright
1985), and at Rio Palenque, an Ecuadorian forest re-
serve of 87 ha (Leck 1979). In contrast, the Spectacled
Antpitta (Hylopezus perspicillatus) is gone from the
Gatun Lake islands and was only recorded once in
several years of opportunistic censuses at Rio Palen-
que.

A wide array of nest types, materials, and nest sites
is used by species of terrestrial insectivorous birds in
central Panama (Table 1). Thus, I conducted artificial
nest experiments in forests of BCI and the nearby main-
land to test the hypothesis that species-specific varia-
tion in nest design and placement leads to interspecific
differences in vulnerability to intensified nest predation
on the island. This, in turn, may underlie differential
island extinction among species in the guild. I repeated
the experiment in three different seasons (early dry,
dry/wet transition, and wet) to assess both temporal
constancy of differences among nest types and the po-
tential role of seasonal variation in nest predation pres-
sures in determining the timing of breeding in under-
story birds.
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METHODS

Study area and species

The damming of the Chagres River to fill the Panama
Canal created Gatun Lake in 1914. Forested hilltops,
now islands in the lake, were isolated from one another
and from large mainland tracts of lowland forest (Fig.
1). Barro Colorado Island (BCI), the largest island in
Gatun Lake, is well-known ornithologically (Chapman
1928, 1929, 1935, 1938, Eisenmann 1952, Willis 1974,
Willis and Eisenmann 1979, Karr 198254, 19905), and
has been used as a model for the study of insular pop-
ulations (Terborgh 1974, 1975, Wilson and Willis 1975,
Karr 19824, b, Diamond 1984). Leigh et al. (1982)
provide detailed information on the history, physical
environment, and ecology of BCI forest.

I selected four study plots, two on the mainland
(Pipeline Road area of Soberania National Park, or
PLR) and two on BCI (Fig. 1). I used two criteria in
plot selection. First, all five species had to occur and
breed at the selected sites, or to have historically done
so on BCI plots (Willis 1967, Willis and Eisenmann
1979; K. Sieving, personal observation) so that insular
effects on artificial nests were likely to be comparable
to those experienced by real nests. Second, the two
plots at each site were biologically independent sam-
ples of predation pressure within each site, i.e., plots
were sufficiently distant from one another to reduce
the possibility of inclusion within any one potential
predator’s territory. According to home range studies
of coati (Nasua narica; Kaufman 1962, Russell 1982)
and white-faced monkeys (Cebus capucinus;, Oppen-
heimer 1982) on BCI, two of the largest and widest
ranging potential predators, my minimum interplot
distance of 1 km (on BCI) is sufficient to prevent single
predator access to more than one plot on a regular
basis.

The natural history and population biology of many
terrestrial insectivorous birds in neotropical forests are
relatively well known (Eisenmann 1952, Johnson 1954,
Willis 1967, 1972, 1973a, b, 1974, Skutch 1969, Karr
1971, 19824, b, Willis and Oniki 1972, Pearson 1977,
Willis and Eisenmann 1979, Karr and Freemark 1983,
Greenberg and Gradwohl 1986, Karr et al. 1990). For
this study I selected five species, including four antbirds
(Formicariidae) and one wren (Troglodytidae; Table
1) that are sympatric in mainland forests surrounding
BCI, lay two-egg clutches, exhibit 14-16 d incubation
periods, and feed primarily on litter organisms. All
except the Bicolored Antbird, which is an obligate fol-
lower of army ant swarms and ranges widely with loosely
associated groups of conspecifics (Willis 1967), defend
multipurpose territories (Karr 1971). The Spectacled
Antpitta and Song Wren disappeared from BCI more
than two decades ago following gradual declines (Willis
and Eisenmann 1979). The Bicolored Antbird remains
but is thought to be declining based on repeated cen-
suses during the 1970s (Willis 1974, Karr 198254). Both
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Fig. 1. Map of the central portion of the Republic of
Panama (inset), showing locations of nest predation experi-
ment plots (1 and 2, BCI [Barro Colorado Island]: 3 and 4,
PLR [Pipeline Road area of Soberania National Park]) and
bias test plots (A and B). G = the town of Gamboa. Soberania
National Park encompasses 22 000 ha, and BCI 1500 ha of
lowland moist forest.

the Spotted and Chestnut-backed Antbirds are abun-
dant on BCI (Willis 1972; K. Sieving, unpublished data).
Three of the five species construct open cup nests, one
makes a simple platform, and one has a domed nest.
Nests range from 0.2 to 2-3 m above ground (Table
1, Fig. 2).

Distributional analyses indicate that wrens and ant-
birds are hesitant to cross water barriers (Faaborg 1979,
Diamond 1981). None of the five study species cross
Gatun Lake regularly or successfully recolonize canal
islands from which they disappear (Wright 1985). Thus,
immigration does not appear to be maintaining island
populations of island-persistent species. Rather, they
tolerate BCI conditions. Both Song Wrens and White-
breasted Woodwrens were reintroduced by Morton
(1978) on BCI and both species went extinct a second
time (Morton 1978, 1987; K. Sieving, personal obser-
vation). Therefore, BCI-extinct species belonging to the
sedentary ground insectivore guild are intolerant of
island conditions, and their disappearances were not
likely to have been merely chance events.

Nest design and placement

For each of the five nest mimic types, I compiled
summaries of material composition, design, and nest
site from descriptions in the literature and personal
observations of nests in central Panama. Summaries
included types and arrangement of 2—4 dominant nest
materials used by each species, such that mimics could
be standardized within species type (Table 2). Natural
nest materials were secured to appropriately shaped
internal supports (wicker or plastic nest bodies or wire
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FiG. 2. Sketch of representative nests and nest sites for the five study species. Species codes: SOWR = Song Wren, SCAP
= Spectacled Antpitta, SPAB = Spotted Antbird, CBAB = Chestnut-backed Antbird, BCAB = Bicolored Antbird.

gauze squares) with contact cement, laid out in full sun
for 8 h, then soaked with water and re-exposed to full
sun until dried, to volatilize aromatic compounds and
reduce human scent. Only natural materials were vis-
ible from the inside or outside of each nest mimic. In
attempting to copy real nests, my objective was not to
isolate the relative importance of particular nest design
features (i.e., height, cup vs. dome, etc.) as in most
artificial nest studies. Rather, I attempted to measure
variation in success of species-specific nest types. For
the remainder of this paper I refer to the artificial nest
mimics as ‘“‘nests,” except where necessary to distin-
guish artificial from real nests.

I used 200 nests in each of three temporal samples.
Ten of each of the five nest types were distributed
within each of the two mainland and two island plots
(1-4 in Fig. 1). Each plot encompassed 14 1-ha sections
(Fig. 3), 10 containing five randomly distributed nests
(one of each type). In each sample, four randomly se-
lected sections of each plot contained no nests to con-
found potential followers. Thus, densities of nests on
each experimental plot averaged 3.6/ha, =2.5 times
the potential maximum density of breeding pairs (as-
suming synchronous nesting) for the five study species
in Soberania Park (K. Sieving, unpublished data). Giv-
en the high total density of individuals in all guilds
that could breed simultaneously in this habitat, 3—4

extra nests/ha may be only a slight distortion of natural
nest densities for the understory bird community. In
one artificial nest study of comparable scale in a north
temperate forest, Reitsma (1990) found no indication
of density-dependent predation. On previously logged,
wooded sites in north-central Arizona, Martin (1988¢)
did find density-dependent predation pressure in ar-
tificial nest experiments. Identical nest types in the
latter experiment were clumped very close together
(seven nests within 100 m?), however. The spatial dis-
tribution of nests I used was on a much larger scale
(one of each type per hectare = 5 within 1000 m2, 10
identical nests in 140 000 m?) and is representative of
that produced by territorial behaviors of the study spe-
cies; intraspecific territoriality prevents clumping of
nests of the same species, but interspecific overlap of
territories can result in two nests of different species
within 15 m of one another (K. Sieving, personal ob-
servation; Fig. 3).

To place nests in the forest, I paced to randomly
determined points on each plot, then put each nest in
the closest suitable site. Selection of nest sites was con-
sistent with 2-3 key characteristics, identified as av-
erage for nests of the actual species (Table 2). Once
placed, I mapped actual nest locations and used flag-
ging tape sparingly. No nest had a flag closer than 10
m (most >20 m), and nests were checked using location
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TaBLE 2. Nest characteristics used to construct artificial nests.*
Nest design

Nest Materialst Ave.

codet Type Lining Outer ht. (m) Nest placement substrate
BCAB open cup DDL, FR DPLS 0.4 inside open base of palm or dead stubs
SPAB open cup FR FR, DDL twigs 0.78  suspended from forked twigs at sapling stems
CBAB open cup FR FR, DDL 0.24  set on fallen palm fronds
SOWR domed chamber DECL DLS, PF 2.8 first crotch in saplings of 24 mm avg dbh
SCAP platform DDL twigs 1.0 horizontal palm fronds, vine tangles, shrubs

* References: Sick 1957, Skutch 1969, 1981, Willis 1967, 1972, Willis and Oniki 1972; K. Sieving, unpublished data.

1 Codes as Table 1.

T Abbreviations: DDL = dead dicot leaves, DPLS = dead palm leaf strips, DLS = dead (dicot) leaf stems, DECL =
decomposed leaves (genus Gustavia), dbh = diameter at breast height, FR = fungal rhizomorphs (genus Marasmius), PF =

palm fibers (from decomposing fronds).

maps and compass orientation. I made no attempt to
eliminate my human smell trails because heat, difficult
terrain, and long walking distances prevented the use
of rubber coverings on hands and feet.

Timing and egg placement

I repeated the 15-d experiment 3 times in 1988; 11—
27 February, 18 April to 5 May, and 9-26 June. Date
spreads include a 2- or 3-d stagger necessary for cov-
erage of all four plots. The first period coincided with
the early dry season in central Panama, the second with
the very end of the dry season (the first soaking rains
of the year came on 3 May), and the third experiment
was staged after sustained rains of the wet season had
begun. These three seasons coincide with the following
events in the understory bird community, respectively:
(1) little or declining nesting activity (February), (2) no
nesting, but courtship and singing activity (April), and
(3) peak nesting activity (June; Willis 1972, 1974,
Gradwohl and Greenberg 1982, Karr et al. 1982). The
three experiments sampled seasonal and breeding stages
in the understory community to determine if relative
rates of predation among nest types and sites were
consistent through time and across seasonal changes
in ecological factors, and how overall levels of nest
predation varied in relation to the timing of breeding
in understory birds.

For each experiment nests were positioned in the
forest but left empty for 3-5 d, to simulate a standard
nest-building period. For the remaining 15 d two fresh
Coturnix quail eggs were present in each nest, repre-
senting a standard incubation period and clutch size
for all five study species (Skutch 1969, 1981, Wetmore
1973). I checked all 200 nests at 3-d intervals. Dep-
redated nests (one or both eggs eaten and/or missing)
were removed upon discovery, whereas nests surviving
the experimental period were collected on day 15. Quail
eggs used were not older than 2.5 wk, and were refrig-
erated up to the date of use. I opened uneaten eggs to
determine if they were still fresh, i.e., with well-defined
yellow yolks, clear whites, and free of discernible odor.
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FiG. 3. Sample distribution of artificial nests placed on
plot 3 in June. Bold lines indicate reference transects from
which nests were placed and checked. Crossed-out blocks
contained no nests. Symbols: BCAB = x, SPAB = [0, CBAB
= 0O, SOWR = A, SCAP = . See Fig. 2 legend for species
codes.
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Only 1 of 1200 eggs was known to have spoiled, due
to a shell puncture. Quail eggs are slightly larger than
the average egg of the study species, but their blotchy
brown-on-white coloration is a realistic approximation
of formicariid egg appearance (Willis 1967, 1972,
Skutch 1969, 1981, Willis and Oniki 1972, Wetmore
1973).

Assessment of predator fauna and
potential biases

I quantified faunal differences among the four study
plots by conducting animal censuses during nest checks
(5 visits per plot per experiment). Total number of
animal encounters per kilometre of census and total
species number were tallied for each plot. Animal spe-
cies I detected were grouped according to taxonomic
class and by likelihood of serving as a nest predator
(“Likely” vs. “Possible’’). The latter was determined
on the basis of personal observation, published ac-
counts of nest predation events, and known or sus-
pected foraging ecology (Appendix 1). Only diurnal
animals were censused. Therefore, these data do not
provide comprehensive assessment of faunal variation
among plots.

I attempted to minimize and/or detect the occur-
rence of predators who may have learned to associate
my presence with egg availability on plots 1-4. To
confuse potential followers I varied the direction of my
approach to plots and nests during scheduled checks,
moved quietly, and never approached a nest when ob-
viously observed by a potential predator. Cebus capuci-
nus, Eira barbara, and Nasua narica occasionally
showed passing curiosity. The four sections of each plot
containing no nest mimics, randomly reassigned in each
temporal sample, were treated as experimental blocks.
That is, I walked erratically through them as if there
were nests to check, hoping to discourage predators
from following me by increasing the energy costs of
trailing behavior.

In addition, during the third (final) sample period I
placed 32 extra nests on two additional plots (8 each
of Antpitta and Bicolored Antbird types, at each site);
plot “A” on BCI, and “B” on the mainland (Fig. 1).
Nest densities on plots A and B were equivalent to
those on plots 1-4 within species type (one nest of each
type per hectare). I incorporated no empty blocks, how-
ever, and arranged plots along single transects of 800
m length rather than two parallel transects of 700 m.
I employed the same nest check schedules and ran-
domized nest placement procedures. Predators in these
two areas were assumed to be naive to any relation
between my periodic presence and the availability of
eggs because distances between bias and traditional
plots were greater than the average home range di-
ameter of the two largest mammalian predators (Kauf-
man 1962, Oppenheimer 1982). Therefore, if predators
on the four primary plots formed an association over
the course of the three experimental periods, the two
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bias-test plots (A and B) should have suffered notice-
ably lower nest loss during the final (June) sample. The
underlying objective was to minimize human biases
affecting predators such that predation patterns deter-
mined by nest placement and design were not ob-
scured. Given the complexity of the predator com-
munity, however, I could not address every potential
bias in the experimental design (see Discussion).

Data analysis

I used several analyses to characterize spatial and
temporal patterns of nest predation. To summarize
overall site and seasonal differences in nest predation,
I applied survival analyses on the number of days each
nest survived, using the actuarial life-table method with
Generalized Wilcoxon tests for equality of survival dis-
tributions (Benedetti et al. 1988). To describe differ-
ences in nest loss rates among the three seasonal sam-
ples I applied pairwise ¢ tests to both the average number
of days nests survived, and to the average proportion
of nests destroyed by the end of the sample (incubation)
period. I include analyses of both types of data because
the former is more descriptive, revealing temporal
changes in predation rate during the experimental pe-
riods, while the latter is most relevant to the hypoth-
esis. To determine if losses increased over time due to
predator learning on the four primary plots, I compared
Bicolored Antbird and Spectacled Antpitta nest losses
on plots 1-4 to losses of these nest types on bias plots
A and B using contingency table models (generalized
logits; Fienberg 1977, Fingleton 1984) with chi-square
tests (June sample only). These models are appropriate
because there is no temporal component to consider.
The data are categorical (eaten or not) and each data
point is a nest, not a proportion based on nests per plot
or site.

I examined differences in nest predation rates be-
tween BCI-extinct and BCI-persistent nests, over time
and between sites, by submitting proportions of nests
eaten to repeated-measures analysis of variance
(RMANOVA) following angular transformation (Sne-
decor and Cochran 1967). Using time as the repeated
measure I avoided pseudoreplication even though the
same four plots were used in all three samples (Hurlbert
1984). Then, to test for differential island losses I con-
densed the data into ratios of BCI predation to main-
land predation (percent nests eaten) for each BCI-status
group and again applied RMANOVA, this time after
logarithmic transformation. I ran selected ¢ tests to
distinguish means, and regression contrasts to identify
nonparallel trends within factor groupings, as indicat-
ed.

REsuULTS
Spatial and temporal nest loss patterns

BCI vs. mainland. — Though intersite differences de-
clined over the three time periods, average duration of
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Fi1G. 4. Survival of nests placed on BCI (----- ) vs. those placed on mainland plots (——) for each of three seasonal samples,
and for samples combined (Overall). Probabilities reported for Generalized Wilcoxon (Breslow) tests for equality of survival

distributions. N = 100 nests per site per season.

nest survival was significantly lower on the island than
on the mainland (Fig. 4). Sites differed primarily be-
cause of consistently low losses on plot 4 (refer to Fig.
5). The proportion of nests lost, by plot: BCI (plot 1)
=61.8 = 9.1% of nests (mean = 1 sg) and BCI (plot
2) = 64.0 = 8.3%, PLR (plot 3) = 64.7 + 8.3%, and
PLR (plot 4) = 32.0 = 10.3%. Pairwise ¢ tests among
plots indicate plot 1 =2 =3 # 4 (plot 4 vs. 1-3, F >
10.5, P = .01).

Despite significant differences between the two
mainland plots, for two reasons I pooled data from
plots 3 and 4 in analyses of main effects. I determined
that low predation on plot 4 did not significantly affect
the relative losses among nest types by running two
two-way ANOVAs (plot by nest type and plot by sta-
tus-grouping, temporal samples lumped). Neither anal-
ysis had a significant interaction term (F = 0.6, P = .8,
and F = 0.2, P = .9, respectively), though all main
effects were significant (P < .003). Secondly, direct
comparison of insular and mainland sites is central to
the experimental design. Nothing unplanned occurred
on plot 4, and I must consider spatial heterogeneity in
nest predation to be a mainland site effect. Biologically,
there is no a priori reason to suspect that an average
of plots 3 and 4 is less representative of mainland nest
predation than either plot by itself. Therefore, whereas
plots 3 and 4 are pooled in analyses where site is a
factor, I deal with the difference between them in the
Discussion.

Seasonal patterns. —Overall nest survival was higher
during the first and last sample periods than during
April (Fig. 6A). Comparing nest survival to propor-
tions of nests destroyed (Fig. 6A, B) reveals seasonal
variation in the rate of nest discovery by predators.
Though nest survival and predation losses are inversely

correlated (February, r = —0.924; April, r = —0.915;
June, r = —0.857), the decreased strength of the rela-
tionship in June occurred because predators did not
find many nests until the end of the experimental pe-
riod. Survival analysis yields estimates of periodic loss
rates within each 15-d sample, then weights all periods
equally in estimating overall survival rate. Therefore,
the steep decline in nest survival during the last 3 d of
the June experiment (Fig. 6A) did not significantly low-
er the survival estimate. In April, predators destroyed
only a few more nests than in June (Fig. 6B), but found
them much sooner (Fig. 6A). As a result of this vari-
ation in timing of nest discovery, nest survival in June
was significantly different from that in April, though
proportionate nest losses were statistically equivalent
for the two samples (Table 3).

Patterns for individual nest types.—Examination of
nest losses across the five types on both island and
mainland over each of the three samples (Fig. 7), re-
veals variation in both relative and absolute levels of
nest predation. Relative to all five nest types the Spot-
ted Antbird, Spectacled Antpitta, and Chestnut-backed
Antbird nests performed consistently over time, at high,
low, and intermediate predation risk, respectively (both
sites). In contrast, both Song Wren and Bicolored Ant-
bird nests shifted dramatically in susceptibility over
time on BCIL. The Song Wren nest changed from low
to high vulnerability between February and June,
whereas the Bicolored Antbird nest was taken less and
less frequently over time. All nest types averaged higher
losses on BCI than on mainland plots, but markedly
so for the Song Wren nest (Figs. 5 and 7). Antpitta
nests were clearly safer than the others (38 + 4% overall
losses [mean *+ 1 sg]), whereas the Spotted Antbird
nests were consistently the most vulnerable (76 = 4%
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Summary of predation on individual nest types by plot (1-4) and site (BCI [Barro Colorado Island] and PLR

[Pipeline Road area of Soberania National Park]); temporal samples averaged. Species: 1 = BCAB, 2 = SPAB, 3 = CBAB,
4 = SOWR, 5 = SCAP. Heights of boxes span =1 S around the means (horizontal lines). Numbers below boxes in PLR
panel are average nest heights (m) used in this study. See Fig. 2 legend for species codes.

overall losses), even on plot 4 where predation for the
other four nest types was so low. Nest by nest on main-
land plots, vulnerability to predation was not precisely
correlated with height above the ground (Fig. 5, nest
heights in PLR panel). The two highest nests (Spec-
tacled Antpitta and Song Wren), however, were safer
than the other three; consistent with the general per-
ception that nest predation increases closer to the ground
(Ricklefs 1969, Loiselle and Hoppes 1983, Wilcove

1985, Yahnerand Cypher 1987, but see Reitsma 1990).
On BCI, this pattern disappears because of the dispro-
portionate increase in losses of the Song Wren nest
relative to the other four types (Figs. 5 and 7).

Island-extinct vs. island-persistent nests

Site and island status over time.—Even though re-
peated measures is a conservative analysis of variance,
due to the small number of degrees of freedom it allows,
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FiG. 6. Nest survival (panel A) and proportions of nests eaten (panel B) in each of three temporal samples; sites and nest
types combined. Probability reported for Generalized Wilcoxon (Breslow) test. Panel B: heights of boxes span *=1 SE around
the means (horizontal lines). See Table 3 for pairwise comparisons among seasons for data in panel A and in panel B.
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TaBLE 3. Pairwise comparisons among seasonal samples.
Nest survival
(no. days) Proportion of nests destroyed
Comparison Result F P Result F P
Feb vs. Apr F>A 13.0 .006 F<A 12.0 .003
Apr vs. Jun A <] 13.1 .006 A=] 3.0 .094
Feb vs. Jun F=] 0.2 632 F=] 4.0 .069

site (BCI vs. PLR), status (BCI-extinct vs. -persistent
nest types), and time (season) proved to be important
determinants of predation rates among nests (Table 4).
BClI-extinct nests (wren and antpitta) incurred signif-
icantly lower losses than the three antbird nests despite
significant time x status interactions within site (Table
4, lower panel). Status groupings converged by the third
experiment (i.e., were significantly nonparallel) be-
cause BCI-extinct nests became increasingly more sus-
ceptible on BCI (Fig. 7), and BClI-persistent nests on
BCI plots generally declined in vulnerability (regres-
sion contrast for status on BCI; F = 545, P = .01).
Similarly, the general increase in susceptibility of BCI-
persistent nests on mainland plots was significantly
nonparallel with the trend in BCI-extinct nest types on
mainland plots (regression contrast for status on main-
land; F=3.91, P=.03). The combination of predation
increases on BCI-persistent nests on the mainland, and
decreased losses of those nests on BCI appears to be
responsible for the decline of site differences over time.

Site effects within status grouping. — Plotting the ratio
of proportions of BCI to mainland nests destroyed for
each time period and status grouping (Fig. 8) reveals
that BCI-extinct nests suffered disproportionately higher
losses on BCI, despite being safer overall. Island pre-
dation averaged 2.1 times higher than mainland losses,
but only 1.3 for BCI-persistent nests. The difference in
February was nearly fourfold for BCI-extinct nests.
RMANOVA on the ratios revealed significant time x

status interactions (F = 30.3, P < .01). Consequently,
status as a main effect was not significant overall in the
reduced model (F = 5.8, P = .10, df = 1). However,
the ratio of island to mainland predation was signifi-
cantly higher for BCI-extinct than for BCI-persistent
nests during the two samples most representative of
the actual breeding season: February (F = 81.4, P =
.003) when nesting tapers off following the last year’s
rains, and June (F = 11.1, P = .045) when nesting
activity peaks following the onset of the new rainy
season. During the April sample when nesting virtually
ceases among understory birds and predators found
more artificial nests than in the other two periods (and
found them faster), island and mainland nests were at
equal risk within BCI-extinct and -persistent nest groups
(Fig. 8), but not when all nest types are pooled (Fig.
4).

Animal censuses and bias test plots

The diversity and activity of potential predator spe-
cies were positively correlated with nest losses. Sighting
rates of Likely and Possible predators were significantly
higher on BCI than PLR (two-tailed ¢ test, P < .05,
Table 5). Plot 4 had both the lowest animal activity
and lowest nest loss rates. I encountered 30% fewer
Likely and Possible predator species (Appendix 1) and
significantly (50%) fewer predator sightings per kilo-
metre on plot 4 than on plots 1-3 (two-tailed ¢ test, P
< .05). Conspicuously absent from plot 4 was Cebus
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Predation on individual nest types across sites (BCI vs. mainland) and seasons (February, April, and June). Nests

of BCI-extinct species shown with solid lines (SCAP = x, SOWR = 8). Nests of BCI-persistent species shown with broken
lines (BCAB = 0, SPAB = -+-, CBAB = @). See Appendix 2 for data, and Fig. 2 legend for species codes.
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TaBLE 4. Repeated-measures analysis of variance on pro-
portions of artificial nests depredated.*

Source ss df MS F P
Mean 43.3 1 433 376.0 .00
Site 0.5 1 0.5 43 .06
Status 0.5 1 0.5 4.6 .05
Site x status 0.02 1 0.02 0.1 .72
Error 1.84 16 0.11
Time 0.53 2 0.27 10.15  .002
Time X site 0.22 2 0.11 4.14 .03
Time x status 0.35 2 0.18 6.67 .004
Time X site X

status 0.16 2 0.08 3.05 .06
Error 0.84 32 0.03 s e

* See Appendix 2 for data.

capucinus, the white-faced capuchin monkey. C. capu-
cinus is the only species I have observed robbing nests
(one artificial Spotted Antbird and one natural Antpitta
nest), and Cebus spp. in general are recognized as im-
portant predators on bird nests throughout the neo-
tropics (Oppenheimer 1982, Robinson 1985, Skutch
1985). I saw troops of C. capucinus close to plot 4
during the course of my experiments in 1988, and the
next year I repeatedly saw them on plot 4. Therefore,
the species’ absence in 1988 was probably chance dis-
use of that particular 14-ha area by troops who range
nearby, rather than lack of detection of this highly
conspicuous species.

No difference in nest susceptibility obtained between
areas with naive vs. experienced predators (Table 6).
Nest loss rates were consistent between bias test and
experimental plots on BCI only, PLR only, and for
sites combined (see Appendix 2 for data).

DiSCUSSION

Nest predation and insular extinction:
life history implications

These results emphasize the importance of species-
specific nest design and placement as determinants of
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differential nest predation pressure. Importantly, nests
of the BCI-extinct Song Wren and Spectacled Antpitta
are clearly distinguished from those of the island-per-
sistent antbirds. Nests of BCI-extinct species are safer
in terms of absolute losses, but are at disproportion-
ately greater risk of being depredated on BCI than on
the mainland. Ecological and evolutionary mecha-
nisms whereby nest predation could cause differential
island extinction are suggested by these results.
Disproportionate island losses of BCI-extinct nest
types (Fig. 8) may be caused, in part, by insular effects
on predator population biology. However, the exper-

TaBLE 5. Animal census summary by plot and site.
Predator Plot Site
group* 1 3 4 BCI PLR
X no. contacts/km of censust L 0.10 0.24 0.17 0.07 0.17 0.12
P 0.12 0.13 0.08 0.07 0.13 0.07
Land P 0.11 0.18 0.13 0.07 0.15 0.10
SEF 0.03 0.02
Total no. species counted L 6 8 8 5 8 8
P 6 7 7 5 9 7
Land P 12 15 15 10 17 15
Total time censused (h) 42 46 40 35 88 75

* L = likely and P = possible nest predators (refer to Appendix 1).
T Contact rates are given for individual animals except for Cebus, Saguinus, Nasua, and Tayassu, for which each group

was counted as one contact.

¥ Standard errors reported for “‘L and P” site means. No standard error exceeded one-half the mean for any contact rate

reported.



2320

imental result that BCI-extinct nest types are signifi-
cantly less vulnerable to predators than nests of the
three island-persistent antbirds (Table 4) suggests that
Song Wrens, and particularly Spectacled Antpittas,
naturally lose fewer nests in an average breeding season
than the three antbirds. BCI-extinct nest types were
especially safe, relative to the others, on the two main-
land plots (Fig. 5, PLR panel) where ecological con-
ditions are not presently affected by fragmentation. Over
evolutionary time, differential selection through nest
predation rates could cause interspecific variation in
clutch replacement capacity. If so, Spectacled Antpittas
ought to have the lowest maximum renesting capacity
of the five species whose nests were tested. Conversely,
the Spotted Antbird should be able to produce the most
replacement nests within a season. Experimental re-
sults also suggest that the species that would develop
the lowest renesting potential (the wren and antpitta)
are the same species that must produce disproportion-
ately more replacement nests in order to maintain ad-
equate recruitment on BCI (=100% vs. only =30%
more for BCI-persistent species).

Willis (1974) estimated that Spotted Antbirds living
on BCI may be renesting up to 10 or 12 times per year
before producing fledged young. Given the 30% dif-
ferential between BCI and the mainland for experi-
mental Spotted Antbird nests, this species may be re-
nesting normally up to 9 times per season in undisturbed
(mainland) forest. Also according to experimental data,
Spectacled Antpittas on BCI lost half as many nests on
average as Spotted Antbirds (Figs. 5 and 7). That means
antpittas on BCI might have faced six renestings per
year on the island, or double their (potentially) normal
rate of three per year in mainland forest. In an 8-10
mo breeding season, three replacement nests would be
a relatively slow pace, even though renesting includes
a new round of nest site selection, nest building, mat-
ing, and egg-laying for all five species. If physiological
and behavioral adjustments to slow renesting become
fixed, inhibiting rapid initiation of nest building and
incubation following nest loss, species with safe nests
may be acutely handicapped in an environment that
demands a doubling, or more, of the usual renesting
rate. Spotted Antbirds, in contrast, may already be used
to a relatively high rate of renesting because their nests
are not very secure from predation. To persist on the
mainland while losing (perhaps) 65-75% of its nests
(Fig. 5, plots 3 and 4), this species must have evolved
behavioral and physiological pathways for rapid re-
initiation of nesting. With an already high renesting
capacity, a 30% increase in losses suffered on BCI may
not be particularly debilitating; thus, this species per-
sists on BCI.

Interspecific variation in maximum renesting rates
might be revealed with experimental manipulations.
Repeated removals of completed clutches from pairs
of BCI-extinct and -persistent species in mainland pop-
ulations would demonstrate whether physiological or
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TABLE 6. Summary of bias test plot results for June.

Site* Contrastt x> P

BCI Plot A vs. Plots 1 and 2 0.03 .86
(N=16:N=38)

PLR Plot B vs. Plots 3 and 4 0.88 .35
(N =16:N=40)

Combined A and B vs. Plots 1-4 0.28 .60

(N=32:N=78)

* Sites: BCI = Barro Colorado Island; PLR = Pipeline Road.
+ Only SCAP and BCAB nest types used. See Appendix 2
for data. See Fig. 2 legend for species codes.

behavioral constraints on replacement nests and
clutches are obviously greater for species with safe nest
types. Lacking experimental data, however, support for
this hypothesis does exist in the form of a strong cor-
relation between generally accepted measures of rela-
tive nest safety and insular extinction patterns among
the terrestrial insectivorous birds of central Panama.
Nine of 14 species (Table 1) whose nests have been
described occurred historically on BCI. From this group,
5 of 6 (84%) island-extinct species build nest types that
are relatively safe from predation, i.e., cavity, bank
hole, domed chamber, or open cup situated above 1
m (Ricklefs 1969, Skutch 1985, this study). Three of
the four (75%) BCI-extant species (all three tested in
this study) have low (<1 m) open cups, which are
generally considered vulnerable nest designs, particu-
larly in this habitat (Loiselle and Hoppes 1983). The
strength of this correlation between nest safety and
extinction probability for the guild, and experimental
results for five of these species’ nests, suggest that dif-
ferential selection pressures acting through historical
rates of nest predation may have caused differential
sensitivity to inflated nest predation on the island.

Thus, the argument that interspecific variation in
nest design and placement may underlie differential
avian extinction from BCI has both evolutionary and
ecological components. BCI-extinct birds in the ter-
restrial insectivore group have relatively predator-safe
nests and may have evolved lower reclutching capa-
bilities as a result. Those same species may suffer a
disproportionate increase in nest (juvenile) mortality
when fragmentation and isolation bring about trophic
imbalances in the forest ecosystem.

Additionally, both Song Wren and White-breasted
Woodwren adults, when not breeding, roost in dor-
mitory nests rather than in the vegetation as do other
species. Nocturnal BCI nest predators might have re-
duced adult survival in the same manner as egg and
nestling survival for these two BCI-extinct wrens. By
various mechanisms then, nest predation may influ-
ence differential insular extinction among the terres-
trial insectivorous birds on BCI. Importantly, building
arelatively safe nest may be a useful predictor of insular
extinction if BCI-extinct species in this guild prove to
have reduced capacities for clutch replacement.
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The use of artificial nest experiments and
potential biases

Artificial nest experiments have been used to char-
acterize the effects of nest design features (Moller 1987),
nest site selection (Wray and Whitmore 1979, Joern
and Jackson 1983, Yahner and Cypher 1987, Martin
and Roper 1988), nesting habitat selection (George
1987, Picman 1988), spatial distribution of nests (An-
dersson and Wiklund 1978, Watts 1987, Martin 19884,
Picman 1988), and nest predator search behavior
(Bowman and Harris 1980) on predation rates. Arti-
ficial nest experiments have also been used to assess
community level processes such as nest predation dy-
namics throughout habitat edges (Angelstam 1986, Av-
ery et al. 1989, Yahner et al. 1989), variation in pred-
ator population density and species composition (Henry
1969, Duebbert and Loekemoen 1980, Angelstam 1986,
Martin 1987), and effects of habitat fragmentation and
patch size on avian reproductive success (Loiselle and
Hoppes 1983, Andrén etal. 1985, Wilcove 1985, Small
and Hunter 1988, Yahner and Scott 1988). In the ma-
jority of these studies generalized nest arrays or types
were presented to predators without intentions to de-
termine species-specific nest vulnerability. In contrast,
I mimicked nest design, construction, and placement
for five species that vary markedly in tolerance of in-
sularization to assess species-specific differences in nest
vulnerability to BCI predators that may underlie dif-
ferential insular extinction.

Do these data for hand-made nests provide insights
about differential selection pressures on real birds? If
a substantial number of predators learned to follow me
visually or with olfaction, these data could be biased.
In addressing this possibility some patterns of learning
can be ruled out. Nests on bias-test plots A and B were
not underexploited relative to nests on plots 1-4 (Table
6), and except for one nest type (SCAP) on BCI, pre-
dation did not increase with each successive sample
(Fig. 7). Therefore, the predator community as a whole
did not appear to be learning slowly, over the course
of all three sample periods, to associate my presence
with eggs. Neither did predation stay constant across
all three time periods (Fig. 6), indicating that the pred-
ator community was not making the association all at
once, i.e., after only one or two visits. Both of these
conclusions are based on the assumptions that the
predator community acted in concert, and that if pred-
ators learned (fast or slow) they then utilized eggs to
the same extent (or more) whenever eggs became avail-
able. The latter is unlikely given the changing avail-
ability of other food items in Panama forests. The for-
mer is also unlikely given the extreme diversity of
potential predator species (Appendix 1) with different
food habits and learning abilities.

The most likely form of bias in this experiment was
individual animals or species catching on to the sig-
nificance of my presence on plots 1-4. Given that as-
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sociative learning is not likely to be restricted to nest
predators relying on one sensory system more than
another (Kuleza 1980, Sonerud and Fjeld 1987, Wil-
lebrand and Marcstrom 1988), and if some nests were
taken specifically as a result of my smell or activity, I
must assume that these events occurred randomly across
space, time, and nest types. Importantly, however, Wil-
lis (19735) found no difference in loss rates of Bicolored
Antbird nests on BCI that he did and did not visit
repeatedly. Therefore, because I varied my nest check
routes, approached no nests while I knew I was being
watched, and wandered erratically in the nest-free blocks
on each plot, I assume that the probability of significant
or consistent bias from predator learning is small rel-
ative to the effects of nest placement and design on
nest discovery.

I attempted to build and place my artificial nests so
that predators would perceive and detect them simi-
larly to real nests in accordance with growing evidence
that this is possible. Both nest appearance and site of
placement may strongly influence predator percep-
tions. If artificial nests do not look like nests locally
encountered, predators do not recognize them as prey
items and losses may be negligible (Janzen 1978, Mar-
tin 1987). But attachment of natural materials to the
outer surfaces of artificial nests increases predation to
a level equivalent to that on actual, bird-made nests
(Martin 1987). Gottfried and Thompson (1978) were
able to rule out investigator visitation effects on pre-
dation of bird-made nests containing quail eggs they
placed in an old-field habitat where they were following
natural nests simultaneously. Additionally, Yahner and
Voytko (1989) found no significant difference in losses
of artificial nests placed in actual sites previously used
by arboreal nesting passerines and randomly placed
artificial nests in the same study areas. Thus, despite
cautionary remarks (Yahner and Voytko 1989) about
interpretation of artificial nest data, it appears that in-
vestigators utilizing detailed information on nesting
biology can do a fair job of designing and placing ar-
tificial nests so that predators will treat them as real
nests.

A potential complication in interpreting my data for
the Song Wren nest type is that these birds normally
build several dormitory nests on their territories. On
the mainland, where Song Wrens still occur, predation
losses on artificial nests may have been depressed be-
cause predators were discouraged by the presence of
empty dormitory nests. On BCI where there are no
Song Wrens every (artificial) nest a predator encoun-
tered contained egg rewards. Studies designed to test
the effect of “dummy’’ nest proximity on breeding nest
success have produced equivocal results. Watts (1987)
found that three or six empty cardinal nests near one
with eggs significantly reduced egg losses compared to
single nests with eggs and no empty nests nearby. His
study plots were small (100 m?), however, compared
to the plots in this study. Marsh Wren dummy nests
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are often <5 m apart (Metz 1991), and while Leonard
and Picman (1987) detected lower predation on breed-
ing nests near clusters of dummy nests, Metz (1991)
did not. Two Song Wren nests, of either type, were
rarely closer together than 35-40 m, even on my ex-
perimental plots with an additional 10 nests per 14 ha.
Two to four active dormitory nests are usually present
on a Song Wren territory (4-5 ha), but are not clustered
(K. Sieving, personal observation). Of the larger ver-
tebrate nest predators, Cebus monkeys with visual acu-
ity and mobile foraging habits (Oppenheimer 1982)
could possibly have been affected by a number of emp-
ty Song Wren nests during my experiments (on PLR).
This could explain the relatively high vulnerability of
wren nests on BCI vs. PLR. However, any ‘“dummy
nest” effect that did occur was not strong enough to
make wren nests on PLR safer than the antpitta nest
(Fig. 5).

BCI vs. mainland: insular
effects on mesopredators

Overall, BCI is a riskier place to nest than nearby
mainland forests (Loiselle and Hoppes 1983, this study).
Reasons for this are unclear based on somewhat con-
flicting information on possible faunal changes that
have occurred on BCI. The following discussion of
predator population biology is limited to those species
(Appendix 1) thought to be potential nest predators
(see Glanz 1982, 1990 for comprehensive discussion
of faunal changes on BCI).

Animal censuses yielded observations of 17 predator
species on BCI and 15 on the mainland (Table 5). Two
additional species (collared aracari and land crab) are
known from the mainland although they were not ob-
served during census periods. Thus, despite faunal losses
from BCT this century (13 mammals and up to 60 forest
birds), species richness of potential nest predators are
similar on mainland and island. Nonetheless, changes
in predator-prey and competitive relationships in re-
sponse to multiple extinctions have probably led to
changes in population densities of nest predators.

Conflicts exist between my 1988 census data for di-
urnal mammals and findings of Glanz (1982, 1990),
which reflect possible methodological differences or,
more likely, actual temporal changes in animal pop-
ulations. For 3 of 4 common mammals (0.2 sightings/
km or more), both data sets agree that Tayassu, Sciu-
rus, and Nasua are more abundant on BCI than PLR.
On my plots, however, counter to Glanz’s findings,
Cebus was more abundant on BCI than on the main-
land. Differences were considerable (0.55 contacts/km
on BCI vs. 0.14 contacts/’km on PLR; two-tailed ¢ test,
P < .05). The known importance of Cebus spp. as nest
predators (Robinson 1985, Skutch 1985; K. Sieving,
personal observation) and the monkeys’ conspicuous
absence from plot 4, where nest losses were markedly
lower than elsewhere, suggest a major role for this spe-
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cies in determining predation rates in this study. Given
the lack of information on nocturnal predation, how-
ever, this single-species association requires further
study.

Mesopredator release (Terborgh 1974, Soulé et al.
1988) might explain increases of Nasua on BCI because
large felids do use them as prey (Schaller and Crawshaw
1980, Emmons 1987), and have not regularly visited
the island since 1930, if at all (Glanz 1982). Lack of
poaching on the island since it came under the protec-
tion of the Smithsonian Institution cannot be ruled out,
however, as the reason for mammal increases there.
Apparently, poaching can strongly affect mammal
abundances in central Panama. Glanz (1990) reports
total mammal species sightings at 0.52/km from Pipe-
line Road in 1977-1978, including the common un-
gulates and large rodents. But for Likely and Possible
mammals (Appendix 1) alone I recorded 1.04 sight-
ings/km on my two mainland plots, indicating that
mammal abundances have rebounded considerably
since the 1970s when poaching pressure in the canal
watershed was much heavier than in recent years (J.
Karr, personal communication). Finally, Glanz (1990)
points out that density compensation (MacArthur et
al. 1972) has not been adequately addressed for the
BCI situation. Certain populations of mammals could
be inflated due to loss of competing species, as Morton
(1978) suggests has occurred for BCI antwrens.

Artificial Song Wren nests were clearly subject to
differential selectivity by BCI predators compared to
the other four nest types (Fig. 5, BCI vs. PLR). In
addition to the lack of “dummy nests” on BCI, ex-
panded use of vertical foraging space by crowded nest
predator species on BCI could explain this effect. Over
the course of my experiments I saw Cebus on BCI
moving on or near the ground, rather than in the can-
opy, =6 times, but only once on PLR plots. Higher
densities of omnivores on the island would explain
generally increased predation, but to account for dif-
ferential nest selectivity, qualitative differences in is-
land predator behavior require exploration. Compar-
ative vertebrate studies on island and mainland sites
are needed to identify population and behavioral com-
ponents of the mesopredator release effect.

Spatial heterogeneity: insular effects

The large and consistent difference in nest losses
between mainland plots 3 and 4 supports recent ideas
concerning variation in selection pressures throughout
large unfragmented habitats. The existence of high and
low nest predation areas within Parque Soberania (Fig.
5, plot 3 vs. 4) probably contributes to the maintenance
of a mosaic of population sources and sinks (Fair-
weather 1988, Pulliam 1988, Karr 1990a). Species suf-
fering negative recruitment in mainland sink areas, due
to combinations of low survival rate (Karr 1990qa, Karr
et al. 1990), high population variability (Karr 1982a),
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and low nest success, may persist in Soberania because
of spatial refuges from predators producing excess
breeders dispersing to sink areas. For terrestrial insec-
tivorous birds, lack of immigration onto BCI prevents
source to sink dispersal, and the island at the time of
isolation was probably a sink for some species (now
extinct) and a source for others. Ecological imbalances
that developed after isolation (Holling 1988), like me-
sopredator release, would shift some populations from
source to sink (Temple and Cary 1988), leading to
additional gradual extinctions following an early burst
of disappearances. Inflated densities of mesopredators
in the limited space of BCI probably saturates the hab-
itat, thereby producing the spatial homogeneity of nest
losses on BCI indicated here (Table 5, Fig. 5).

Seasonal variation in nest loss and
timing of breeding

The temporal pattern of nest mimic loss (Fig. 6)
corresponds generally to what is known of nest pred-
ator activity patterns in Central American forests
(Skutch 1950, 1985) and on BCI in particular (Willis
1974, Gradwohl and Greenberg 1982). Omnivores un-
dergo a period of sometimes intense food shortage dur-
ing the late dry season when both fruit (Foster 1982)
and litter insects (Willis 1976, Levings and Windsor
1982) are in short supply. The high rate of nest pre-
dation in April, and significantly more rapid rate of
nest discovery during that sample (Fig. 6A, Table 3),
presumably reflects this increased need for alternative
food sources by omnivores.

In general, terrestrial avian insectivores are not en-
gaged in nesting during April (the late dry season) in
Panama (Willis 1972, 1974). During the course of set-
ting and checking nest mimics, censusing animals, and
other (almost daily) activities in the forest between
January and August of 1988, I found five nests with
eggs, all Slaty Antshrike (Thamnophilus punctatus; a
generalist understory insectivore) and one recent fledg-
ling Scaly-throated Leaftosser between 24 January and
26 February (early dry season). I encountered only one
active nest (7" punctatus, unsuccessful) in all of March
or April, but 12 active nests (7 species) between 5 June
and 8 August, following the onset of wet season rains.
My observations generally corroborate the relationship
between seasonality and avian breeding phenology ob-
served by others working on understory species in Pan-
ama and Costa Rica (Skutch 1950, Willis 1967, 1972,
1973a, 1974, Karr 1971, Willis and Oniki 1972, Oniki
1975, Gradwohl and Greenberg 1982, Karr and Free-
mark 1983).

My results suggest that in addition to lack of food
availability, nest predation pressure is also a reliable
indicator of the optimal nonbreeding season for un-
derstory birds. The highest experimental nest losses
occurred in the late April, early May sample period,
coincident with a general scarcity of other foods for
vertebrate omnivores characteristic of the late dry sea-
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son in Panama (Levings and Windsor 1982, Russell
1982). Whether nest predation can override food avail-
ability as the primary constraint on the timing of first
nests in the forest understory, as Morton (1971) and
Dyrcz (1983) found for Turdus grayii in open parkland
in Panama, cannot be addressed here. However, nest
predation on understory birds apparently declines as
the rainy (and nesting) season progresses from May to
December (Gradwohl and Greenberg 1982). There-
fore, the April/May experiment apparently sampled
the annual peak in nest predation pressure that coin-
cides with the nonbreeding season. Thus, scarcity of
food for breeding coupled with extreme risk of nest
loss to food-stressed predators clearly defines the op-
timal nonbreeding season for understory birds. Be-
cause the onset of wet season rains brings about general
increases in food availability, and (thereby) reduces
nest predator pressure, rain is a reliable proximate cue
for breeding in tropical forest birds (Cuadros 1988).
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