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ABsSTRACT.—Using data from 10,726 captures of birds in mist nets, we document the high
alpha and beta diversity of the understory avifauna in the Tilardn mountains of north-central
Costa Rica. We grouped the capture data from 20 sampling sites into five Holdridge life
zones that represent a gradient in elevation and seasonality of precipitation. Despite the lim-
ited size of the study area (200 km?) and the relatively small differences in elevation (700 to
1,700 m), major differences were found among each of the five life zones. We recorded a total
of 235 species, with species richness increasing downslope on both the Pacific and Caribbean
sides of the range. Rarefaction curves showed that the elevational zone of 650 to 750 m on
the Caribbean side (Wet Premontane Transition Forest) was the most diverse per unit of mist-
netting effort and that the Lower Montane Rain Forest on the continental divide (1,500 to
1,700 m) was the least diverse. Adjacent life zones had similarity indices ranging from 0.30
to 0.47; beta diversity for the region was 0.45. These measures are indicative of a high species
turnover among our samples as delimited by Holdridge’s life zone system, suggesting a con-
cordance between the life zone system and the distribution of the region’s diverse understory
avifauna. Elevational migrants made up similar proportions of the avifauna in all five zones,
whereas the diversity of long-distance migrants was inversely related to elevation. The dis-
tribution of species of conservation concern did not track the pattern of overall diversity.
Our results provide several lessons for land managers and present a strong case for the need
to preserve large areas with elevational diversity in mountainous regions of the tropics. Re-
ceived 22 September 1997, accepted 2 April 1998.

ALTHOUGH ORNITHOLOGISTS have long been
aware of the rapid turnover of bird species
across elevational gradients in the Neotropics,
quantitative studies of fine-scale distributional
patterns are available for very few geographic
regions (Terborgh and Weske 1975). Such stud-
ies allow us to examine the faunistic composi-
tion of communities in different elevational
habitats, turnover in species composition
among habitats (or beta diversity, sensu Whit-
taker 1972), and to evaluate the conservation
status and determine area requirements for
conserving montane biodiversity. The ongoing
and projected crisis status of tropical forest
conservation demands that we gather this in-
formation as rapidly as possible (Diamond
1985, Stotz et al. 1996).

4Present address: Latin America and Caribbean
Division, The Nature Conservancy, 1815 North Lynn
Street, Arlington, Virginia 22209, USA. E-mail:
byoung@tnc.org

5Present address: Monteverde Conservation
League, Apartado 10581-1000, San Jose, Costa Rica.

We compiled data from a series of mist-net-
ting projects to produce estimates of bird di-
versity in the Monteverde reserve complex, a
composite of private reserves in the Tilaran
mountains of north-central Costa Rica. The re-
serve complex has a rich history of ornitholog-
ical investigation over the last 25 years, but few
studies have addressed the distribution of spe-
cies across an elevational gradient (Young and
McDonald 1998). Previous distributional stud-
ies of birds have focused on individual species
or restricted guilds (Feinsinger 1977; Tramer
1979; Tramer and Kemp 1980, 1982; Stiles and
Smith 1980). Treatments of the entire Montev-
erde avifauna are currently restricted to obser-
vation check-lists (Stiles 1983, Fogden 1993).

Our goal was to use a compilation of capture
data to describe and characterize the diversity
and distribution of the understory avifauna be-
tween 700 and 1,700 m on both slopes and the
crest of the Tilaran range. We analyzed the dis-
tributions of the entire understory avifauna
and a subset that included only threatened spe-
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west-east transect of the study area.

cies to learn how patterns of diversity in the
two groups coincide. We use this information to
provide general management guidelines and to
identify where future habitat preservation ef-
forts in the region should be directed.

STUDY AREA AND METHODS

The study area was a 200-km? area in the middle
and higher elevations of the Tilardn mountains,
which form the continental divide in north-central
Costa Rica (10°18'N, 84°45'W). The Tilaran range is
characterized by marked habitat heterogeneity due
to the rugged topography and northeasterly trade-
winds that buffet the area six months of the year (Fig.
1). The tradewinds strike the mountain range at right
angles causing a steep moisture gradient under
which the Caribbean slope receives heavy rainfall,
the mountain crest is often covered in clouds, and the
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Location of the Tilardn mountains, Costa Rica and distribution of Holdridge life zones along a

Pacific slope experiences an extended dry season.
Vegetation reflects this moisture gradient. The Carib-
bean slopes are covered by tall evergreen forest, high
elevations by dwarfed cloud forest, and the Pacific
slopes by forests with a strong deciduous component
(see Lawton and Dryer 1980, Hartshorn 1983, Law-
ton and Putz 1988). Much of the Tilardn mountains
above 700 m on the Atlantic slope and 1,500 m on the
Pacific slope are protected by a private reserve com-
plex that has been developed over the last 25 years,
including the Monteverde Cloud Forest Preserve, the
Children’s International Rainforest, the Santa Elena
Reserve, and Arenal National Park (Powell and Bjork
1995; Fig. 2).

Although some authors use elevation to segregate
bird communities in montane regions, we believe
that life zones are a more specific characterization of
habitat conditions than elevation alone because re-
gional orographic features can have a strong influ-
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Fic. 2. Holdridge life zones and protected areas in the Monteverde region of the Tilaran mountains. Pro-
tected areas include the Monteverde Cloud Forest Preserve (MCFP), the Children’s International Rainforest
(CIR), the Santa Elena Reserve (SER), and Arenal National Park (ANP). Numbered sites refer to mist-net

locations described in Table 1.

ence on local climates. Life zones are climate asso-
ciations based on mean annual biotemperature (ex-
cluding temperatures less than 0°C or more than
30°C), mean annual precipitation, and (derived from
the first two) potential evapotranspiration ratio
(Holdridge 1967). According to the Holdridge life
zone system, the middle and upper elevations of the
Tilardn mountains fall within five life zones: Pre-
montane Wet; Lower Montane Wet; Lower Montane
Rain; Premontane Rain; and Wet Premontane Tran-
sition (Figs. 1 and 2). In this region, the moisture
shadow of the Pacific slope of the mountains causes
life zones to occur in narrower belts on the Pacific
slope than on the Caribbean slope (Fig. 1).

We compiled data from 11 independent studies
collected over a 20-year period from 20 locations
(Buskirk 1976, Powell 1979, Feinsinger 1977, Win-
nett-Murray 1986, Feinsinger et al. 1987, Murray
1988, McDonald 1993, Young et al. 1993, J. E. Arévalo
unpubl. data, D. DeRosier and K. Nielsen unpubl.
data, A. Suarez unpubl. data; Table 1). All studiesin-
volved the capture of birds in standard mist nets
placed at ground level in secondary or undisturbed
old-growth forest. All data sets: (1) included a com-
plete listing of the birds captured in each mist-net-
ting bout; (2) provided information about the loca-
tion where the nets were set; (3) documented dates
of net operation; and (4) were based on captures us-

ing nets with a mesh size of 30 or 36 mm. Because
we received few records from the two lower life
zones on the Caribbean slope, one of us (DD) made
expeditions to these sites to collect several hundred
more captures. We combined data sets on the basis
of life zone and scored for the presence of each spe-
cies in each zone. We eliminated captures of birds
from four families, Cathartidae, Strigidae, Apodidae,
and Hirundinidae, because they were considered ac-
cidental captures of nonforest or nocturnal species.
Designation of elevational migrants is based on
Stiles” (1985) list of species that undertake regular
seasonal movements up and down the mountains of
Costa Rica.

Our study has three potential biases. The first bias
could be caused by using mist nets, which do not
sample all bird species with equal efficiency. Mist
nets sample only understory birds, underestimate
abundances of large and very small birds that fail to
become entangled in the net, and overestimate abun-
dances of species that travel widely in search of food
(e.g. a trap-lining hummingbird or fruit-searching
manakin) relative to a more sedentary forager (Rem-
sen and Parker 1983, Remsen and Good 1996). Be-
cause we analyze occurrences and not capture fre-
quencies, our results are applicable to birds that can
be captured in mist nets.

A second potential bias could result from combin-
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TaBLE 1. Sources of mist-netting data for understory birds in the Tilardn mountains, Costa Rica.
Mesh
No. of size  Netting
Site Source Year(s) Habitat captures (mm) period
Premontane Wet Forest
1-5 DeRosier and Nielsen unpubl. data 1993-1995 Second, old growth 926 36 AM
6  Winnett-Murray 1986 1983-1984  Second growth 90 36 AM,PM
7  Feinsinger 1977 1972-1973  Second growth 366 30 AM
8  McDonald 1993 1984-1993  Second, old growth 3,679 30 AM, PM
Lower Montane Wet Forest
9-10 DeRosier and Nielsen unpubl. data 1993-1995  Second, old growth 397 36 AM
11 Young et al. 1993 1991 Second, old growth 61 30 AM
12 Buskirk 1976, Powell 1979 1970-1973  Second, old growth 1,098 36 AM, PM
13 K. Winnett-Murray unpubl. data 1987 Second growth 49 36 AM
Lower Montane Rain Forest
14  Feinsinger et al. 1987 1981-1982  Old growth 320 30 AM
15  Winnett-Murray 1986, Murray 1988 1981-1994  Second, old growth 1,881 36 AM, PM
Premontane Rain Forest
15  DeRosier (this study) 1994 Second, old growth 515 36 AM, PM
15 J. E. Arévalo unpubl. data 1994 Second growth 25 36 AM
15-16 B. E. Young unpubl. data 1987 Second, old growth 257 30 AM
Wet Premontane Transition Forest
17 B. E. Young unpubl. data 1993-1994  Second, old growth 673 36 AM
17 De Rosier (this study) 1994 Second, old growth 237 36 AM,PM
17 A. Suarez unpubl. data 1994 Second, old growth 152 36 AM, PM

ing data collected from different projects. The data
analyzed here were collected at different times of
year in different-aged forests over a 25-year period.
Although these factors can influence capture fre-
quencies, none has a major effect on the general pat-
terns of species distribution that we describe. The
data set for each life zone included sampling from
both wet and dry seasons, which affect breeding and
elevational migration at Monteverde, and the Sep-
tember-October and March-April passage periods
of long-distance (Nearctic-Neotropical) migrants.
Also, captures in old-growth forest (defined as
closed-canopy forest with no known previous hu-
man disturbance) make up a relatively uniform frac-
tion (40 to 60%) of the data from each life zone, re-
ducing the variance caused by heterogeneity of forest
age. Several species have changed in abundance at
Monteverde over the past 25 years (e.g. Great Green
Macaw [Ara ambigua), Brown Jay [Cyanocorax morio],
Great-tailed Grackle [Quiscalus mexicanus]; Fogden
1993, Williams et al. 1994), but none are understory
forest species typically caught in mist nets.

A third potential problem is that the effort was un-
equal in each life zone. The species list certainly is
not complete for any life zone and is less complete
for some zones than for others. With more than 700
captures in the least-sampled life zone, we have a
good estimation of the most important species that
occur there. We also use rarefaction curves (see be-

low) to compare diversity in life zones with unequal
sample sizes.

In sum, we acknowledge that our data set includes
some unavoidable heterogeneities, but by being care-
ful to interpret only the major distributional patterns
we avoid these pitfalls. In particular, we avoid mak-
ing density estimates from mist-net data, a technique
especially fraught with theoretical problems (Rem-
sen and Good 1996). We suggest that effort put into
a planned study of this nature would be unjustified
considering our urgent need for information and the
availability of these existing data sets.

We calculated a rough estimate of beta diversity
(B) of understory birds in the study area as:

1

where v is the gamma diversity (i.e. total number of
species found in the entire study area), a is the av-
erage alpha diversity or species richness of each life
zone, and n is the total number of life zones sampled
(Schluter and Ricklefs 1993). As another measure of
the distinctness of understory bird communities in
different life zones, we also calculated a matrix of
Jaccard similarity indices. The Jaccard similarity in-
dex is the proportion of the total species found in two
life zones that are common to both. Whereas a beta
diversity measure characterizes the fauna of the en-
tire study area, similarity values provide an indica-
tion of how rapidly the fauna turns over from one

B=v/an,
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FIG. 3. Rarefaction curves of the expected num-
ber of species detected under varying effort for five
life zones in the Tilardn mountains, Costa Rica.

zone to the next within the study area. We also cal-
culated an overall similarity index for the five life
zones as the proportion of the total species recorded
in the study area that occur in every life zone.

Because the number of captures for each life zone
was unequal, we estimated rarefaction curves for the
number of species in each life zone that would be ex-
pected to be detected under different sampling ef-
forts (James and Rathbun 1981). Essentially, rarefac-
tion curves are idealized species-accumulation
curves that allow us to compare the expected species
richness of the different life zones for a constant sam-
pling effort in each. Rarefaction models assume that
sampling was adequate to characterize species dis-
tributions, individuals were randomly distributed
spatially, samples of taxonomically similar organ-
isms were drawn from similar community types, and
sampling techniques were standardized (Gotelli and
Graves 1996). We calculated rarefaction curves fol-
lowing Magurran (1988: equation 2.1).

To assign conservation status for the species de-
tected, we adopted the conservation priorities used
by Parker et al. (1996). We defined threatened species
to be those listed by Parker et al. (1996) with conser-
vation priority medium, high, or urgent.

RESULTS

We obtained records of 10,726 captures of
235 species in the five life zones of the study
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area (Table 2). These species represent 162 res-
idents, 41 elevational migrants, and 32 long-
distance migrants. Estimated species richness
in each life zone ranged from 72 to 126. Overall,
species richness was lowest in the highest-ele-
vation life zone (Lower Montane Rain Forest)
and increased downslope on either side. The
rarefaction curves show that the Wet, Premon-
tane Transition Forest is more diverse than the
other life zones based on the expected number
of species to be found in samples of equal sizes
(Fig. 3). The curves also show that, although
more total species were recorded in Premon-
tane Wet Forest than in either Lower Montane
Wet or Premontane Rain Forests, this result is
due to the much smaller sample sizes in the lat-
ter two life zones, which are actually more di-
verse for a given sample of captures, at least for
samples of up to 797 captures. The curves show
increasing slopes for each life zone, suggesting
that additional netting effort would add new
species to the lists for each life zone.

Each life zone had a distinctive fauna, shar-
ing relatively few species with adjacent life
zones considering the small spatial scale of
each zone. The beta diversity for the study area
was 0.45. Jaccard similarity indices for adjacent
life zones were low, ranging from 0.30 to 0.47,
and they declined for more distant life zones
(Table 3). Most adjacent life zones were about
equally distinct, sharing about half of their spe-
cies (similarity indices of 0.47). The one excep-
tion was that the fauna of Lower Montane Rain
forest shared less than a third of its species
with the next higher elevation zone, Premon-
tane Rain forest (similarity index 0.30). The
overall similarity index for all five life zones
was 0.06, indicating that very few species oc-
curred in all five life zones, even though the
most distant zones were separated by only 12

TABLE 3. Jaccard similarity indices of bird assemblages in five life zones, Tilardn mountains, Costa Rica.

Lower Montane Lower Montane Premontane Wet Premontane
Wet? Rain® Rain¢ Transitiond
Premontane Wet® 0.47 0.29 0.27 0.24
Lower Montane Wet — 0.47 0.31 0.24
Lower Montane Rain — — 0.30 0.19
Premontane Rain — — — 0.47

2 Pacific slope, 1,400 to 1,550 m.

® Continental divide, 1,500 to 1,700 m.
¢ Caribbean slope, 750 to 1,450 m.

4 Caribbean slope, 650 to 750 m.

¢ Pacific slope, 1,000 to 1,400 m.
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TABLE 4. Distribution of avian families in the five life zones, Tilardn mountains, Costa Rica.

Life zone No. of life
No. of zones per
Family PMW= LMWwe LMR¢ PMR¢ WPTe species species
Falconidae 1 1 1 1 0 1 4.0
Odontophoridae 1 0 0 0 0 1 1.0
Rallidae 0 0 0 0 1 1 1.0
Columbidae 3 4 1 1 2 7 1.6
Psittacidae 1 0 0 0 0 1 1.0
Cuculidae 1 0 0 0 0 1 1.0
Caprimulgidae 0 0 0 0 1 1 1.0
Trochilidae 18 12 12 15 16 27 2.7
Trogonidae 1 2 0 1 0 2 2.0
Momotidae 1 1 1 1 0 2 2.0
Alcedinidae 1 0 0 0 0 1 1.0
Bucconidae 0 0 0 0 2 2 1.0
Galbulidae 0 0 0 1 1 1 2.0
Ramphastidae 2 1 2 1 0 3 2.0
Picidae 1 3 1 1 2 4 2.0
Furnariidae 0 7 6 7 5 12 2.1
Dendrocolaptidae 5 6 2 3 4 7 2.9
Thamnophilidae 2 1 2 6 7 10 1.8
Formicariidae 1 1 0 3 1 4 1.5
Rhinocryptidae 0 1 1 1 0 1 3.0
Tyrannidae 20 15 8 15 22 35 2.3
incertae sedis' 0 0 0 0 1 1 1.0
Pipridae 2 1 1 1 2 3 2.3
Vireonidae 6 3 1 1 3 7 2.0
Corvidae 1 1 1 0 0 2 1.5
Troglodytidae 5 5 3 7 6 12 2.2
Sylviidae 0 0 0 2 2 2 2.0
Turdidae 10 10 7 7 8 12 3.5
Ptilogonatidae 0 1 1 0 0 1 2.0
Parulidae 17 15 10 9 13 24 2.7
Coerebidae 0 1 0 1 1 1 3.0
Thraupidae 7 5 4 12 14 23 1.8
Emberizidae 7 8 7 8 7 15 2.5
Cardinalidae 3 0 0 1 3 5 14
Icteridae 0 1 0 0 2 3 1.0
No. of families 24 24 20 24 24 — —

* Premontane Wet, Pacific slope, 1,000 to 1,400 m.

* Lower Montane Wet, Pacific slope, 1,400 to 1,550 m.
<Lower Montane Rain, Continental divide, 1,500 to 1,700 m.
9 Premontane Rain, Caribbean slope, 750 to 1,450 m.

¢ Wet Premontane Transition, Caribbean slope, 650 to 750 m.

fNew, unnamed grouping of seven genera previously included in the Tyrannidae, Cotingidae, and Pipridae (AOU 1998).

km. The species that spanned all five life zones
included four hummingbirds, two flycatchers,
one wren, three thrushes, three warblers, and
two finches. Ecologically, the list includes two
long-distance migrant warblers, six elevational
migrants, four resident forest species, a hum-
mingbird with irruptive population move-
ments (Coppery-headed Emerald [Elvira cu-
preiceps]; Feinsinger 1977), and two species of
disturbed habitats (House Wren [Troglodytes ae-
don] and Yellow-faced Grassquit [Tiaris oliva-
ced]).

Many of the 35 families detected showed pat-

terns of being most diverse either on one slope,
both slopes, or on the highest portions of the
mountain range (Table 4). Furnariids, tham-
nophilids, and formicariids were more diverse
in the wet forests of the Caribbean slope and
crest and were less diverse in the drier life zone
of the lower Pacific slope. The lone members of
the Rhinocryptidae and Ptilogonatidae were re-
corded only from the highest life zones. Tro-
chilids, dendrocolaptids, tyrannids, vireonids,
troglodytids, turdids, parulids, and thraupids
were more diverse on both slopes of the cor-
dillera than on top. Other families either oc-
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FIG. 4. Proportion of understory bird assem-
blages made up of long-distance and elevational mi-
grants at different life zones. Life zone abbreviations
as in Table 4.

curred in all life zones or were represented by
rare species. Considering only families with at
least four species recorded, the families with
the species occurring in the most life zones
were the emberizids, trochilids, parulids, den-
drocolaptids, and turdids (Table 4). The fami-
lies with the narrowest life zone occurrences
were the cardinalids, formicariids, columbids,
thamnophilids, and thraupids (Table 4). Over-
all, species were captured on average in 2.2 of
the 5 life zones.

Long-distance migrants made up a greater
proportion of total captures and total species in
the lowest life zones of each slope, with a peak
in Premontane Wet Forest (Fig. 4). Long-dis-
tance migrants represented 14% of all species
considered and 9% of all captures. In contrast,
elevational migrants made up similar propor-
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tions of the avifauna in all five life zones (Fig.
4). Elevational migrants represented 17% of all
species and 28% of all captures.

Nineteen resident and three long-distance
migrant species recorded in the study are
threatened (Table 2). All of the threatened spe-
cies were considered by Parker et al. (1996) to
be of “medium’’ conservation priority; no spe-
cies was of greater concern. The number of
threatened species per life zone was not cor-
related with the species richness of each zone.
Threatened species were concentrated in the
life zones on either slope immediately below
the uppermost life zone of the Tilardn moun-
tains, whereas the total number of species de-
tected was highest in the lowest life zone of
each slope (Table 2).

DiscuUssION

Our analysis shows a high alpha and beta di-
versity of understory birds in a small geo-
graphic area. The large sample of captures we
compiled makes the Monteverde fauna one of
the most intensively documented elevational
transects of bird assemblages known from the
Neotropics. Similar high-diversity faunas have
been documented in the much larger Andes
mountains in South America (Terborgh 1977)
but not in such a restricted area in modest-
sized mountains of Central America. Com-
pared with temperate faunas, species richness
in Monteverde understory communities is an
order of magnitude greater than it is in breed-
ing bird communities in montane areas of sim-
ilar elevation. For example, in the northeastern
United States, just 38 to 44 species occur on for-
ested mountainsides between 500 and 1,400 m
elevation (Able and Noon 1976) compared with
72 to 126 understory species recorded in this
study.

The beta diversity of the study area was high,
although few studies of a similar geographic
and habitat range are available for comparison.
Much of the faunal work in the tropics has con-
centrated on listing the species occurring in an
area rather than examining species turnover
among habitats (e.g. Ridgely and Gaulin 1980,
Robbins et al. 1985, Karr et al. 1990, Terborgh
et al. 1990). Studies that examine elevational
ranges of species often do not clearly sort these
ranges into ecological units in a manner that
would allow reanalysis of the beta diversity of
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these communities (e.g. Terborgh and Weske
1975, Parker et al. 1985). The best comparative
data generally span habitat ranges or geo-
graphic scales much greater than in our anal-
ysis. One study in Trinidad recorded a beta di-
versity of 0.43 for birds of the entire 5,000-km?
island in habitats varying from mangrove to
cloud forest (Cox and Ricklefs 1977). Beta di-
versity varied from 0.51 to 0.72 in African and
Central American moist-forest regions across
habitats ranging from grazed pasture to ma-
ture forest (calculated from Karr 1971, 1976). In
Mediterranean climates with habitat diversity
ranging from grassland to scrub forest, beta di-
versity in study sites in the United States,
Chile, and Africa ranged from 0.28 to 0.38 (cal-
culated from Cody 1975). The montane fauna
we studied clearly exhibited high beta diver-
sity considering the small geographic scale of
the study and the similarity of old- and second-
growth habitats sampled in each life zone.

The high beta diversity led to a high overall
(i.e. gamma) diversity for the study area. Spe-
cies tended to occupy narrow ranges in the
study area as indicated by the findings that: (1)
each species occurred, on average, in slightly
more than two zones; (2) similarity indices de-
clined for more distant zones; and (3) the over-
all similarity of the five zones was low. An al-
ternative hypothesis, that species were wide-
spread but randomly sampled in our study,
would not have caused the pattern of declining
similarities of more distant zones.

The rarefaction curves showed that, despite
the amount of netting effort in each life zone,
the faunal lists for understory birds are not
complete (Fig. 3). In Wet Forest-Premontane
Transition, the most diverse site, one new spe-
cies was added for approximately every 25 cap-
tures, even after 1,062 captures. In Premontane
Wet Forest, the most intensively studied site
(more than 5,000 captures), a new species is
still detected on average every 100 captures.
These species are rare but presumably regular
residents of these habitats. This pattern of rar-
ity conforms with findings of other studies of
tropical bird communities, which have shown
that many species occur at very low densities
(Terborgh et al. 1990, Thiollay 1991).

Holdridge life zones proved to be a fruitful
basis for our community comparisons. Al-
though boundaries between life zones are not
sharp (e.g. at an ecotone between two forests
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with different land use histories), they none-
theless provided logical if not absolute divi-
sions among communities of understory birds.
The similarity values showed that life zones
with narrow elevational ranges, such as Pre-
montane Wet forest, had bird assemblages as
distinct from adjacent zones as other, much
broader life zones (Table 3). Within the Pre-
montane Wet forest, two sampling sites sepa-
rated by 200 m of elevation shared 71% of their
species. However, two sampling sites at 1,500
m on the Pacific slope, but in different life
zones, shared only 53% of their species. Fur-
thermore, faunas at the same elevation but on
opposite sides of the cordillera showed strong
differences in species composition, with many
species occurring only on one side of the moun-
tain (Table 3). A zonation scheme based on ar-
bitrary elevational boundaries might not detect
these subtleties. Thus, although the distribu-
tions of species rarely reach their limits at a life
zone boundary (e.g. Lieberman et al. 1996), the
locations and widths of the zones are good in-
dicators of species turnover rates. A possible
ecological basis for this finding is that the
width of a life zone accurately reflects the
steepness of moisture gradients, which in turn
influences plant distributions (Hartshorn
1983). With most birds dependent on either
plant reproductive rewards or phytophagous
arthropods for food, their distributions logi-
cally track plant distributions. Regardless of
the underlying ecological factors, the concor-
dance between Holdridge life zones and beta
diversity of understory bird faunas suggests
that the Holdridge system can be useful to con-
servationists for predicting patterns of diver-
sity of understory birds when distributional
data are unavailable.

One factor contributing to the high diversity
in Monteverde is that the bird assemblages on
different sides of the mountain range originate
from different zoogeographic regions. The Pa-
cific slope species represent the extreme edge
of a coastal dry forest fauna that stretches from
the west coast of Mexico down to central Costa
Rica (Stiles 1983). The Caribbean slope species
are part of a South American fauna that extends
north to southeastern Mexico (Stiles 1983). Be-
cause the study area is located on both sides of
the continental divide, both of these faunas are
represented. In addition, the Tilardn moun-
tains lie at the northern end of the ranges of a



October 1998]

number of endemic species restricted to the hu-
mid, montane forests of western Panama and
Costa Rica (Stotz et al. 1996). These species in-
clude Black-breasted Wood-Quail (Odontopho-
rus leucolaemus), Buff-fronted Quail-Dove (Geo-
trygon costaricensis), Prong-billed Barbet (Sem-
nornis frantzii), Streak-breasted Treehunter
(Thripadectes rufobrunneus), Silvery-fronted Ta-
paculo (Scytalopus argentifrons), Ochraceous
Wren (Troglodytes ochraceus), Spangle-cheeked
Tanager (Tangara dowii), and Blue Seedeater
(Amaurospiza concolor).

Another factor contributing to the high spe-
cies diversity of the Monteverde region is that
many genera with more than one species of res-
ident, territorial bird exhibited a pattern of ele-
vational replacement. For example, the distri-
butions of congeneric Geotrygon, Sclerurus, For-
micarius, Myiarchus, Thryothorus, Henicorhina,
Catharus (resident species only), Hylophilus,
Geothlypis, Myioborus, Basileuterus, and Chloro-
spingus all showed patterns of nonoverlapping
or incompletely overlapping elevational rang-
es. This finding is consistent with other studies
showing such replacements on both tropical
and temperate mountain ranges (Terborgh
1971, Noon 1981). In these studies, upward
range extensions of middle-elevation species
on isolated mountain ranges where high-ele-
vation congeners are lacking has been inter-
preted as evidence that interspecific competi-
tion caused the patterns of elevational replace-
ment (Terborgh and Weske 1975, Noon 1981).
Although the evidence is very suggestive and
may explain the basis of elevational replace-
ments at Monteverde, recent work has demon-
strated the need for experimental tests to iden-
tify ecological processes that cause the patterns
we observe (Brown 1987, Feinsinger and Tie-
bout 1991). A removal experiment examining
the elevational replacement of congeneric spe-
cies described for the Cordillera de Tilardn and
these same species on the smaller, more isolat-
ed volcanic peaks of the Guanacaste mountain
range to the north would be very illuminating.

Our analysis allowed the distinction between
families of species with wide habitat occur-
rences and those with narrow occurrences.
Long-distance migrants tend to have broader
habitat distributions than resident species
(Stotz et al. 1996), and elevational migrants by
definition occur over wide areas during their
annual cycle. Thus, the hummingbird, thrush,
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and warbler families, with many long-distance
and elevational migrants, average more life
zones per species than the other groups. The
emberizids, with few migratory species but
many life zones per species, include many dis-
turbed-habitat species with wide ranges. The
woodcreepers, with few migrants and most
species living in forested areas, appear to be
truly more habitat generalists than the other
groups of sedentary, forest dwellers. Among
the families with narrow-ranging species in
our study, the inclusion of the columbids, car-
dinalids, and, to some extent, the tanagers is an
artifact caused by their being widespread at
lower elevations and just reaching our study
area in the lowest life zone on each slope. Tan-
agers in the genera Chrysothlypis, Lanio, Chlo-
rothraupis, and Tangara, however, occur mostly
in a narrow range in Premontane Rain and Wet
Premontane Transition forests. The antbirds,
antthrushes, and antpittas are mostly seden-
tary species with narrow ranges, perhaps due
to narrow foraging requirements or interspe-
cific interactions.

Most of the threatened species we detected
also have very narrow ranges. Except for the
two hummingbirds and the wood-quail, all
threatened resident species occurred in two or
fewer life zones. Also, the Black-breasted
Wood-Quail, Buff-fronted Quail-Dove, Cop-
pery-headed Emerald, Streak-breasted Tree-
hunter, and Tawny-capped Euphonia (Euphonia
anneae) occur in a restricted geographic range
in mountainous Costa Rica and Panama. With
such narrow habitat and/or geographic rang-
es, these species are especially vulnerable to
deforestation.

Our findings provide several lessons for land
managers. The first two lessons are especially
valuable for poorly known areas for which life
zones can be mapped but species ranges or
even diversity is unknown. First, high beta di-
versity can lead to high gamma diversity. Thus,
regions with many life zones probably will
have higher total diversity than similar-sized
regions with few life zones. Reserves in areas
rich in life zones should include all represen-
tative zones to capture the biodiversity of the
area. Second, tropical understory species tend
to be distributed in few life zones. A reserve
with several life zones will provide less total
suitable habitat for most individual species that
occur in the reserve than a similar-sized re-
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serve in one life zone because the available land
is subdivided into more heterogeneous habi-
tats. Third, elevational migrants can be a reg-
ular feature of an avifauna. Consideration of
the needs of local elevational migrants can be
as important as the needs of long-distance mi-
grants. Fourth, the diversity of threatened spe-
cies does not necessarily track the diversity of
all species. Therefore, managers should con-
sider local distributions of at-risk species rather
than focus entirely on general patterns of di-
versity. This idea recently has been promoted
by conservation biologists (Stotz et al. 1996)
and is now making its way onto the agenda of
some conservation practitioners (e.g. The Na-
ture Conservancy 1997).

The patterns of species diversity and distri-
bution that we found in the Tilardn mountains
provide three compelling reasons to extend ex-
isting reserves to lower sites on both slopes.
First, avian diversity was highest at the lowest
life zone studied on each slope, whereas most
of the protected area was at the highest eleva-
tions. Second, long-distance migrants, includ-
ing many species of conservation concern due
to recently detected population declines (As-
kins et al. 1990, Askins 1993, James et al. 1996),
were more diverse in lower life zones. Third,
many known elevational migrants were found
only in the lowest life zone protected by an ex-
isting reserve (e.g. Violet-crowned Wood-
nymph [Thalurgnia colombica], Blue-throated
Goldentail [Hylocharis eliciae], Rufous Mourner
[Rhytipterna holerythra], White-ruffed Manakin
[Corapipo altera], Olive Tanager [Chlorothraupis
carmioli]l, and Green Honeycreeper [Chloro-
phanes spiza)). The low-elevation migratory des-
tinations of these species are currently unpro-
tected. Without further protection, we predict
that these species will be among the first to ex-
perience local population declines as lower-el-
evation forests disappear. The high diversity
across an elevational transect shown in this
study strongly supports the contention that re-
serves in mountainous tropical areas will be
most successful at preserving avifaunas by pro-
tecting large areas across elevational gradients.
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