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Abstract

Studies of habitat fragmentation have been restricted primarily to anthropogenically-altered habitats, with most research con-
ducted 60–90 years post-fragmentation. It is unclear whether patterns in older systems concur with results from these dynamic

landscapes, and hence the long-term viability of populations inhabiting habitat fragments remains largely unexplored. I focused on
resident birds in fragments of humid pine-oak forest in Oaxaca, southern Mexico, isolated over 5000 years ago by climate-change.
Seventeen fragments, ranging from 2 ha to over 150,000 ha were sampled in 1997 and 1998 yielding 141 species, of which 60 resi-
dents were used for analysis. Avian assemblages exhibited a highly nested structure and, with several notable exceptions, assem-

blages of birds in low-richness fragments were predictable subsets of those in more diverse fragments. Patch-scale factors—area,
shape, elevation, habitat diversity and fractal dimension of edge—all exerted strong univariate influence on avian richness but were
so closely inter-related that none had a significant independent effect. Thus, larger fragments were more complex in shape, included

higher peaks, supported more diverse forests, and contained higher diversities of resident species. In contrast, the landscape-scale
index used—distance from nearest large fragment (>50,000 ha)—had little effect on richness. This was reinforced by species-level
analyses—one species was significantly influenced by isolation, compared with 31 species that displayed significant minimum-area

distributions, restricted to patches larger than a particular threshold value. In terms of autecology, vagility, relative abundance and
elevational breadth were closely related to distribution—those species with greater mobility, higher abundances and broader ele-
vational tolerances were consistently more widespread. I suggest that more abundant species were less prone to extinction initially,

more vagile species were better dispersers and species with broader elevational tolerances more likely to be successful colonists. As
with previous research from older landscapes, patch-scale factors were consistently found to be influential, with high quality frag-
ments supporting diverse communities regardless of landscape context. This suggests that the influence of landscape-scale factors
noted in younger, anthropogenically fragmented systems may be transitory, overwhelmed by patch-scale factors with time. Which

patch attributes are most influential could not be resolved, however, indicating that even thousands of years after fragmentation,
they affect diversity patterns in concert. Rather than differentiating effects of area from habitat heterogeneity and other patch-level
factors, I advocate resource-based approaches to understand and manage diversity in habitat fragments.
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1. Introduction

Distribution patterns of organisms inhabiting habitat
fragments have been the focus of considerable scientific
attention, resulting in an extensive literature on the
biological consequences of fragmentation. Most studies
have been conducted in anthropogenically-altered land-
scapes less than 100 years after fragmentation (Watson,
2002a), and a detailed understanding of the short-term
responses of communities to fragmentation is emerging.

Hierarchical patterns are commonly exhibited, with
patch area, habitat diversity and degree of isolation
typically identified as key determinants of richness
(Saunders et al., 1991; Renjifo, 1999; Graham and
Blake, 2001; Lee et al., 2002; Tscharntke et al., 2002).
This progress notwithstanding, there have been few
studies of landscapes fragmented by natural processes
thousands of years ago, and the long-term effects of
fragmentation are relatively unknown (McGarigal and
Cushman, 2002). It is unclear whether patterns in older
systems concur with those of recently modified habitats,
and hence the future viability of populations inhabiting
anthropogenic fragments remains largely unknown.
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One class of naturally-fragmented landscapes includes
altitudinally-restricted patches of habitat previously
widespread in the Caenozoic and early Pleistocene,
fragmented by climatic change in the mid-late Pleisto-
cene (Simpson, 1974; Haper et al., 1978; Riebesell, 1982;
Hadley, 1987). Most research conducted in these sys-
tems treated these relictual patches as ‘‘sky islands’’ and
examined patterns of species distribution relative to
‘‘island’’ attributes (e.g. Brown, 1971; Johnson, 1975;
see Watson, 2002a for full discussion). Indeed, most
ecological studies in these landscapes were conducted
more than 20 years ago and since that time, many new
techniques have been developed and applied to geo-
graphical ecology. The burgeoning disciplines of geo-
graphic information systems, remote-sensing, and
landscape ecology are matched with new methods for
measuring physical and vegetative attributes of land-
scapes, and robust regression-based techniques to ana-
lyze these data. My aim in this investigation is to apply
some of these tools to a naturally fragmented landscape

to explore the detailed responses of faunal assemblages
to habitat fragmentation over the long term.
The humid montane forests of Mesoamerica represent

a naturally fragmented landscape, being widespread
throughout lowland areas during the mid–late Pleisto-
cene (Martin and Harrell, 1959). In a regional-scale
study of montane forest avifaunas of Mesoamerica
(Watson and Peterson, 1999), latitude and other regio-
nal-scale variables were found to exert the greatest influ-
ence on the distribution of avian diversity, supplanting
patch-scale attributes such as area and isolation. The
smallest fragment in this earlier study was approximately
1 km2, and we suggested that while area had little expla-
natory power at the regional scale, area and other patch-
scale effects may become important for smaller fragments.
In this study, I extend analysis of Mesoamerican for-

est avifaunas to local and landscape scales and explore
relationships between fragment attributes and species
richness. I assess whether there is a direct effect of area per
se, or solely indirect influences via habitat heterogeneity

Fig. 1. Map of the study area, showing the distribution of montane humid forest including both humid pine-oak forest and cloud forest (the two

habitats cannot be distinguished at this scale). Inset shows regional extent of habitat along both coastal ranges and the trans-volcanic belt in Mexico.

Fragments are labeled in descending order of area, where A=Sierra de Yucuñacua (159,246 ha), B=Sierra de Miahuatlán-west (141,752 ha),

C=Cerro San Felipe (120,189 ha), D=Sierra de Juárez (72,737 ha), E=Cerro Piedra Larga (68,932 ha), F=Sierra de Miahuatlán-east (31,582 ha),

G=Sierra de Cuatro Venados (30,122 ha), H=Sierra de los Mixes (northern section; 11,334 ha), I=Cerro Labrador (9,131 ha), J=Cerro Peras

(3,552 ha), K=Piedra del Sol (1,013 ha), L=Piedra de Leon (252 ha), M=Asunción Nochixtlan (91 ha), N=Santiago Matatlán (74 ha), O=Ixtlán

(60 ha), P=El Punto (6 ha), Q=San Pablo Guelatao (2 ha). Names correspond to the names of the mountain ranges, peaks, or for the latter five

fragments, nearest towns.
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or other patch-scale attributes. I also examine levels of
nestedness and evaluate patterns of selective extinction
and possible secondary recolonization. In addition to
these patch-scale analyses, I adopt a species-level
approach, exploring determinants of distribution in
terms of autecological attributes of species: vagility,
habitat preference and the three main macroecological
variables (abundance, range size and body mass;
Brown, 1995). A novel analytical method was devised to
evaluate the importance of patch area and isolation in
sculpting the distribution of resident bird species,
allowing the relative importance of patch- and land-
scape-scale factors to be evaluated and critical thresh-
olds to be estimated. I compare results of this study with
general findings from anthropogenically-fragmented
systems, commenting on the ecological and applied
consequences of fundamental differences in temporal
scaling. I detail the biogeographic and systematic issues
affecting montane birds and highland biota in the region,
and the implications for their conservation and manage-
ment. Finally, I suggest that findings from naturally frag-
mented landscapes may provide valuable insight into the
future viability of recently fragmented habitats, improving
our ability to understand and preserve these systems.

2. Study area

This study was conducted in fragments of humid pine-
oak forest in the state of Oaxaca, southern Mexico

(Fig. 1). This habitat ranges from the highlands of
northern Mexico south along the mountainous spine of
Mesoamerica to Nicaragua, grading into oak-dominated
cloud forests that extend to South America (Miranda
and Sharp, 1950). Humid pine-oak forests are dominated
by Pinus, Quercus, Liquidambar, Alnus, and other genera
of Nearctic affinities (Leopold, 1950; Rzedowski, 1986).
This habitat is typically associated with areas of medium
to high rainfall (600–1200 mm annually) and cool-tem-
perate climates (10–20 �C), and can withstand severe
frosts (Gómez-Pompa, 1973; Toledo, 1982).
Palynological data and analyses of pack rat (Neotoma

spp.) middens reveal that humid pine-oak forests were
more widespread historically in North America (Martin,
1963; Toledo, 1982). Archaeological studies of human
settlement in the Oaxaca Valley have included detailed
analysis of fossil pollen samples and microfossils
(Schoenwetter and Smith, 1986), permitting a relatively
complete reconstruction of the region’s vegetational
history. From the mid-Cenozoic until 15,000 years ago,
the valley was dominated by humid pine-oak forest. In
the following hypsithermal period (commencing 9000–
7000 years ago), regional climates became consistently
warmer and drier (Lorenzo, 1969; Ericson and Wollin,
1970) and this cool-temperate habitat migrated up-
slope, replaced in the intervening valleys by tropical
evergreen forest and thorn-scrub (Smith, 1978; Schoen-
wetter and Smith, 1986; discussed in more detail in
Watson, 1999a). Evidence from responses of coniferous
forest to recent climatic fluctuations (Bergeron et al.,
1997; Allen and Breshears, 1998) suggests this response
may have been quite rapid, in contrast to gradual shifts
typically associated with climate-change (e.g. McDo-
nald and Brown, 1992). This process resulted in two
large remnants of humid pine-oak forest associated with
the mountain ranges forming the northern and southern
boundaries of the Oaxaca Valley. Between 7000 and
5000 years ago, humid pine-oak forest was completely
restricted to mountainous areas (Smith, 1978), and its
distribution has remained essentially unchanged (Fig. 1).
Today, humid pine-oak forests occur primarily in the

two mountain ranges of southern Mexico: the Sierra
Madre Oriental and the Sierra Madre del Sur, with
smaller patches associated with intervening highlands.
The elevational extent of this habitat varies with rainfall
and slope, typically descending to lower elevations on
the coastal sides of mountain ranges (1000 m, occa-
sionally lower) and grading into dry pine-oak forest at
1500–2000 m on interior slopes (Binford, 1989). While
there has been additional habitat loss from anthro-
pogenic activities, most of this is small scale harvesting
which has been occurring for at least 9000 years (Flan-
nery, 1986). Large-scale commercial logging is uncom-
mon given the inaccessible location of most forests,
restricted largely to subsistence collecting of firewood by
local communities (personal observation).

Table 1

Classification system used to characterize the diversity of vegetation in

humid pine-oak forest fragments, after Johnson (1975)a

Class Vegetation type

Primary habitats Pure stands of pine

Stands of pine saplings

Pure stands of mature oak

Pure thickets of young oak

Fir (Abies sp.) forest

Stands of alder (Alnus sp.)

Associated habitats Bunch grasslands

Moist riparian gulleys

Lauraceous canopy trees

Understorey Madroño (Arbutus sp.)

Thick shrub layer

Grassy ground cover

Bracken (Pteridium sp.)

Tree ferns (Cyathea sp.)

Micro-habitats Mistletoe (Loranthaceae)

Rocky outcrops

Epiphytes

a Each of these habitat features was scored as absent (0), present

(1), or abundant (2) for every fragment, and added to yield a compo-

site measure of vegetation diversity.
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3. Methods

Sampling was carried out in most accessible mountain
ranges: the Sierra de Yucuñacua, Sierra de Cuatro
Venados and the Sierra de Miahuatlán comprising the
southern range, and the Sierra de Juárez, Cerro San
Felipe, and the Sierra de los Mixes (Zempoaltepec)
comprising the northern range. In addition, three iso-
lated massifs in the Oaxaca Valley were sampled: Cerro
Labrador, Piedra del Sol, and Cerro Piedra Larga (the
latter by A.T. Peterson and others in 1995), constituting
the first biological surveys for these areas. Finally, sev-
eral small fragments were sampled, both between the
two ranges in the valley interior and in outlying areas
beyond the main mountain ranges (Fig. 1).

3.1. Fragment attributes

Pine-oak forests are variable, and within-patch habi-
tat heterogeneity often exceeded between-patch differ-
ences. Quantitative approaches traditionally used to
categorize vegetation in fragmentation studies (e.g.
Watson et al., 2000) were therefore inappropriate, since
any samples would be unrepresentative of the entire
patch. To assess habitat heterogeneity at the fragment
scale, I adopted a qualitative measure of habitat diver-
sity (after Johnson, 1975). Seventeen micro-habitats and
habitat features were identified with reference to appro-
priate sources (Leopold, 1950; Miranda and Sharp, 1950;
Gómez-Pompa, 1973; Rzedowski, 1986), and scored as

either absent (0), present (1), or well represented (2) in
each fragment (Table 1). These scores were compiled for
each fragment to produce an index of vegetation diver-
sity (Veg), with a maximum possible value of 34.
Fragment boundaries were identified using a high

resolution vector map produced by the Comisión
Nacional para el Estudio y la Concervacion de la Bio-
diversidad (Anonymous, 1998), based on Landsat The-
matic Mapper data collected in 1993 and geo-referenced
localities of known vegetation type. The following
metrics were then measured using ArcView, version 3.1:
fragment area (Area), to the nearest hectare; maximum
elevation (Elevation); and isolation (Isolation), measured
in terms of distance in kilometers to the nearest large
fragment (corresponding to the five fragments greater
than 50,000 ha; after Lomolino et al., 1989; Lawlor,
1998). Two additional fragment attributes were com-
puted using Fragstats version 2.0 (McGarigal and
Marks, 1995) and a rasterized version of the map with a
pixel dimension of 130m (smaller pixel sizes were not
tractable given the areal extent of the study area).
Fragment shape (Shape) was calculated by dividing
patch perimeter by the square root of patch area,
adjusted using a square standard to remove area effects,
and fractal dimension of the fragment edge (Edge) was
double the logarithm of patch perimeter divided by the
log of patch area, adjusted to correct for perimeter bias
(McGarigal and Marks, 1995 and references cited
therein). Values for all six independent variables are
summarized in Table 2.

Table 2

Summary of variables used in analysis of avian richness in naturally fragmented forest patches in Oaxaca, Mexico, ranked by patch areaa

Fragment Areab (Ha) Edge Elev (m) Isolb Shapeb (km) Veg Rich_FR Rich_HS

A 159246 1.175 3050 0.21 6.397 19 47 19

B 141752 1.195 2550 0.21 7.842 10 48 22

C 120189 1.206 3230 0.50 8.591 22 51 27

D 72737 1.197 3250 0.50 7.438 18 53 26

E 68932 1.139 2520 9.05 4.104 17 38 17

F 31582 1.156 2450 2.04 4.608 17 56 28

G 30122 1.201 2600 1.97 7.086 27 54 25

H 11334 1.161 2400 1.63 4.465 18 36 18

I 9131 1.117 2650 28.91 2.759 15 24 17

J 3552 1.120 2960 14.63 2.901 14 27 14

K 1013 1.063 2040 3.27 1.782 8 15 3

L 252 1.030 2500 59.17 1.225 9 6 1

M 91 1.063 1220 4.33 1.680 6 1 0

N 74 1.043 2080 4.28 1.333 9 10 3

O 60 1.000 2100 14.15 1.000 8 2 0

P 6 1.038 2000 5.26 1.296 10 10 2

Q 2 1.000 1720 0.57 1.000 3 0 0

a Area=total area of the forest fragment to the nearest hectare, Edge=fractal dimension of fragment edge, Elev=Maximum elevation in frag-

ment, Isol=linear distance from nearest mountain range, Shape=fragment shape (larger values for more complex shapes), Veg=index of vegetation

diversity described in Table 1. Rich_FR is he richest of forest residents in each fragment, and Rich_HS the richness of habitat specialists restricted to

humid pine–oak forests.
b Raw values given here were transformed (natural logarithm) prior to analysis.
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3.2. Avian data

Sampling was carried out over 2 years during the peak
breeding season for resident bird species; April–June
1997 and May–June 1998. Larger patches were sampled
during both years and visitation order randomized prior
to sampling. Censusing was carried out in pre-deter-
mined sampling intervals (pre-dawn until midday, mid-
day until dusk) by walking throughout the forest, both
on and off trails, being sure to take a different route
each period. During each sampling period, all species
seen or heard were noted. Vocalisations were recorded,
both for immediate playback to confirm species iden-
tities, and for subsequent verification. A results-based
stopping rule was used to judge when a site had been
censused adequately (Peterson and Slade, 1998; Watson,
1999a), ensuring all fragments were sampled to the same
degree of completeness. Sampling was terminated only
after two consecutive sampling periods in which a total
of zero or one new species was added, resulting in 9–11
sampling periods (i.e. approximately 5 days of continuous
censusing) for each inventory in the larger patches, and 3–
7 sampling periods for the smaller patches. While the data
matrix was initially augmented with historic records from
museum specimens and published records (see Watson,
1999a), this contributed fewer than 5% of the inventory
records due to the paucity of detailed inventories from
the highlands in this region (Binford, 1989). Full analyses
run with both datasets yielded the same qualitative
results, so all data and analyses presented here are
derived solely from field inventories (see Watson, 1999a
for historic records and additional analyses).
Because the primary focus of this study is on land-

scape and patch-level effects, I restricted inquiry to
those species for which humid pine-oak forest is pri-
mary habitat year-round. Thus, prior to analysis, I
removed all migrants, waterbirds, transients, and spe-
cies for which humid pine-oak forest is not considered
primary habitat (after Binford, 1989; in litt.). Accord-
ingly, only those 60 species dependent on humid pine-
oak forest as their primary habitat year-round were
included in analyses (‘‘forest residents’’; Table 3). A
subset of this group was classified as ‘‘habitat specia-
lists’’—those 30 species dependent on humid pine-oak
forest throughout the year that do not range into adja-
cent dry habitats nor occur solely in associated cloud
forests (after Binford, 1989; Navarro-Sigüenza, 1992;
Table 3). In addition to tallying up richness for each
fragment, distributional data were summarised for each
of the 60 forest residents by summing the number of
fragments in which the species was recorded, from a
maximum of 17 (i.e. recorded in all fragments) to a
minimum of 1 (recorded in a single forest patch). This
index provides a useful range-based measure of rarity,
corresponding closely with other measures used by
ornithologists (summarised by Gaston, 1994).

3.3. Autecological indices

Vagility is difficult to measure empirically and has
typically been restricted to single species studies (Pradel,
1996). Many of the species examined here are poorly
known and in the absence of banding and dispersal
studies, the best information available is expert opinion.
Species were ranked independently on a five-point scale
(Table 4) by three ornithologists with extensive field
knowledge of these taxa (not including the author).
Standardised means were calculated for each of the
three rankings and an overall mean calculated for each
species, standardised to allow reference to the descrip-
tive five-point scale (Table 4).
Avian abundance has also proven difficult to quantify

(Emlen, 1971; Verner, 1985; Pendleton, 1995), and while
point counts are often used, they are confounded by
differing detectabilities and many other factors (Schieck,
1997; Verner and Milne, 1990). Capture-recapture tech-
niques can be useful, but have numerous shortcomings
when applied to community-level estimates of abun-
dance (Remsen and Good, 1996). Mapping individual
territories is arguably the most accurate method (Daw-
son, 1981; Svensson, 1981; Muller, 1987; but see Best,
1975), but is time-intensive and useful only for birds
singing on established territories—a subset of most for-
est avifaunas (Emlen, 1971). Frequency of occurrence
(i.e. number of times a species is recorded within a given
site) is known to be closely allied to relative abundance
(after Dawson, 1981; Verner, 1985) but is less prone to
many of these confounding factors and can be readily
derived from inventory data. Using inventories from all
fragments to calculate this index would compromise the
independence between occurrence and patch occupancy
(Wright, 1991), so only data from four large fragments
were used (Sierra de Cuatro Venados, Cerro San Felipe,
Sierra de Miahuatlán-east and Sierra de Miahuatlán-
west; Fig. 1). For every species recorded in these frag-
ments, the number of samples in which it was recorded
was divided by the total number of sampling periods
(nine, ten or eleven). These values were computed sepa-
rately for the four fragments and all non-zero values
averaged to generate an estimate of relative abundance,
based on sites in which it had been recorded. Given
that a single record during a 6-h sampling period quali-
fied as a presence, this estimate generated a conservative
estimate of relative abundance, emphasizing subtle
differences between those species that were seldom
encountered and present in low numbers (Verner,
1985).
Other indices were derived from published sources.

Habitat breadth and elevational range were taken from
Parker et al. (1996), reflecting species tolerances
throughout their distributional range. Habitat breadth
was calculated by summing the total number of
habitats from which the species is known—habitats
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Table 3

Summary data for 60 forest residents recorded in humid pine–oak forest fragments in Oaxaca, Mexico

Scientific name Class Patch Vagility Abund. Hab Elev Range Mass Min area

Dendrortyx macroura H, CF 8 1.7 0.37 2 19 4.6 350 3552

Columba fasciata PO 8 4.4 0.67 3 27 81 315 NS

Hylocharis leucotis PO 10 4.2 0.74 2 22 18.1 3.7 NS

Amazilia beryllina PO 6 3.5 0.56 4 16 26.8 4.5 NS

Lampornis amethystinus H, CF 9 2.9 0.55 2 21 11.2 6 NS

Lampornis clemenciae H 7 3.5 0.61 2 19 12.1 6.2 11 334

Lamprolaima rhami H, CF 5 2.4 0.11 2 20 6.5 9.2 ID

Eupherusa cyanophrys CF 2 1.2 0.10 2 19 0.4 4.3 ID

Eugenes fulgens H, CF 8 3.6 0.44 3 20 18.7 9.6 5259

Trogon mexicanus PO 11 2.8 0.95 3 19 13.4 70 3552

Trogon elegans PO 3 2.8 0.33 2 25 21.5 78 ID

Aulacorynchus prasinus CF 7 3.1 0.35 2 30 12 180 30 122

Melanerpes formicivorus PO 11 5.0 0.59 2.5 33 52.2 85 NS

Picoides villosus PO 8 3.3 0.71 3 25 56 42 9131

Colaptes auratus PO 9 3.8 0.86 4 35 39 122 9131

Lepidocolaptes leucogaster PO 9 2.4 0.63 2 30.5 12.2 32 NS

Lepidocolaptes affinis H, CF 9 2.8 0.80 3 19 35 35 3552

Pachyramphus major CF 6 1.3 0.31 3.5 15 13.8 21 30 122

Mitrephanes phaeocercus PO 9 3.8 0.76 2.5 30 45.2 8.5 3552

Contopus pertinax PO 11 4.1 0.74 3 25 13 27 NS

Empidonax affinis H 8 3.1 0.55 2 22 13.2 11.5 NS

Empidonax occidentalis H 9 3.8 0.72 3 21.5 11.8 12.5 3552

Vireo plumbeus PO 10 2.8 0.55 2 21 32 17 NS

Vireo huttoni PO 11 2.4 0.95 3 25 35.7 13 3552

Vireolanius melitophrys H 6 2.4 0.11 2 26.5 6.8 30 31 582

Cyanocitta stelleri PO 12 3.3 0.95 2 27 47.3 90 NS

Poecile sclateri H 4 2.8 0.39 2 24 15.9 9.9 ID

Troglodytes brunneicollis H, CF 9 2.4 0.61 2 25 16.2 12 3552

Henicorhina leucophrys H, CF 6 2.1 0.50 2 21 34 16 11 334

Myadestes occidentalis PO 11 2.8 1.00 3 21.5 14.1 38 3552

Catharus aurantiirostris H, CF 4 3.5 0.50 5 19 22 27 ID

Catharus occidentalis H 8 2.4 0.84 2 22 13 30 NS

Catharus frantzii H, CF 9 2.4 0.79 2 18.5 9 28 3552

Turdus infuscatus H, CF 3 2.8 0.44 2 22 9.1 85 ID

Turdus migratorius PO 9 3.5 0.95 3 28 34.2 72 3552

Ridgwayia pinicola H 5 3.5 0.53 2 13.5 13 75 ID

Melanotis caerulescens PO 12 3.1 0.84 3.5 32 13.1 82 3552

Ptilogonys cinereus PO 12 5.0 0.84 2 21 12.7 37 6

Peucedramus taeniatus PO 9 3.5 0.71 2 14 20.2 10.2 91

Parula superciliosa PO 10 3.1 0.89 2 25 14.9 9 3552

Dendroica gracei PO 5 2.6 0.40 2 22 12.9 8 ID

Geothlypis nelsoni H 5 1.9 0.33 1.5 11 8.8 10 ID

Ergaticus ruber PO 7 2.4 0.63 2 11 10.4 8.2 11 334

Myioboris miniatus H, CF 9 2.4 0.97 3 19 22.6 9.5 3552

Basileuterus belli H, CF 8 2.4 0.79 2 18 11.2 10.3 11 334

Chlorospingus ophthalmicus H, CF 5 2.4 0.61 2 15 59 20 ID

Piranga flava PO 11 2.4 0.50 6 24 53.3 40 5.3 kma

Piranga erythrocephala H 5 2.4 0.40 2 17 11.8 18 ID

Euphonia elegantissima H, CF 10 3.5 0.54 3 15 15 15 NS

Diglossa baritula H, CF 6 2.6 0.59 3.5 18.5 8.5 9 30 122

Atlapetes pileatus H 11 2.8 0.45 2 21 10.8 22 3552

Buarremon brunneinucha H, CF 9 2.1 0.83 3 24 37.2 42 3552

Pipilo ocai H 8 2.4 0.43 2 22.5 4.4 45 3552

Pipilo erythrophthalmus PO 13 3.3 1.00 5 35 26.7 38 NS

Junco phaeonotus PO 8 2.8 0.84 2 31 18.7 18 11 334

Pheucticus melanocephalus PO 10 4.2 0.95 2 22 10.4 47 5259

Icterus graduacauda H, CF 10 3.5 0.76 4 21 10 55 NS

Loxia curvirostra H 4 5.0 0.11 2 33 18.1 41 ID

Carduelis notata PO 6 4.0 0.34 4 22 15.2 10 NS

Coccothraustes abeilli H, CF 5 1.9 0.20 2 23 12.4 48 ID

Class=habitat classification of each species (based on Binford, 1989), where PO=arid and humid pine-oak forest, H=humid pine-oak forest specialist and CF=cloud

forest. Patch=number of patches in which species was recorded; Vagility=the index of vagility described in Table 4; Abund=estimate of relative abundance derived

from frequencies of occurrence in the four largest patches; Hab=the number of habitat types frequented by the species (half values are for marginal habitats, from

Parker et al., 1996); Elev=elevational range in 100 m (taken from Parker et al. 1996); Mass=body mass of species in grams (absolute value given here, ranked for

analysis) and Range=latitudinal extent within which species are present year-round (in degrees); Min. area is provided for those species found to exhibit significant

minimum-area distributions, and refers to the smallest patch in which a species occurred (in hectares). ID=insufficient data for analysis and NS=no significant rela-

tionship. aThis is the only species exhibiting a significant maximum-isolation pattern, and was restricted to fragments less than 5.3 km from the nearest mountain range.

Scientific names and order follows AOU (1998)
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considered typical were given a score of one, while
marginal habitats were given a score of 0.5. Body
masses of birds were extracted from published accounts
(primarily Stiles and Skutch, 1989; Dunning, 1993;
Curson et al., 1994) and specimen data (KU Natural
History Museum). Actual values are provided (Table 3),
but these data were ranked prior to analysis. Finally,
distributional ranges of species were quantified by
scoring the latitudinal extent within which the species
are year-round residents (after Brown, 1995), using
published accounts of species (Stiles and Skutch, 1989;
Curson et al., 1994; Howell and Webb, 1995; Isler and
Isler, 1999).

3.4. Statistical analyses

Distribution patterns of species inhabiting habitat
fragments are often highly non-random—assemblages of
species inhabiting low-diversity patches are frequently
predictable subsets of high-diversity patches—generating
a nested arrangement of species distributions. Nestedness
was quantified using the ‘‘Nestedness Calculator’’ program
developed by Patterson and Atmar (1986), comparing
the data matrix to a perfectly nested arrangement with
departures classed as ‘‘holes’’ (unexpected absences) or
‘‘outliers’’ (unexpected presences; after Cutler, 1991).
Matrix ‘‘temperature’’ was calculated, with a maximally
packed, perfectly nested matrix having a temperature of
1. Statistical significance was determined by comparing
the matrix to 100 random arrangements of the data
(Cutler, 1991) approximating a normal distribution,
using a t-test to calculate the probability of the observed
pattern being due to chance. Analyses were run for the
complete data set of 60 forest residents and for the 30
habitat specialists. Given that humid pine-oak forests
are known to have split first into two large patches
(corresponding to the two dominant mountain ranges)
prior to contracting to their present-day distribution
(Smith, 1978; Schoenwetter and Smith, 1986), the
matrix was subdivided into two geographic areas for
separate analysis—northern mountain ranges and

associated fragments, and southern ranges and
fragments.
Best subsets regression was used to identify the opti-

mal combination of independent variables to explain
variation in species richness. The ‘‘best’’ model was
selected with reference to maximum adjusted R2 values
and minimum value of s (an estimate of �, the standard
deviation about the regression surface; Garside, 1971).
In addition, attention was given to the value of CP, or
Mallows’ statistic, values higher than the number of
parameters in the model (in this case, 6) indicating a
lack of fit of data to the model and decreased predictive
power (Chatterjee and Price, 1991). I also used hier-
archical partitioning to quantify the influence of each
independent variable on the response term (Chevan and
Sutherland, 1991; Mac Nally, 1996). All 64 (26) possible
regression submodels were calculated using the program
ALLREG, and then analyzed using HIERPART (pro-
grams supplied by A. Chevan), using univariate critical
values to assess statistical significance (two-tailed).
To evaluate further the relative influence of area and

isolation, individual species occurrences were depicted
using area-isolation plots (after Lomolino, 1986; Law-
lor, 1998). Previous workers have used this primarily as
a graphical technique, but here I used a novel statistical
method to test the probability of the observed pattern
being due to chance. Values of area (in hectares) and
isolation (kilometres from nearest mountain range) were
used to arrange the 17 fragments in graphical space for
each species. Plots were assigned to one of three possible
classes (minimum area, maximum isolation, interaction;
Fig. 2) and the number of occupied sites used to parti-
tion the graphical space into two sections by either a
vertical (area), horizontal (isolation), or diagonal
(interaction) line. Thus, if nine of the fragments were
occupied and the arrangement approximated a mini-
mum-area pattern, a vertical line was imposed on the
plot grouping nine fragments on the left and the
remaining eight on the right, without regard to whether
particular sites were occupied or not. A two-by-two
table was constructed with number of fragments left and

Table 4

Classification system used to rank forest residents according to vagility

Rank Name Description

1 Sedentary Very limited movements—wholly restricted to single forest patch

2 Occasional Limited movements, but may occasionally move across unsuitable habitat to adjacent montane forest patch

3 Intermediate Large home ranges within forest patch, dispersing to nearby patches; also capable of longer-distance dispersal

through unsuitable habitat

4 Mobile Readily able to move large distances through unsuitable habitat

5 Nomadic Nomadic or transient species that moves large distances routinely (e.g. tracking ephemeral food source)
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right of the partition as columns, and number of frag-
ments occupied and unoccupied as rows. A one-tailed
Fisher’s exact test was used to estimate the probability
of obtaining the observed pattern by chance. Because
the distribution of each species was simultaneously
compared against three hypothetical distributions, the P
value was multiplied by three. A final probability less
than or equal to 0.05 was judged significant, which in
this case (n=17) corresponded to distributions with 41
departure from the hypothetical pattern.
Prior to analysis, the distribution of the six ecological

indices (vagility, relative abundance, habitat breadth,
elevational range, mass and range-size) were checked for
normality and transformed as required (natural loga-
rithm transformation for vagility). Of all 15 pairwise
correlations between independent variables, five were
significant at the 0.01 level (Table 5). Given the con-
founding effects of multi-colinearity, multivariate meth-
ods were inappropriate and each variable was assessed
for significance independently. Product–moment corre-
lation co-efficients (Pearson) were calculated for pair-
wise comparisons and, given the number of compar-
isons and relatively high sample size (60), a significance
level of 0.01 was used (one-tailed). Differences between
habitat specialists and other forest residents were calcu-
lated using t-tests, with probabilities less than 0.01
judged significant (two tailed, not assuming equal var-
iances).

4. Results

The 17 forest fragments sampled ranged in area from
2 ha to almost 160,000 ha for the Sierra de Yucuñacua,
one of the largest remaining tracts of humid pine-oak
forest. Maximum elevation within these patches ranged
from 1220 m to 3230 m in Cerro San Felipe, with dis-
tance from the nearest mountain range varying from
200 m to 59 km. The vegetation index yielded values
ranging from 3 to 27, with no patch containing all pos-
sible micro-habitats (Table 2). The shape index varied
from 6.397 for the most complex patch, to 1.000 for the
patch with the most simple edge, while fractal dimen-
sion of edge ranged from 1.175 to 1.000. Values of
exactly one for these last two metrics indicate that the
forest fragment was a perfect square, reflecting the
lower bound in the resolution of the raster-based map
(i.e. mapped fragments corresponded to a single pixel).
A total of 141 avian species was recorded from the 17

fragments, including many new and noteworthy records
(Watson, 1999a, b). Several groups were especially well
represented, with 11 species of diurnal raptor (Falconi-
formes), 12 species of hummingbird (Trochilidae), 12
species of tyrant flycatcher (Tyrannidae), 10 thrushes
and allies (Turdidae), and 13 species of sparrow and
allies (Emberizidae). For subsequent analyses and dis-
cussion, only those 60 forest residents listed in Table 3
were included (see Watson, 1999a for complete data).

Fig. 2. Hypothetical distributions of species, arranged relative to fragment area and isolation (after Lomolino, 1986; Lawlor, 1998). Open diamonds

are unoccupied fragments, while closed diamonds represent fragments in which the species occurs. (a) Maximum isolation pattern, in which species

are dispersal limited, and recorded only in those fragments below a threshold-level of isolation. (b) Minimum area pattern, in which species are area-

sensitive and inhabit only those fragments larger than a particular threshold. (c) Random pattern, in which the distribution of species is not affected

by area or isolation. (d) Interaction pattern, in which isolated fragments are occupied when of sufficient size, and small fragments are occupied when

close to larger patches.
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No species was recorded in all 17 patches—Pipilo ery-
throphthalmuswas the most widespread species, recorded
in 13 patches, followed by Cyanocitta stelleri, Melanotis
caerulescens and Ptilogonys cinereus (all recorded in 12
patches; see Appendix for summary of records).

4.1. Nestedness

Fragments were ranked by species richness and the
distribution of 60 forest residents was found to exhibit a
highly nested pattern, with a matrix temperature of
16.44, [P (T <16.44)<<0.0001]. The 1020 cell matrix
(17 fragments � 60 species) contained 182 departures
from perfect nestedness—93 holes and 89 outliers—
yielding a hole-rich overall matrix.
The matrix was divided into northern and southern

sites for separate analysis. The nine northern fragments
(comprising the Sierra de Juárez, Sierra de los Mixes-
north, Cerro San Felipe, Piedra del Sol and associated
smaller fragments) were ranked by species richness, and
had a matrix temperature of 7.16, more than half the
overall value (i.e. twice as nested). The remaining eight
southern fragments (comprising the Sierra de Mia-
huatlán, Sierra de Yucuñacua, Sierra de Cuatro Vena-
dos, Cerro Piedra Larga, Cerro Labrador, and
associated smaller fragments) were ranked by species
richness, yielding a matrix temperature of 10.49, again
considerably more nested than the overall matrix. Both
analyses were highly significant when compared to null
models [P (T <observed value) <<0.0001], and both
were hole-rich. To assess whether the reduced tempera-
ture exhibited by the northern and southern fragments
was an artifact of decreased matrix size, the overall
matrix was split randomly 10 times into 20 groups of 8
and 9 fragments, yielding a mean temperature of 13.7.
Analysis of the 30 habitat specialists revealed a highly

significant nested pattern with a temperature of 17.34 [P
(T<17)<<0.0001]. The arrangement was similar to the

overall data-set, with more holes (43) than outliers (39).
Examined separately, northern fragments (tempera-
ture=10.07) and southern fragments (tempera-
ture=10.26), exhibited more nested arrangements than
the overall matrix and both were hole-rich. Ten random
splits of the data into 20 groups of nine and eight frag-
ments yielded a mean temperature of 12.8.

4.2. Factors affecting species richness

Species richness of the 60 forest residents ranged from
56 in the Sierra de Miahuatlán-east to zero for one small
fragment in northern Oaxaca (several species were
recorded during inventories but none were recognized as
forest residents; see Watson, 1999a for complete data).
Richness of the 30 habitat specialists ranged from 28 in
the Sierra de Miahuatlán-east to zero for three small
northern fragments. Both richness measures were rela-
ted separately to each fragment attribute to assess uni-
variate influences. All independent variables except
isolation had significant correlations with both mea-
sures of richness significant at the 0.01 level (R2 > 0.606,
df=15; Table 6). Richness of forest residents was sig-
nificantly correlated with Isolation at the 0.05 level (R2 >
0.482, df=15), while the only non-significant relationship
was between richness of humid pine-oak specialists and
Isolation (R2 <0.482, df=15). The independent variables
displayed high degrees of inter-relatedness, with 12 of the
15 possible pairwise comparisons significant (Table 4), and
ten highly significant (P <0.01). All five correlations which
were not significant at the 0.01 level involved Isolation.
Best subsets regression was used to determine the

optimal predictive model to explain variation in avian
richness. For the 60 forest residents, the optimal model
contained only a single variable, Shape. This model,
while explaining marginally less variation in avian rich-
ness than the full model (R2=0.925 compared with
0.942), had the highest adjusted R2 (0.915) and the low-

Table 5

Comparisons of means and pairwise (Pearson) correlation analyses to evaluate the influence of autecology on distribution of highland birds in

humid pine-oak forest fragments in Oaxaca, Mexico

Variable Patch Vagilitya Abundance Habitat Elevation Range Massb

Mean�SD FR 8.9�2.7 3.2�0.9 0.7�0.2 2.8�1.0 24.4�6.1 25.9�18.2 51.0�64.3

Mean�SD HS 7.1�2.2* 2.7�0.7 0.5�0.2 2.4�0.8 20.4�4.1* 16.1�11.6 36.6�62.5

Vagility 0.36*

Abundance 0.74* 0.33*

Habitat 0.26 0.17 0.23

Elevation 0.31* 0.36* 0.19 0.18

Range 0.22 0.28 0.30 0.32* 0.31*

Mass (Ranked) 0.20 0.16 0.14 0.14 0.42* 0.27

* Significant at the 0.01 level (one-tailed for correlations, two-tailed not assuming equal variances for t-tests)
a Raw values of vagility given for means, log transformed values used to calculate correlations.
b Actual values of body mass given for means, ranks used to calculate correlations. FR refers to the 60 species of forest residents, HS to the 30

habitat specialists.
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est values for CP and s (�1.2 and 6.7 respectively). For
the 30 habitat specialists, the best subset contained Edge
as the only variable. While it accounted for less variance
than the full model (R2=0.908 compared with 0.923),
adjusted R2 was maximal (0.898) and values for both s
and CP were minimal (�2.3, 3.52 respectively), indicat-
ing that the model had higher predictive power than the
overspecified full model.
The data set was further analyzed using hierarchical

partitioning to assess independent contributions of each
independent variable. As with the univariate findings,

results for forest residents and habitat specialists were
qualitatively similar. No independent variable had a
significant independent effect (R2> 0.482, df=15),
the joint effect being greater than the independent
effect in all cases (Fig. 3). For both analyses, Edge
and Shape had the highest independent effects.
Examination of the distribution of joint effects con-
firmed that the independent variables were closely
related to one another, overwhelming independent
effects of any particular independent variable on species
richness.

Table 6

Univariate correlations (Spearman) used to infer determinants of avian richness in naturally fragmented humid pine-oak forests in Oaxaca, Mexico

Area Edge Elev Isol Shape Veg

Rich-FR 0.910** 0.959** 0.754** �0.540* 0.962** 0.850**

Rich-HS 0.899** 0.953** 0.763** �0.472 0.949** 0.849**

Edge 0.931** – – – – –

Elev 0.770** 0.728** – – – –

Isol �0.377 �0.538* �0.241 – – –

Shape 0.934** 0.995** 0.734** �0.589* – –

Veg 0.780** 0.841** 0.731** �0.245 0.819** –

Rich-FR refers to richness of the 60 species of forest residents, and Rich-HS refers to richness of the 30 habitat specialists, restricted to humid pine-oak

forests.

* 0.05, Significance level.

** 0.01, Significance level.

Fig. 3. Summary plots of two separate hierarchical partitions using (a), the 30 habitat specialists and (b), all 60 forest residents. The critical value at

the 5% level is 0.482 for 15 degrees of freedom. Black bars signify independent effects, with grey bars for joint effects.
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4.3. Area versus isolation

Of the 60 forest residents, 13 had insufficient data for
analysis (recorded in five fragments or fewer) and 15
displayed random patterns with no relationship to area,
isolation or interaction models (Table 3). One species
(Piranga flava) displayed a distribution consistent with a
maximum isolation pattern (Fig. 2a), occurring in all
but one fragment <5.3 km from the nearest mountain
range and absent from all fragments isolated by > 9.0
km (Fig. 4). Thirty-one species displayed significant
minimum-area distributions (Table 3), restricted to
fragments larger than a particular threshold (Fig. 4).
The threshold value varied from approximately 3500 ha for
16 species (including Dendrortyx macroura, Troglodytes
brunneicollis and Parula superciliosa) to approximately
30,000 ha for three species (Pachyramphus major, Vir-
eolanius melitophrys, andDiglossa baritula; Table 3). Eight
other species were restricted to fragments larger than
30,000 ha but were recorded in fewer than five fragments
and could not be tested. No species exhibited a distribu-
tion consistent with an interaction pattern (Fig. 2d).

4.4. Influence of autecology

The estimate of relative abundance ranged from 0.1
(recorded in one sampling period in fragments where it
was observed) to 1.0 (recorded in all sampling periods in
fragments where it was observed). This measure was
related to patch occupancy (r=0.74, n=60, P <0.01),
more abundant species being significantly more wide-
spread (Fig. 5a).
The vagility index was positively related to patch

occupancy (r=0.36, n=60, P <0.01), with species con-
sidered more vagile consistently found in more frag-
ments (Fig. 5b). Vagility was also positively related to
abundance and elevation—more vagile species tended to
be more abundant and occupy broader elevational ran-
ges (Table 5).
Elevational range varied from 1100 to 3500 m and

was significantly related to patch occupancy (r=0.32,
n=60, P > 0.01), those species occupying broader ele-
vational ranges recorded in more fragments (Fig. 5c).
Absolute measures of mass were tabulated (Table 3)

and then ranked from the lightest species (Hylocharis
leucotis, approximately 4 g) to the heaviest (Dendrortyx
macroura, approximately 350 g). Ranked body mass
was not significantly related to patch occupancy
(r=0.20, n=60, P > 0.01; Fig. 5d).
The latitudinal extent in which species are year-round

residents ranged from less than one degree for Eupher-
usa cyanophrys to 81� for Columba fasciata. This
measure of range-size was not related to patch occu-
pancy (r=0.22, n=60, P > 0.01; Fig. 5e), but was
significantly related to body mass—heavier species
occupied larger distributional ranges. (Table 5).

The number of habitats occupied throughout the
species’ range (Parker et al., 1996) was not significantly
related to patch occupancy (r=0.26, n=60, P > 0.01;
Fig. 5f).

4.5. Habitat specificity

The 60 forest residents were classed into two groups;
those recognized as habitat specialists (30) and remain-
ing species (comprising 27 species that range into dry
pine-oak forest and 3 species restricted to cloud forest;
Table 3). Patch occupancy for these two groups was
found to differ significantly (t=�2.8, df=58, P <0.01
not assuming equal variances). Examination of the area-
isolation plots revealed the habitat specialists were
restricted to larger patches—only three of the 30 species
were recorded from patches smaller than 3000 ha
(Empidonax affinis, Icterus graduacauda and Carduelis
notata). Of the remaining humid pine-oak specialists,
eight species (Vireolanius melitophrys, Poecile sclateri,
Catharus aurantiirostris, Turdus infuscatus, Ridgwayia
pinicola, Piranga erythrocephala, Diglossa baritula and
Loxia curvirostra) were recorded only in fragments larger
than 30,000 ha (Appendix). The only other species
restricted to these eight largest fragments were the three
cloud forest specialists (Eupherusa cyanophrys, Aulaco-
rhynchus prasinus and Pachyramphus major).

5. Discussion

5.1. Nested patterns of richness

This pattern has been proposed to result from selec-
tive deterministic extinction of species (Patterson, 1984;
Brown, 1986), with resilient species being widespread
and sensitive species restricted to species-rich patches,
although several authors suggest that it may be a more
general property of communities (Cutler, 1991; Wright
and Reeves, 1992). The resident avifauna of humid pine-
oak forests displayed a highly nested structure, whereby
assemblages of birds inhabiting less diverse sites were
predictable subsets of more diverse assemblages. All
matrices contained more unexpected absences than pre-
sences, both for the overall analyses and for the separate
analyses of northern and southern fragments. These
‘‘hole-rich’’ patterns may be related to faunal relaxation
(Mikkelson, 1993) or other adjustments in community
structure following major disturbance. Thus, species
with certain ecological attributes are more prone to
extinction, leaving the same subset of resilient species in
smaller patches. Hole-rich matrices may also emanate
from sampling artifacts, with absences in the matrix
representing missing data. This is a serious concern and
may have considerable influence on studies in which
standardized sampling was not used. In this study,
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sample completeness was standardized and analyses
were restricted to forest residents, thereby minimizing
the potential influence of missing values. Moreover,
when historic data were added, qualitative results of all
analyses were the same (Watson, 1999a), further rein-
forcing the completeness of sampling.

Most species were restricted completely to the larger,
more species rich patches, the majority of these species
being habitat specialists (e.g. Dendrortyx macroura,
Vireolanius melitophrys, Ridgwayia pinicola). There
were, however, a number of species that did not con-
form to the overall pattern of nestedness. This group
was dominated by species more typical of drier habi-

Fig. 4. Selected area-isolation plots for eight of the 60 forest residents, assigned to one of the hypothetical distributions (Fig. 2). Open diamonds are

unoccupied fragments, while closed diamonds represent fragments in which the species occurs. The upper four plots display significant minimum-

area patterns, with species restricted to fragments larger than a particular threshold. Piranga flava and Hylocharis leucotis both displayed distribu-

tions consistent with the maximum isolation pattern, but only Piranga flava was significant. The last two plots display random distributions, with

species exhibiting no apparent relation to patch area or degree of isolation.
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tats and forest edges (e.g. Trogon elegans, Contopus
pertinax), and often displayed the reverse trend, being
more frequently recorded in species-poor patches. The
three species restricted to cloud forest/humid ever-
green forest (Eupherusa cyanophrys, Aulacorhynchus
prasinus, Pachyramphus major) also departed from the
overall pattern of nestedness, their distributions being
influenced more by the presence of cloud forest than
other patch attributes. These aspects of species-level
distributional ecology are explored in more detail
below.
Previous work on assemblages of birds in montane

coniferous forests also found highly nested distribution
patterns, but the matrix was outlier-rich, with more
unexpected presences (Johnson, 1975; Cutler, 1991). By
contrast, mammalian faunas in the same region were
hole-rich (Brown, 1971; Brown and Gibson, 1983), the
difference explained in terms of different dispersal abil-
ities of the two groups (Cutler, 1991). Thus, birds may
be similarly susceptible to local extinction, but were
assumed to have greater dispersive abilities and, hence,
were more likely to secondarily recolonize areas. While
most bird species are theoretically capable of flying
across a valley or clearing to an adjacent forest patch, it
doesn’t necessarily follow that they will. In the humid
pine-oak forests of Oaxaca, the matrix between forest
fragments is dominated by dry, thorny savanna and

scrub, and there is a high degree of complementarity in
both flora and resident fauna between these habitats
(Goodwin, 1969; Rzedowski, 1986; Binford, 1989).
While some highland species do move within this inter-
vening matrix, it likely represents a hostile and foreign
environment to most. Thus, landscape features that
promote fragment connectivity may be just as impor-
tant for birds and other highly mobile groups as for the
mammals, reptiles and plants for which they have been
primarily advocated.
Geographic location was also found to be important,

as illustrated by the separate analysis of northern and
southern patches. Considered separately, the nine
northern sites exhibited an arrangement that was more
than twice as nested as for the entire matrix (and slightly
less than twice the overall value for the 30 habitat spe-
cialists). This indicates that species-poor fragments in
northern Oaxaca were more closely related to their
adjacent mountain ranges, than to mountains on the
other side of the Oaxaca Valley. This is consistent with
the suggestion that avian communities associated with
the northern ranges are distinct from those in the south
(Hernández-Baños et al., 1995; Watson and Peterson,
1999). Moreover, it is apparent that nestedness analysis,
as with other approaches to examining spatial structur-
ing of communities, are best tailored to the specific
attributes of the study area.

Fig. 5. Correlations of patch occupancy versus autecological indices for the 60 species of forest resident considered here. The upper three plots were

significant at the 0.01 level (Table 3). (a) Relative abundance derived from frequency of occurrence in four of the largest fragments (b) Natural

logarithm of the vagility index (Table 2) (c) Elevational range, taken from Parker et al. (1996) (d) Ranked body mass (e) Latitudinal extent over

which the species is resident year-round (f) Habitat breadth, in terms of number of habitats occupied throughout range (after Parker et al., 1996).
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5.2. Determinants of avian richness

Analyses of both the entire group of forest residents
and the subset of habitat specialists showed similar
qualitative patterns, the same variables having strong
univariate influences. Patch-scale metrics (notably area,
vegetation diversity, fractal dimension of edge and
fragment shape) explained most of the variation in
avian richness, while the landscape-level metric used
(distance to the nearest large fragment) had con-
siderably less influence. These results underscore the
importance of patch-scale effects in explaining the dis-
tribution of diversity, in contrast to results of analyses
at the regional scale (Watson and Peterson, 1999). In
considering diversity patterns of humid montane forest
birds throughout Mesoamerica, regional scale variables
(chiefly latitude) explained most of the variation, with
proximity to the two lowland isthmuses also critical
(Watson and Peterson, 1999). Combining these two
results (using the same classes of variables and analy-
tical techniques), the influence of patch-scale factors
appears to be scale dependent. Thus, variables including
fragment shape, area and vegetation were key determi-
nants of species richness in fragments smaller than a
certain threshold value (in this case between 1000 and
3000 ha), but regional scale effects such as geographic
context and latitude became more important in larger
fragments (the mountain ranges discussed in Watson
and Peterson, 1999).
Determining which patch-level variables are most

important, however, is difficult. Indeed, I was unable to
demonstrate a single significant independent effect for
the six fragment attributes analyzed due to the high
degree of colinearity between them. While fragment
shape and edge had the highest univariate influence on
the two measures of avian richness and were thus selec-
ted as constituting the ‘‘best’’ predictors, less than a
quarter of the explained variance was due to indepen-
dent effects. Thus, larger fragments had higher peaks,
sustained more diverse vegetation types and had a more
complex shape, and were found to support more diverse
avian communities. Hence, the finding that larger pat-
ches support more diverse resident avifaunas is not
purely a function of increased area, but reflects all of the
other patch attributes that covary with area. The
threshold pattern noted above may be driven by area,
number of micro-habitats, patch configuration, mini-
mum elevation, or any combination of these factors.
Identifying the combination that yields the best predic-
tion would be a simplification that ignores the close
relationships between these factors.
Several authors have concluded that either area or

vegetation is most important in driving patterns of
diversity in a particular system (Saunders et al., 1991;
Robinson et al., 1995; Simberloff, 1995; Graham and
Blake, 2001; Lee et al., 2002). While there are several

sound theoretical reasons why larger patches would be
expected to support more species irrespective of vegeta-
tion (Holt, 1990; Mac Nally and Watson, 1997), this can
only be demonstrated using standardized samples. As
Loman and von Shantz (1991) stated, ‘‘as the sample
sizes usually are larger in larger areas, this [higher rich-
nesses in larger patches] is not a very interesting find-
ing’’ (p. 177). Indeed, one could reasonably expect to
find higher diversities of non-biological entities in larger
patches (e.g. colors of pebble, boulder shapes) purely as
a result of passive sampling. In this study, protocols
were employed to avoid these shortcomings. More-
over, the patches spanned some five orders of mag-
nitude, thereby encompassing a broad range of
relevant spatial scales. If there were a meaningful,
direct influence of patch area on species richness
independent of other factors, I am confident that it
would have been revealed. The results presented here
are not sampling or statistical artifacts, but an accu-
rate (and necessarily complex) representation of the
patterns of dependence between variables such as
area and habitat complexity.

5.3. Influence of isolation and fragment area

Of the 60 species examined, 31 displayed distributions
consistent with the area-limitation hypothesis (Lomo-
lino, 1986; Rosenzweig, 1995)—an important finding
that underscores the sensitivity of these species to
reduction in habitat area. Indeed, eight humid pine-oak
forest specialists and all three cloud forest specialists
were found only in forest fragments larger than 30,000
ha, an alarmingly high threshold in comparison with
other studies of birds in forest fragments (Saunders et
al., 1991; Walters et al., 1999; Watson et al., 2000).
Given seasonal movements, dietary switches and other
behavioral and developmental traits, however, resource
requirements of most species are dynamic and any dis-
tributional threshold varies accordingly. Thus, while
particular fragments may support a species for part of
the year, there may be insufficient resources to maintain
a population indefinitely. As such, the provided thresh-
old values should be treated as a preliminary indication
of areal requirements during the breeding season, and
should not be viewed as critical thresholds below which
species cannot survive. Those species identified as area-
limited varied considerably in their autecologies, com-
prising similar numbers of habitat specialists and other
forest residents. Comparing all 30 habitat specialists
with the remaining species however, revealed the humid
pine-oak forest specialists to be significantly less wide-
spread, restricted primarily to the larger forest frag-
ments. These findings correspond closely with regional-
scale studies of highland birds in Mesoamerica, (Her-
nández Baños et al., 1995; Watson and Peterson, 1999)
and studies of montane birds elsewhere (Vuilleumier,
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1970; Johnson, 1975, 1977; Kratter, 1992; Nores, 1995)
suggesting pronounced area-sensitivity may be a general
attribute of montane avifaunas (Vuilleumier and Sim-
berloff, 1980; Brown and Gibson, 1983; see also Peterson
and Watson, 1998).
In contrast, isolation had remarkably little explana-

tory power, the distribution of only a single species
(Piranga flava) significantly related to degree of isol-
ation. Hence, the patch-scale and species-level analyses
generated the same result—fragment attributes con-
sistently had a major influence over distribution pat-
terns of organisms regardless of their landscape context.
Previous studies of mountain-top habitat fragments
found isolation to be of minimal importance in
explaining distribution patterns (Brown, 1971; Johnson,
1975; Harper et al., 1978; Wilcox et al., 1986, but see
Vuilleumier, 1970; Lomolino et al., 1989) leading Brown
(1971, 1995) to infer that these older systems are
extinction driven, with dispersal and subsequent recolo-
nization being rare.
Distributions of 15 species could not be explained in

terms of area or isolation, however, and may be affected
more by the distribution of particular microhabitats
independent of fragment size or context. For instance,
Euphonia elegantissima feeds primarily on the fruits of
Loranthaceous mistletoes (Stiles and Skutch, 1989), and
it was found in many small and isolated fragments,
generally closely associated with fruiting mistletoe
clumps. Melanerpes formicivorus subsists primarily on
acorns (Skutch, 1969), and displays numerous behavioural
specialisations to this diet. It was found in all of the
largest fragments but also one of the smallest (6 ha)—in
all cases fragments with stands of masting oak trees.

5.4. Influence of autecology

While isolation was consistently found to have little
influence on distribution patterns of individual species
or overall richness of fragments, it does not necessarily
follow that dispersal is unimportant (in contrast to
Brown, 1995). Indeed, less vagile organisms were con-
sistently found in fewer fragments, suggesting that
highly vagile species are able to disperse to suitable
fragments regardless of their location, and their sub-
sequent survival hinges upon area and other patch-scale
parameters. Previous authors (Gaston and Kunin, 1997
and references therein) have noted rarer species tend to
be poorer dispersers but most of this research has
focused on flowering plants. While vagility has pre-
viously been implicated in determining avian distribu-
tions (Diamond, 1972; Abbott, 1978; Järvinen and
Haila, 1984), this is one of the first community-level
studies in which avian vagilities were estimated and
related directly to distribution (Mayr and Diamond,
2001). More research is required to test the generality of
this finding, explore alternative ways of estimating

vagility, and examine further the interplay between dis-
tribution and vagility in patchy landscapes.
The estimate of relative abundance was also found to

be associated closely with distribution—species encoun-
tered more frequently were consistently found in more
fragments. This pattern has been reported from a vari-
ety of systems, but may be largely driven by sampling
artifacts (Wright, 1991). Even though the abundance
estimate used here was derived from less than a quarter
of the study sites and a range-based measure of rarity
was used, maximising the independence of the variables,
the relationship may still be artificially amplified. Brown
(1984) proposed a generalized explanatory theory to
account for this pattern, but he cautioned that the rela-
tionship would hold only among ecologically or phylo-
genetically related taxa. In this case, the relationship
held across 60 species spanning six orders, 20 families
and a range of ecological guilds. At a more proximate
scale, the observed pattern is consistent with a demo-
graphic mechanism—more abundant species by defini-
tion have larger population sizes in a given habitat
fragment, affording increased resilience to extinction in
the first place (Holt, 1990). According to this mechan-
ism, more abundant species would be more widespread
regardless of other ecological characteristics. This was
not the case in this study—vagility and relative abun-
dance were significantly inter-related, so evaluating their
importance independently is not possible.
Elevational range was also found to be significantly

related to patch occupancy, supporting the intuitive
prediction that species with broader elevational toler-
ances are more widespread. This pattern could be driven
either by increased resilience to climatic change, or by a
sampling effect—species being more widespread because
their preferred elevations are better represented. Given
that elevational range was also closely related to vagility
this latter hypothesis is more likely, with more vagile
species better able to move to fragments, and subse-
quently more likely to find suitable elevations repre-
sented and colonise successfully.
Tying these factors together, I propose that more

abundant species were originally less prone to extinc-
tion, more vagile species were better dispersers and spe-
cies with broader elevational tolerances more likely to
be successful colonists, resulting in all three attributes
being positively related to patch occupancy. This con-
clusion is reinforced by anecdotal reports of humid
pine-oak forest residents recorded in the southwestern
United States (Heathcote and Kaufman, 1985; Stejskal
and Rosenberg, 1991). While rare instances of indivi-
dual birds, this information further underscores the
dispersive capacity of some of these highland species,
enabling them to persist in fragmented environments
and move to forest fragments regardless of the degree of
isolation. Rarer species were dispersal limited and less
abundant, making them especially vulnerable to local
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extinction and less able to offset this process through
subsequent recolonisation.
Other ecological traits were found to have little influ-

ence over avian distribution patterns, providing an
interesting counterpoint to prevailing macroecological
theory. According to Brown’s general hypothesis
(Brown, 1995; Brown and Gibson, 1993), maximum
density reaches a peak at optimal body mass (30 g for
birds), decreasing for smaller and larger species. The six
species closest to 30 g ranged in relative abundance
from 0.11 (Vireolanius melitophrys) to 0.84 (Catharus
occidentalis), and the five most abundant species ranged
from 9.5 g (Myioborus miniatus) to 90 g (Cyanocitta
stelleri) showing no clear pattern whatsoever. There was
no clear relationship between patch occupancy and
range-size either. Indeed, for thrushes in the genus
Catharus, the observed pattern was directly opposite to
the prediction—the species with the smallest distribu-
tional range (C. frantzii) was recorded in the most frag-
ments, while the species with the largest range (C.
aurantiirostris) was the rarest.
There were however, several significant relationships

between these variables: species with larger distribu-
tional ranges occupied more habitats and broader ele-
vational ranges. These relationships are driven primarily
by sampling effects—larger distributional ranges span
more vegetation types and elevations—which are known
from many other systems and have been discussed in
detail by Stevens (1989, 1992). Note, however, that
diversity gradients of highland taxa in Mesoamerica
may be driven primarily by proximity to the Isthmuses
of Tehuantepec and Panama (Watson and Peterson,
1999 and references therein), with latitude playing a
secondary role. Interestingly, those species inhabiting
greater elevational ranges tended to be larger, a pattern
which may reflect physiological and energetic con-
straints (Brown, 1995). While some humid pine-oak
species are altitudinal migrants (Winker et al., 1997),
many are wholly restricted to these high elevation for-
ests, and larger body size presumably affords greater
tolerance of the colder temperatures associated with
higher elevations.

5.5. Importance of temporal scale

Most studies of the consequences of habitat fragmen-
tation have been conducted in relatively young land-
scapes, typically 60–90 years post fragmentation
(Watson, 2002). Some authors (e.g. Renjifo, 1999)
regard this time-scale as ‘‘long-term’’ and sufficient to
ensure the stability of diversity patterns. In considering
the generation time of forest trees, the background per-
iodicity of disturbance regimes and the impact of sto-
chastic factors, these anthropogenically-altered systems
are still undergoing adjustments to diversity and hence
may not reveal the net consequences of fragmentation.

Indeed, there may not have been sufficient time to
observe effects in a particular age cohort, let alone the
population. This disparity in time-scales was noted by
Janzen (1986), when he observed that oak trees in forest
patches of northern Costa Rica were not undergoing
regeneration, and that once those individuals died, the
habitat patch died with them. Labeled ‘‘the living dead’’
this example highlights the extended time scales of many
natural processes, whereby the full effects of habitat
fragmentation can only be understood after several
generations.
The conservative age of montane fragments in Oaxaca

is 5000 years, two orders of magnitude greater than the
age of most anthropogenically-created fragments dis-
cussed in the literature (Saunders et al., 1991; McGar-
igal and Cushman, 2002; Watson, 2002). More recent
modifications to this landscape have certainly con-
tributed to present-day distributions, but the overall
arrangement of this landscape is clearly much older.
Given estimates of relaxation times derived from
empirical (Diamond, 1972) and theoretical (Mikkelson,
1993) approaches, it is reasonable to assume that
extinctions related to re-arrangement of habitat have
already occurred. Thus, the results discussed herein do
not represent a transitional state between community
arrangements, but a stable outcome reflecting the end-
point of the effects of fragmentation. As such, it is
noteworthy that diversity patterns in this landscape
could not be related to any individual factors, sug-
gesting much of the debate on the influence of habitat
versus area is irrelevant over longer time-scales. To
understand distribution patterns in recently frag-
mented landscapes, I advocate a resource-based
approach (Watson, 2001; 2002b), with long-term con-
servation better guided by findings from these older
systems.

5.6. Conservation implications

Relative to other montane forests in the neotropics,
avian diversity of humid pine-oak forests is exceeded
only by montane evergreen forests in terms of both total
number of species and species dependent on the forest
as primary habitat (Stotz et al., 1996). In addition, these
montane habitats are known to support a rich biota of
endemic amphibians (Duellman, 1970; Wake and
Lynch, 1976), mammals (Goodwin, 1969) and plants
(Rzedowski, 1986), and have been recognized as a key
conservation priority in Mesoamerica (Stotz et al.,
1997). This diversity is in part accounted for by the
regional context of these forests, at the boundary of two
major biogeographic regions. Indeed, the southern
range limits of many North American bird species occur
in the region, and several bird families terminate in the
region (e.g. Paridae, Sittidae) associated with the high
elevation Mexican plateau that ends in central Oaxaca.
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While all 60 forest residents examined here may be
represented by three of the largest remnants (Sierra s de
Yucuñacua, Juárez and Miahuatlán) this would not be
representative of the true extent of diversity in the
highland avifauna. Several species of pine-oak bird dif-
fer substantially within their range, such that those
individuals in the northern range are diagnosably dif-
ferent from individuals from the south. In some cases
(e.g. Aulacorhynchus, Picoides, Cyanocitta), these differ-
ent forms are recognized as distinct subspecies (gen-
erally corresponding to valid phylogenetic species,
Peterson and Navarro-Sigüenza, 1999), and both forms
can be considered separately for management purposes.
For some taxa, however, patterns of differentiation are
less clear. Several species (e.g.Chlorospingus ophthalmi-
cus) exhibit morphological variation throughout their
range, and other groups (e.g. Glaucidium, Contopus,
Empidonax) may be equally variable but have con-
servative external morphologies (Robbins and Stiles,
1999). It doesn’t necessarily follow that the smaller
fragments are therefore not as valuable for conserva-
tion. Several species, including the poorly known Aimo-
phila notosticta—endemic to Oaxaca—were recorded
only from the smaller patches, and small patches
doubtless play an important role for many species.
In addition to the forest-dependent residents dis-

cussed here, pine-oak forests are of critical importance
for neotropical migrants, supporting greater diversities
of these species than any other forest type in Mexico
(Hutto, 1992). A key research priority will be to
examine the determinants of distribution of these
migrants, testing the hypotheses generated by this
research and assessing whether diversities of
migrants mirror the patterns displayed by year-round
residents.

The main finding of this research and the principal
message for conservation is that patch-scale factors
consistently influenced distribution patterns of species
while landscape-scale factors had little effect. Regardless
of their context, high quality fragments supported more
diverse assemblages of birds, with all fragment attri-
butes closely inter-related. Thus, no single fragment
attribute was identified as a key determinant of diver-
sity, but incorporating indirect effects and individual
responses of species, larger fragments consistently sup-
ported more bird species. Thus, while landscape-attri-
butes may have relevance in young systems, patch
quality is critical over longer time frames, and should be
given due recognition in long-term management plans.
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Appendix

Summary of distributional records of 60 forest-dependent species in 17 naturally occurring fragments of humid pine-oak forest in Oaxaca, Mexico

Scientific Name Class Fragment code Patch

A B C D E F G H I J K L M N O P Q

Dendrortyx macroura H, CF 0 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 0 8

Columba fasciata PO 0 1 1 1 1 0 1 1 1 1 0 0 0 0 0 0 0 8

Hylocharis leucotis PO 1 1 1 1 1 1 1 1 0 0 0 0 0 1 0 1 0 10

Amazilia beryllina PO 1 1 0 1 0 1 1 0 0 0 1 0 0 0 0 0 0 6

Lampornis amethystinus H, CF 0 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0 0 9

Lampornis clemenciae H 1 1 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 7

Lamprolaima rhami H, CF 0 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 5

Eupherusa cyanophrys CF 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2

Eugenes fulgens H, CF 1 1 1 1 1 1 1 0 0 0 1 0 0 0 0 0 0 8

Trogon mexicanus PO 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 11

Trogon elegans PO 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 3

Aulacorynchus prasinus CF 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 7

Melanerpes formicivorus PO 1 1 1 1 1 1 1 1 0 1 0 1 0 0 0 1 0 11

Picoides villosus PO 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 0 0 8

Colaptes auratus PO 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 9

Lepidocolaptes leucogaster PO 1 1 1 1 0 1 1 0 1 1 0 0 0 1 0 0 0 9

Lepidocolaptes affinis H, CF 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 0 9

Pachyramphus major CF 1 1 1 1 0 1 1 0 0 0 0 0 0 0 0 0 0 6

Mitrephanes phaeocercus PO 1 1 1 1 1 1 1 0 1 1 0 0 0 0 0 0 0 9

Contopus pertinax PO 1 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 0 11

Empidonax affinis H 0 0 1 1 0 1 1 0 1 1 0 0 0 1 0 1 0 8

Empidonax occidentalis H 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 0 9

Vireo plumbeus PO 1 1 0 1 1 1 1 1 1 0 0 0 0 1 0 1 0 10

Vireo huttoni PO 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 11

Vireolanius melitophrys H 1 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 6

Cyanocitta stelleri PO 1 1 1 1 1 1 1 1 1 1 0 0 0 1 0 1 0 12

Poecile sclateri H 0 0 1 1 0 1 1 0 0 0 0 0 0 0 0 0 0 4

Troglodytes brunneicollis H, CF 1 0 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 9

Henicorhina leucophrys H, CF 1 1 1 1 0 1 0 1 0 0 0 0 0 0 0 0 0 6

Myadestes occidentalis PO 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 11

Catharus aurantiirostris H, CF 1 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 4

Catharus occidentalis H 0 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 0 8

Catharus frantzii H, CF 0 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 9

Turdus infuscatus H, CF 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 3

Turdus migratorius PO 1 0 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 9

Ridgwayia pinicola H 0 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 5

Melanotis caerulescens PO 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 12

Ptilogonys cinereus PO 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 0 12

Peucedramus taeniatus PO 1 1 1 1 1 1 1 0 1 0 0 1 0 0 0 0 0 9

Parula superciliosa PO 1 1 1 1 1 1 1 0 1 1 1 0 0 0 0 0 0 10

Dendroica gracei PO 1 1 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 5

Geothlypis nelsoni H 1 0 1 1 0 1 0 1 0 0 0 0 0 0 0 0 0 5

Ergaticus ruber PO 1 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 7

Myioborus miniatus H, CF 1 1 1 1 0 1 1 1 1 1 0 0 0 0 0 0 0 9

Basileuterus belli H, CF 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 8

Chlorospingus ophthalmicus H, CF 1 1 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 5

Piranga flava PO 1 1 1 1 0 1 1 1 0 0 1 1 0 1 0 1 0 11

Piranga erythrocephala H 1 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 5

Euphonia elegantissima H, CF 1 1 1 1 1 1 1 0 0 1 0 0 0 1 0 1 0 10

Diglossa baritula H, CF 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 6

Atlapetes pileatus H 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 11

Buarremon brunneinucha H, CF 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 0 9

Pipilo ocai H 1 0 1 1 1 1 1 1 0 1 0 0 0 0 0 0 0 8

Pipilo erythrophthalmus PO 1 0 1 1 0 1 1 1 1 1 1 0 1 1 1 1 0 13

Junco phaeonotus PO 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 8

Pheucticus melanocephalus PO 1 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 10

Icterus graduacauda H, CF 1 1 1 1 0 1 1 0 1 1 0 1 0 1 0 0 0 10

Loxia curvirostra H 1 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 4

Carduelis notata PO 1 1 0 1 0 1 1 0 0 0 1 0 0 0 0 0 0 6

Coccothraustes abeillei H, CF 0 1 0 1 0 0 1 1 1 0 0 0 0 0 0 0 0 5

Rich-FR, total=60 47 48 51 53 38 56 54 36 24 27 15 6 1 10 2 10 0 –

Rich-HS, total=30 19 22 27 26 17 28 25 18 7 14 3 1 0 3 0 2 0 –

Class denotes the primary habitat occupied by each species, where CF=cloud forest, H=humid pine-oak forest and PO refers to pine-oak forests (both humid and dry).

Fragment code refers to the letters defined in Fig. 1, and patch denotes patch occupancy, the total number of fragments in which each species was recorded.
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Conservation Biology: the Science of Scarcity and Diversity.

Sinauer, Sunderland Massachusetts, pp. 286–303.

Järvinen, O., Haila, Y., 1984. Assembly of land bird communities in

northern islands: a quantitative analysis of impoverishment. In:

Strong, D.R.J., Simberloff, D., Abele, L.G., Thistle, A.B. (Eds.),

Ecological Communities: Conceptual Issues and the Evidence.

Princeton University Press, Princeton, pp. 138–147.

Johnson, N.K., 1975. Controls on number of bird species on montane

islands in the Great Basin. Evolution 29, 545–567.

Johnson, N.K., 1977. Patterns of avian geography and speciation in

the intermountain region. Great Basin Naturalist Intermountain

Biogeography: a symposium 137–159.

Kratter, A.W., 1992. Montane avian biogeography in southern Cali-

fornia and Baja California. Journal of Biogeography 19, 269–283.

Lawlor, T.E., 1998. Biogeography of Great Basin mammals: paradigm

lost? Journal of Mammalogy 79, 1111–1130.

Lee, M., Fahrig, L., Freemark, K., Currie, D.J., 2002. Importance of

patch scale vs landscape scale on selected forest birds. Oikos 96,

110–118.

Leopold, A., 1950. Vegetation zones of Mexico. Ecology 31, 507–518.

Loman, J., von Shantz, T., 1991. Birds in a farmland: more species in

small than in large habitat islands. Conservation Biology 5, 176–186.

Lomolino, M.V., 1986. Mammalian community structure on islands:

the importance of immigration, extinction and interactive effects.

Biological Journal of the Linnean Society 28, 1–21.

Lomolino, M.V., Brown, J.H., Davis, R., 1989. Island biogeography

of montane forest mammals in the American Southwest. Ecology

70, 180–194.

Lorenzo, J.L., 1969. Condiciones periglacares de las altas montañas de
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