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Resumen. Se estudio la influencia que tiene la escala espacial en la distribución 
ecológica y geográfica de 20 especies de aves en México, mediante variaciones 
en el área circundante de sus localidades de presencia. Se utilizó información 
categórica de cuatro variables ecológicas (vegetación potencial, temperatura 
media anual, precipitación media anual y elevación) a I O d iferentes tamaños de 
áreas vecinas (9-1 O 000 km2) para evaluar las asociaciones entre los sitios de 
presencia de las especies y los ambientes regionales. La distribución de las especies 
dependió de diferentes atributos ecológicos a diferentes escalas espaciales y las 
escalas de respuesta a los ambientes varió entre las especies. Por ello, utilizar 
enfoques de múltiple escala es clave para entender los patrones de distribución 
de las especies y para identificar las variables ambientales críticas en las 
distribuciones ecológicas de las especies. 

Palabras clave: escala espacial, distribución, aves, México. 

Abstract. The role of spatial scale in influencing ecological and geographic dis
tributions of 20 bird species in Mexico was explored by varying the extent of 
spatial averaging around known occurrence sites. Categorical data for four 
ecological characteristics (potencial vegetation, mean annual temperature, mean 
annual precipitation, and elevation) were used to assess associations between 
species' occurrences and regional environments, a t 10 neighborhood sizes (9-
1 O 000 km2). Species' distribut ions depended on difTerent environmental a t
tributes at distinct spatial scales, and species difTered in their scales of response 
to environments. A multi-scale approach is chus key to understanding distribu-
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tional patterns of species, and for identification of critica! environmental factors 
in species' ecological distributions. 

Key words: spatial scale, distribution, birds, Mexico. 

lntroduction 

Understanding factors that determine ecological and geographic distributions of 
species has been a fertile field for biogeographic research (Scott et al. 2002). Early 
approaches focused on discovering specific and critical environmental conditions 
limiting geographic distributions (Grinnell 19 17, Root 1988): for example, Grinnell 
( 1917) suggested that examination of a species' habitat should be carried out" ... at 
as many points in the general range of the species as possible with the object of 
determining the elements common to ali these points, and of these the ones not in 
evidence beyond the limits of the bird's range." Subsequent conceptualizations of 
species ecological niches focused mainly at more local scales: for example, 
MacArthur (1972) outlined a view in which geographic distributions are deter
mined by a combination of physical environmental characteristics (e.g. tempera
ture, humidity) and biotic interactions (e.g. predation, competition); this view has 
been elaborated into a body of theory explaining factors determining avian distri
butions (James 1971, Terborgh 1971 , May & MacArthur 1972). 

Micro and geographic scales can be considered the extremes of resolution for 
analyzing patterns of species distributions (Huggett 1998). Studies of associations 
between distribution of species and habitat types at local scales are abundant in the 
literature; studies at geographic scales, however, are much more scarce (Root 1988, 
Maurer 1994, Tucker et al. 1997). Nevertheless, cross-scale effects are frequent: mi
cro-scale local habitat relationships may be key in understanding geographic distri
butions, and, conversely, general geographic patterns may suggest local habitat rela
tionships. Species' distributions can thus be viewed as nested hierarchies of spatial 
inclusiveness beginningwith the territory or home range ofindividuals, and ending 
with geographic ranges of species (Kolasa 1989, Allen & Hoekstra 199 1 ). 

This study focuses on associations between species' occurrences and ecological 
and environmental factors as a function of the scale at which those factors are 
considered. We assess the spatial scales at which distributions of bird species show 
strongest associations wi th environmental attributes across Mexico. By understand
ing variation in the strength of these associations across spatial scales, we hope to 
lay a foundation for incorporation of spatial scale as an integral element in spe
cies-habitat models. 
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Methods 

Distributional data for bird species were accumulated from specimens in natural 
history museums (see Acknowledgments) vía the Atlas of Mexican bird distributions, a 
database that includes more than 180 000 geo-referenced site records of more 
than 1000 species, and represents the sum of Mexican bird specimens held in 
North American and European natural history museum collections (see Acknowl
edgments) (Peterson et al. 1998, Navarro-Siguenza et al. 2002). Twenty resident 
land bird species were selected at random from the 151 species for which more 
than 500 specimen records were available. 

Environmental information describing the ecological landscape were drawn 
from Mexico's National Biodiversity Commission (http://www.conabio.gob.mx), in
cluding categorical vector coverages summarizing mean annual temperature, mean 
annual rainfall, potential vegetation and elevation; ali coverages were ordinal ex
cept potential vegetation, which was unordered. Vector coverages and point data 
were transformed into grid format ata cell resolution of O.O 1 x O.O l ' (about 1 km2

). 

ArcView (ESRI, version 3.0) was used for ali spatial analyses. 
Geographic scale was manipulated across about two orders of magnitude (3-

100 km pixels) to assess sensitivity of species to different environmental character
istics at different spatial scales, as follows. We identified the most frequent value of 
each environmental characteristic in square neighborhoods of different sizes (3 x 
3 km, 5 x 5 km, 1 O x 1 O km, 15 x 15 km, 20 x 20 km, 30 x 30 km, 40 x 40 km, 50 
x 50 km, 60 x 60 km, and 100 x 1 O km) centered on pixels in which species were 
known to occur. To provide a test of discrimination levels between observed occur
rences and availability, 500 random points were obtained within a 30 km radius 
buffer surrounding known occurrences of each species, and were characterized at 
each neighborhood size as above. 

Chi-square tests were used to compare observed and expected occurrences of 
species with respect to each environmental characteristic and neighborhood size. 
Expected occurrences of a species within an environmental attribute interval were 
calculated by multiplying the proportional occurrence of that interval in random 
points by the total number of observed occurrences for the species. Chi-square 
statistics comparing expected and observed values were calculated; these values 
were plotted against neighborhood size to visualize scale associations for each en
vironmental characteristic. To visualize trends, a second arder polynomial curve 
was fitted to the chi-square values across neighborhood sizes for each environmen
tal attribute and species. 

Results 

The neighborhood analysis enabled us to assess variation in associations between 
species' occurrences and environmental attributes as a function of geographic scale. 
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Species differed widely in overall degree of association, and responded to particu
lar environmental dimensions at different spatial scales (Fig. 1 ). For most species, 
use of environmental attribute intervals differed significantly from surrounding 
areas (i.e., compared with the 500 random points) at ali neighborhood sizes (ali P 
< 0.01). 

Only a few species x spatial scale x environmental characteristic combinations 
failed to show significant associations (fable 1). To provide some examples, occur
rences of Atlapetes pileatus and Callipepla douglasii were significantly associated with 
the most frequent value of each of the four environmental attributes at every neigh
borhood extent. Occurrences of Aratinga canicularis, Chlorospingus ojJhthalmicus, and 
Momotus momota differed significantly from random at ali neighborhood sizes except 
the largest ( 100 x 100 pixels). On the other hand, occurrences of Catherpes mexicanus 
were not significantly associated with any environmental attribute at any neighbor
hood extent; other species showed significant discrimination for sorne environmen
tal attributes only: for example, Melanerpes urojJygialis and Sitta carolinensis were not 
significantly associated with precipitation at any neighborhood size. 

Examining trends across spatial scales, species varied in the spatial scale at 
which their occurrences differed most significantly for each environmental pa
rameter (Fig. 1 ). For example, Callipepla douglasii discriminated potential vegeta-

Table l. Neighborhood sizes at which particular species were not significantly different 
from random use of environmental dimensions, based on chi-square values (P > 0.0 1). 

Species Potential 
vegetation 

Aratinga canicularis 100 
Atlapetes pil.eatus 
Callipepla douglasii 
Catharus aurantiirostris 
Catherpes mexicanus Ali 
Chlorospingus ophthalmicus 100 
Columbina inca 
Crotophaga sulcirostris 
Había fuscicauda 
Leptotila verreauxi 3, 5, 100 
Melanerpes f<>rmicivorus 
Mel.anerpesuropygialis 15, 30, 40 
Molothrus aeneus 
Momotus momola 
Pipilo erythrophthalmus 
Pipilo fuscus 

Quiscalus mexicanus 
Sitia carolinensis 
Thamnophilus doliatus 
Tyrannus mela11cholicus 

100 

40, 50, 60, 100 
50, 60, 100 

Temperature 

50,60, 100 
Ali 
100 
3, 5, 10, 15, 30 

50,60 

3, 5, 10, 15, 20, 30 

100 
3, 5, JO, 15, 40, 50, 
60, 100 

100 

Precipitation Elevation 

15, 100 
Ali Ali 
100 100 

40, 50, 60, 100 
40, 50, 60, 100 

Ali 

Ali 

50, 60, 100 

30,40,50, 60 

60, 100 



A ALVZINC SPATIAL SCALE 

..... 

J 1( 1(1A:: ~ • ! -¡ 1\ OIXOI 

------•-+ (XC 

i 
l . 
f 
~ 

f~~~~~--'"' 

,..,. 
OlXOl 

OIXO I 

e º 

san¡eA a1enbs-14'.) 

..... 
,. . .,. 
aixai 

DIXDI 

..... 

=) 

8 

..... 
,..,. 
OlXot 

i ..... 
t Oft 

11 

!(0i~ ..... z : j Cl>Xot> 

., 1 i Gl:Xct 

i : _ • DIXOI 

i CJC 

.8 .e 
O) 
·¡¡; 
z 

207 

' u 
r! 
(U 

.e 
u 

] 
e 
u 
E 
e e 
-~ 
u 
.... 
:J 
~ 
9 
V> 
u 
V> 
e o 
o.. 
~ 

V> 
u ·¡:; 
u 
o.. 
V> 



208 M. A. ORTEGA-HUERTA Y A. T. PETERSON 

tion, precipitation, and elevation at large extents, with no extent-effect of tem
perature. Momotus momota discriminated potential vegetation, temperature, and 
elevation at medium extents, with no extent-effect of precipitation. Habia fuscicauda 
discriminated vegetation, temperature, and precipitation at small extents, but 
showed no extent-effect of elevation. Intermingled neighborhood extents, how
ever, were more typical: for example, Melanerpes Jormicivorus showed most signifi
cant associations with potential vegetation ata large extent, but at small extents for 
temperature, precipitation and elevation. Similarly, Quiscalus mexicanus discrimi
nated more significantly potential vegetation, temperature, and elevation at small 
extents, and precipitation at large extent. Overall, in spite of these individualistic 
responses of particular species, species tended to respond to scale at intermediate 
extents significantly more frequently than random expectations (chi-square test, ?i 
= 13. 1, df = 1, P < 0.01). 

Discussion 

This study provides a first exploration of the complex role that spatial scale plays 
in determining species' geographic distributions on regional scales. Our analyses 
are based on categorical environmental data for ali of Mexico and species' occur
rence data based on data associated with natural history museum specimens, aim
ing to examine interactions between scale and selectivity by species in different 
environmental dimensions. Working down to the mínimum scale permitted by 
available data, we applied a nested hierarchical concept of geographic scale, in 
which variations in associations with particular spatial extents imply variation in 
scale-discrimination by species. 

Many applications depend critically on such an understanding of scale-habitat 
selection interactions. For example, the wildlife-habitat models used in Gap Analysis 
(Scott et al. 1996) rarely if ever take scale into account. More recent approaches 
designed to model ecological niches of species and predict species' distributions 
similarly do not frequently take scale effects into account (Peterson 2001, Peterson 
et al. 2002). Toe results of this study suggest that integration of scale consider
ations into such modeling effects would be worthwhile. 

A variety of approaches is available for integration of scale effects into ecologi
cal niche models and other predictive models of species' distributions (Scott et al. 
2002). A simplest approach would be replication of the methods used in this study 
for each species, and inclusion of each environmental variable at the appropriate 
scale of resolution. A second tactic might be inclusion of each environmental vari
able at severa! scales of resolution, and to employ sorne sort of selection or elimi
nation procedure to reduce the dimensionality of the modeling challenge; for ex
ample, jackknife procedures can be used to identify critica! coverages orto discard 
coverages that reduce predictivity (Peterson & Cohoon 1999). Fínally, for approaches 
that involve a machine-learning step or other random-walk procedures (Stockwell 
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& Noble 1992, Stockwell 1999, Stockwell & Peters 1999), it is often feasible simply 
to allow the algorithm to choose from among multiple replicates of each environ
mental variable at different spatial resolutions, although strong costs are involved 
in terms of computational speed with the addition of numerous environmental 
layers to the analysis. Such steps are presently under testing, and inclusion of scale 
effects in ecological niche models should soon be feasible. 

Many synthetic products based on such models, including inferences about 
species' ni che evolution, predictions of species' invasions, will almost certainly come 
to be understood as strongly scale-dependent, once appropriate test are conducted. 
This analysis con tributes to an appreciation of the complex nature of species' geo
graphic distributions: not only are multiple factors involved in determination of 
species' distributional limits, but species may perceive and respond to those fac
tors on quite-distinct spatial scales, ranging from microscopic to continental. In
clusion of these complexities in predictive models will clearly greatly improve the 
functioning of such efforts. 
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