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One of the major detenninants of species richness is the amount of energy available, 
often measured as primary productivity. Heterogeneity of environmental variables has 
also been found to influence species richness. Predicting species distributions across 
landscapes and identifying areas that have high species richness, or vulnerable groups 
of species, is useful for land management. Remotely sensed data may help identify such 
areas, with the Normalized DifTerence Vegetation Index (NDVI) providing an estimate 
of primary productivity. We examined the relationship between maximum productivity 
(NDV1), heterogeneity of productivity, and species richness of birds and butterflies at 
multiple spatial scales. We also explored relationships between productivity, functional 
guilds and residency groups of birds, and vagility classes of butterflies. Positive linear 
relationships between maximum NDVI and number of functional guilds of birds were 
found at two spatial scales. We also found positive linear relationships between 
maximum NDV1 and species richness of neotropical migrant birds at two scale s. 
Heterogeneity of NDVI, by contrast, was negatively associated with number of 
functional guilds of birds and species richness of resident birds. Maximum NDVI 
was associated with species richness of all butterflies and of the most vagiIe butterflies. 
No association was found between heterogeneity of NDVI and species richness of 
butterflies. In the Great Basin, where high greenness and availability of water 
correspond to areas of high species richness and maximum NDVI, our results 
suggest that NDVI can provide a reliable basis for stratifying surveys of biodiversity, 
by highlighting areas of potentially high biodiversity across large areas. Measures of 
heterogeneity of NDV1 appear to be less useful in explaining species richness. 

S. -A. Bailey (sallie. bailey@[orestrygsi.gov.uk) , Forestry Commission, 23 I CorslOrphine 
Rd, Edinburgh, UK. EH12 TAT - M. C. Horner-Devine, L. A. Moore, S. Anderson and 
E. Fleishman, Dept ofBiological Sciences, 371 Serra Mall, Stanford Univ. , Stanford, CA 
94305-5020, USA. - G Luck, The Johnstone Centre, School of Environmental and 
Information Sciences, Charles SlUrr Univ. , Albury, NSW 2640, Australia. - K. M . 
Carney, Dept of Geological and Environmental Sciences, Stanford Univ., Stanford, CA 
94305, USA. - C. Betms, Dept of Zoology, Miami Univ., Oxford, Oli 45056, USA. 

The amount of energy available in a system (often 1995, Fraser and Currie 1996, Hawkins and Porter 
measured as primary productivity) is thought to be 2003). Accordingly, the relationship between energy 
one of the major determinants of species diversity, and diversity has received considerable attention 
especially species richness (Currie 1991, Rosenzweig (Latham and Ricklefs 1993, Abrams 1995, Leibold 
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1999, Waide et al. 1999, Lennon et al. 2000, Mittlebach 
et al. 2001). The predominant productivity-richness 
relationship is unimodal (Rosenzweig and Abramsky 
1993, Tilman and Pacala 1993, Abrams 1995, Leibold 
1999, Waide et al. 1999, Mittelbach et al. 2001), but 
other relationships have also been observed (Mittel bach 
et al. 2001). Variability in the functional form of the 
relationship between productivity and species richness is 
due to a number of factors, including taxonomy 
(Horner-Devine et aI. 2003), community assembly se­
quence (Fukarni and Morin 2003) and both the spatial 
scale (e.g. local vs regional) and ecological scale (e.g. 
within vs among communities) of the study (Waide et al. 
1999, Gross et al. 2000, Willis and Whittaker 2002) . For 
example, Chase and Leibold (2002) found that both 
producers and animals exhibited scale dependent pro­
ductivity-species richness patterns in ponds. At the local 
scale, both groups exhibited a hump-shaped relationship 
between productivity and species richness, while at the 
regional scale, this relationship was positively linear. In 
addition, combining data for all species within a 
taxonomic group may mask patterns at finer taxonomic 
levels. Thus, a critical issue that has largely been ignored 
is variability in the relationship between productivity 
and species richness that may occur among functional 
guilds or other ecologically-derived groups within a 
given taxon (but see Haddad et al. 2000 and Horner­
Devine et al. 2003). 

Heterogeneity of environmental variables also can be a 
critical factor in determining the number of species in an 
area (Kolasa et al. 1991, Rosenzweig 1995, Kerr and 
Packer 1997, Hawkins and Porter 2003). Environmental 
heterogeneity is positively correlated with species rich­
ness for a number of taxonomic groups, across mUltiple 
spatial scales (Atauri and de Lucio 2001, van Rensberg 
et al. 2002). The relationship between heterogeneity of 
productivity and species richness remains virtually un­
explored, yet may be similarly correlated. For example, 
Kerr et al. (2001) found that remotely-sensed hetero­

. geneity data helped to explain species richness of 
butterflies richness above and beyond the influence of 
available energy. 

Primary productivity can be measured directly (e.g., 
taking biomass samples in the field) or indirectly via 
extrapolation of values from field reference sites. In 
addition, primary productivity can be estimated from 
remotely sensed data (Tucker et al. 1985). Recent studies 
have demonstrated that the remotely sensed Normalized 
Difference Vegetation Index (NDVI) explained variabil­
ity in butterfly and bird species richness in select 
mountain ranges in the Great Basin in western North 
America (Seto et al. in press). This suggests that 
remotely sensed data associated with productivity may 
be useful in predicting species richness over large areas. 
Predictions based on remotely sensed data could be 
especially useful tools in large managed landscapes 

where it is not feasible to conduct thorough ground 
surveys and monitoring programs. 

Here, we investigate the relationship between produc­
tivity (estimated using NDVI), species richness of birds 
in different functional guilds and residency groups, and 
species richness of butterflies in different vagility classes 
in the Great Basin. These analyses are intended to 
elucidate whether different subgroups of birds and 
butterflies respond similarly to changes in productivity. 
We also assessed relationships between the heterogeneity 
of productivity and species richness of taxonomic 
subgroups of birds and butterflies to explore the 
potential of heterogeneity in production as a predictor 
of species diversity. 

The extent of human land use, which typically lowers 
native biological diversity, is continuing to increase in 
many geographic regions. As managers face increasing 
human land-use demands and reduction in funds for 
assessing patterns of species diversity, remotely-sensed 
measures of productivity may play a useful role in 
predicting patterns of species richness. Moreover, in­
formation on the relationship between environmental 
heterogeneity and species richness, and how particular 
functional and ecological groups respond to variable 
levels of productivity, would be of value to managers 
hoping to influence the species richness or abundance of 
particular taxonomic groups (e.g. neotropical migrant 
birds) . 

Methods 

Study system 

The Great Basin includes > 425 000 km2 of western 
North America from the Sierra Nevada in the west to 
the Wasatch Range in the east (Grayson 1993). The 
ecosystem is characterized by > 200 north-south or­
iented mountain ranges incised with canyons across their 
eastern and western slopes. The region is a cold desert ; 
most precipitation falls as snow in the winter months, 
and total annual precipitation is < 250 mm (Ricketts et 
al. 1999). Within the Great Basin there is an elevational 
gradient in vegetation composition . As elevation in­
creases, the dominant vegetation generally changes from 
sagebush Artemisia triden/ala spp. to pinon-juniper 
woodland Pinus monophylla, Juniperus osteosperma to 
low brush (Tueller and Eckert 1987). Canyons with 
permanent or ephemeral streams often contain willow 
Salix spp., rose Rosa woodsii , nettle Urtica dioica, and 
various grasses and forbs (Fleishman et al. 1997). 

Water is a limiting factor in the Great Basin, with the 
highest productivity centered near permanent and 
ephemeral streams. Due to the aridity of the inter­
mountain valleys (tens of kilometres wide) separating the 
mountain ranges, the mountain ranges function as 
habitat islands for many species of animals (Fleishman 
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and Murphy 1999, Fleishman et aI. 2002). The study 
landscape consists of three adjacent mountain ranges in 
the central Great Basin: the Shoshone Mountains (SH), 
Toiyabe Range (TY) and Toquima Range (TQ). These 
ranges share regional climate, biogeographical past, 
ancestral biota and human land use histories (Grayson 
1993). We partitioned the landscape into three nested 
spatial levels: mountain ranges, canyons within moun­
tain ranges and segments of canyons (Fig. I). Canyon 
segments were delimited by elevation; each segment was 
100 m wide and long enough to span a 100 m change in 
elevation (Fleishman et aI. 1998, 200 I). Here we examine 
productivity-diversity relationships for birds and butter­
nies at the sampling grain of canyon and I canyon 
segment and the spatial extent of an individual mountain 
range and landscape (all mountain ranges combined) 
(Gross et aI. 2000). 

Species data 

Surveys of breeding birds were conducted in five canyons 
in the Shoshone Mountains (25 canyon segments) and 
Toiyabe Range (3 I segments), and six canyons in the 
Toquima Range (28 segments), following standard 
methods (Bibby et aI. 2000, Betrus 2002). Birds were 
sampled three times at multiple points in each canyon 

Fig. I. The Great Basin (outer black line) , study landscape 
(inner black lines), canyons (SH , Shoshone Mountajns; TY, 
Toiyabe Range, TQ, Toquima Range), and canyon segments 
(white lines on insert). 
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segment for five minutes each during the breeding season 
(May and June) in 2001 using fixed-radius point counts 
(Betrus 2002). Three surveys are considered sufficient to 
determine which species of birds are present at point 
count locations (Siegel et aI. 200 I). In addition, point 
counts have been shown to be an effective method of 
sampling birds in riparian areas in the Great Basin 
(Dobkin and Rich 1998). Butterf1y data were collected in 
39 canyon segments in the Shoshone Mountains, 102 in 
the Toiyabe Range and 54 in the Toquima Range 
between 1994 and 2001, following standard methods 
(Shapiro 1975, Harding et aI. 1995, Fleishman et aI. 
1998). Surveys were conducted every two weeks through 
the night season (approximately late May through 
August). 

NOVI and primary productivity 

Primary production can be inferred from remotely 
sensed data by using NDVI, an estimate of 'greenness' 
(Tucker et aI. 1985). NDVI is derived from the near 
infrared (NIR) and visible red bands of a satellite image. 
It is computed by dividing the difference of the two 
bands by their sum (Wilkie and Finn 1996): 

NDVI = (NIR - Red)/(NIR + Red). 

The red and NIR light ref1ected from plants is a function 
of the photosynthetically active compounds present, 
which is related to overall plant biomass (Tucker et aI. 
1985). NDVI measures were generated from a single 
cloud-free geo-corrected Landsat Thematic Mapper 
image (WRS 41 - 33). The image was acquired in June 
2000 to coincide with the peak growing season and the 
most active period for breeding birds and resident 
butterf1ies in the Great Basin. We calculated minimum, 
maximum, mean, range and standard deviation of 
NDVI for each canyon segment and canyon based on 
values for all pixels (30 x 30 m resolution) within the 
canyon segment and canyon. 

Bird residency groups and NDVI 

We classified bird species into three residency groups: 
residents (12 species), short-distance migrants (28 spe­
cies) and neotropical migrants (26 species). Residents 
remain in the Great Basin year-round, short-distance 
migrants mostly winter north of the tropics, and 
neotropical migrants winter in the new world tropics 
(Gough et aI. 1998). All species breed in the Great Basin. 
We explored relationships between species richness of 
each residency group and all measures of NDVI. The 
strongest relationships observed were for maximum 
NDVI, and these are the only results presented. Data 
for 84 canyon segments were analyzed using linear and 
quadratic regressions at the canyon segment and canyon 
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grains across the landscape, and at the canyon segment 
grain within each mountain range. We determined 
whether the minimum or maximum value of a curvi­
linear relationship occurred within the bounds of our 
observed data using Mitchell-Olds and Shaw's (1987) 
test. For all analyses, the distribution of variables was 
assessed prior to analysis and scatter plots of residuals 
versus predicted values were examined for violation of 
regression assumptions. When necessary, data were log 
transformed. 

Bird functional guilds and NDVI 
I 

Because NOVI is positively correlated with species 
richness of birds in the study area (Seto et al. in press), 
we investigated whether there was a similar relationship 
between NOVI and number of functional guilds. The 
term " functional guild" is taken from Gitay and Noble 
(1997), who assigned species to the same guild if the 
species used the same resource(s) in the same way. We 
assigned bird species to the same functional guild if the 
species had the same food preference (e.g. , insects, fruits 
or both), foraging substrate (e.g., tree canopy, bark or 
ground) and foraging maneuver (e.g., gleaning or hawk­
ing), using pu blished data (Ehrlich et al. 1988, Alsop 
2001). 

We hypothesized that sites with high NOVI would 
have greater productivity and vegetative complexity and 
thus support more guilds, assuming that complexity and 
number of functional guilds is related . Hence, we 
assumed that guild richness provides more information 
on species diversity than species richness alone. We also 
determined if an increase in the number of guilds was 
primarily a result of the addition of guilds represented 
by only one species, and if the proportion of species 
occurring in single-species functional guilds varied with 
NOV!. The number of species in each guild provides an 
indication of the level of apparent ecological redundancy 
(Walker 1992, 1995, Naeem 1998). The functioning of 
ecosystems characterized by a high number of species 
per guild (greater redundancy) may be less susceptible to 
disruption because the probability of losing an entire 
guild via random extinction of species is lower than if 
guilds contain fewer species. We explored relationships 
between richness of guilds and all measures of NOV!. 
The strongest relationships observed were for maximum 
NOVI, and these are the only results presented. 

Butterfly vagility groups and NDVI 

We grouped butterfly species into three vagility classes : 
low (an individual is likely to move on the order of tens 
of meters in its lifetime; n = 23 species), intermediate (an 
individual may move hundreds of meters; n = 29 species) 
and high (an individual may move more than a 

kilometer; n = 34 species) (Fleishman et al. 1997). Low 
vagility butterflies are unlikely to move beyond one grid 
cell (30 x 30 m) at the resolution of data in this study. 
Intermediate and high vagility classes are capable of 
movement between cells. We hypothesized that species 
with higher vagility would have a stronger relationship 
with NOVI, assuming these species can and will move to 
productive areas. We explored relationships between 
species richness of each vagility group and all measures 
of NOV!. The strongest relationships were again re­
corded for maximum NOVI and therefore these are the 
only results presented. 

Heterogeneity of NDVI and species richness of birds 
and butterflies 

Calculation of heterogeneity measures 

Using ArcView (Anon. 1996a), we classified the NOVI 
image into five equally sized bins according to pixel 
NOVI values. We measured heterogeneity of the NOVI 
classes using Simpson's diversity index (0'; Krebs 1999). 
Bins were treated as 'species' and pixels were treated as 
'individuals.' To control for the effects of elevation , we 
selected a subset of canyon segments that fell within as 
small a range of elevation as possible (range of starting 
elevation = 271 m). These analyses were thus done at the 
canyon segment grain at the extent of the entire land­
scape. Bird data were available for only half of the 
selected canyon segments (birds, n = 15 segments; 
butterflies, n = 31 segments). 

For the subset of canyon segments for which we 
analyzed bird species data, we used multiple linear 
regressions with forward stepwise selection of variables 
[stepping criteria used probability of F = 0.25 for entry 
and 0.1 for removal (JMP 4.0; Anon. 1996b)] to assess 
the relationship between different measures of richness 
of birds and NOV!. Our measures of richness were total 
species richness, species richness within residency groups, 
and number of foraging guilds. The two independent 
variables used in the multiple linear regressions were 
maximum NOVI and heterogeneity of NOV!. Prior to 
regression analyses, we examined the two NOVI mea­
sures for colinearity ~inear regression (JMP 4.0)]. We 
found weak negative correlation between maximum 
NOVI and heterogeneity of NOVI (R2 = 0.237 
P = 0.056) for the subset of canyon segments included 
in the bird analyses. In contrast, the relationship between 
maximum NDVI and heterogeneity of NOVI for the 
subset of canyon segments used in the butterfly analyses 
was not statistically significant. Since these two measures 
of NDVI could be considered independent for butter­
flies, we conducted separate linear regressions of mea­
sures of butterfly species richness using maximum NOVI 
and heterogeneity of NDVI. For butterflies, total species 
richness and species richness within vagility classes 
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were included as the dependent variable in different 
models. 

Simpson's diversity was arcsine transformed to nor­
malize data for all analyses. 

Results 

Bird residency groups and NDVI 

At the canyon grain across the landscape the relationship 
between species richness of birds and maximum NDVI 
was linear for neotropica1 migrants (R 2 = 0.716, 
p < 0.001) and unimodal for short-distance ljI1igrants 
(Mitchell-Olds and Shaw test: Prod· < Prod max, 
t = - 1.611, P = 0.131; Prod· < Prodmin, t = 3.S67, 
p = 0.003) (Table I, Fig. 2). 

At the canyon segment grain across the landscape, 
species richness of neotropical migrant birds increased 
linearly with increasing maximum NDVI (R 2 = 0.426, 
P <0.001) (Table I). At the canyon segment grain across 
each mountain range, there was a positive linear 
relationship between species richness of birds and 
maximum NDVI for neotropical migrants in all 
three mountain ranges, (SH R2 = 0.172, P < 0.0 I; TY 
R2 =0.411 , P < 0.01; TQ R2 =0.240, P < 0.01) for short­
distance migrants in the Toiyabe Range (R 2 = 0.269, 
p < 0.01), and for residents in the Toquima Range 
(R2 =0.362, p<O.OI) (Table I). 

Bird functional guilds and NDVI 

Bird species were classified into 18 functional guilds 
(Appendix I and 2). Number of functional guilds 
increased significantly as maximum NDV\ increased at 
the canyon grain across the landscape (R2 =0.S31, 
p < 0.01), at the canyon segment grain across the land­
scape (R2 = 0.22S, P < 0.00 I), and at the canyon segment 
grain in the Toiyabe and Toquima ranges 
(TY R 2 =0.322, p < O.OOI; TQ R 2 =0.39S, p<O.OOI) 
(Table 2). The number of guilds represented by only one 
species increased slightly as maximum NDVI increased 
at the canyon grain across the landscape (R2 = 0.208, 
P = 0.07), but the relationship between maximum NDVI 
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Fig. 2. The relationship between species richness of birds and 
maximum NDVI at the canyon grain across the landscape, for 
residents, short-distance migrants, and neotropical migrants. 
Solid lines denote significant relationships (see Table I). 

and the proportion of species in single-species guilds was 
not statistically significant. 

Species richness of birds and heterogeneity of NDVI 

Both maximum NDVI and heterogeneity of NDVI 
predicted total species richness of birds in mUltiple 
linear regressions (R 2 = 0.7S, p < O.OS) (Table 3). Het­
erogeneity of NDVI explained ca IS% more variance in 

Table I . Relationships between maximum NDVI and species richness of birds at the canyon segment and canyon grains across the 
landscape, and at the canyon segment grain across each mountain range. NTM, neotropical migrants; SDM, short-distance 
migrants; RES, residents. SH, Shoshone Mountains; TY, Toiyabe Range; TQ, Toquima Range. Values are adjusted R2; significance 
levels are 'p < 0.05, .'p < 0.0 I, •••p < 0.001. The relationship for SDM at the canyon grain across the landscape was quadratic 
Cy = - 0.00473x2 + 1.182x - 63.184); all other relationships were linear and positive. Column headings show the grain; the extent is 
shown in parentheses. 

Residency Canyon Canyon Segment Canyon Segment Canyon Segment Canyon Segment 
Group (Landscape) (Landscape) (SH) (TY) (TQ) 

NTM 0.716'" 0.426'" 0.172' 0.411·" 0.240" 
SDM 0.629" t 0.035' 0.000 0.269·' 0.040 
RES 0.000 0.000 0.000 0.036 0.362" 
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Table 2. Relationships between maximum NDVI and number of functional guilds, number of single species functional guilds and 
the proportion of species in single species functional guilds for birds. SH, Shoshone Mountains; TY, Toiyabe Range, TQ, Toquima 
Range. Values are R2, significance levels are 'p = 0.07, •• p < 0.01, ••• p < 0.001. Column headings show the grain; the extent is 
shown in parentheses. 

Canyon Canyon Segment Canyon Segment Canyon Segment Canyon Segment 
(Landscape) (Landscape) (SH) (TY) (TQ) 

No. of guilds 0.531·· 0.225··· 0.040 0.322··' 0.395··· 
No. of single- species guilds 0.208· 0.031 0.002 0.038 0.015 
Proportion of species in single 0.104 0.017 0.071 0.001 0.011 

species guild 

species richness of birds than did maximum NDVI 
alone. The number of foraging guilds decreased signifi­
cantly as heterogeneity of NDVI increased (R2 = 0.60, 
p < 0.01). When the bird species were categorized by 
residency, there was a negative linear relationship 
between species richness of resident birds and hetero­
geneity of NDVI (R2 =0.64, p < 0.00 I), but maximum 
NDVI was the only predictor (positive) of species 
richness of short-distance migrants and neotropical 
migrants (SDM R2 = 0.38, p < 0.001; NTM R2 = 0.81, 
P < 0.001) (Table 3). At the canyon segment level the 
relationship between maximum NDVI and bird species 
richness was stronger than at the canyon level. 

Butterflies, butterfly vagility and NDVI 

Significant positive relationships were found between 
maximum NDVI and total species richness of butterflies 
(R2 = 0.196, P = 0.0086) and between maximum NDVI 
and species richness of the most vagile class of butterflies 
(R 2 = 0.3409, p = 0.0003). A weaker positive relationship 
was found between maximum NDVI and species rich­
ness of butterflies with intermediate vagility (R2 = 0.10 I, 
P = 0.0583); the relationship between maximum NDVI 
and species richness of the least vagile butterflies was not 
statistically significant. We did not find a significant 
relationship between heterogeneity of NOVI and either 
total species richness of butterflies or species richness of 
any vagility class. 

Discussion 

We observed a general trend of increasing species 
richness of birds with increasing productivity as mea­

sured by NDVI. For example, we found positive linear 
relationships between maximum NOVI and number of 
functional guilds of birds at the canyon grain across the 
landscape, and at the canyon segment grain in the 
Toiyabe and Toquima ranges. We also observed positive 
relationships between maximum NDVI and species 
richness of neotropical migrant birds at the canyon 
segment grain across both extents, and at the canyon 
grain across the landscape. Maximum NDVI and species 
richness of birds was stronger at the larger grain (canyon 
vs canyon segment), possibly because the canyon grain 
integrates environmental values over a larger area. 
Because birds may move between canyon segments, the 
canyon segment grain may be too small to detect 
a relationship between NDVI and species richness of 
birds. 

There was a significant relationship between max­
imum NDVI and both species richness of all butterflies 
and species richness of the most vagi Ie class of butterflies 
at the canyon segment grain at the extent of the entire 
landscape. No association was found between hetero­
geneity of NDV1 and total species richness of butterflies, 
or between heterogeneity of NOVI and species richness 
of butterflies in any vagility group. 

Responses of subgroups of birds and butterflies to 
productivity 

Bird residency groups 

Species richness of resident birds was not correlated with 
maximum NOVI except in the Toquima Range. How­
ever, we cannot conclude that resident birds are un­
afTected by primary productivity; across North America, 

Table 3. Relationships between heterogeneity of NDVI, maximum NDVI and measures of species richness of birds. All results are 
reported at the canyon segment across the landscape. NTM, neotropical migrants; SDM, short-distance migrants; RES, residents. 
Rows marked with a ' -' where no statistically significant model produced . Values are R-, significance levels are .p < 0.05, "p < 
0.01, ."p < 0.001. 

NDVI variable Regression coefficient F ratio Model R 2 (P) 

Total species richness Maximum NDVI - 11.693 8.06 0.75· 
Heterogeneity of NDVI 0.134 10.25 

Nurn ber of foraging guilds 
RES 

Heterogeneity of NDVI 
Heterogeneity of NDVI 

- 6.289 
-4.310 

5.53 
22.97 

0.60" 
0.64'·' 

SDM Maximum NDVI 0.045 1998 0.38'" 
NTM Maximum NDVI 0.102 35.91 0.81"· 
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species richness of resident birds was correlated with 
minimum monthly NDVI (Hurlbert and Haskell 2003). 
Hurlbert and Haskell (2003) also found that, in North 
America, the species richness of migrant birds was 
related to seasonal fluxes in productivity (NDVI). This 
suggests that migrants are able to use their mobility to 
track temporal and spatial variation in productivity, 
while the richness of resident species (associated with 
minimum monthly NDVI) is dictated by the minimum 
productivity of the environment. 

It is interesting that the shape of the relationship 
between maximum NDVI and species richness of birds 
differed between neotropical and short-distance mi­
grants, but it is not clear why species richness ?f short­
distance migrants varied unimodally with maximum 
NDVI. 

The strong linear relationship between species richness 
of neotropical migrant birds and maximum NDVI 
suggests either that neotropical migrants have more 
specific habitat requirements than short-distance mi­
grants and year-round residents, or that neotropical 
migrants rely more strongly on structurally complex 
vegetation. Similar patterns have been found elsewhere. 
For example, neotropical migrant birds in the eastern US 
are more "sensitive" to landscape structure than other 
residency groups (Flather and Sauer 1996), and in 
British Columbia, neotropical migrants are more closely 
tied to riparian areas than resident species (Wiebe and 
Martin 1998). In the mountains of the Great Basin, it 
appears that neotropical migrants prefer areas with 
relatively lush vegetation and available water, which 
occur mostly in the bottom of canyons. 

The relationship between NDVI and species richness 
of neotropical migrants was positive at all grains and 
extents, suggesting that NDVI may be a useful tool for 
identifying locations with potentially high species rich­
ness of neotropical migrant birds. Given the recent 
declines in neotropical migrant populations across 
North America (Sauer et al. 2001), the ability to quickly 
identify areas that may support species of conservation 
concern could be a valuable for land managers. Our 
analyses suggest that, for neotropical migrant birds, 
using NDVI to estimate species richness may be most 
successful at coarse scales. 

Bird functional groups 

Relationships between productivity and functional di­
versity have received little attention in productivity­
species richness studies. Some authors appear to assume 
that species richness is an appropriate surrogate for 
richness of functional groups (Lawton et al. 1998 and 
Tilman 1999), but this may not always be the case 
(see Diaz and Cabido 2001 and references therein). 
Thus, assessments of productivity and the number of 
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functional groups in a system may improve our under­
standing of the relationships between productivity and 
biological diversity sensu lato. In our work, however, we 
have found positive relationships between NDVI and 
both species richness and number of functional guilds; in 
this system, species richness may indeed be a useful 
surrogate for number of functional groups. 

Sites with high NDVI had greater functional complex­
ity, as measured by number of functional guilds of birds, 
than sites with relatively low NDVI. The guilds that 
tended to be added as NDVI increased included those 
that probe bark for insects (e.g. woodpeckers) or 
primarily forage on trees (Appendix 1 and 2). This 
suggests that there is a positive relationship between 
NDVI and vegetation complexity or, at the very least, 
that sites with high NDVI values support more trees 
than sites with lower values of NDVI. This concurs with 
the observation that sites with high NDVI often occur in 
canyon bottoms and in close proximity to water. 
However, the presence of water can vary between years 
and thus may not be indicative of productivity over 
many years. Remotely sensed data allows trends over 
time to be examined, and areas of consistent high 
productive areas to be identified. 

Heterogeneity of NDVI and richness of taxonomic 
subgroups 

Environmental heterogeneity has been shown to have 
strong positive effects on species richness (Rosenzweig 
1995). Atauri and de Lucio (2001) found landscape 
heterogeneity to be a more effective predictor of species 
richness of birds and lepidopterans than land cover type. 
In a review of studies on productivity and species 
richness, Waide et al. (1999) found environmental 
heterogeneity to be a confounding factor in many studies 
that revealed scale-dependent relationships. However, we 
found that heterogeneity of NDVI only explained 
diversity of some guilds of birds (number of foraging 
guilds and residents) and did not explain species richness 
of butterflies. Heterogeneity of NDVI was negatively 
associated with number of functional guilds of birds and 
species richness of resident birds. Although this may 
initially appear counter-intuitive, it may reflect the fact 
that areas of uniformly high NDVI represent sites with 
high structural complexity, whereas heterogeneous sites 
include patches with little vegetation. 

Particularly for butterflies, NDVI may not be the best 
measure of environmental heterogeneity (Weibull et al. 
2000). Other measures, such as elevation, may be more 
appropriate (Hawkins and Porter 2003, Mac Nally et al. 
2003). Different responses to measures of environmental 
heterogeneity by different groups of species illustrate the 
potential for mismatch between scales of measurement 
and use of the landscape by species (Mazerolle and 
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Villard 1999, Atauri and de Lucio 2001). In our study, an 
association between heterogeneity of NDVI and both 
number of foraging guilds of birds and species richness 
of resident birds may indicate that some birds use the 
landscape at a scale coincident with the grain at which 
heterogeneity of NDVI was measured. 

The application of NDVI for productivity and 

species richness assessment 


In ecosystems similar to the Great Basin, where high 
greenness and wetness values correspond to areas of high 
species richness and maximum NDVI, NDVI data 
provide a reliable basis for stratifying surveys of 
biodiversity according to productivity. In the Great 
Basin, vegetation greenness and water availability may 
be easily observed on the ground. Thus, we recognize 
that in this system, land managers may be able to rely on 
their familiarity with the region to identify areas with 
potentially high species richness of neotropical migrant 
birds or short-distance migrant birds. 

Whilst field surveys may have the advantage over 
NDVI at identifying sites most likely to have high species 
richness, NDVI has the advantage of highlighting areas 
of potentially high species richness across large land­
scapes that would require substantial investments of time 
and money to survey directly. In arid systems, the 
presence of water can vary between years and thus not 
necessarily be indicative of the overall productivity over 
time. Remotely sensed data allows trends to be examined 
over time, and consistently highly productive areas to be 
identified and managed appropriately. NDVI may be 
most useful in areas where environmental heterogeneity 
obscures differences in productivity on the ground. 
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Appendix I. Number of species of birds in each functional guild and total number of functional guilds in each 
canyon. Canyons are sorted (left to right) in order of increasing NDVI values. Guild codes are described in Appendix 
2. Canyon codes are available from the corresponding author. 

Guild MW NE PT NW ME PW BE BA Rl UN SH SJ WS KI BC BJ 

AlP 
GGG I I 
GIGG 2 2 2 2 2 4 2 2 
GOG 2 I I 
HIG 2 6 4 4 4 
IH I 2 I 
IP 
IPR 
L1G 2 2 2 2 4 4 

L1FG , I 2 2 2 2 
L1GG 4 2 2 4 4 6 
LOG I 2 2 
N 
R 2 
S 
TGG 2 
TIFG 
TIGG 

Total no. functional guilds 9 8 14 9 10 9 13 13 10 14 16 15 13 12 14 

Appendix 2. The identity of species in each functional guild . 

Guild Code Common name Scieotific name 

Aerial insect pu rsuers AIP Common nighthawk 
Violet-green swallow 
White-throated swift 

Chordeiles minor 
Tachycinero thalassina 
Aeronautes saxGrolis 

Ground granivore gleaners GGG Mourning dove Zelwida mocrOllra 

Ground insectivore/granivore gleaners GIGG Brown-headed cowbird 
Brewer's sparrow 
Green-tailed towhee 
Horned lark 
Lark sparrow 
Western meadowlark 

Mololhrus ater 
Spizella brewe"; 
Pipilo c:hlorums 
Eremophila alpeslris 
Chondesles grammocus 
Slumella neglecta 

Ground omnivore gleaners GOG Black-billed magpie 
Common raven 

Western scrub-jay 

Pica hudsonia 
Con'us corax 
Aphelocoma cali/ornico 

High insect gleaners HIG Audubon's warbler 
Blue-grey gnatcatcher 
Black-throated gray warbler 
Common yellowthroat 
MacGillivray's warbler 
Mountain chickadee 
Orange-crowned warbler 
Plumbeous vireo 
Warbling vireo 
Yellow warbler 

Dendroica coronata 
Polioplila c:aerulea 
Dendraico nigrescens 
Geolh(vpis {richas 
Oporornis falmiei 

Poecile gambeli 
Vermivora felata 

Vireo plllmbeu5 
Vireo gihus 
Dendroica petechia 

Insect hawkers IH Dusky l1 ycatcher 
Empidonax l1ycatcher 
Gray l1ycatcher 
Western wood-pewee 

Empidonax oberholseri 
Empidonax sp. 
Ernpidonax wrightii 
Con/opus sordidulus 
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Appendix 2. (Con/inued) 

Guild Code Common name Scientific name 

Western kingbird Tyrannus vert iealis 

Insect pouncers IP Mountain bluebird Sia/ia currucoides 

Insect probers IPR Lewis' woodpecker 
Downy woodpecker 
Hairy woodpecker 

Melanerpes lewis 
Picoides pubescens 
Pica ides villas us 

Low insect gleaners LlG Canyon wren 
Rock wren 
H ouse wren 
Red-shafted fl icker 
Virginia's wa rbler 

Co/herpes mexiconus 
Salpincles obso/eJus 
TroglodYJes aedon 
Co/ap/es aural us 
Vermivora (:lrginiae 

Low insectivorelfrugivores gleaners LlFG Sage thrasher 
American robin 
Hermit thrush 

Ol'eoscoptes mon/onus 
Turdus migrotorius 
Cotharus gU llotliS 

Low insectivo re/granivore gleaners LlGG Brewer's blackbird 
Chipping sparrow 
Lazuli bun ting 
Red-winged blackbird 
Sage spa rrow 
Spotted towhee 
Black -throated sparrow 
Dark-eyed junco 
Song spa rrow 
White-crowned sparrow 

Euphagus cyanocephalus 
Spizella passerina 
Passerina Omoena 
Agelaius phoeniceus 
Amphispiza belli 
Pipilo macularus 
Amphispiza bilineala 
Junco hyemalis 
Melospiza m elodia 
Zonolrich ia /eucophrys 

Low omnivore gleaners LOG America n cro w 
Pinyon jay 
Clark 's nutcracker 

CorL'us brachyrhynchos 
Gymnorhinus cyanocep/IO/lis 
Nucifraga columbiana 

Nectarivores (hover) N Broad-tailed hummingbird Selasphorus plalyeercus 

Raptors (pursue) R Go lden eagle 
Northern goshawk 
Northern harrier 
Pra irie falcon 
Red-tailed hawk 
A merican kestrel 

Aquila chrysae/os 
A ccipiler genlilis 
Circus cyoneus 
Falco mexicanus 
Buteo jamotcensis 
Falco sparverius 

Scavengers (pick) S Turkey vulture Ca/harles allra 

Tree granivore gleaners TGG Cassin 's finch 
House finch 
Pine siskin 

Carp odacus cassinii 
Carpodaclis mexican us 
Carduelis pinus 

Tree insectivore/frugi vo re gleaners T1FG Swainson's thrush 
Western tanager 

Calharus uslulalus 
Pirollga /udoviciolJo 

Tree in secti vore/granivo re glea ners TIGG Black-headed grosbeak 
Bush tit 
Indigo bunting 
Juniper titmouse 

PheucliclIs melanocepha/us 
Pso/triparus minimus 
PasserinQ cyonea 
Baeolophus ridgwayi 
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