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HOW WELL DO CONSISTENTLY MONITORED BREEDING BIRD
SURVEY ROUTES REPRESENT THE ENVIRONMENTS OF THE
CONTERMINOUS UNITED STATES?

JosHuA J. LAWLERY23 AND RAYMOND J. O’ CONNOR?
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Abstract. We investigated the degree to which consistently monitored Breeding Bird
Survey (BBS) routes represented environmental conditions across the United States. Using
388 models of individual species distributions, we identified eight environmental variables
to which birds were particularly sensitive. The nonproportional sampling of these variables
would therefore have relatively large impacts on large-scale studies using BBS data. We
then used a sampling grid to compare the distribution of these variables in grid cells with
and without consistently surveyed BBS routes. We made comparisons nationally, within
BBS-defined physiographic regions, and within U.S. states. Not surprisingly, given the geo-
graphic variation in the intensity of route coverage, areas with BBS routes differed from
those without at a national scale. In general, higher elevations and drier climates were poorly
represented by BBS routes, and northeastern deciduous forests were overrepresented. In
contrast, we found few large differences within most BBS-defined physiographic regions
and within most states. However, there were a few large differences in a small number of
regions and states, many of which had relatively few BBS routes. We conclude that the
weighting factors supplied by the BBS will likely address most differences in sampling
densities at a national scale. However, for studies not using these weights, studies investi-
gating specific subsets of the BBS data, and studies that include states with relatively few
BBS routes, we strongly suggest resampling analyses to determine any bias incurred by
uneven sampling and, if necessary, the subsequent development of study-specific weighting
factors.

Key words: Breeding Bird Survey, elevation, northeastern deciduous forests, precipita-
tion, predictive models, sampling, species abundance.

¢Cuan Bien Representan las Rutas Consistentemente Censadas por €l Conteo de Aves
Reproductivas los Ambientes de Estados Unidos?

Resumen. Investigamos el grado en que las rutas censadas anualmente por el Conteo de
Aves Reproductivas (BBS, por sus siglas en inglés) representan las condiciones ambientales
en los Estados Unidos. Utilizando 388 modelos de distribucion individual de especies, iden-
tificamos ocho variables ambientales a las cuales las aves fueron particularmente sensibles.
El muestreo no proporcional de estas variables podria tener un fuerte impacto sobre estudios
a gran escala que utilizan los datos del BBS. Luego utilizamos una grilla de muestreo para
comparar la distribucion de estas variables en las celdas de la grilla con y sin rutas consis-
tentemente monitoreadas por el BBS. Realizamos comparaciones a nivel nacional, dentro
de las regiones fisiogréficas definidas por el BBS y dentro de los estados. De manera no
sorprendente, dada la variabilidad geogréafica en la intensidad de cobertura de las rutas, las
areas con rutas del BBS difirieron de aquellas sin rutas a nivel nacional. En generd, las
elevaciones més adtas y los climas mas secos estuvieron pobremente representados por las
rutas del BBS, y los bosques deciduos del noreste estuvieron sobre-representados. De manera
contrastante, encontramos pocas diferencias dentro de |as regiones fisiogréficas definidas por
el BBSy dentro de los estados. Sin embargo, hubo algunas diferencias considerables en un
pequefio nimero de regiones y de estados, muchos de los cuales tenian relativamente pocas
rutas del BBS. Concluimos que los factores de peso que el BBS provee probablemente dan
cuenta de la mayoria de las diferencias en las densidades de muestreo a una escala nacional .
Sin embargo, para los estudios que no utilizan estos pesos, los estudios que investigan
subconjuntos especificos de datos del BBS y para los estudios que incluyen estados con
relativamente pocas rutas del BBS, sugerimos con énfasis un andlisis de re-muestreo para
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determinar cualquier sesgo que pueda presentarse debido a muestreo desigual, y si es ne-
cesario, el desarrollo subsiguiente de factores de peso especificos para el estudio.

INTRODUCTION

The Breeding Bird Survey (BBYS) is an extensive
roadside survey program organized by the U.S.
Geological Survey (USGS) Biological Resourc-
es Division and the Canadian Wildlife Service.
The goal of the BBSisto provide long-term data
on population trends of bird species across the
U.S. and Canada (Robbins et al. 1986). The pro-
gram, which started in 1966, currently maintains
in excess of 4000 survey routes, approximately
3000 of which are surveyed each summer.
Routes are randomly located within 1° blocks of
latitude and longitude and stratified by state or
province. Routes are 40 km long and consist of
50 point-count stops at 0.8-km intervals. The
BBS has provided invaluable information for the
study and conservation of many bird species
(Robbins et al. 1989, Sauer and Droege 1990,
Brown et a. 1995, Villard et a. 1995, Curnutt
et al. 1996, Flather and Sauer 1996, Sauer et al.
1996, Koenig 1998) and is the most extensive
monitoring program for vertebrates in North
America

An important requirement of a monitoring
program is that it adequately samples the range
of species and areas it purports to cover (i.e,
that its sample coverage is representative of its
target inferential universe). Many potential bi-
ases in the BBS have previously been investi-
gated, including the effects of the diurnal nature
of the survey (Robbins et al. 1986), observer
biases (Faanes and Bystrak 1981), and biases in-
troduced by roadside sampling (Droege 1990,
Hanowski and Niemi 1995, Keller and Scallan
1999). However, the extent to which the envi-
ronments surrounding the individual routes rep-
resent the area considered sampled for birds has
not previously been investigated, except in the
context of roadside sampling bias. A recent peer
review of the BBS found this to be a critica
issue that remained to be addressed (O’ Connor
et a. 2000).

The degree to which a set of BBS routes rep-
resents environmental variation is likely to be
scale dependent. The number of available ob-
servers in each state determines the density of
BBS routes, so more populated states have more
BBS routes (Droege 1990). Because human pop-
ulation density is not independent of environ-

mental conditions (Bartlett et al. 2000), it is like-
ly that different environments are sampled with
different intensities by the BBS, in effect
weighting the bird populations from different
environments differentially. On the other hand,
because BBS routes are located randomly within
1° blocks of latitude and longitude (Droege
1990), sampling is likely to be more represen-
tative of the environmental conditions over areas
comparable in extent to degree blocks (roughly
8000-11 000 km?). As previously noted, the lo-
cation of routes within degree blocks is not en-
tirely random. Routes are located along roads
and are known to under-sample some systems
such as wetlands and alpine zones.

The BBS provides weighting factors for
routes based on the state stratification to account
for the differential sampling densities (Sauer et
al. 2003). Although many analyses that use BBS
data are conducted within states or provinces
(Igl and Johnson 1997, Schmidt 2003), severd
others are conducted over larger areas. Many of
these larger-scale analyses use the weights pro-
vided by the BBS to account for the differential
sampling densities (e.g., Peterjohn et al. 1995).
Because not all routes are surveyed each year,
often these analyses also weight routes by the
frequency with which they are surveyed (Geiss-
ler and Sauer 1990, Peterjohn et al. 1995). If
routes are representative of environments at a
stete level, these weighting factors should pro-
duce a representative sample of the environ-
ments across a given area. However, because
some routes are run so infrequently as to be ex-
cluded from analyses and because many studies
using BBS data do not apply one or both of the
weighting factors (e.g., Curnutt et al. 1996,
O’'Connor et al. 1996, Peterson 2001), even if
routes do represent statewide environments, they
may not adequately represent the environments
of a given area of interest.

The possibility of differential representation
of avian habitats within the BBS has significant
ramifications for studies using BBS data. Con-
sider a species for which core habitat is sasmpled
to a lesser degree than is more margina habitat.
If the species is in decline, the marginal habitat
will experience more drastic decreases in pop-
ulation levels as the remaining birds move into



core habitat and buffer changes in population
levels there (Wilcove and Terborgh 1984,
O’ Connor and Fuller 1985). Thus trend analyses
for such a species would tend to overestimate
the magnitude of declines. A similar argument
holds for increases. Conversely, if the core hab-
itat of a speciesis sampled more intensively than
the marginal habitat, both declines and increases
will be underestimated.

Our objective was to investigate the degree to
which a set of consistently surveyed BBS routes
represented the environmental conditions over
three different spatial extents within the conter-
minous United States. We use the phrase ** con-
sistently surveyed” to indicate that our study did
not involve a random sample of the BBS routes
but rather a subsample of consistently covered
routes. We conducted our assessment at the scale
of the conterminous U.S., at the scale of BBS-
defined physiographic regions (Bystrak 1981),
and at the scale of individual states. We exam-
ined the problem with a database used previous-
ly in a number of national models of avian spe-
cies richness (O’'Connor et al. 1996, 1999,
O’ Connor and Jones 1997). Although this anal-
ysis would ideally address the entire extent of
the BBS, including Canada, we restricted our
analyses to the conterminous U.S. for the sake
of consistency in environmental datasets.

We used a set of 388 individual species mod-
els to identify a subset of 195 environmental
variables whose unequal representation by BBS
routes would likely have significant effects on
the outcome of large-scale avian studies. These
variables were the most influential variables in
the individual species models. Thus, they were
those most likely to affect large-scale analyses
of individual species abundances if they were
disproportionately sampled by the BBS. We
compared the representation of the selected var-
iables at sites with and without consistently
monitored BBS routes at a national and at two
regional scales. By analyzing only those envi-
ronmental variables that were most likely to af-
fect the prediction of individual species distri-
butions, we avoided wholesale **data mining”
that would likely exaggerate any estimate of the
misrepresentation of environments by BBS
routes.

METHODS

We analyzed all BBS routes that were visited at
least seven times between 1981 and 1990. At
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least 7 years of data were needed to standardize
for survey effort (i.e., to correct for the increase
in the number of species detected as the number
of annual surveys considered increased; RJO,
unpubl. data). A 10-year period was chosen be-
cause examination of results from long-running
BBS routes showed that the changes in species
tallies increased systematically over the first 10
years, thereafter stabilizing (M. T. Jones et al.,
unpubl. data). In addition, routes with 7 to 9
years of data could be reliably adjusted to a 10-
year total, but routes with fewer than 6 years of
data could not. The 1981-1990 decade was cho-
sen to best coincide with the environmental data
at our disposal (Advanced Very High Resolution
Radiometer [AVHRR] data from which land-
cover classifications and land-cover pattern met-
rics were generated, and climate and weather
data). These qualifications constrained our anal-
yses to 1189 BBS routes. For a full description
of the BBS protocol see Robbins et al. (1986).
We used a grid of 12518 hexagona cells,
each approximately 640 km? in area, to sample
environmental conditions at al three spatial ex-
tents (White et a. 1992). These cells, with cen-
ter-to-center distances of about 27 km, encom-
passed most of the landscape directly surround-
ing the 40-km BBS routes. Hexagons with BBS
routes were identified using the starting point of
the routes. We analyzed remotely sensed envi-
ronmental data known to be pertinent both to the
study of avian habitats and to environmental
change (Hunsaker et a. 1994, Flather and Sauer
1996, Freemark et al. 1995), including data on
climate, topographic condition, land use, land
cover, and landscape pattern. A detailed account
of the data used in this study can be found in
O’'Connor et a. (1996). Briefly, climate vari-
ables included January and July temperatures (at
1-km resolution) and annual precipitation levels
(modeled at 10-km resolution and resampled to
1 km) obtained from the Historical Climate Net-
work (1996) database. For each hexagon, mean,
maximum, and minimum temperatures and pre-
cipitation levels were computed across the 1-km?
pixels. In addition, we calculated mean, maxi-
mum, and minimum seasonality (the difference
between July and January temperatures). Topo-
graphic data for each hexagon included both el-
evation (mean, maximum, minimum, and range)
from the USGS Digital Elevation Models
(EROS Data Center 2000), and river lengths
(calculated separately for large, perennial, inter-
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mittent, and braided rivers). Land-use variables
(modeled at 1-km resolution but aggregated to
hexagons) included road density (km of highway
and km of secondary roads) and the proportion
of federally owned land in each hexagon. Land-
cover data consisted of the proportion of each
hexagon occupied by each of 160 land-cover
classes (159 classes defined by Loveland et al.
[1991] and an additional urban class). Finaly,
we used 10 landscape-pattern metrics including
mean patch size, land-cover type richness, frac-
tal dimension, dominance, contagion, Simpson’s
diversity index, edge-type richness, sum of edge
distances, and maximum edge length.

ANALYSES

First, we determined for which of the 195 en-
vironmental variables unequal sampling would
have the greatest impact on large-scale analyses
using BBS data. We did this by identifying the
most influential variables in each of 388 statis-
tical models built to predict individual species
distributions. The models were regression trees
built using subsets of the environmenta vari-
ables as predictors and a probability of presence
based on BBS route data as the response (Math-
soft 1997, O’Connor et a. 1999, Hahn and
O’ Connor 2002, Matthews 2003). The species
used in these analyses were those for which the
data collected at the 1189 routes over the 10-
year period alowed us to build reasonable re-
gression-tree models (i.e., models, which after
pruning with a cross-validation technique had at
least two terminal nodes). This selection crite-
rion may have prevented us from identifying
some important environmental variables for rar-
er birds and birds that are generally poorly rep-
resented in the BBS data However, the 388
models provided an adequate assessment for a
wide range of species.

Regression tree analysis and its categorical
equivalent, classification tree anaysis, are flex-
ible modeling techniques that allow for the in-
vestigation of a large number of explanatory
variables. In addition, the analyses deftly model
nonlinear relationships and interactions among
variables, even when these cannot be specified
a priori (Clark and Pregibon 1992, D€ ath and
Fabricius 2000). Classification and regression
trees work by recursively partitioning data into
smaller and more homogenous groups with re-
spect to a response variable (Breiman et al.
1984, Clark and Pregibon 1992, Venables and
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Ripley 1994). Each split of the data is made by
determining which explanatory variable and
which point along that variable’s ordered distri-
bution divides the sample into two groups that
are as homogenous as possible with respect to
(inour case) the abundance of an individual spe-
cies. Splits are made until all subdivided groups
of data are homogeneous with respect to the re-
sponse variable, or until some stopping criteria
are met. Models are then “‘pruned” back to a
meaningful size using one of several methods
(Miller 1994). We used a 10-fold cross-valida-
tion pruning technique to reduce trees (Venables
and Ripley 1994).

The variable used in the first (or “‘root”) split
in aregression tree model is often the most in-
fluential variable (i.e., the one that accounts for
the most deviance in the data). We used the first
split in each of the 388 models to determine
which variables had the greatest influence on in-
dividual species distributions. Of the 388 mod-
els, there were 143 unique variables that per-
formed the first splits. We approximated the de-
rivative of each species’ probability of presence
with respect to this root predictor variable as the
difference in the mean probability of presence
in the two groups of data generated by the split
divided by the difference in the mean predictor
value in each data subset, i.e.,

dA A -A
P P - P’

where A and A, are the mean abundances in the
left and right subsets from the (binary) root split
in the tree model. P, and P, are the correspond-
ing mean values of the predictor variable for that
split and dA/dP is the derivative of the rate of
change of abundance with change in the predic-
tor (for a linear trend, this would be the slope
of the regression equation). We then multiplied
this derivative by the difference in the mean val-
ue for the predictor variable in al hexagons with
(P,) and without (P,) BBS routes. This allowed
us to estimate the extent to which the prediction
of bird abundance would be in error given the
representation of the root predictor variable in
sampled BBS routes as follows:

dA

A= A= 5Py~

where A, and A, represent the abundances of
birds in sites, respectively, with and without

D
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BBS routes. The larger the discrepancy in these
values, the larger the potential error in prediction
caused by the disproportionate sampling of en-
vironments by the BBS routes in our analysis.
Thus, athough a moderate error in estimated
abundance can arise either because a species is
particularly sensitive to the predictor variable (a
large derivative) or because the predictor vari-
able differs substantialy between sites with and
without BBS routes (large P, — P,), more sub-
stantial errors will only occur when both mea-
sures are large. Here we report only those root
variables that produced an error in excess of
10% in at least one of the 388 models.

For our national-scale analysis, we computed
the mean values for the subset of influential var-
iables across the groups of hexagons respective-
ly with and without BBS routes. We report the
means as well as the between-group differences
and the standard errors of those differences. We
computed the standard error of the difference in
two means as the square root of the sum of the
variances of the two groups (Zar 1984). In ad-
dition, we performed t-tests (with Welch ap-
proximations for variables with unequal varianc-
es) for each of the selected environmental vari-
ables.

The between-group difference in means and
its corresponding standard error was an inade-
quate measure for the two variables for which
most of the values were zeros (e.g., the variables
that represented the percentage of a hexagon
covered by a particular land-cover type). For
these variables we calculated the difference in
the means for all nonzero values as well as the
difference in the percentage of hexagons with
and without BBS routes that had nonzero values.

These univariate analyses ignored possible
correlations and interactions among the selected
environmental variables. It is possible that any
underrepresentation of the selected variables, in
conjunction, could have a more substantial ef-
fect on analyses than that predicted by the uni-
variate comparisons. In contrast, if the variables
are correlated, the joint effects of their misrep-
resentation would not be much greater than any
estimates provided by our univariate analyses.
We used a multivariate analysis to investigate
potential interactions among the selected vari-
ables. We used classification tree analysis to
build a multivariate model that discriminated
hexagons with BBS routes from those without
BBS routes based on the selected environmental
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variables. The classification tree analysis facili-
tated the identification of any complex interac-
tions among the explanatory variables without
requiring the a priori specification of those in-
teractions. Classification trees are also adept at
handling correlated explanatory variables. Be-
cause only one variable enters the model at a
given split, it is not possible for variables in the
model to account for identical portions of the
variance in the response variable. If the classi-
fication tree built to discriminate sites with BBS
routes from those without had many variables
and explained arelatively large proportion of the
deviance in the data, we would conclude that
there are potential interactions among variables
and that the effects of differential representation
might be larger than estimated by our univariate
analyses. Conversely, if the tree model had rel-
atively few variables and explained only a small
proportion of the deviance in the data, we would
conclude that there are no strong complex inter-
actions among the variables.

For our regional investigations, we analyzed
the difference between hexagons with and with-
out consistently monitored BBS routes within
(1) 62 out of 64 BBS-defined physiographic re-
gions and (2) 47 of the 48 conterminous U.S.
states. We eliminated two regions and the state
of Rhode Island, each with fewer than two con-
sistently monitored BBS routes, from the anal-
yses. Because the number of hexagons with and
without BBS routes differed by physiographic
region and by state, the power of any statistical
analyses conducted in each of the various spatial
units also varied. We report the mean differences
in sites with and without BBS routes as well as
the 95% confidence intervals on those differenc-
es. Although we had less statistical power for
analyzing the differences among hexagons with
and without BBS routes in the more sparsely
sampled regions and states, we included them in
our analyses because these areas are likely to be
most susceptible to uneven sampling. As in the
national-scale investigation, we used classifica-
tion tree analysis to investigate any multivariate
relationships within each physiographic region
and state.

RESULTS

The percentage of the hexagons in each phys-
iographic region that contained consistently
monitored BBS routes from 1981-1990 varied
with region and ranged from 0% to 40% (Fig.



806

Percentage of

. <5
sample units
containing 5-10
consistently ] 10-20

surveyed BBS [l 20-30
routes from |l >30

1981-1990
10 Northern Piedmont
12 Southern New England
13 Ridge and Valley
14 Highland Rim
15 Lexington Plain
16 Great Lakes Plain
17 Driftless Area
18 St. Lawrence River Plain
20 Great Lakes Transition
21 Cumberland Plateau

23 Blue Ridge Mountains
24 Allegheny Plateau

26 Adirondack Mountains
27 Northern New England
28 N. Spruce-Hardwoods
30 Aspen Parklands

36 High Plains

40 Black Prairie

O

38 Glaciated Missouri Plateau
39 Great Plains Roughlands
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56 Chihuahuan Desert 84 Pinyon-Juniper Woodlands
61 Black Hills 86 Wyoming Basin

62 Southern Rockies 87 Intermountain Grasslands
64 Central Rockies 88 Basin and Range

65 Dissected Rockies 89 Columbia Plateau

66 Sierra Nevada 90 S. California Grasslands
67 Cascade Mountains 92 California Foothills

80 Great Basin Deserts 93 S. Pacific Rainforests

82 Sonoran Desert 95 Los Angeles Ranges

83 Mojave Desert 98 Willamette Lowlands

FIGURE 1. Map depicting the percentage of 640-km? hexagonal sampling units in each of 64 BBS-defined
physiographic regions in the U.S. for which a consistently surveyed BBS route was in operation between 1981
and 1990. The names of physiographic regions are only provided for those regions mentioned in the text. See
Sauer et a. (2003) for the identification of the regions not listed here.

1). The Willamette Lowlands was the only re-
gion that had no consistently monitored BBS
routes in our sample. Habitats peculiar to that
region were therefore unrepresented in the BBS
sample under consideration. The northeastern
U.S,, particularly New England, had a high den-
sity of BBS routes, thus overrepresenting any
habitats differentially present there. In contrast,
most physiographic regions in the West (except
those in California and coastal regions of
Oregon and Washington) had low densities of
survey routes. Two exceptions to this pattern in
the West were the relatively small Black Hills
and Los Angeles Ranges regions, which had
high proportions of hexagons with BBS routes.
The Southwest had particularly low densities of

routes; fewer than 5% of the hexagons in each
region contained a BBS route from our sample.
The pattern of route density across the states was
similar to that portrayed by the physiographic
regions (Fig. 2). The percentage of hexagons
with consistently monitored routes ranged from
less than 1% in Nevada to 59% in Connecticut
and Maryland.

Our derivative analysis using the 388 individ-
ual species models identified eight environmen-
tal variables that produced at least a 10% error
in predicted probability of presence in at least
one model as a result of the difference in their
representation in hexagons with and without
BBS routes (Table 1). Models for 41 species
were susceptible to this potential error of at least
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FIGURE 2. Map depicting the percentage of 640-km? hexagona sampling units in each of 48 states for which
a consistently surveyed BBS route was in operation between 1981 and 1990.

10%. All other variables we considered, there-
fore, either differed little between hexagons
sampled and unsampled by the BBS or were var-
iables to whose variation few species were sen-
sitive. Our eight sensitive variables formed the
first regression tree split, and therefore were
likely the most influential, in 70 of the 388 mod-
els. These variables represented different mea-
sures (minimum, maximum, and mean) of pre-

cipitation and elevation, as well as two land-cov-
er types: forage-hay-woodlot mosaic and north-
eastern deciduous forest (land-cover classes 52
and 93, respectively, from Loveland et al. 1991).
Although only 11% of the species we examined
were likely to be highly susceptible to differ-
ential sampling of these variables, because the
distributions of many birds are associated with
elevation and precipitation, analyses involving

TABLE 1. Differences in eight environmental variables measured in 640-km?2 hexagonal sampling grid cells
with and without consistently surveyed BBS routes. Variance in mean values is presented as the SE of the
difference between means of hexagons with and without BBS routes.

Mean in
Mean in hexagons Difference
hexagons without in means
Environmental variable with BBS routes  BBS routes + SE pa
Climate
Minimum precipitation (mm) 871 690 181 + 11 <0.001
Maximum precipitation (mm) 1055 887 168 + 16 <0.001
Mean precipitation (mm) 945 770 175 + 12 <0.001
Topography
Minimun elevation (m) 303 595 —-292 + 13 <0.001
Maximum elevation (m) 678 1063 -385 = 22 <0.001
Mean elevation (m) 458 787 -329 + 16 <0.001
Land cover
Forage crops, hay, and woodlots (%)P 13.3¢ 11.0° 2.3+ 0.8° 0.006
Northeastern deciduous forest (%6)d 21.4¢ 15.0¢ 6.4 = 1.5¢ <0.001

a Results from t-tests (with Welch approximations for variables with unequal variances).

b L and-cover class 52 from Loveland et al. (1991).

¢ The means and the difference in the means presented for these variables were calculated for all nonzero

values only.
d |and-cover class 93 from Loveland et al. (1991).
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other species are likely to be susceptible to dif-
ferential sampling to some degree.

Our national univariate analyses revealed
large differences in these variables in hexagons
with and without BBS routes (Table 1). BBS
routes were more representative of areas receiv-
ing more precipitation (hexagons with BBS
routes received on average 23% [175 mm] more
precipitation per year) and of lower elevations
(BBS hexagons had an average elevation 42%
[329 m] lower than non-BBS hexagons). Given
the high intensity of sampling in the Northeast
in genera, it is not surprising that more hexa-
gons with BBS routes had northeastern decidu-
ous forests (18% more hexagons) and of all the
hexagons that had northeastern deciduous for-
ests, those with BBS routes had 6% more of this
forest type than those without BBS routes. Sim-
ilarly, hexagons with BBS routes more often
contained the mixed land-cover type consisting
of forage crops, hay, and woodlots (21% more
hexagons) than did hexagons without BBS
routes.

In the national classification tree model we
constructed to investigate possible interactions
among the eight environmental variables, only
two of the variables (minimum precipitation and
the percentage of northeastern deciduous for-
ests) were significant and together they ex-
plained only 7% of the total deviance in the data.
This small proportion of the deviance predicted
by their inclusion in the model shows that they
have little classificatory power, despite the large
differences highlighted in our univariate analy-
ses (Table 1). The small number of variables in-
cluded in the models also implies that the dif-
ferences in hexagons with and without BBS
routes were without any complex, non-linear in-
teractions among the eight variables examined.

Our univariate analyses for the 62 physio-
graphic regions revealed few large differences
between hexagons with and without BBS routes
within each of the regions (Fig. 3). As one might
predict based on the smaller amount of variabil-
ity expected at smaller extents, differences be-
tween hexagons with and without BBS routes
were generally smaller within physiographic re-
gions than they were nationally (compare Fig. 3
and Table 1). However, a small number of phys-
iographic regions showed large differences be-
tween hexagons with and without BBS routes
(Fig. 3). The largest of these differences were in
regions with relatively few BBS routes. The two
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largest differences in mean elevation were found
in the Sierra Nevada and Sonoran Desert re-
gions, in which BBS routes were on average 281
and 268 m lower in elevation, respectively, than
areas without routes. The South Pacific Rainfo-
rests and the Central Rockies were the two re-
gions with the largest differences in average pre-
cipitation. On average, sites with BBS routes in
the South Pacific Rainforests received 235 mm
less annual rainfall than sites without BBS
routes. In the Central Rockies, sites with BBS
routes received 203 mm less annual rainfall than
sites without BBS routes. The most notable dif-
ferences in land cover were in the Cumberland
Plateau, Southern New England, and the Blue
Ridge Mountains. Sites with BBS routes in the
Cumberland Plateau contained on average <1%
northeastern deciduous forest, 2% of that forest
type found at sites without BBS routes (which
on average, were composed of 10% northeastern
deciduous forest). In contrast, sites in Southern
New England and Northern New England, re-
spectively, contained 2 and 1.5 times the area of
this forest type than sites in these regions with-
out routes.

Our univariate analyses for the 47 states also
revealed only arelatively small number of states
with substantial differences in areas with and
without consistently monitored BBS routes (Fig.
4). In general, the states with the fewest BBS
routes showed the largest differences. The larg-
est differences in average elevation were in Col-
orado, where sites with BBS routes were 450 m
lower than sites without routes, and in Nevada,
New Mexico, and South Dakota, where sites
with BBS routes were respectively on average
330, 309, and 260 m higher than sites without
BBS routes. The differential representation in
the latter three states was not statistically signif-
icant (95% CI include 0O; Fig. 4), but we feel
they are worthy of mention due to the extremely
small samples sizes for these states. The largest
differences in mean precipitation were in Ne-
vada and Cdlifornia, in which sites with BBS
routes respectively received 265 and 173 mm
more annual precipitation on average than sites
without BBS routes. The largest differences in
land cover were seen in Michigan, where sites
with BBS routes had roughly two times the area
of mixed forage crops and woodlots found in
sites without BBS routes, and in Massachusetts
where sites with BBS routes had roughly 2.5
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FIGURE 3. Plots of the mean difference in eight environmental variables in sites with and without consistently
monitored BBS routes in 64 BBS-defined physiographic regions. The center of each bar (number corresponds
to physiographic regions in Fig. 1) represents the mean difference; bars depict 95% CI. The horizontal dotted
line marks zero mean differences; mean differences that do not overlap this line are statistically significant.
Points above the zero-line indicate differences in which values at sites with BBS routes were greater than values
at sites without BBS routes. Only absolute differences in excess of 100 m in elevation, 100 mm in precipitation,
and 1% land cover are plotted.
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FIGURE 4. Plots of the mean difference in eight environmental variables in sites with and without consistently
monitored BBS routes in the states of the conterminous U.S. The center of each bar (marked by the two-letter
abbreviation for each state) represents the mean difference; bars depict the 95% Cl. The horizontal dotted line
marks zero mean differences; mean differences that do not overlap this line are statistically significant. Points
above the zero-line indicate differences in which values at sites with BBS routes were greater than values at
sites without BBS routes. Only absolute differences in excess of 100 m in elevation, 100 mm in precipitation,
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times the area of northeastern deciduous forest
found in sites without BBS routes.

None of the classification tree models built to
investigate interactions among the eight environ-
mental variables within any of the physiographic
regions or states proved to be significant.

DISCUSSION

Our results indicate that the degree to which
BBS routes consistently surveyed from 1981 to
1990 were representative of different environ-
ments varied with the spatial extent of the anal-
ysis. Our analysis of environmental derivatives
indicated that a risk of relatively large bias in
abundance estimates may arise in BBS studies
involving a small set of environmental variables
unevenly sampled nationally, notably elevation,
precipitation, and two particular land-cover
types. The magnitudes of these errors are likely
to vary with each particular study, with studies
covering large geographic areas (e.g., O’ Connor
et a. 1996, Curnutt et al. 1996, O’ Connor and
Jones 1997, Peterson 2001) being most suscep-
tible. The lack of large differences within most
physiographic regions and most states means
that most large-scale analyses that employ BBS
weighting factors to account for different state-
level route densities (e.g., Sauer and Link 2002)
and most statewide or regionwide analyses (e.g.,
Igl and Johnson 1997, Herkert 1997) will not be
subject to large errors through differentia en-
vironmental representation.

However, the results from our regiona and
state analyses indicate that some environments
in a small number of states and physiographic
regions are likely to be misrepresented by con-
sistently monitored BBS routes. These differ-
ences were largest in the states and regions with
fewer consistently monitored routes. Studies
conducted in these states and regions run the risk
of incurring bias related to the uneven sampling
of environments. The predetermined BBS
weighting schemes that can be applied to states
will not account for these errors when these
states are included in multistate analyses.

Because the BBS routes are stratified by state,
the differences we found at the national scale as
well as within physiographic regions largely re-
flect the fact that most regions span multiple
states (Peterjohn et al. 1995). Differences within
states, on the other hand, may reflect differences
in the frequency with which individual routes
are surveyed. Robbins et al. (1986) noted that
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routes closer to major human population centers
are more likely to be surveyed in a given year
than routes farther from population centers.
Thus in some states, the locations of our consis-
tently monitored BBS routes may be biased with
respect to human population density. This bias
is likely reflected in the within-state differences
we found between areas with and without con-
sistently surveyed routes.

There are at least two relatively simple ways
in which future studies can guard against any
potential bias related to uneven sampling of spe-
cific environments by particular sets of BBS
routes. Both rarefaction and weighting can ad-
dress the issue of unequal sampling across strata.
The first of these techniques, rarefaction, in-
volves removing samples from strata with more
samples to produce a population that more even-
ly represents all strata. Rarefaction, or subsam-
pling, can be used as a simple screen to deter-
mine whether the distribution of samples in the
full dataset is biasing the results of an analysis.
Although the rarefied data can be used in the
final analysis, doing so results in a loss of data.
Depending on the type of anayses being con-
ducted, the second technique, the weighting of
samples, can be used to address uneven sam-
pling across strata and thus provide better rep-
resentation of some environments. Determining
the appropriate set of weights can be difficult.
For studies that use data from a large portion of
the BBS routes in a given area, the BBS-defined
weighting factors will likely provide adequate
weights for most areas, with the likely exception
of those states for which we noted large differ-
ences in areas with and without consistently
monitored BBS routes. For subsamples of BBS
routes for which these weights may not apply,
we suggest relatively simple analyses akin to
some of those presented here to determine
whether alternative weighting schemes are nec-
essary. At the very least, these analyses can pro-
vide an estimate of the limitations or bounds that
should be placed on the conclusions drawn from
any given analysis.

There are also at least two ways in which the
issue of underrepresentation of certain environ-
ments can be addressed with the design and ap-
plication of the BBS. First, by increasing the
route density in many of the western states,
many of the underrepresented environments will
likely be better covered (O’ Connor et al. 2000).
Second, more consistent monitoring of routes
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and environments farther from population cen-
ters might be achieved by encouraging the more
regular monitoring of more infrequently visited
routes. Although the BBS is clearly constrained
by the volunteer nature of the program, both of
these are potentially achievable goals.

There are several factors that will affect the
degree to which any given set of BBS routes
represents the area in question. As our analyses
have revealed, the location and extent of the
study region will influence the degree to which
agiven set of BBS routes evenly represents local
environmental conditions. In addition, the time-
frame over which a study is conducted is likely
to influence conclusions about the representa-
tiveness of the BBS. The present analysis used
only survey routes from 1981-1990, and it is
quite possible that the distributions of BBS
routes in earlier or in later years have been dif-
ferent. However, the sampling locations of BBS
routes are constrained by the geographic and
physiographic stratification built into the BBS
design and this constraint, coupled with the lim-
ited magnitude of the differentials detected here,
makes it unlikely that a huge mismatch between
BBS and non-BBS sites can develop. The great-
est potential for change is that the movement of
people within the U.S. may alter the distribution
of observers and therefore the intensity with
which particular environments are sampled in
the future. Present demographic trends, for ex-
ample, show movements of people out of the
central U.S. and into southeastern coastal re-
gions and southwestern counties (Mageean and
Bartlett 1999). Such movements may alter the
distribution of available observers and eventu-
aly the distribution of BBS routes. These redis-
tributions are however, open to remedy by a fu-
ture adjustment of regional sampling intensities.

Moreover, it iswell known that changesin the
size of a sample grid can affect the estimation
of the occurrence of a species (Greig-Smith
1952). At finer spatia resolution (grain), there-
fore, differentias in the representation of envi-
ronmental conditions may differ yet again in
magnitude. Roadside bias inherent in the BBS
sampling design can result in differential repre-
sentation of very local environments (Keller and
Scallan 1999) in a way that would not be de-
tected in our analysis. It follows that athough
our coarse-grained (640-km? hexagons) analysis
demonstrated that the spatial extent of a given
set of BBS data will likely affect the degree to
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which the set represents the environments in the
region of interest, studies with large spatia ex-
tents need to be aware that their conclusions are
aso vulnerable to differentials in fine-grained
environmental features.

In summary, given the BBS sampling design,
it was no surprise that we found uneven cover-
age of environments at a national scale. The fact
that our regional and statewide analyses gener-
aly revealed few instances of uneven coverage
at these scales indicates that BBS-supplied
weighting factors will likely account for most
large-scale differences in sampling density. Our
analyses do, however, raise concerns about the
degree to which BBS routes are representative
of the environments in a small number of states
and regions with relatively few routes. At the
very least, for studies using BBS data, we rec-
ommend investigating the distribution of the
BBS routes used and performing a simple re-
sampling exercise to determine the degree to
which uneven sampling might affect the study
results.
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