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Abstract.—Data collected in association with the
forest inventory and analysis (FIA) systematic grid
has the potential to make multiple contributions

to meeting land management information needs,
including the development of indicators for ap-
plication in management and monitoring programs.
We derived bird, small mammal, and mammalian
carnivore indexes of ecological diversity for the Lake
Tahoe Basin using population data collected near FIA
grid points, along with two additional data sets. The
resulting index provided a robust measure of ecologi-
cal diversity relative to existing landscape patterns of
human development. We used the index to compare
reference and existing conditions, and demonstrate
its potential to meet National Forest System needs to
evaluate progress toward desired ecological diversity

conditions across landscapes and over time.

Introduction

Emphasis on large-scale environmental monitoring on public
lands has increased dramatically over the past 10 years. Within
the Forest Service, U.S. Department of Agriculture, the devel-
opment of national protocols has been promoted and supported
in an attempt to foster monitoring efforts that are implemented
consistently and are compatible with national databases, both
intended to improve the utility of environmental data (e.g.,
Holthausen et al. 2006; Manley, Van Horne, Roth et al. 2006,

Woodbridge and Hargis 2006). The Forest Inventory and
Analysis (FIA) program is designed to gather critical informa-
tion on the status of forests in the United States (Roesch and
Reams 1999). The systematic grid upon which FIA program
data collection is based has the potential to serve as a valuable
foundation for other complementary data collection efforts
with grid-based data collection making multiple contributions
to meeting public land management agency information needs,
including the development of indicators, predictive models, and

evaluation and assessment tools (fig. 1).

The National Forest Management Act (1976) and its implemen-
tation target the maintenance of species and ecological diversity
in pursuit of sustainability. Indicators of species and ecological
diversity are needed as measures of success in sustaining
ecosystems on National Forest System (NFS) lands. To that
end, ecological indicators are commonly employed in monitor-
ing and assessing trends in environmental conditions, signaling
rapid environmental changes, and diagnosing ecosystem health
(Cairns et al. 1993). The national forests face many potential

challenges, with loss of open space from urbanization being one

Figure 1.—Potential information yields from grid-based
population and habitat inventory and monitoring, including
indicator development.
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of the four primary threats, as recently identified by the Chief
of the Forest Service (www.fs.fed.us/projects/four-threats).
To meet management challenges on the nation’s forest lands,
measures that indicate the status of this threat are needed.

One tool for representing ecosystem diversity or integrity is

to use indices that reflect multiple aspects of the biological
community. A multimetric index of biotic integrity (IBI) was
first developed by Karr (1981), using responses of fishes to
indicate the biological condition or health of streams. Since its
inception, the concept of the IBI has evolved and undergone
modifications using various taxonomic indicators to assess
diverse environments, from streams and wetlands, to terrestrial
environments (e.g., Angermeier and Karr 1986, Bradford et

al. 1998, Bryce et al. 2002, Karr and Kimberling 2003, Moyle
and Marchetti 1999). The premise of indicators is based on

the assumption that characteristics of the indicator (e.g.,
presence/absence, changes in the abundances, occurrences,
survival) reflect changes or perturbations in the environment
and associated species, processes, or functions (Noon et al.
1999). Many authors warn against the selection of only one or
a few species as surrogate indicators of ecological condition
(Feinsinger 2001, Landres et al. 1988, Morrison 1986, Noss
1990). IBI-type indices avoid this potential pitfall because they
are typically based on a diversity of multispecies metrics, such
as a diversity of trophic levels, species-group nesting guilds or
foraging strategies, species richness and diversity measures,

and tolerances of human disturbance.

Our objective was to demonstrate how indicators can be de-
rived using basic field survey data collected, in part, in associa-
tion with the FIA systematic grid, and then use those indicators
to develop an index of ecological diversity that reflects changes
in vertebrate biota in response to land development. Here we
develop an index of terrestrial ecological diversity for the Lake
Tahoe Basin patterned after the IBI approach. We then dem-
onstrate how such an index of ecological diversity (IED) can
be used to evaluate the status of terrestrial ecological diversity
on a landscape subject to development and a diversity of other
land uses.

Methods

Study Area

The Lake Tahoe Basin is a distinctive montane ecosystem
located in the central Sierra Nevada Mountains. Lake Tahoe
occupies nearly 10 percent of the 88,000-ha basin, with more
than 80 percent of the remaining area consisting of national
forest lands. The basin spans elevations from approximately
1900 m at Lake Tahoe to 3300 m at the surrounding peaks
and encompasses four life zones (Holdridge 1967, Lugo et al.
1999): lower montane, upper montane, subalpine, and alpine
(Manley et al. 2000). The basin’s diversity has been altered
over the past 150 years through a variety of human activities,
most recently in the form of land development, including
urban centers and more dispersed land conversion activities
(Lindstrom et al. 2000). Currently human development and
associated recreation impacts are greatest in the lower elevation
zones (Manley et al. [2009]).

Sample Sites and Biotic Sampling

The Lake Tahoe Basin implemented a monitoring program
based on the FIA grid (Roesch and Reams 1999) in 2002. The
program entailed establishing monitoring points as per the na-
tional Multiple Species Inventory and Monitoring (MSM) pro-
tocol (Manley, Van Horne, Roth et al. 2006), with the addition
of three more sample points randomly located within each FIA
hexagon for a density of four points per 2400 ha. An increased
density of points was needed to reach a sufficient sample size
for monitoring in the relatively small Lake Tahoe Basin. In
2002-2004, 80 monitoring points distributed across all the
hexagons were sampled for birds and small mammals (Roth et
al. 2004), and in 2002-2005, a total of 61 monitoring points
distributed across all the hexagons were sampled for mamma-
lian carnivores. We combined these FIA-based MSM data with
additional data sets for birds, small mammals, and mammalian
carnivores from studies conducted in the Tahoe Basin. One data
set (URB) included a survey conducted in 2003—2004 across
land ownerships at lower elevations (less than 2200 m) in the
basin (Manley, Murphy, Campbell ef al. 2006), where 71 to 77
sites were sampled for birds, small mammals, and mammalian
carnivores. Sites were randomly selected, stratified by degree

of surrounding land development (in an area of 300 m radius),
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which ranged from 0 to 80 percent. The final data set (RIP) was
from a survey of streamside riparian ecosystems that was con-
ducted in 1995-1996 across multiple land ownerships (Manley
2000). The data set consisted of 80 sites that were sampled for
birds and small mammals, which included four stream reaches
randomly selected from the headwaters to the mouth of 20
randomly selected watersheds. The three data sets were com-
bined for a total of 305 sites. The three data sets overlapped
spatially, and together they provided a broad representation of

the diversity of ecological conditions in the basin.

We used point counts to characterize the bird community at
235 sites, and we detected 94 terrestrial bird species. Field
methods were consistent among surveys as per standardized
methods (Blondel ef al. 1981, Ralph et al. 1993): distance be-
tween stations (200 m), timing (from mid-May to mid-August
between 0530 and 1000 hours), duration (10 min), and number
of visits (n = 2). The number and spatial arrangement of count
stations varied minimally among data sets: MSM used seven
count stations in a hexagonal configuration; URB used five sta-
tions in a cross-like configuration; and RIP used eight stations
in a crosshatch configuration. We used frequency of detection
among count stations (i.e., proportion of count stations per site
with detections) as a representative measure of abundance to
avoid any potential bias associated with the year of sampling or

number of count stations.

We used live trapping to characterize the small mammal com-
munity at 231 sites, and we detected 22 small mammal species.
Field methods were consistent among surveys: timing (June

to September), duration of sampling (3 days and nights), bait
(oats and seeds), trap check frequency (twice per day), distance
between adjacent traps (15 m), primary trap type (extra-long
Sherman traps; 7.5 x 9 x 22.5 cm), and marking (all captured
individuals were marked). The number, configuration, and size
of traps did vary: MSM used 104 extra-long traps in an open
hexagonal configuration occupying approximately 10 ha; URB
used 50 to 64 traps arrayed in a square grid, with every third
trap being an extra large Sherman trap (10 x 11 x 37.5 cm); and
RIP used 108 extra-long traps arrayed in a rectangular grid of
6 x 18 traps centered on the stream reach. We used the number
of first captures per trap opportunity as a measure of relative

abundance to avoid potential biases associated with recapture

rates based on grid configuration. Trap opportunity was cor-
rected (70,) for traps that were stolen, sprung, or otherwise

rendered unable to capture animals,
TOc = (trapsset*trapchecks*trapdays) — (unavailabletraps / 2)

Mammalian carnivores were sampled at a total of 128 sites,
and we detected 10 carnivore species. Sampling consisted of
four or five enclosed sooted aluminum track plates (Barrett
1983, Fowler 1994, Zielinski and Kucera 1995) and two remote
cameras (Zielinski and Kucera 1995). One track plate was
positioned at the center of each sample unit and one camera
was positioned 100 m from the center track plate at a random
azimuth. For MSM, four track-plate stations were located 500
m from the center, one in each cardinal direction. The URB
study had a similar configuration, with the exception of having
only three track-plate stations placed 250 m from the center at
0, 120, and 240 degrees. In both efforts, one additional camera
was paired and placed in the same fashion with one of the
surrounding track plates. Track plates and cameras were baited
with chicken and baby carrots, and a commercial scent was
used as a lure. Track plates and cameras were checked every 2
days for a total of five visits. A species was determined to be
present in a sample unit if any device recorded a detection event
during the survey period. The response variable derived from

these methods was species presence.

We grouped bird and small mammal species detected during
sampling into species assemblages—21 and 8 groups, respec-
tively—based on their ecological characteristics, in an effort to
provide insights into the sensitivity of species that are known
to be associated with specific forest resources (e.g., nesting and
foraging substrates, primary diet during the breeding season).
Assemblage or group membership was determined based on

a variety of published sources and databases (as per Manley

et al. 2004), and is documented (along with scientific names)
in Manley and Mclntyre (2006). Species detected incidentally
or not directly associated with terrestrial ecosystems were not
included in species groups. Species frequently belonged to
more than one assemblage. For each group, we calculated rich-
ness and abundance. Abundance of species groups per site was
calculated as the sum of detection frequencies across all species
in the group.
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Vegetation Community Classification

We first classified all 305 sites into vegetation community types
using cluster analysis (CA). The CA was based on the propor-
tion of the 50-ha (400-m radius) area occupied by each of five
forest types (Jeffrey pine, mixed conifer, lodgepole pine, subal-
pine conifer, and aspen), shrubs, and meadow. The proportion
of the area occupied by nonvegetative cover types (e.g., barren,
water, development) and riparian vegetation was not included
in the CA to ensure that the clusters reflected emergent proper-
ties of the primary environmental gradients in the Tahoe Basin.
We chose a 50-ha area because it was the minimum area that
encompassed most survey locations. The EVEG vegetation
layer (USDA Forest Service 1991, 2001) derived from satellite
imagery was the source for vegetation data. The California
Wildlife Habitat Relationships vegetation classification scheme
was used to represent vegetation types (CDFG 2002, Mayer
and Laudenslayer 1988). We used ArcView Geographic
Information System (GIS) (ESRI, Inc. 1995) to perform calcu-
lations. The CA was performed with flexible beta linkage (beta
=-0.25) and Serensen’s (Bray-Curtis) distance in PC-ORD
(Windows Version 4.17; McCune and Mefford 1999).

Once clusters were derived, we used principal components
analysis (PCA) to examine the relationships of vegetation com-
munity types relative to principal environmental axes. For the
PCA, we entered the original seven vegetation variables, plus
four additional environmental variables: mean elevation, mean
percent slope, mean precipitation, and percent riparian. Mean
elevation and slope were derived from digital elevation models,
while mean precipitation was derived from PRISM data (Daly
1995). The amount of riparian vegetation was represented by

a map derived from infrared aerial photo interpretation of the
entire Lake Tahoe Basin in the early 1990s. The cross-products
matrix was created using Pearson correlation coefficients
among all column variables to produce a “standardized” PCA,
and a varimax rotation was used. Use of correlation coefficients
serves to standardize column variables (McCune and Mefford
1999). Only factors with eigenvalues of more than 1.0 were

retained and reported.

Land Development

We generated a spatially explicit GIS model of human develop-

ment derived from land-use designations on county parcel

maps, combined with roads and trails from Forest Service
transportation maps (see Manley et al. [2009]). Development
was defined as the removal of native vegetation. Average
percent of parcels occupied by development was estimated
based on land use designation (as identified on county parcel
maps), roads, and trails. An average percent developed value
was calculated for each of 90 land uses based on a sample of
parcels in each land use. For each land use type, we estimated
the amount of development within a 300 m radius using digital
orthophoto quadrangles. The average percent developed was
assigned to all parcels of each land use type. Roads and trails
were assigned widths based on their respective average widths
(Caltrans 2001), and added to the parcel development map to
create the final development map. Sites were placed into one
of three development classes: No/Low (less than or equal to
01.0 percent), Moderate (more than 1.0 to 10 percent), or High
(more than 10 percent) development. For comparisons where
the sample of sites was low at the upper end of the develop-
ment gradient, only two classes were used: No/Low (less than
or equal to 1.0 percent) or Mod/High (more than 1.0 percent)
development.

Indicator Analysis

We used a combination of indicator species analysis (ISA)
(PC-ORD for Windows Version 4.17; McCune and Mefford
1999), a technique originally developed by Dufréne and
Legendre (1997), and simple linear correlations to identify
species and species groups that showed strong responses to
development across all vegetation community types.

Indicator values (IV) produced from the ISA were based

on a combination of species frequency of occurrence and
abundance, and those values determine how strongly each
species is associated with a particular group (vegetation or
development). IV range from 0 (never present) to 100 (always
present and exclusive to that group) (McCune and Mefford
1999). We tested the significance of each maximum IV using
a Monte Carlo permutation procedure, and then compared

the observed IV to randomly generated values (per Dufréne
and Legendre 1997). We used an alpha-level of oo = 0.10 to
determine significance. Species and species groups that differed
significantly between development classes were considered
candidate indicators. We did not perform ISA for large
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mammals, because only presence/absence data were available

for these species.

In addition to ISA, linear relationships between species and
development were examined. We identified all species and
species groups that were significantly correlated (P < 0.10
based on Pearson’s correlation coefficient) with development
across all sites from all vegetation communities. We chose a
minimum P value of < 0.10 for significance so that patterns of
association would be more apparent. We then evaluated cor-
relations of those species and species groups with development
by vegetation community type. Despite apparent trends based
on scatterplots, the limited occurrence of many species and the
limited development in some vegetation communities (e.g.,
higher elevations) rendered most correlations insignificant;
therefore, bivariate scatter plots also were consulted to evaluate
relationships between species and development in each vegeta-

tion community.

Index Derivation and Ecological Diversity Assessment

Species and species groups were first evaluated for their
potential as metrics in the [ED. Species or species groups with
strong and/or consistent relationships with human development
among vegetation communities and analyses (i.e., ISA and
correlations) were considered primary candidates. If their
relationships were less consistent or weaker, then they were
identified as secondary candidates. [ED metrics selected

were combinations of ecological groups and composites of
individual species that exhibited strong shared relationships
with development within and among vegetation communities.
Individual species identified as having a strong positive or
negative relationship with development were combined creat-
ing development-tolerant and development-intolerant species

groups, respectively.

We wanted to have the same metrics for each vegetation
community to enhance comparisons of conditions among them
and reduce any potential for bias associated with sample size
inequities among development classes. Based on the strength
of the relationship with development, no more than 10 metrics
were selected to represent each taxonomic group, consistent
with the IBI approach (Karr and Chu 1995); however, the
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actual number was usually less than 10, as a function of the

strength and number of candidate indicators.

Once metrics were selected, the values of each metric were
rescaled to vary from 0 to 1. Generally, metric rescaling is
done by dividing each metric value by the maximum value;
however, in some cases, high values were considered outliers,
effectively depressing the remaining range of values. The range
and distribution of values for selected metrics were examined
to select maximums to represent the primary range of values for
each metric and to be used as the denominator in the rescaling
procedure. For intolerant metrics, 1 indicates high diversity
and 0 indicates low diversity. The values for tolerant metrics
were subtracted from 1.0 to invert the values (1 indicates low
diversity, 0 indicates high diversity). All rescaled metric values
were then summed for each site, and the result was divided by
the number of metrics used, and multiplied by 100 to obtain the

final index with a potential maximum value of 100.

For birds and small mammals, we evaluated differences in
richness and abundance relative to land development within
and among the vegetation communities to identify potential
metrics. Only species that were present at more than or equal to
10 percent of sites within two or more vegetation communities
were evaluated for inclusion in tolerant or intolerant species
groups. Species present at less than 10 percent of all sites were

considered rare, and were included in the rare species group.

Only 10 mammalian carnivore species were detected across the
three studies in the Lake Tahoe Basin. Large mammal data con-
sisted of detection or nondetection events for each of those 10
species at each of the 128 sites, and (n = 10). As a result of the
small species pool, the IED calculation was simplified relative
to birds and small mammals. Species were classified as being
either tolerant of land development or intolerant based on bi-
variate scatterplots. Given the small range of values associated
with each metric, we assigned set values (0, 0.5, or 1) to each
increment of increase in species richness. As for the birds and
small mammals, the assigned values for the three metrics were
added together and divided by 3, the theoretical maximum, to
obtain a commensurate index value per site, which can range
from 0 to 1.
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It is likely that strong signals will be provided by the more
abundant, lower trophic-level species (e.g., herbivorous small
mammals, insectivorous birds), because of the greater range of
values they may portray, but higher trophic-level species can be
very sensitive to human disturbance because of their large area
requirements. A diversity of trophic levels in the IED thus is
likely to provide a stronger indication of ecological conditions
than one alone. We used the subset of sites from which birds,
small mammals, and large mammals all were sampled (n = 98
of the 305 sites) to generate a multi-taxonomic IED. We aver-
aged the bird, small mammal, and large mammal IED values
for each site to create the composite IED.

Finally, we used the composite IED to compare existing
conditions in the basin to those of undeveloped (i.e., reference)
conditions to provide a context for evaluating current terrestrial
ecological diversity based on vertebrate biota. Reference sites
were those with less than 5 percent development (n = 60 bas-
inwide). Existing conditions were represented by a randomly
selected subset of sites stratified in a basinwide grid to ensure
equivalent representation. We then summarized the statistical
distribution of IED values for existing conditions and compared
them to reference conditions by vegetation community. We

used t-tests to compare existing and reference conditions.

Results

Vegetation Community Types and Associated Land
Development

The cluster analysis revealed three primary vegetation community
types: Jeffrey pine dominated (n = 123 sites), mixed conifer

(n =127 sites), and subalpine conifer (n = 55 sites; fig. 2)
communities. Four principal components had eigenvalues of
more than 1.0 that together explained 70.0 percent of the varia-
tion in vegetation and environmental variables among sites.
Factor 1 separated the Jeffrey pine community type (lowest
elevation) from the subalpine conifer community type (highest
elevation), and factor 2 separated the mixed conifer community
type (midelevation) from the Jeffrey pine type.

The number of sites in each development class differed

among the vegetation communities and among taxonomic

Figure 2.—Fuctor score plots for axes 1-4 from principal com-
ponents analysis of vegetation and environmental features of
305 sites illustrating the features separating the three primary
vegetation community types, Lake Tahoe Basin, CA and NV.
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groups. Based on the entire sample of 305 sites, the Jeffrey
pine type had the most equitable distribution of sites along

the development gradient, but only had eight sites with low
development. Conversely, mixed conifer and subalpine conifer
types had many sites with low development (42 and 44 sites,
respectively), but only 11 sites in the mixed conifer type had
high development, and only 11 sites in the subalpine conifer

type had more than 1 percent development.

Individual and Cross-Taxonomic IEDs

Birds. Although 40 bird species were identified as significant
indicators of a particular development level in one or more
vegetation communities based on ISA results, only 22 bird spe-
cies were consistently associated with low or high development
conditions across vegetation communities and/or consistent
with correlation results (appendix A). Similarly, 16 bird spe-
cies groups, including total bird abundance, were significant
indicators of development level based on ISA; but only five
were consistently associated with low or high development
conditions across vegetation communities. With the addition
of species and species groups significantly correlated with
development, 28 bird species and 16 species groups were
identified as negatively associated with developed conditions,
and 11 species and 8 species groups as positively associated
with developed conditions (appendix A).
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A final set of metrics was determined by evaluating the
consistency and strength of the relationships between a spe-
cies or species group and land development among the three
vegetation communities. Eight metrics were selected: seven
negatively associated and one positively associated with
development (table 1). Richness value responses of foliage
foragers, invertivores, shrub nesters, ground nesters, habitat
specialists, and rare species either exceeded or paralleled cor-
responding abundance values; therefore, we chose to include
those richness-based metrics. Consistently, granivore richness
and ground forager richness were positively associated with
development, but it is likely that those species groups would
not increase in abundance at the highest land development lev-
els, and their relationships with development were not steeply
sloped, so these two groups were not included as metrics. The
development-intolerant species group included all 28 species
classified as either primary or secondary candidates. Intolerant
species richness and abundance were highly correlated (» = 0.804);

therefore, only richness was retained as a metric.

The resulting bird IED for each vegetation community, and

the three types combined, displayed consistent declines in IED
values with development. The strongest patterns were apparent
in the Jeffrey pine and mixed conifer types, where the develop-

ment gradient was strongest (fig. 3a).

Small Mammals. A total of 12 small mammal species, 8 species
groups, and total small mammal abundance were significant
indicators of a land development level in one or more vegeta-
tion communities, based on ISA results; however, only six
species and eight species groups were consistently associated
with low or high development conditions across vegetation
communities and/or were consistent with correlation results
(appendix A). With the addition of species significantly cor-

related with development, five small mammal species and nine

species groups were identified as negatively associated with
developed conditions and 5 species and 10 species groups were

positively associated with developed conditions (appendix A).

Strong correlations between species and species groups
eliminated many candidate groups from inclusion in the final
set of metrics. Deer mouse abundance was a primary contribu-
tor to the abundance of three species groups, resulting in high
correlations between deer mouse abundance and the abundance
of associated groups: Peromyscus (r = 0.99), nocturnal species
abundance (» = 0.92), and omnivore abundance (» = 0.94).
Similarly, Douglas squirrel abundance was a primary contributor
to canopy associate abundance (7 = 0.99). Therefore, none of these

groups was considered for inclusion as metrics in the final index.

A final set of five species metrics was selected, including one
tolerant and four intolerant (table 1). Metrics of species intoler-
ant of land development included the richness of intolerant spe-
cies, rare species, ground associates, and herbivorous species.
Six species comprised the intolerant species group, including
the infrequently detected long-tailed weasel and ermine. These
two mustelid species were included in the group of intoler-

ant species, as opposed to being a separate metric (Mustela
abundance), because they were infrequently occurring species
and alone did not constitute a strong metric. Only the relative
abundance of development-tolerant species (comprised of four
species) was included as a tolerant metric. The small mammal
IED for each vegetation community displayed consistent

declines in the IED values with development (fig. 3b).

Mammalian Carnivores. Three metrics were used in the large
mammal carnivore [ED: richness of species intolerant of or
impacted by land development (marten, bobcat, weasels, spot-
ted skunk, bear); richness of species tolerant of development

and able to exploit and benefit from it (coyote, ringtail, striped

Table 1.—Descriptive statistics for composite multitaxonomic Index of Ecological Diversity values for reference and existing
conditions in each of the three primary vegetation community types the Lake Tahoe basin based on conditions in 2006.

Vegetation Reference condition Existing condition t-test
community type n Mean s.d. n Mean s.d. T P
Jeffrey pine 5 64.5 7.93 11 40.6 17.57 -3.74 0.002
Mixed conifer 33 67.0 10.43 15 63.2 15.96 -0.85 0.408
Subalpine conifer 22 67.93 13.27 14 68.0 13.65 0.01 0.992
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skunk, gray fox, raccoon); and richness of domestic animals
known to harass and negatively impact wildlife (domestic dogs
and cats). The large mammal IED was significantly correlated
with development at the basinwide scale, and within each of the
three vegetation communities (fig. 3¢). Although the variance
in large mammal index values was high relative to develop-
ment, an evident decline in maximum values was observed as
development increased particularly within the Jeffrey pine and
mixed conifer types. Maximum large mammal index values of

1.0 were observed for sites with 10.6 percent or less develop-

Figure 3.—Index of Ecological Diversity values for birds (a),
small mammals (b), and mammalian carnivores (c) in the Lake
Tahoe Basin. Sites associated with each of the three primary
vegetation community types are indicated (JP = Jeffrey pine;
MC = mixed conifer; SC = subalpine conifer).
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ment, and index values greater than 0.5 were not observed at

sites exceeding 32 percent development.

Cross-Taxonomic Relationships. The composite IED showed
significant negative associations with land development

for each vegetation community (fig. 4). Correlations of the
composite index and development were strongest in the mixed
conifer type (r =-0.688, P <0.001), followed by the Jeffrey
pine type (» =-0.629, P <0.001), and the subalpine conifer
type (r=-0.539, P =0.007). The basinwide composite index
was also highly significant (» =-0.722, P <0.001).

Ecological Diversity Assessment

The existing conditions of Jeffrey pine, mixed conifer, and
subalpine conifer types were represented by 11, 15, and 14
sites, respectively. Reference sites in the Jeffrey pine type were
limited (n = 5); however, comparisons between reference and
existing conditions across vegetation communities showed
clear patterns (fig. 5). Existing conditions in Jeffrey pine were
significantly degraded compared to reference conditions based
on [ED values, and showed greater deviation from reference
compared to mixed conifer and subalpine conifer. The majority
of existing Jeffrey pine sites (more than 80 percent) had IED
values less than 50, while reference sites had values more

than 50 (fig. 5). Existing conditions in mixed conifer had a
wider range of IED values, including sites with IED values

less than 40, which were absent from reference sites, but as a
group, IED values for existing conditions were not significantly

Figure 4. —Index of Ecological Diversity values for the composite-
taxonomic index in the Lake Tahoe Basin. Sites associated with
each of the three primary vegetation community types are indi-
cated (JP = Jeffrey pine; MC = mixed conifer; SC = subalpine
conifer).
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Figure 5.—A comparison of the distribution of composite
taxonomic Index of Ecological Diversity values for reference
(less than 5 percent development) and existing sites in each
of the three primary vegetation community types (Jeffrey pine,
mixed conifer, and subalpine conifer) and basinwide in the
Lake Tahoe Basin.
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different from those of reference sites. Existing conditions in
the subalpine type did not deviate significantly from reference
conditions. Basinwide roughly 20 percent of the sites fell
outside the range of reference conditions, with most of those
sites in the Jeffrey pine type.

Discussion

Efficiency of Multispecies Indicators

The search for indicators of ecological diversity is a challenging
endeavor. The label indicator in the context of individual species
has been used in multiple references, including individual species
whose presence or abundance indicates a set of resource condi-
tions associated with a number of other species (i.e., umbrella
species), species dependent upon a particular resource for some
aspect of their life history (e.g., secondary cavity nesters), and
species that are particularly sensitive to environmental change
(Caro and O’Doherty 1999). The alternative to individual spe-
cies indicators is to use composite species metrics that represent
a significant proportion of the ecosystem being monitored.

In general, species assemblages have a greater probability of
representing the condition of the resources upon which they are
dependent, since individual species respond idiosyncratically to

changing environmental conditions.

Monitoring species occurrences based on a systematic sampling
design, specifically the FIA grid, provides a wealth of informa-
tion that can serve to address agency information needs,
including the development of indicators of ecological diversity.
Despite the typical need to minimize the cost of environmental
monitoring and assessment, it is unlikely that one or a few spe-
cies, vertebrate or otherwise, will be able to provide a sensitive
and informative representation of the condition of entire com-
munities or ecosystems. Although only three survey methods
were employed in this example, a large number (n = 126) and
proportion (more than 90 percent of species expected to be
detected with these methods and 84 percent of all terrestrial
vertebrate species in the study area) were actually detected
(Manley et al. 2005). This indicates that multiple-species and
multi-taxonomic surveys in association with a systematic grid
are likely to detect a portion of resident of species sufficient to

derive species assemblage indicators.

ISA succeeded in allowing identification of species uniquely
associated with one end of the land development gradient;
however, it was important to consider multiple sources of
information on patterned associations between species and spe-
cies groups, and land development. ISA is a valuable tool for

identifying species that are highly sensitive to development, but
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it is insensitive to more subtle impacts on species (e.g., gradual
declines in species abundance or frequency of occurrence).
Furthermore, ISA cannot be used to evaluate species richness
measures for potential indicator metric purposes. Conversely,
correlations are sensitive to consistent declines in abundance or
richness, but are insensitive to declines in maximum abundance
and richness (i.e., depression of highest values as development
increases or decreases). Notably both methods fail to identify
impacts to species with low frequency of occurrence, a condi-
tion exhibited by a large proportion of species in most ecosys-
tems (Gaston 1994), particularly upper trophic-level species.

The bird IED showed the most consistent and precise indica-
tion of biotic changes associated with land development. The
strength of the bird IED is probably a function of both the sen-
sitivity of songbirds to local conditions and the large number
of species in the bird community conferring a greater range of
richness and abundance values. The small mammal IED was
intermediate in its precision relative to birds and mammalian
carnivores. Although mammalian carnivores were the least pre-
cise, they did not decrease the precision of the composite IED,

and they added a valuable ecological component to the index.

The systematic grid design made it possible to stratify the
sample of sites into two different subpopulations of sites—
reference and existing conditions—such that we could evaluate
the current condition of ecological diversity for each vegetation
community and throughout the study area. The use of reference
conditions as a baseline against which existing conditions are
evaluated has proved to be a valuable and reliable environmen-
tal assessment method (e.g., Wright ef al. 2000). Although the
sample size was limited, we were able to identify a significant
deviation of existing conditions in the lowest elevation Jeffrey
pine type, and thus identify an increase in the integrity of
native vertebrate diversity in vegetation communities that were
successively distant from the primary concentration of land

development in the Lake Tahoe Basin.

The success of this approach in assessing ecological diversity
suggests promise for applications of grid-based population
monitoring using basic survey methods in meeting agency

requirements to evaluate and monitor progress toward meet-

ing desired ecological conditions. The approach provided
sufficient information to derive reliable indicator metrics and
apply them in developing a baseline of condition descriptors
associated with reference conditions, and in evaluating existing
conditions relative to reference or desired conditions. In this
research effort, land development was used as the measure of
human-generated land disturbance, but IEDs and deviations
between existing and desired conditions could be developed
for any number of anthropogenic stressors, such as pollution,
human activity, and forest management activities. In the case
of National Forest System lands management, it would be
both prudent and feasible to develop IEDs that are informed
by multiple stressors, using them individually and together to
inform management on the status of ecological diversity and

the environmental factors that put that diversity at risk.

Acknowledgments

Many agencies and individuals contributed to the collection of
data used in this analysis. Funding and staff support was pro-
vided by the California Tahoe Conservancy, Tahoe Regional
Planning Agency, Nevada Division of State Lands, and Forest
Service Lake Tahoe Basin Management Unit. S. Parks, J. Roth,
S. Romsos, S. Willits, and J. Karr supported core components

of the project.

Literature Cited

Angermeier, P.L.; Karr, J.R. 1986. Applying an index of biotic
integrity based on stream-fish communities: considerations in
sampling and interpretation. North American Journal of Fisher-
ies Management. 6(3): 418-429.

Barrett, R.H. 1983. Smoked aluminum track plots for determin-
ing furbearer distribution and relative abundance. California
Fish and Game. 69: 188-190.

Blondel, J.; Ferry, C.; Frochot, B. 1981. Point counts with unlimited
distance. In: Ralph, C.J.; Scott, J.M., eds. Estimating numbers
of terrestrial birds. Studies in Avian Biology. 6: 414-420.

130 2006 Proceedings of the Eighth Annual Forest Inventory and Analysis Symposium



Bradford, D.F.; Franson, S.E.; Neale, A.C.; Heggam, D.T.;
Miller, G.R.; Canterbury, G.E. 1998. Bird species assemblages
as indicators of biological integrity in Great Basin rangeland.

Environmental Monitoring and Assessment. 49: 1-22.

Bryce, S.A.; Hughes, R.M.; Kaufmann, P.R. 2002. Develop-
ment of a bird integrity index: using bird assemblages as
indicators of riparian condition. Environmental Management.
30: 294-310.

Cairns, J.; McCormick, P.V.; Neiderlehner, B.R. 1993. A
proposed framework for developing indicators of ecosystem
health. Hydrobiologica. 236: 1-44.

California Department of Fish and Game (CDFG). 2002.
California Wildlife Habitat Relationships, version 8.0 personal
computer program. Sacramento, CA: California Department of

Fish and Game, California Interagency Wildlife Task Group.

California Department of Transportation (Caltrans). 2001.
Highway design manual. Sacramento, CA: California Depart-

ment of Transportation, Project Delivery, Division of Design.

Caro, T.M.; O’Doherty, G. 1999. On the use of surrogate
species in conservation biology. Conservation Biology.
13: 805-814.

Daly, C. 1995. U.S. monthly precipitation, 1961 to 1990
base period (digital map layer). Corvalis, OR: Oregon State

University.

Dufréne, M.; Legendre, P. 1997. Species assemblages and in-
dicator species: the need for a flexible asymmetrical approach.
Ecological Monographs. 67: 345-366.

ESRI, Inc. 1995. ArcView ver. 3.2. Redlands, CA: Environ-
mental Systems Research Institute.

Feinsinger, P. 2001. Designing field studies for biodiversity
conservation. Washington, DC: Island Press.

Fowler, C.H. 1994. Marten and fisher survey techniques.
Arcata, CA: Humboldt State University. 120 p. M.S. thesis.

Gaston, K.J. 1994. Rarity. New York: Chapman and Hall.

Holdridge, L.R. 1967. Life zone ecology. San Jose, Costa Rica:
Tropical Science Center.

Holthausen, R.; Czaplewski, R.; DeLorenzo, D.; Hayward, G.;
Kessler, W.; Manley, P.N.; McKelvey, K.; Powell, D.S.; Rug-
giero, L.; Schwartz, M.; Van Horne, B.; Vojta, C. 2005. Strate-
gies for monitoring terrestrial animals and habitats. Gen. Tech.
Rep. RMRS-GTR-161. Fort Collins, CO: U.S. Department of
Agriculture, Forest Service, Rocky Mountain Research Station.

Karr, J.R. 1981. Assessment of biotic integrity using fish com-
munities. Fisheries. 6(6): 21-27.

Karr, J.R.; Chu, E.W. 1995. Ecological integrity: reclaiming
lost connections. In: Westra, L.; Lemons, J., eds. Perspectives
on ecological integrity. Dordecht, Netherlands: Kluwer
Academic: 34-48.

Karr, J.R.; Kimberling, D.N. 2003. A terrestrial arthropod index
of biological integrity for shrub-steppe landscapes. Northwest
Science. 77: 202-213.

Landres, P.B.; Verner, J.; Thomas, J.W. 1988. Ecological uses
of vertebrate indicator species: a critique. Conservation Biol-
ogy. 2: 316-329.

Lindstrom, S.; Rucks, P.; Wigand, P. 2000. A contextual
overview of human land use and environmental conditions.

In: Murphy, D.D.; Knopp, C.M., eds. Lake Tahoe watershed
assessment. Gen. Tech. Rep. PSW-GTR-175. Albany, CA: U.S.
Department of Agriculture, Forest Service, Pacific Southwest
Research Station: 23-127. Vol. 1.

Lugo, A.E.; Brown, S.L.; Dodson, R.; Smith, T.S.; Shugart,
H.H. 1999. The Holdridge life zones of the conterminous
United States in relation to ecosystem mapping. Journal of
Biogeography. 26(5): 1025-1038.

Manley, P.N. 2000. Biological diversity and its measure: an
assessment of lotic riparian ecosystems in the Lake Tahoe
Basin. Berkeley, CA: University of California. 416 p. Ph.D.
dissertation.

2006 Proceedings of the Eighth Annual Forest Inventory and Analysis Symposium 131



Manley, P.N.; Fites-Kaufman, J.A.; Barbour, M.G.; Schle-
singer, M.D.; Rizzo, D.M. 2000. Biological integrity. In:
Murphy, D.D.; Knopp, C.M., eds. Lake Tahoe watershed

assessment. Gen. Tech. Rep. PSW-GTR-175. Albany, CA: U.S.

Department of Agriculture, Forest Service, Pacific Southwest
Research Station: 403-598. Vol. 1.

Manley, P.N.; McIntyre, K.K. 2006. Indicators of ecological
integrity for terrestrial ecosystems in the Lake Tahoe basin.
Final report submitted to the Forest Service, Lake Tahoe Basin
Management Unit, South Lake Tahoe, CA: 104 p.

Manley, P.N.; Murphy, D.D.; Campbell, L.A.; Heckmann,
K.E.; Merideth, S.; Parks, S.A.; Sanford, M.P.; Schlesinger,
M.D. 2006. Biotic diversity interfaces with urbanization in the
Lake Tahoe Basin. California Agriculture. 60(2): 59-64.

Manley, P.N.; Parks, S.A.; Campbell, L.A.; Schlesinger, M.D.
2009. Modeling urban land development as a continuum to ad-
dress fine-grained habitat heterogeneity. Landscape and Urban
Planning: 28-36.

Manley, P.N.; Schlesinger, M.D.; Roth, J.K.; Van Horne, B.
2005. A field-based evaluation of a presence-absence protocol
for monitoring ecoregional-scale biodiversity. Journal of
Wildlife Management. 69(3): 950-966.

Manley, P.N.; Van Horne, B.; Roth, J.K.; Zielinski, W.J.;
McKenzie, M.M.; Weller, T.J.; Weckerly, F.W.; Hargis, C.
2006. Multiple species inventory and monitoring technical
guide. Gen. Tech. Rept. WO-GTR-73. Washington, DC: U.S.
Department of Agriculture, Forest Service, Washington Office.

Manley, P.N.; Zielinski, W.J.; Schlesinger, M.D.; Mori, S.R.
2004. Evaluation of a multiple-species approach to monitoring
species and ecosystem conditions at the ecoregional scale.
Ecological Applications. 14(1): 296-310.

Mayer, K.E.; Laudenslayer, W.F., eds. 1988. A guide to
wildlife habitats of California. Sacramento, CA: California
Department of Fish and Game.

McCune, B.; Mefford, M.J. 1999. PC-ORD. Multivariate

analysis of ecological data. Version 4.17. Gleneden Beach, OR:

MjM Software Design.

Morrison, M.L. 1986. Bird populations as indicators of envi-
ronmental change. Current Ornithology. 3: 429-451.

Moyle, P.B.; Marchetti, M.P. 1999. Applications of indices
of biotic integrity to California streams and watersheds. In:
Simon, T.P., ed. Assessing the sustainability and biological
integrity of water resources using fish communities. Boca
Raton, FL: CRC Press.

Noon, B.R.; Spies, T.A.; Raphael, M.G. 1999. Conceptual basis
for designing an effectiveness monitoring program. In: Mulder,
B.S.; Noon, B.R.; Spies, T.A.; Raphael, M.G.; Palmer, C.J;
Olsen, A.R.; Reeves, G.H.; Welsh, H.H., Jr., eds. The strategy
and design of the effectiveness program for the Northwest
forest plan. Gen. Tech. Rep. PNW-GTR-437. Portland, OR:
U.S. Department of Agriculture, Forest Service, Pacific
Northwest Station: 21-48.

Noss, R.F. 1990. Indicators for monitoring biodiversity: a

hierarchical approach. Conservation Biology. 4: 355-364.

Ralph, C.J.; Geupel, G.R.; Pyle, P.; Martin, T.E.; DeSante,
D.F. 1993. Handbook of field methods for monitoring
landbirds. Gen. Tech. Rept. GTR-PSW-144. Albany, CA: U.S.
Department of Agriculture, Forest Service, Pacific Southwest
Research Station. 41 p.

Roesch, F.A.; Reams, G.A. 1999. Analytical alternatives for an

annual inventory system. Journal of Forestry. 97: 33-37.

Roth, J.K.; Manley, P.N.; McKenzie, M.M.; Schlesinger,
M.D. 2004. Multiple-species inventory and monitoring 2002
monitoring report. Interim evaluation and report. South Lake
Tahoe, CA: U.S. Department of Agriculture, Forest Service,
Lake Tahoe Basin Management Unit. 198 p.

U.S. Department of Agriculture (USDA) Forest Service. 1991.
Existing vegetation. Vallejo, CA: U.S. Department of Agricul-

ture, Forest Service, Pacific Southwest Region.

USDA Forest Service. 2001. Existing vegetation (updated).
Vallejo, CA: U.S. Department of Agriculture, Forest Service,
Pacific Southwest Region.

132 2006 Proceedings of the Eighth Annual Forest Inventory and Analysis Symposium



Woodbridge, B.; Hargis, C.D. 2006. Northern Goshawk inven- Zielinski, W.J.; Kucera, T.E. 1995. American marten, fisher,

tory and monitoring technical guide. Gen. Tech. Rep. WO-71. lynx, and wolverine: survey methods for their detection. Gen.

Washington, DC: U.S. Department of Agriculture, Forest Tech. Rep. PSW-GTR-157. Albany, CA: U.S. Department

Service. 80 p. of Agriculture, Forest Service, Pacific Southwest Research
Station.

Wright, J.F.; Sutcliffe, D.W.; Furse, M.T., eds. 2000. Assess-
ing the biological quality of fresh waters; RIVPACS and other
techniques. Ambleside, United Kingdom: Freshwater Biologi-
cal Association.

2006 Proceedings of the Eighth Annual Forest Inventory and Analysis Symposium 133



Appendix A (1 of 3)

Bird and small mammal species and species groups identified as candidate metrics in Indexes of Biological Diversity (scientific
names available in Manley and McIntyr 2006). Selected metrics indicated in bold. Species relationships with development were
evaluated based on indicator species analysis (ISA), Pearson's correlation coefficients across all three vegetation community
types (* =P < 0.05, ** P <0.01, *** P < 0.001) and per type (significant correlations per type represented by X), and bivariate
scatterplots (not shown). Dashes indicate not applicable

Vegetation community type
Potential metrics Basinwide Jeffrey pine Mixed conifer Subalpine conifer
Correlation ISA Correlation ISA Correlation ISA Correlation
Birds—intolerant metrics
Primary species:
Black-backed woodpecker -0.149* X X
Chipping sparrow -0.163* X X
Dark-eyed junco -0.493** X X X X X
Dusky flycatcher -0.430** X X X X
Green-tailed towhee -0.183** X X X
Hairy woodpecker -0.143** X X X
Hermit thrush - 0.384*** X X X X X
MacGillivray’s warbler -0.220*** X X X
Mountain quail - 0.245*** X X X
Nashville warbler - 0.286*** X X
Olive-sided flycatcher - 0.292*** X X X X
Townsend’s solitaire - 0.375*** X X X
Warbling vireo - 0.256*** X X X X
Western tanager -0.163** X X X
Secondary species:
Brown creeper -0.206** X
Cassin’s vireo -0.204** X
Golden-crowned kinglet - 0.304*** X X
Hermit warbler -0.193** X
Lincoln sparrow -0.178** X
Pine grosbeak - 0.237*** X
Pine siskin - 0.154** X
White-breasted nuthatch - 0.159** X
Wilson’s warbler -0.267*** X
Yellow-rumped warbler -0.334*** X X
Blue grouse -0.179**
Calliope hummingbird -0.169**
Cassin’s finch - 0.200**
Pileated woodpecker -0.140*
Primary groups:
Foliage forager richness - 0.427*** —_ X —_ X —_
Invertivore richness -0.417*** —_ X —_ X —_
Foliage forager abundance —-0.434" X X X
Invertivore abundance -0.266"* X X X X
Secondary groups:
Air forager richness -0.114* — X — X —
Ground nester richness - 0.493*** — X — X —
Habitat specialist richness -0.335*** — X — —
Rare species richness - 0.225*** — — X —
Moderate specialist richness -0.136" — X — —
Shrub nester richness - 0.321*** —_ X —_ X —
Air forager abundance -0.315" X
Ground forager abundance —-0.334* X

ISA = indicator species analysis.
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Appendix A (2 of 3)

Bird and small mammal species and species groups identified as candidate metrics in Indexes of Biological Diversity (scientific
names available in Manley and McIntyr 2006). Selected metrics indicated in bold. Species relationships with development were

evaluated based on indicator species analysis (ISA), Pearson's correlation coefficients across all three vegetation community

types (* =P < 0.05, ** P <0.01, *** P < 0.001) and per type (significant correlations per type represented by X), and bivariate

scatterplots (not shown). Dashes indicate not applicable

Vegetation community type
Potential metrics Basinwide Jeffrey pine Mixed conifer Subalpine conifer
Correlation ISA Correlation ISA Correlation ISA Correlation

Ground nester abundance —-0.535"* X X X X
Habitat specialist abundance —0.247" X X X
Habitat generalist abundance -0.258"* X
Shrub nester abundance —0.345" X X X
Birds—tolerant metrics
Primary species:
Band-tailed pigeon 0.421** X X
Brewer’s blackbird 0.671** X X X X
Brown-headed cowbird 0.635*** X X X X X
Mountain chickadee 0.236*** X X
Mourning dove 0.468*** X X X X X
Pygmy nuthatch 0.643*** X X X X X X
Steller’s jay 0.485*** X X X X
Secondary species:
Common raven 0.304*** X X X
Downy woodpecker 0.128* X
Northern flicker 0.342*** X
White-headed woodpecker 0.317*** X
Primary groups:
Corvid abundance 0.292** X X X X
Omnivore abundance 0.303*** X X X
Malentity abundance 0.605*** X X X X X X
Malentity richness 0.338"* X X
Moderate specialist 0.122* X

abundance
Tolerant species—relative 0.859*** X X X X X X

abundance
Secondary groups:
Granivore richness 0.168* — — — X
Ground forager abundance 0.333** n X
Small Mammals—

Intolerant Metrics
Primary species:
Lodgepole pine chipmunk - 0.253*** X X X
Secondary species:
Deer mouse - 0.332** X X
Golden-mantled ground squirrel -0.122 X
Shadow chipmunk -0.133* X
Western jumping mouse -0.117

ISA = indicator species analysis.
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Appendix A (3 of 3)

Bird and small mammal species and species groups identified as candidate metrics in Indexes of Biological Diversity (scientific
names available in Manley and McIntyr 2006). Selected metrics indicated in bold. Species relationships with development were
evaluated based on indicator species analysis (ISA), Pearson's correlation coefficients across all three vegetation community
types (¥ = P <0.05, ¥** P < 0.01, *** P < 0.001) and per type (significant correlations per type represented by X), and bivariate
scatterplots (not shown). Dashes indicate not applicable

Vegetation community type

abundance

Potential metrics Basinwide Jeffrey pine Mixed conifer Subalpine conifer
Correlation ISA Correlation ISA Correlation ISA Correlation

Primary groups:
Ground associate richness - 0.240*** —_ —_ —_
Herbivore richness - 0.329*** —_ X —_ X —_
Peromyscus species -0.332"* X

abundance
Nocturnal species abundance -0.281** X
Omnivore species abundance -0.130" X
Secondary groups:
Habitat generalist richness -0.127 — — —
Rare species richness -0.149* — — —
Intolerant species richness -0.139*
Mustela species abundance -0.126* X X
Small mammals—

tolerant metrics
Primary species:
Douglas squirrel 0.496*** X X X X X
California ground squirrel 0.487** X X X X X
Long-eared chipmunk 0.325*** X X
Secondary species:
Long-tailed vole 0.193** X
Yellow-pine chipmunk 0.197** X X
Primary groups:
Nocturnal species richness 0.066** — — —
Omnivore richness 0.340"* — — —
Canopy species richness 0.480"* — — —
Microtus species abundance 0.121* X
Diurnal species abundance 0.205* X X X X
Habitat specialist abundance 0.133* X X
Spermophilus species 0.189* X

abundance
Canopy species abundance 0.323***
Tamias species abundance 0.121* X
Tolerant species relative 0.559*** X X X X

ISA = indicator species analysis.
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