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Background and Purpose: Ecological condition commonly refers to the state of the physical, chemical, and 
biological characteristics of natural ecosystems, and their interacting processes. Many human land uses affect 
ecological condition, (e.g., through vegetation removal or alteration, stream diversion or altered natural 
hydrology, introduction of non-native and invasive species, etc.).  Landscape condition assessments commonly 
apply principles of landscape ecology with mapped information to characterize ecological condition for a given 
area (e.g., US-EPA 2001, Sanderson et al. 2002).  Since human land uses - such as built infrastructure for 
transportation or urban/industry, and land cover such as for agriculture or other vegetation alteration – are 
increasingly available in mapped form, they can be used to spatially model inferences about ecological 
condition.  

Maps of this nature can be particularly helpful for identifying relatively unaltered landscape blocks, or for 
making inferences about the relative ecological integrity of natural habitats on the ground.  They can also be 
used for screening ecological reference sites; 
i.e., a set of sites where anthropogenic stressors 
range from low to high. Ecological condition 
within reference sites is often further 
characterized in the field to determine how 
ecological processes respond to specific 
stressors, but spatial models can provide a very 
powerful starting point to build upon (Faber-
Langendoen et al. 2006, 2012). Knowledge 
from reference sites may then apply to 
surroundings for many types of environmental 
decisions.  

Nearly all studies documenting ecological 
effects of land use features on ecosystems are 
quite context-specific (e.g., Knight, et al. 1993, 
Gelbard and Belnap 2003); limiting their 
applicability to more generalized modeling.  
However, some researchers have developed 
more generalized models with less context-
specific inputs and applications in mind. That is, 
they use generalizations about the relative 
ecological effects of human land uses to 
transparently construct the spatial model, and 
then use field-based observations to calibrate 
and validate the model relative to their intended 
use.  For example, Brown and Vilas (2005) 
scored 25 common land use classes along a continuum of estimated “energy intensity values” (i.e., energy input 
for their development and maintenance); from lowest-intensity “pine plantations” to highest-intensity “central 
business district (average 4 stories).” This initial scoring enabled development of a “Landscape Development 
Index” varying from 1.00 to 10.00.  These indices were applied to land use map classes to generate an inference 
of land use intensity in Florida. The result was validated using selected field-based observations. 

The NatureServe Landscape Condition Model builds on this and the growing body of published methods 
and software tools for ecological effects assessment and spatial modeling; all aiming to characterize relative 
ecological condition of landscapes (e.g., Knick and Rottenberry 1995, Forman and Alexander 1998, Trombulak 
and Frissel 1999, Theobald 2001, Seiler 2001, Sanderson et al. 2002, Riitters and Wickham 2003, Brown and 



Vivas 2005, Hansen 2005, Leu et al. 2008, Comer and Hak 2009, Theobald 2010, Rocchio and Crawford, 
2011). The intent of this model is to use regionally available spatial data to transparently express user 
knowledge regarding the relative effects of land uses on natural ecosystems and habitats. The authors’ expert 
knowledge forms the basis of stressor selection, and relative weightings, but numerous examples from 
published literature have been drawn upon to parameterize the model for application across the western 
conterminous United States (Table 1). Independent data sets were drawn upon for subsequent model evaluation.  

  
Table 1.  Date inputs and parameters used for the NatureServe Landscape Condition Model. 

 
Technical Description: Table 1 summarizes the data sets and parameters for this model. Mapped information 
available for across the western conterminous United States was compiled into 20 categories, organized by a) 
Transportation, b) Urban and Industrial Development, and c) Managed and Modified Land Cover. No attempt 
was made to depict ecological stressors that act at spatially broad scales, such as air pollutants or climate 
change. In most cases, original data exist as a 30m grid.  Line and polygon features were summarized to 90m 
grids. Transportation features, derived from ESRI StreetMap data circa 2010, depict roads of five distinct sizes. 
These data provide a practical measure of human population centers and primary transportation networks that 

Theme Data Source 
Site 

Impact 
Score 

Presumed 
Relative 
Stress 

Decay 
Score 

Impact 
Approaches 
Negligible 

Transportation 
Dirt roads, 4-wheel drive ESRI StreetMap 2010 0.7 Low 0.5 200m 
Local and connecting roads ESRI StreetMap 2010 0.5 Medium 0.5 200m 
Secondary and connecting roads ESRI StreetMap 2010 0.2 High 0.2 500m 
Primary Highways with limited access ESRI StreetMap 2010 0.05 Very High 0.1 1000m 
Primary Highways w/out limited 
access ESRI StreetMap 2010 0.05 Very High 0.05 2000m 

Urban and Industrial Development 
Low Density Development NLCD 2006 0.6 Medium 0.5 200m 
Medium Density Development NLCD 2006 0.5 Medium 0.5 200m 

Powerline/Transmission lines Platts (obtained under WGA 
agreement). 0.5 Medium 0.9 100m 

Oil /gas Wells USGS/TNC 0.5 Medium 0.2 500m 
High Density Development NLCD 2006 0.05 Very High 0.05 2000m 
Mines USGS/MRDS 0.05 Very High 0.2 500m 
Managed and Modified Land Cover 

Ruderal Forest & Upland SW ReGAP, NW ReGAP, 
LANDFIRE EVT 0.9 Very Low 1 0m 

Native Veg. with introduced Species SW ReGAP, NW ReGAP, 
LANDFIRE EVT 0.9 Very Low 1 0m 

Recently Logged SW ReGAP, NW ReGAP, 
LANDFIRE EVT 0.9 Very Low 0.5 200m 

Managed Tree Plantations SW ReGAP, NW ReGAP, 
LANDFIRE EVT 0.8 Low 0.5 200m 

Introduced Tree & Shrub SW ReGAP, NW ReGAP, 
LANDFIRE EVT 0.5 Medium 0.5 200m 

Introduced Upland grass & forb SW ReGAP, NW ReGAP, 
LANDFIRE EVT 0.5 Medium 0.5 200m 

Introduced Wetland SW ReGAP, NW ReGAP, 
LANDFIRE EVT 0.3 High 0.8 125m 

Cultivated Agriculture SW ReGAP, NW ReGAP, 
LANDFIRE EVT 0.3 High 0.5 200m 



link those centers. While these road size classes do not coincide directly with traffic volume along a given 
stretch of road, their engineering and construction aimed to support distinct levels of traffic volume.  Therefore, 
inferences of expected traffic volume can be derived from these mapped classes, especially when applied on 
this sub-continental scale.   
 
As a compliment to Transportation features, Urban and Industrial Development includes industrial (e.g., mines, 
energy development) and built infrastructure across a range of densities, from high density urban and industrial 
zones, to suburban residential development and urban open spaces (golf courses, for outdoor recreation. These 
data were derived from national land cover data through combined efforts of the inter-agency LANDFIRE, 
USGS ReGAP (circa 2001), and National Land Cover Data (the latter updated to 2006). Other data sets in this 
category included oil/gas well, surface mining activity, and transmission line right-of-ways. 
 
The third category, Managed and Modified Land Cover, includes the gradient of land cover types that reflect 
vegetation-based land use stressors at varying intensities. Again, national data from USGS ReGAP and 
LANDFIRE provide a consistent depiction of these varying land cover classes, from intensive (cultivated and/or 
irrigated) agriculture, vineyards and industrial tree plantations, areas dominated by introduced non-native 
vegetation in upland and wetland environments, and finally, areas where native vegetation predominates, but 
modifications have clearly taken place. These modifications include recently logged areas, or areas that have 
seen historic conversion, but have recovered some combination of mainly native vegetation (e.g., ‘ruderal’ old 
fields, etc.).  For these latter classes, model users should presume varying degrees of accuracy and completeness 
in their original mapping, and map classes of ‘introduced’ vegetation should likely only include areas where 
substantial and obvious infestation has occurred. One can safely presume that the presence of introduced plant 
species, especially when at low densities, is not reliably represented by this regional model.  
 
Model Parameters: Each input data layer is summarized to a 90m grid and, where the land use occurs, given a 
site impact score from 0.05 to 0.9 (Table 1) reflecting presumed ecological stress or impact.  Values close to 
1.0 imply relatively little ecological impact from the land use. For example, a given patch of ‘ruderal’ 
vegetation – historically cleared for farming, but recovering towards natural vegetation over recent decades, is 
given a Very Low (0.9) score for site impact as compared with irrigated agriculture (High Impact 0.3) or high-
density urban/industrial development (Very High Impact 0.05). Certainly, there are some ecological values 
supported in these intensively used lands, but their relative condition is quite limited when compared with areas 
dominated by natural vegetation.  
 
In this first step, 19 distinct data layers are produced, each with the impact score applied to pixels where a given 
land use occurs, and a value of 1 for all other pixels. Euclidian distance for each input layer is then populated 
for each 90m grid cell with a distance (in 90m increments) extending way from each pixel with and impact 
score <1 (Figure 1).   

A second model parameter – again, for each data layer - represents a distance decay function, expressing a 
decreasing ecological impact with distance away from the mapped location of each feature as applied to the 
Euclidian Distance value described above.  Mathematically, this applies a Geographically Weighted Regression 
function, based on the formula that characteristically describes a “bell curve” shape that falls towards 
plus/minus infinity.  This base formula is: 

Geographically Weighted Regression  

 1 ,  

where d = Euclidian distance (in meters, as measured in 90m increments), and h equals the distance decay score 
(from 0.05 – 1.0). In this formula,  r = the maximum distance across the model analysis area, so the value for d 
must be less than r. Applying this formula, grid cells will have scores approaching r – 1.  



Those features given a high decay score (h values approaching 1.0) result in a surface where the impact value 
dissipates within a relatively short distance. Those features given a low decay score (h values approaching 0.0) 
create a surface where the per-pixel impact value dissipates more gradually with distance away from the 
impacting feature. Note that given this formula, per-pixel values will actually never reach r, but will only 
approach r.  Each layer is then normalized by dividing 1 by the per pixel value, this results in a grid with values 
>0 to 1.0 (Figure 1). Values for each layer will approach 1.0, symbolizing negligible impact, at the distance 
listed in the right-hand column of Table 1. 

Combining Input Layers: Figure 1 summarizes all processing steps, beginning with the selection of individual 
input layers for land use features.  Querying a Table of Weights, per-pixel values for site impact apply to all 
pixels overlapping the land use layer. Where more than one land-use feature occurs in a given 90m grid cell, the 
minimum site impact score of all applicable features is applied to each grid cell (site impact minimum 
between 0.05 and 0.9). 

Then, the distance decay formula utilizes per pixel Euclidian Distance and the Distance Decay formula to create 
a per-pixel value for each land use feature layer. As noted above, the result is a grid of >0 to 1.0 values.  All 
90m grids are then combined additively resulting in a grid of values between >0 to m (m up to 17 for this 
model).  Because the resulting grid has the potential to include grid cell values greater than 1.0 the overall 
model is normalized against the maximum value m. The final grid represents a layer of > 0 to 1.0. 

Finally, the site impact and distance decay minimum values for each 90m grid cells are compared and the 
lowest number is carried forward to the final landscape condition surface. The combined result is a wall-to-wall 
grid surface of Landscape Condition values falling between >0 and 1.0.  

 

 

Figure 1. Summary steps for geoprocessing for the NatureServe Landscape Condition model. 

Model Evaluation: In order to evaluate this model, field based measurements of ecological condition were 
gathered from several sources. By intersecting these geo-referenced observation data with the landscape 
condition model, the relative predictive power of the model was better understood.  Field observations 
documenting the relative quality of biodiversity (e.g., at-risk species), field samples of vegetation plots 
(including abundance of invasive plant species), and local expert review of samples of aerial imagery, have 
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been utilized to evaluate, calibrate, and validate this model.  Each is briefly discussed below. 
 
Natural Heritage Element Occurrences: Natural Heritage programs conduct biodiversity inventories within 
each state, documenting the location and relative ecological condition for at-risk species and rare and 
representative community types. While by no means complete, occurrence data provide one independent source 
of field-based observations of relative ecological condition suitable for use on landscape model evaluation.  
Natural Heritage methods involve development of criteria for evaluation of occurrence size, condition, and 
landscape context.  The Element Occurrence Rank rates each occurrence along a scale from A-D.  Occurrences 
with “A” and “B” ratings are considered of very high or high ecological condition, respectively.  The “C” rated 
occurrences are considered of fair condition, and “D” rated occurrences are considered to be in poor ecological 
condition. “X” occurrences were documented historically, but with subsequent survey effort, were verified as 
extirpated from the location (typically through habitat loss).  Care should be taken in evaluations of this nature 
utilizing these data, as criteria for ratings may vary, some at-risk species may have been rated relatively high 
due to large sub-population size while landscape context has been compromised (i.e., population size as a 
potential lagging indicator of condition), or their rating reflects viability requirements not addressed in the 
landscape condition model.  
 
A total of 73,575 occurrences of at-risk species, each having been rated for condition (as well as extirpated), 
was intersected with the landscape condition model.  ‘Box-and-whisker’ plots were developed to visualize the 
relative correspondence between these two data sets (Figure 2). The ‘box’ portions captures 50% of samples, 
the middle line of each box described the median of sample values, while the “whisker” or dotted lines capture 
the 95% of all samples. The ‘notch’ in each box provides an indication of significant difference among median 
values. So when boxes are paired together, if the ‘notch’ areas do not overlap, there is likely a statistically 
significant difference between pairs of samples.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Summary correspondence between Natural Heritage Element Occurrences rated for condition 

as compared with predicted values from the NatureServe Landscape Condition model.  



 
Note here that landscape condition is represented on the Y axis with scores between 1 and 100.  Integer 
transformation was used prior to overlays with evaluation data sets. Again, the original landscape condition 
values were 0.0-1.0. While considerable variability is reflected in these results, significant differences are likely 
between A-rated occurrences vs. B and C occurrences. Likewise, significant differences (albeit less so) are 
apparent between BC and D rated occurrence. And finally, X occurrences are clearly distinguished from others 
along the continuum described by the landscape condition model.   
 
LANDFIRE vegetation plot samples: Vegetation plots samples were compiled nationwide to provide reference 
locations for vegetation mapping by the inter-agency LANDFIRE effort.  Gathered sample data were evaluated 
by LANDFIRE to ensure that they a) were located with adequate precision for mapping with a 30m grid 
resolution, b) reflected conditions from the past decade, and c) had sufficient floristic information to support 
their labeling to the LANDFIRE map legend.  Therefore, sample plots tended to have information on plant 
species composition and relative abundance.  For our purposes, the presence and relative abundance of invasive 
plants species, especially invasive annual grasses, were adequate for use in model evaluation. We would expect 
to see increasing abundance of invasive annual grasses throughout the middle ranges of scores (on Y axis: 40-
70) from the landscape condition model (Figure 3).  Sample plots with relative abundance values of invasive 
annual grasses were categorized into five classes, from Category 1 (<5% cover), Category 2 (5-10%), Category 
3 (11-25%), category 4 (26-45%), and Category 5 (>45% cover). A total of 21,195 sample plots from across the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Summary correspondence between LANDFIRE vegetation samples categorized for invasive 

annual grass abundance as compared with predicted values from the NatureServe Landscape 
Condition model.  

 



West were intersected with the integer-transformed landscape condition model, and box plots were developed to 
visualize the relative correspondence between these two data sets. Again, a clear trend in correspondence may 
be observed from these results. Statistically significant differences in median values are likely between 
Category 1 vs. Category 2&3 vs. Category 4 vs. Category 5 along the continuum of values from the landscape 
condition model.  
 
State review of high-resolution imagery: Experts from across all western states were asked to review sample 
areas with high-resolution aerial imagery to document their perspective on the relative ecological condition or 
intactness. A total of 1,560 stratified random points were established and buffered with 18 acre circles. An 
online survey included 21 questions about the ecological condition of each location. These included aspects of 
on-the-ground knowledge of the site (by the surveyor), predominant land use and land cover, and generalized 
summary of ecological condition (high, moderate, low, very low). Surveyors were also allowed to create their 
own survey locations and report on those. All states except UT and TX included respondents. Some 1,129 pre-
selected samples were reviewed.  Another 264 user-defined samples were created, concentrated in WA, OR, ID, 
WY, AZ, NE and KS.  Results of the survey were overlain on the landscape condition to explore their relative 
correspondence.   
 
Table 2 summarized overall results of this comparison. When generalized to two primary categories above and 
below 0.5 landscape condition scores, there is general agreement between predicted values of the model and 
expert interpretations.  An agreement of 89.7% was documented for the high-moderate condition predictions 
with a somewhat lower 53.6% correspondence for the low-very low condition category.  From these data, and 
overall model accuracy of 78.8% was calculated. 
 
Table 2. Summary comparison of expert-reviewed aerial imagery and landscape condition model. 
 
NatureServe Landscape 
Condition 

High-Moderate 
1.0 – 0.51 

Low-Very Low 
0.50 – 0.0 Total Samples % of 

Samples 
High – to - Moderate 874 196 1,070 81.7% 
Low – to – Very Low 100 226 326 69.3% 
Total Samples 974 422 1,396  
% of Samples 89.7% 53.6%   
 
Maintaining the Model: Given desires of model users, as actual land uses change, or more simply each data 
layer is improved upon, users may re-calculate each surface and recombine surfaces for overall model updates.  
No specialized software, beyond any commonly-used GIS spatial modeler, is required for model maintenance. 
This regional model was developed in segments, using 6 major river drainages for organization. With advancing 
knowledge and availability of new spatial data sets, users may transparently incorporate modifications to this 
current regional mode to better address future needs.   
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